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Abstract. The cadmium (Cd) contamination in farmland soils in China has been becoming more and 
more serious because of the large amount of industrial waste residue, sewage irrigation and the 
unreasonable application of pesticides and fertilizers. Pot experiment was conducted to study the effects 
of different Cd levels (0, 75, 150, 300 and 600 mg·kg-1) on dry weight, activities of antioxidant enzyme 
and Cd chemical forms of the two ryegrass varieties (Band and Arbde). The results showed that dry 
weights of shoot and plant of ryegrass (Band and Arbde) were firstly increased with the increase of Cd 
level, which reached the highest values respectively at 75 mg·kg-1 and 150 mg·kg-1, and respectively 
increased by 10.06% and 4.04%, 25.84% and 16.89% compared with the control. Shoot Cd 
concentrations of Band and Arbde were 171.827 mg·kg-1 and 169.122 mg·kg-1 respectively at 150 mg·kg-

1 Cd. The average Cd concentrations of chemical forms in shoots of the two ryegrass varieties were in 
order of NaCl extractable Cd (FNaCl) > acetic acid extractable Cd (FHAC) > water extractable Cd 
(FW) >residual Cd (FR) > HCl extractable Cd (FHCl) > alcohol extractable Cd (FE). Compared with the 
two ryegrass varieties, Arbde was more effective in remediation of cadmium contamination in soils due to 
higher plant biomass and greater Cd accumulation. 
Keywords: Cd contamination; ryegrass; activity of antioxidant enzyme; Cd uptake; Cd chemical forms 

Introduction  

Cadmium (Cd) pollution in soil has become a global issue due to the emission of 
three types of industrial waste, i.e. mining, chemical fertilizers and pesticides used 
in agriculture and sewage irrigation (Ren et al., 2014; Hejazi et al., 2017). The 
Yangtze River Basin is located in cadmium ore resources enrichment area of China, 
and there were reports that Cd content in soils and agricultural products exceeds 
Chinese government standard (Sun et al., 2016). The soil Cd pollution around 
smelting plant is more serious, for example, in the investigation of the surrounding 
environment of a smelting plant in Northeast China, it is found that the content of 
Cd in collected soil samples is from 4.1 to 167.6 mg·kg -1 (Chen, 2016; Hashemi, 
2017). Cadmium is highly toxic to plants, water soluble and therefore promptly 
adsorbed in tissues and its presence greatly influences the entire plant metabolism 
(Li et al., 2016). Cadmium pollution has the characteristics of concealment, latency, 
accumulation and long term, which could access to biological body with long-term 
accumulation through the food chain, thus endangering human health, such as 
Japan's "Itai-Itai Disease" (Liu et al., 2015).  
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Phytoremediation as a kind of in-situ remediation technology with low cost and 
small environmental disturbance, is considered to be the best remediation method of 
heavy metal contaminated soil (Chen et al., 2015; Radan et al., 2017). At present, Cd 
enrich plants has been found included Solanum nigrum L., Zygophyllum fabago L., 
Arabidopsis thaliana. L., Trifolium repens L. and Iris hex agona L., etc (Chen, 2016). 
Unfortunately, most of the plants that were already found out to have lots of 
accumulation of Cd grow slowly, and have low biomass so that their restoration takes a 
long period, while they require grow in very restricted conditions. These conditions 
limit using phytoextraction technology at large scale. Ryegrass (Lolium multiflorum L.) 
is the annual or perennial herbs, and is a kind of forage grass with higher yield in 
gramineous plants. It has been reported that ryegrass is an ideal plant for 
phytoremediation of heavy metals in soils due to surviving in tailings with poor 
ecological environment, and fast vegetation construction and strong tiller ability, and 
rapidly covering the ground (Xu et al., 2007; Wu et al., 2014; Xiang, 2014). Perennial 
ryegrass have obvious remediation effect on Cd polluted soil (Feng et al., 2016; Sun et 
al., 2016; Vazdani et al., 2017). Studies on the growth and Cd uptake by ryegrass under 
Cd stress have been reported (Xu et al., 2007; Chen et al., 2015; Feng et al., 2016), 
however, there are few studies on difference of Cd resistance, Cd uptake and Cd 
chemical forms between ryegrass varieties. In order to further explore the effects of 
different Cd levels (0, 75, 150, 300 and 600 mg·kg-1) on growth, activity of antioxidant 
enzyme and the Cd chemical forms in ryegrass, two ryegrass varieties (Band and Arbde) 
planted in pots containing Cd pollution and were then analyzed (Ahamed and 
Lognathan, 2017). This work will provide interesting data for studying on the 
expression difference of Cd accumulation /Cd tolerance related genes between ryegrass 
varieties, and breeding and cloning high biomass and high Cd-enrichment varieties in 
future research. 

Materials and methods 

Plant material, soil and Cd treatments 

Two ryegrass (Lolium multiflorum L.) varieties (Band and Arbde) were used in the 
present study. The seeds were purchased from Jiangxi Scarecrow agricultural park. 
Purple soil based on Chinese Soil Taxnomy (CST) was collected from purple soil base 
of Southwestern University in Beibei region, Chongqing. The contents of organic matter, 
total nitrogen, alkali-degradable nitrogen, available P, available K, Cd in soil, and the 
soil pH were 8.87 g·kg-1, 1.54 g·kg-1, 74.60 mg·kg-1, 65.07 mg·kg-1, 38.59 mg·kg-1, 
0.110 mg·kg-1, and 5.23, respectively. 

The pot experiment was conducted with Cd concentrations of 0, 75, 150, 300 and 
600 mg·kg-1 (CdCl2·2.5H2O) from March 3, 2015 to May 5, 2015 in the greenhouse of 
College of Resources and Environmental Sciences at Southwest University, China. 5 kg 
of air-dried soil was passed through a 40-mesh screen and then treated with 
CdCl2·2.5H2O (0, 75, 150, 300 and 600 mg·kg-1) solution and mixed to be 
homogeneously put in a plastic pot (diameter, 25 cm; height, 17 cm) and kept balance 
for two weeks. Thirty seedlings with the same growth potential were planted in each pot. 
The base fertilizer included P (NH4H2PO4), K (KCl), and N (NH4H2PO4 and urea) at 
concentrations of 100 mg·kg-1, 150 mg·kg-1, and 180 mg·kg-1, respectively. The 
seedlings of ryegrasses (Lolium multiflorum L.) with 10 cm high were then transplanted 
30 plant for each pot. The moisture content in soil was kept 60% of the maximum 
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moisture in the fields with deionized water. Fast- measurement of Soil Moisture (TZS-
IW, Zhejiang Tuopu Instrument Co., Ltd., China) was used to determine the moisture 
content in soil. The experiment was performed in triplicate, and was randomized 
complete block arrangement. The plants were harvested on May 5, 2015, and were kept 
at 105 DEG C for 15 min for denaturing the enzymes, and then oven-dried at 60 DEG C 
until there was no further change in the weight of the sample.  

Soil physical and chemical properties  

Soil pH was determined by soil water ratio of 1:2.5; organic matter, total nitrogen, 
available nitrogen, available phosphorus and available potassium in soils were determined 
by conventional analysis methods (Yang et al., 2008; Issaka and Ashraf, 2017; Xiao et al., 
2017). 

Antioxidant enzyme activity and MDA content  

Tissue samples of shoot and root in two ryegrass (Lolium multiflorum L.) varieties 
(Band and Arbde) were homogenized in ice-cold deoxygenated 20 mmol·L-1 Tris-HCl 
buffer (pH 7.4, 1:9, W/V) and centrifuged at 3000 ×g for 10 min. Aliquots of 100 μL 
were used for enzyme activity measurement. The activity of catalase (CAT) was 
measured using a microtiter plate assay (Grant et al., 2008; Yang et al., 2017). The 
activity of peroxidase (POD) was determined by monitoring the increase in absorbance 
at 470 nm during the oxidation of guaiacol (Hemeda and Klein, 1990). The activity of 
superoxide dismutase (SOD) was determined by the method of Minami and Yoshikawa 
(1979) with 50 mmol·L-1 Tris-Ca-codylic sodium salt buffer (pH 8.2) containing 0.1 
mmol ·L-1 EDTA.  

Plant Cd fraction 

The concentrations of Cd in its various chemical forms in ryegrass shoots were 
determined through continuous leaching method (Tessier et al., 1979). A flame atomic 
absorption spectrometer (Perkin SIMMA 6000 Elmer, Norwalk, USA) was used to 
determine Cd concentration. The detection limit was 0.005 mg·kg-1. The plant reference 
material (GBW # 08513) provided by National Institute of Standards and Technology 
was adopted to monitor the quality of determination results. The recovery rates of 
cadmium in all plant samples were higher than 95%, and the accuracy of relative 
standard deviation (RSD) was less than 10%. 

Soil Cd fraction 

The concentrations of Cd in its various chemical forms in soil was conducted by 
five-step sequential extraction method proposed by Tessier et al. (1979), and the 
extracted Cd was determined by atomic absorption spectrophotometry (Perkin Elmer 
SIMMA 6000, Norwalk, USA). The detection limit was 0.005 mg·kg-1. The plant 
reference material (GBW # 08303) provided by National Institute of Standards and 
Technology was adopted to monitor the quality of determination results. The recovery 
rates of Cd in all plant samples were higher than 95%, and the accuracy of relative 
standard deviation (RSD) was less than 10% (Zhao and Chen, 2017). 

 
 

https://link.springer.com/article/10.1007%2Fs11356-017-8951-3#CR15


Qin et al.: Effects of exogenous cadmium on activity of antioxidant enzyme, cd uptake and chemical forms of ryegrass 
- 1022 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1019-1035. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_10191035 
 2018, ALÖKI Kft., Budapest, Hungary 

Statistical analysis 

Three-way analysis of univariate ANOVA and correlation analysis were performed 
using SPSS version 21.0 package (SPSS, 2012). The effects of interaction among Cd 
levels on dry weight of plant, antioxidant enzyme activity, Cd concentration and Cd 
uptake in plant, and Cd fraction in plant and soil for different ryegrass varieties was 
subjected to a two-way analysis of variance (ANOVA; i.e., varieties and Cd treatments) 
followed by the least significant difference (LSD) test (p < 0.05) (Xu et al., 2010). 

Results  

Biomass 

As shown in Figure 1, with the increase of Cd level in soils, shoot dry weight of 
Band and Arbde were increased. Highest shoot dry weight of Band was found in 75 
mg·kg-1 Cd and increased by 10.06% compared with the control, while highest shoot 
dry weight of Arbde was observed at 150 mg·kg-1 Cd and increased by 25.84% 
compared with the control. At the same Cd level, shoot dry weight of Arbde was higher 
than that of Band.  

 

 
Figure 1. Effects of different Cd levels (mg·kg-1

) on dry weight of ryegrass; 

different letters (a, b, c) indicate significant difference at P≤0.05 among different Cd levels in 
the same variety 
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Antioxidant enzyme activity  

Significant difference of the activities of SOD, POD and CAT in shoots and roots of 
ryegrass were found between different varieties and among different Cd pollution levels 
(P<0.05) (Figs. 2-4). As shown in Figure 2, the activity of SOD in shoots of Band 
significantly increased with the increase of Cd level in soil, with increases of 14.52%-
68.38% compared with the control, while the activity of SOD in shoots of Arbde 
decreased with the increase of Cd level in soil, with the decrease of 4.17%-41.67% 
compared with the control. The activity of SOD in roots of the two varieties increased 
with the increase of Cd level in soils, and highest activities of SOD in roots of Band and 
Arbde were observed at the Cd level of 75 mg·kg-1 and respectively increased by 3.24% 
and 10.66% compared with the control. 

 

 
Figure 2. Effects of different cadmium levels on SOD activity in ryegrass; 

different letters (a, b, c) indicate significant difference at P≤0.05 among different Cd levels in 
the same variety 

 
 

As shown in Figure 3, the activity of CAT in shoots and roots of Band and Arbde 
increased significantly with the increase of Cd level in soils. Highest activities of CAT 
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in shoots and roots were found in 150 mg·kg-1 Cd, and respectively increased by 8.83% 
and 136.36% compared with the control. Under the same Cd level, the activity of CAT 
in roots of the two varieties ryegrass was lower than that in shoots. 

 

 
Figure 3. Effects of different cadmium levels on CAT activity in ryegrass; 

different letters (a, b, c) indicate significant difference at P≤0.05 among different Cd levels in 
the same variety 

 
 

As shown in Figure 4, the activity of POD in shoots and roots of the two varieties of 
ryegrass increased significantly with the increase of Cd level. The activity of POD in 
shoots and roots of Band respectively increased by 23.50%-201.67% and 7.42%-
20.01% compared with the control, respectively. The activity of POD in shoots and 
roots of Arbde respectively increased by 50.62%-232.06% and 4.58%-59.62% 
compared with the control. 
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Figure 4. Effect of different cadmium levels on POD activity in ryegrass; 

different letters (a, b, c) indicate significant difference at P≤0.05 among different Cd levels in 
the same variety 

 
 
MDA content 

As shown in Figure 5, the MDA content in shoots and roots of the two varieties of 
ryegrass increased significantly with the increase of Cd level. Highest MDA contents in 
shoots and roots of Band significantly increased by 2.78% and 88.05% at 150 mg·kg-1 
and 75 mg·kg-1 Cd respectively compared with the control. In the case of shoots and 
roots of Arbde, highest MDA contents in shoots and roots of Arbde significantly 
increased by 66.62% and 23.86% at 300 mg·kg-1 and 150 mg·kg-1 Cd respectively 
compared with the control. 
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Figure 5. Effects of different cadmium levels on MDA content in ryegrass;  

different letters (a, b, c) indicate significant difference at P≤0.05 among different Cd levels in 
the same variety 

 

 

Concentration of Cd in shoot and root 

As shown in Figure 6, Cd concentrations in shoots and roots of the two ryegrass 
varieties increased significantly with the increase of Cd level (P<0.05). When exposed 
to 150 mg·kg-1 Cd, Cd concentrations in shoots and roots of Band and Arbde were 
respectively as 171.827 mg·kg-1, 374.494 mg·kg-1 and 169.122 mg·kg-1, 229.676 
mg·kg-1, which exceeded the critical value of cadmium hyperaccumulator (100 mg·kg-1 

Cd). At the same cadmium level, Cd concentrations in roots of the two ryegrass 
varieties were higher than those in shoots, and Cd concentrations in shoots and roots of 
Band was lower than that of Arbde.  
 



Qin et al.: Effects of exogenous cadmium on activity of antioxidant enzyme, cd uptake and chemical forms of ryegrass 
- 1027 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1019-1035. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_10191035 
 2018, ALÖKI Kft., Budapest, Hungary 

 
Figure 6. Effect of different Cd levels on Cd content in different parts of ryegrass; 

different letters (a, b, c) indicate significant difference at P≤0.05 among different Cd levels in 
the same variety 

 
 
Cd accumulation in shoot and root 

As shown in Figure 7, Cd accumulation in shoots and roots of the two ryegrass 
varieties increased with the increase of level of cadmium in soils, and significant 
differences were found between varieties and among Cd treatments (P<0.05). When 
exposed to 75-600 mg·kg-1 Cd, Cd accumulations in shoots and roots of Band were 
53.84-422.93 times and 8.10-116.56 times that of the control. Highest Cd accumulation 
in shoots was observed at 600 mg·kg-1 Cd by 118.977 ug·plants-1; Cd accumulations in 
shoots and roots of Arbde were 25.72-304.23 times and 6.94-70.04 times that of the 
control. Under the same Cd level, the total amount of Cd accumulation in the plant (the 
sum of Cd accumulations in shoots and roots) of Arbde was greater than that of Band. 
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Figure 7. Effect of different cd levels on cd accumulation in different parts of ryegrass; 

different letters (a, b, c) indicate significant difference at P≤0.05 among different Cd levels in 
the same variety 

 
 
Plant Cd fraction 

As shown in Figure 8, significant differences of distribution proportion of cadmium 
with different forms (FDC) in shoots of the two ryegrass were found between varieties 
and among Cd treatments (P<0.05). The concentrations of Cd chemical forms in shoots 
of the two ryegrass varieties were in order of sodium chloride extraction state (FNaCl) > 
acetic acid extraction state (FHAc) > ionized water extraction state (FW) > residual state 
(FR)> hydrochloric acid extraction state (FHCl) > ethanol extraction state (FE). FNaCl, FHAc 
and FW of Band and Arbde respectively accounted for 40.7%-52.8% and 38.2%-50.0%, 
19.2%-31.7% and 21.6%-36.3%, 12.5%-29.6% and 10.55%-27.17% of total amount of 
Cd extraction, while FE with higher activity had the lowest content, and only accounted 
for 1.1%-3.6% and 1.4%-4.0% of total amount of Cd extraction. 
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Figure 8. Effect of different Cd levels on the distribution of cadmium in ryegrass 

 
 
Soil Cd fraction 

The content and the distribution proportion (FDC) of Cd with different forms of the 
treated soils in the experiment were respectively shown in Figure 9 and Figure 10. The 
contents of Cd with different forms (EXC-Cd, CAB-Cd, FeMn-Cd, OM-Cd and RES-
Cd) in soils increased with the increase of Cd level (P<0.05). The FDC of Cd with 
various chemical forms in soil was in order of EXC-Cd > CAB-Cd> FeMn-Cd > RES-
Cd > OM-Cd. The FDC of EXC-Cd in soil of Band and Arbde were respectively as 
61.42%-82.64% and 55.09%-83.23%. The FDC of OM-Cd was lowest with FDC of 
0.87%-6.26%. Under the same cadmium level, soil EXC-Cd concentration of Arbde 
were lower than that of Band, but no significant differences were found in other soil Cd 
chemical forms.  

Correlation between plant Cd concentration and soil Cd fraction  

As shown in Table 1, significant correlations were observed among Cd concentration 
of shoots in Band and EXC-Cd, CAB-Cd, FeMn-Cd and RES-Cd in soil, whose 
correlation coefficients were respectively as 0.966, 0.943, 0.803 and 0.666. Moreover, 
significant correlations were also found among Cd concentration in roots of Band and 
EXC-Cd, CAB-Cd, FeMn-Cd and RES-Cd in soil, whose correlation coefficients were 
respectively as 0.983, 0.960, 0.838 and 0.687. As shown in Table 2, significant 
correlations were observed among Cd concentration of shoots in Arbde and CAB-Cd in 
soil, whose correlation coefficient was 0.847. Significant correlations were also found 
among Cd concentration in roots of Arbde and EXC-Cd and CAB-Cd in soil, whose 
correlation coefficients were respectively as 0.989 and 0.885. 
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Figure 9. Effect of different Cd levels on concentration of Cd in soil; 

different letters (a, b, c) indicate significant difference at P≤0.05 among different Cd levels in 
the same variety 

 
 

 
Figure 10. Effect of different Cd levels on Cd fraction distribution coefficient (FDC) in soils 
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Table 1. Correlation coefficient between Cd contents of Band and the concentration of Cd 

fractions in soil 

 
Shoot-Cd Root-Cd 

EXC-

Cd 
CAB-Cd 

FeMn-

Cd 
OM-Cd RES-Cd 

Shoot-Cd 1 
      

Root-Cd 0.996** 1 
     

EXC-Cd 0.966* 0.983** 1 
    

CAB-Cd 0.943** 0.960** 0.988** 1 
   

FeMn-Cd 0.803** 0.838** 0.911** 0.930** 1 
  

OM-Cd 0.281 0.297 0.394 0.523* 0.615* 1 
 

RES-Cd 0.666** 0.687** 0.767** 0.812** 0.878** 0.706** 1 
 
 

Table 2. Correlation coefficient between Cd contents of Arbde and the concentration of Cd 

fractions in soil 

 
Shoot-Cd Root-Cd 

EXC-

Cd 
CAB-Cd 

FeMn-

Cd 
OM-Cd RES-Cd 

Shoot-Cd 1 
      

Root-Cd 0.996** 1 
     

EXC-Cd 0.973* 0.989** 1 
    

CAB-Cd 0.847** 0.885** 0.932** 1 
   

FeMn-Cd 0.555* 0.609* 0.697** 0.839** 1 
  

OM-Cd 0.405 0.449 0.546* 0.577* 0.698** 1 
 

RES-Cd 0.396 0.459 0.567* 0.730** 0.931** 0.793** 1 
 
 
Discussion  

Under Cd stress, plants are often shown with the toxicity symptom of Cd such as 
growth inhibition and so on, and the toxic effects increase with the increase of Cd level 
(Antoniadis et al., 2017). However, some studies have pointed out that low Cd 
stimulates and promotes plant growth (Shi et al., 2015). In this experiment, shoot dry 
weights of Arbde and Band firstly increased with the increase of Cd level in soil, and 
then decreased. 75 mg·kg-1 Cd and 150 mg·kg-1 Cd stimulate the growth of Band and 
Arbde, which was probably because the perennial ryegrass was likely to distribute Cd2+ 
to non metabolic active site such as vacuole, apoplast and so on in order to reduce the 
toxicity of Cd2+ to cells (Liu et al., 2013). 

When exposed to Cd, large amount of reactive oxygen species and peroxides in 
plants are produced, such as O2

-, OH-, H2O2, etc., resulting in disruption of cell 
membrane integrity and stability, and peroxidation damage to the plant (Zhang et al., 
2015). These free radicals and peroxides in plants are removed or reduced by increasing 
the activities of antioxidant enzymes of SOD, POD and CAT. SOD, as the first line of 
defense of plant antioxidants, can eliminate excess superoxide anion in cells, and POD 
and CAT can make H2O2 differentiate into non-toxic water and oxygen molecules so as 
to alleviate the peroxidation damage of Cd to the plant (Li et al., 2013; Wang et al., 
2008). Malondialdehyde (MDA) is the product of membrane lipid peroxidation in plant 
cells subjected to oxidative stress under stress, which is usually regarded as 
physiological indexes of oxidative damage, and its content can reflect the intensity of 
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plant responses to stress conditions and the extent of cell membrane lipid peroxidation 
(Becana et al., 2000).  

In the present study, the activities of SOD and POD enzymes in the two ryegrass 
varieties increased firstly with the increase of Cd in soil, and then decreased, which was 
in line with the typical defense characteristics of plants under Cd stress. This result was 
consistent with the result of Yang et al. (2000). The activity of CAT decreased with the 
increase of Cd level in soil. The reason may be that CAT is the most sensitive 
antioxidant enzyme to heavy metals, and its activity is firstly inhibited, causing the 
elimination of H2O2 in the body to be blocked and only to be conducted by POD, thus 
the activity of POD increased (Yu et al., 2010). The content of MDA increased firstly 
with the increase of Cd in soil, and then decreased, and can exhibit strong reactive 
oxygen tolerance, which was probably because the active oxygen in the body can be 
eliminated at high Cd stress (Xu et al., 2010). 

Cadmium with strong mobility is easy to be absorbed by plants, and most plants can 
transfer Cd from roots to shoots (Zhang et al., 2013). In the present study, Cd 
concentrations in roots of the two ryegrass varieties were higher than those in shoots. It 
suggested that roots had stronger Cd enrichment ability, but the abilities to transfer Cd 
from root to shoot were weaker. This result is similar to the reports of Huang et al. 
(2016), Chen et al. (2014) and Sun et al. (2016). The Cd concentration in shoot of Cd 
hyperaccumulator with the critical content of 100 mg·kg-1 was 100 times as much as 
common plants (Li et al., 2016). In this experiment, when exposed to high Cd (150 
mg·kg-1), Cd concentration in shoots of Band and Arbde both exceeded the critical 
value of hyperaccumulator, and the two ryegrass varieties with strong tolerance to Cd 
had no obvious toxic symptoms, which were similar to the findings of Sun et al. (2016). 
Under the same Cd level in soil, Cd concentration and Cd accumulation in shoots and 
roots of Arbde were higher than those of Band. It was suggested that Arbde was more 
effective in remediation of cadmium contamination in soils due to higher plant biomass 
and greater Cd accumulation. 

There were obvious differences in Cd migration ability of different Cd chemical 
forms in plants, which further affects the transport and transfer of cadmium in plants 
and the toxicity of cadmium to plants (Li et al., 2015). In the present study, FNaCl was 
dominant chemical form of cadmium in Band and Arbde due to Cd had a strong affinity 
to sulfhydryls in proteins or other organic compounds, which was consistent with the 
early report by Zhang et al. (2011). The FE with higher activity in Band and Arbde only 
accounted for 1.1%-3.6% and 1.4%-4.0% of the total amount of Cd extraction 
respectively, thus greatly limiting the toxic effect of Cd on ryegrass growth.  

The available cadmium in soil is one of important factors affecting Cd uptake by 
plants (Castaldi et al., 2005). In the experiment, the concentration of various Cd 
chemical forms in soils were significantly positively correlated with Cd concentrations 
of shoot and root in the two ryegrass varieties (P<0.01) (excepted for OM-Cd), which 
were consistent with the study of Yang et al. (2011). EXC-Cd was dominant chemical 
form of cadmium in soils of the two ryegrass, and the FDC of Cd with various chemical 
forms in soil was in order of EXC-Cd > CAB-Cd> FeMn-Cd > RES-Cd > OM-Cd, 
which was consistent with the results of Chen (2016). With the increase of Cd level, the 
percentage of EXC-Cd accounting for the total cadmium was also increasing, which 
was consistent with the research results reported by Zhang et al. (2013). Cadmium 
concentrations of roots in the two ryegrass varieties had a very significant positive 
correlation with EXC-Cd, indicating the absorption of Cd concentration in roots of 
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ryegrass and the exchangeable cadmium content in soil, which was consistent with the 
results of (Yang et al., 2011). Under the same Cd level, the concentrations of EXC-Cd 
in soil of Band was higher than that of Arbde, corresponding to the result that Cd 
concentrations in shoots and roots of Arbde were higher than those of Band (excepted 
for shoot Cd concentration at 150 mg·kg-1 Cd), which was probably caused by the 
difference between varieties, while the specific reasons need to be studied. 

Conclusion 

The shoot dry weight of the two ryegrass varieties (Band and Arbde) increased firstly 
and then decreased with the increase of Cd level in soil, and reached the maximum at 75 
mg·kg-1 and 150 mg·kg-1 of Cd respectively. The activities of SOD, POD and the 
contents of MDA in shoots and roots of the two ryegrass varieties increased with the 
increase of Cd level in soil, while CAT activity decreased. The concentrations of Cd 
chemical forms in shoots of the two ryegrass varieties were in order of FNaCl> FHAC> 
FW> FR> FHCl>FE. The order of FDC of Cd in each form was described as EXC-Cd > 
CAB-Cd>, FeMn-Cd>, RES-Cd > OM-Cd. Except for OM-Cd. the concentration of 
various Cd chemical forms in soils were significantly positively correlated with Cd 
concentrations of shoot and root in the two ryegrass varieties (P<0.01) (excepted for 
OM-Cd). Compared with the two ryegrass varieties, Arbde was more effective in 
remediation of cadmium contamination in soils due to stronger tolerance to Cd, higher 
biomass and greater Cd accumulation. Recommendations for future studies are to found 
the plants or varieties with high Cd-accumulation are needed to be screened out and 
cultured, and their genes are induced into plants with great biomass, rapid growing and 
strong adaptability, so that ideal Cd super-accumulation plants. 
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Abstract. Bacterial endophytes, with plant beneficial traits, are being routinely isolated and investigated 
to address environmental impacts and low nutrient use efficiency of chemical fertilizers. The current 
study was framed with a hypothesis that local cultivar of tomato (Solanum lycopersicum L. cv. Nagina) 
harbors multi-trait endophytes with plant-beneficial attributes. From a collection of purified root 
endophytes, only two isolates viz. NgE3 and NgE4 with desired PGP traits were identified as Bacillus 

subtilis and Paenibacillus sp., respectively on the basis of 16S rRNA gene sequence analysis. Both the 
strains exhibited substantial nitrogenase activity, tricalcium phosphate-solubilizing ability and were 
positive for 1-aminocyclopropnae-1-carboxylate (ACC) deaminase synthesis. A considerable quantity of 
Indole-3-acetic acid was measured only in the culture supernatant of Paenibacillus strain NgE4, while N-
acyl homoserine lactones (AHLs) production was found positive in Bacillus subtilis NgE3. Both the 
strains also revealed considerable antifungal activity (> 70%) against at least 3 out 5 fungal pathogens 
tested. The root colonization potential of Bacillus and Paenibacillus strains was confirmed by localizing 
the strains in the tomato root cortical cells as endophytes through transmission electron microscopy. 
Keeping in view very limited research reported on bacterial endophytes in Pakistan, both phytobeneficial 
strains are potential resources as bio-inoculants for the tomato to design greenhouse and field 
experiments. 
Keywords: isolation, plant-beneficial traits, 16S rRNA, transmission electron microscopy, antifungal 

activity 

Introduction 

Maintenance of agricultural productivity for ever-increasing world population along 
with preservation of natural resources has become a major challenge in both developed 
and developing countries (Singh, 2017). Up to now, the farmer’s strategy to increase 
crop productivity was totally based on the use of chemical fertilizer inputs; however, 
increasing the fertilizer inputs is no more boosting the agricultural yields in recent 
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decades due to their low nutrient use efficiency (Yousaf et al., 2017). Therefore, this 
prompts the need to characterize the plant beneficial bacteria for their ultimate field 
inoculation as nutrient supplying agents (Hanif et al., 2015; Pii et al., 2015; Akram et 
al., 2016; Mahmood et al., 2017). Such beneficial bacterial agents, often known as plant 
growth-promoting rhizobacteria (PGPRs), establish a strong association with 
rhizosphere, the soil adhering to the root surfaces (Kloepper et al., 1989). They are also 
found in the direct attachment to the root surfaces as rhizoplanic bacteria, and tend to 
pierce root epidermis and cortex as endophytes (Sylvia et al., 2005; Shaid et al., 2015). 

With the advent of advanced molecular techniques, it is now possible to sequence the 
genomes of both bacterial and fungal endophytes without isolation and purification on 
culture media. Thus, the more advanced definition of endophytes is the set of microbial 
genomes inside the plant organs (Bulgarelli et al., 2013). Endophytes are of three types 
depending upon plant inhabiting life strategies (Hardoim et al., 2008). Obligate 
endophytes transmit via seeds and are unable thrive outside the plants. For instance, 
Xylella fastidiosa is found in plant tissues as obligate endophyte and is capable of 
persisting inside the plant for long period of time (Hardoim et al., 2008). Xylella 

fastidiosa transmit through insect vectors. Facultative endophytes live freely in soil and 
cause infection and colonization as opportunity arrives (Hardoim et al., 2008); most 
endophytes known for plant growth promotion belong to this class, e.g. Pseudomonas 

fluorescence and Azospirillum brasilense. These endophytes enter in plants through 
cracks in lateral roots or wounds caused by nematodes or plant pathogens (Rosenblueth 
and Martinez-Romero, 2006). Many other rhizosphere competent bacterial genera are 
considered as endophytes at some stage of their life cycle. The third category, known as 
passive endophytes, is not competitive in terms of root colonization and plant growth 
promotion. Even though they lack the active machinery of plant infection and 
colonization, transmission via plant roots may occur as result of stochastic events 
(Verma et al., 2004; Rosenblueth and Martínez-Romero, 2006; Hardoim et al., 2008). 
After infection and transmission to roots, endophytes can exist both inter- and 
intracellularly (Hurek et al., 1994; Zakria et al., 2007). A variety of plant species bear 
bacterial endophytes as part of their root microbiome, with some being known to 
improve plant growth and productivity by exploiting a variety of mechanisms (Gaiero et 
al., 2013). Endophytic bacteria are also known to tolerate salt-stress and induce salinity 
tolerance mechanisms in plants (Damodaran et al., 2014; Yaish et al., 2015). Despite the 
extensive research on bacterial root endophytes to apply as inoculants for plant growth 
promotion (Thakore, 2006), a limited understanding exists about the drivers of 
endophytic communities and mechanisms involved for the success of inoculation in 
crop productivity. Bacterial endophytes, by synthesizing ACC deaminase enzyme, 
reduce ethylene concentration and help plants to thrive in adverse environmental 
conditions. Bacterial endophytes have also been described to produce phytohormones 
like indole-3-acetic acid (Hardoim et al., 2008). Moreover, different types of AHLs (C6, 
C8, C10, oxo-C12, 3-oxo-C6 etc.) are known to produce by endophytes for signal 
transduction during the association. These AHLs participate in plant signaling pathways 
to sense ecological dynamics (Hartmann et al., 2014).  

In vitro characterization of endophytes for plant beneficial properties is the first key 
step towards the selection of potential bacterial inoculants and investigation of the 
mechanism involved in phytostimulation (Jasim et al., 2014). So far, most of the studies 
on bacterial endophytes from tomato were either aimed at their characterization for PGP 
traits (Amaresan et al., 2012) or biocontrol of phytopathogens (Munif et al., 2013; 
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Upreti and Thomas, 2015). The present piece of work is conducted to target multi-trait 
bacterial endophytes from a local tomato cultivar bearing not only PGP characteristics 
but also antagonism against plant pathogenic fungi. The study will go a long way in the 
elucidation of the role of these endophytes for vigor and yield improvement of the 
tomato crop. Furthermore, the baseline information of these endophytic bacterial 
associations of tomato will steer to more comprehensive studies in terms of exploring 
the biochemical and genetic basis of this association. 

Materials and methods 

Isolation and morphological studies 

Tomato plants (cv. Nagina), grown at experimental field of Nuclear Institute of 
Agriculture and Biology (NIAB, 31°23'42.13 N, 73°1'37.24 E), Faisalabad, Pakistan 
were uprooted followed by excision of aerial parts with sterilized a knife for isolation of 
bacteria from endosphere portion of the plant. This cultivar is considered as salt tolerant 
genotype (Amjad et al., 2014a; 2014b), and thus, selected for isolation of root 
endophytes. The samples were carried in sterilized polythene bags (25×30 cm) to the 
Microbial Physiology Laboratory, National Institute for Biotechnology and Genetic 
Engineering (NIBGE), Faisalabad, Pakistan. Root portions were subjected to washing 
with tap water followed by sterile distilled water to detach adhered soil. Root surfaces 
were disinfected by dipping in ethanol (70%) for 1 min and sodium hypochlorite (5 % 
[w/v]) for another 10 min, followed by 5-6 washings with sterilized distilled water. For 
bacterial isolation, 1 g of macerated roots were put in 9 ml of saline solution (0.85% 
(w/v) NaCl) by serial dilution technique described by Somasegaran and Hoben (1994). 
Aliquots (100 μl) from two dilutions (10−4 and 10−6) were spread on Luria-Bertani (LB) 
agar plates using a sterilized glass spreader, followed by 48 h incubation in a microbial 
incubator (Memmert, Germany) preset at 28 ± 2. Bacterial colonies were selected on the 
basis of prolific growth and colony morphology and purified through repeated 
streaking. The purified isolated were maintained at LB-agar plates to carry out further 
experiments. Five copies of each purified isolate were preserved in 20% (v/v) glycerol 
at −80 °C. Various morphological characteristics like the colony and cell morphology, 
motility and Gram’s reactions were studied under the light microscope as described by 
Vincent (1970). 

 
Nitrogen fixation 

Nitrogen fixation ability of isolates (NgE3 and NgE4) was assessed by acetylene 
reduction assay (ARA) using GC-FID as described by Hardy et al. (1968). The purified 
isolates were individually inoculated into 30 ml semisolid nitrogen free malate (NFM) 
medium (In 1 l distilled water: 5g l-1 malic acid, 0.5 g l-1 K2HPO4, 0.2 g l-1 
MgSO4.7H2O, 0.02 g l-1 CaCl2, 0.1 g l-1 NaCl, 0.002 g l-1 NaMoO4.2H2O, 5 ml 0.5% 
(w/v) bromothymol blue (BTB), 10 μg biotin, 0.2% (w/v) agar, pH 7 was adjusted with 
KOH (Okon et al., 1977), in Erlenmeyer flasks (100 ml) and allowed to grow in an 
orbital shaker (150 rpm, Gallenhamp, UK) at 28 ± 2 °C for 72 h. A well-grown culture 
(4 ml) was further inoculated to glass vials (12 ml) containing 4 ml NFM medium and 
followed by incubation at 28 ± 2 °C for 24 h. After replacing the steel caps of vials with 
rubber septa, air 10% (v/v) was exchanged with the same volume of acetylene gas with 
the help of a sterilized syringe followed by incubation at 28 ± 2 °C for 24 h. Estimation 
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of acetylene (C2H2) reduction to ethylene (C2H4) was made with Gas chromatograph 
(Thermoquest, Trace GC, Model K, Rodono Milan, Italy) fitted with a Porapak N 
column (2 mm × 2 m) and a flame ionization detector (FID). The operating conditions 
of GC were: oven temperature 80 °C, right inlet 100 °C, right detector 180 °C, hydrogen 
flow rate 30 ml min-1, nitrogen flow rate 42 ml min-1 and air flow rate was maintained at 
300 ml min-1. Standard ethylene (200 μl, Spancan Calibration Gas, Spantach Products, 
England) was injected before analyzing samples and peak area was recorded followed 
by same volume of each sample. Protein concentration in vial mixture was determined 
by the method described by Bradford (1976). 

 
Indole-3-acetic acid (IAA) production 

The isolates were inoculated into Erlenmeyer flasks (500 ml) containing 100 ml LB 
broth supplemented with tryptophan (100 mg l-1) and subjected to incubation at 28 ± 
2 °C for 48 h in an orbital shaker at 150 rpm (Gallenhamp, UK). Supernatant, collected 
in separate tubes after spinning at 13000 g, was acidified (pH 2.8) with HCl. 
Supernatant was mixed with equal volume of ethyl acetate for IAA extraction in 
separating funnel (Tien et al., 1979). The IAA-containing upper layer of separating 
funnel was collected in separate sterilized tubes followed by removal of excessive ethyl 
acetate under vacuum at 45 °C, using a rotary evaporator (EYELA, Tokyo, Japan). This 
extract was dissolved in methanol (1 ml) and filter sterilized through 0.2 μm nylon filter 
(Millipore, USA) prior to analyze by HPLC (λ = 260 nm) (Perkin Elmer, USA) 
equipped with Turbochrom software and C18 column (150 mm length, 4 mm diameter 
and 120Å pore size) at a flow rate of 0.5 ml min-1 using 30:70 (v/v) methanol:water as 
mobile phase. 

 
Phosphate solubilization and detection of organic acids 

Each of the purified isolates was spot-inoculated on Pikovskaya’s agar (Pikovskaya, 
1948) plates, incubated at 28 ± 2 °C in a microbial incubator (Memmert, Germany) and 
observations were taken to 168 h for halo-zone formation. For quantitative analysis of 
phosphate solubilization and organic acid production, 100 ml of Pikovskaya’s broth was 
inoculated with single purified colonies of each isolate in Erlenmeyer flasks (500 ml) and 
incubated at 28 ± 2 °C for 240 h in an orbital shaker (Gallenhamp, UK) at 150 rpm. An 
aliquot of 20 ml of pure bacterial culture from each flask was harvested after after 72 h, 
120 h and 168 h and centrifuged at 13000 g for 10 min to collect the supernatant. The 
quantification of phosphate solubilization was accomplished according to 
phosphomolybdate blue color method (Murphy and Riley, 1962) using spectrophotometer 
(JENWAY6305, UK) (λ = 882 ηm). For the determination of the organic acids, the cell-
free supernatant of isolates was filtered through nylon filters (0.2 µm, Millipore, USA) 
and 20 μl was injected into HPLC (λ = 210 ηm) equipped with Turbochrom software 
(Perkin Elmer, USA) and C18 column (150 mm length, 4 mm diameter and 120Å pore 
size). A flow rate of 0.6 ml min-1 was maintained using methanol: acetic acid (30:70 
(v/v)) as a mobile phase. The standards of organic acids (gluconic, malic, lactic, acetic, 
citric, and tartaric acid) were commercially purchased (Sigma-Aldrich, Germany). 

 
ACC deaminase activity 

The ability of endophytes to use 1-aminocyclopropane-1-carboxylic acid (ACC) as 
sole nitrogen source was determined in 5 ml DF salt minimal media (Penrose and Glick, 
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2003) containing 3 µl of 0.5 M ACC. The cultures were incubated at 28 ± 2 °C at 
constant shaking (150 rpm) for 48 h. The turbidity of cultures in comparison with non-
inoculated control indicated the ability to utilize ACC. 

 
Screening for N-acyl homoserine lactone (AHL) production 

The purified isolates (NgE3 and NgE4) were streaked onto the center of a Tryptone 
Yeast extract (TY) (Beringer, 1974) agar plates and were allowed to grow overnight in a 
microbial incubator (Memmert, Germany) preset at 28 ± 2 °C. The indicator strain 
Chromobacterium violaceum CV026 (obtained from John Innes Centre, Norwich, UK) 
was grown separately in LB broth at 28 ± 2 °C with constant shaking overnight up to an 
OD of 106 CFU ml-1. Detection of AHLs was made by the plate overlay assay as 
described earlier by McLean et al. (2004). The reference strain A34 (obtained from the 
John Innes Centre, Norwich, UK) was used as the positive control. A34 is a Rhizobium 

leguminosarum 8401 containing pRLIJ1. Plates were incubated at 30 ± 2 °C overnight, 
and purple pigmentation produced by the indicator strain on the plates was an indicator 
of AHL production. 

 
Antifungal activity 

The antifungal activity was tested using a dual-culture assay as described by 
Sakthivel and Gnanamanickam (1986). A drop of the exponentially grown bacterial 
culture (approx. 20 μl) was spotted onto potato dextrose agar (PDA) plates close to the 
walls of the Petri dish on both sides and the plates were allowed to dry in laminar air 
flow cabinet. A 6-mm agar disk of each of three fungal species, namely, Fusarium 

solani, F. oxysporum and F. moniliforme, Aspergillus niger and A. flavus (obtained 
from Department of Plant Pathology, University of Agriculture, Faisalabad, Pakistan), 
were separately placed at the center of PDA plates. Fungal disc was grown separately 
over Petri plate containing PDA to serve as a control. The incubation of plates was 
made at 28 ± 2 °C in microbial incubator (Memmert, Germany) for 5 days to measure 
the inhibition of radial fungal growth between fungal and bacterial colonies. 

 

    Inhibition %  = 1- fungal growth / Control growth × 100  

 
16S rRNA gene sequencing 

Total genomic DNA of isolates (NgE3 and NgE4) was isolated by the alkaline lysis 
method (Maniatis et al., 1982) and quantified by ultraspec™ 3100 (OD260, 260/280). This 
DNA was used as template to amplify the 16S rRNA gene with primers fD1 and rD1 as 
described earlier by Weisburg et al. (1991) with slight modifications as: for 50 μL 
reaction in ultra-pure water, 5 μl of Taq buffer (Fermentas, USA), 3 μl of 25 mM MgCl2 
(Fermentas, USA), 5 μl of 2 mM dNTPs (Fermentas, USA), 0.5 μl of 100% DMSO, 1.5 
μl each of forward and reverse primer, 0.75 μl of 5 U µl-1 Taq DNA polymerase 
(Fermentas, USA) and 40 ηg of template DNA. Polymerase chain reaction (PCR) was 
conducted in thermal cycler (PeQLab, advanced Primus 96, Germany) with modified 
temperature conditions as: 30 cycles of 95 °C for 1 min, 55 °C for 30 s, and 72 °C for 
1 min. The initial denaturation and final extension steps were performed at 95 °C for 
5 min and 72 °C for 10 min, respectively. Amplicons were purified with QIAquick PCR 
purification kit (Qiagen, USA) according to manufacturer’s protocol and sequenced 
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directly on both sides (Macrogen, Korea). The gene sequence was analyzed using 
sequence scanner software package. Forward and reverse sequenced strands were joined 
by Caps 3 assembly online software and compared with others in the GenBank database 
using the NCBІ BLASTn tool. Final sequences were deposited in Genbank and 
accession numbers were obtained. 

 
Ultrastructure studies 

For ultrastructure-studies, tomato (cv. Nagina) seeds were surface sterilized by 
immersing them in an aqueous solution of sodium hypochlorite (5% (v/v)) for 10 min 
followed by 5-6 washings with sterilized distilled water. The seeds were soaked in the 
inoculum (1 × 108 CFU ml-1) for 30 min and allowed to germinate on water-agar (1.5% 
(w/v)) plates. Root hairs of ten days old seedlings were cut into pieces (approximately 
1-3 cm) and embedded in water-agar (1.5% (w/v)) again followed by cutting of 
approximately 2-3 mm small agar cubes. The cubes were put in 1.5-ml tubes in the 
presence of 5 % (v/v) gluteraldehyde (made in 0.2 M PIPES buffer, pH 8.0) as a 
fixative. After 16-18 h, the fixative was replaced with 0.2 M PIPES buffer [0.58 g NaCl, 
3 g PIPES {piperazine-N,N′ bis(2-ethanesulfonic acid)}, 1M NaOH, 0.2 g MgCl2.6H2O, 
pH 6.8] (Salema and Brandao, 1973) and samples were washed 2 × 1 h in fresh buffer. 
Afterwards, these samples were treated with aqueous osmium tetra oxide (0.2 % (w/v) 
made in PIPES buffer solution (0.2 M, pH 6.8) for 16-18 h and washed 2 × 30 min with 
sterilized distilled water. After treating with aqueous uranyl acetate (5 % (w/v) for 16-
18 h, the samples were washed with sterilized distilled water for 2 × 30 min. First 
dehydration was carried out with absolute alcohol for 2 × 30 min and then with 
propylene oxide (100% (v/v)) for 1 × 30 min. Infiltration of samples was carried out 
with propylene oxide in ratio 1:1 for 24-48 h and then with spur-resin for further 24-72 
h. The accelerator Benzyl Di-Methyl Amine (BDMA) was used in all infiltration steps. 
Samples were placed on flat embedding molds for polymerization for 72 h at 65-70 °C 
in the oven (Memmert, Germany). Polymerized resin blocks were left at room 
temperature for at least 24 h before cutting ultra-thin sections. Ultra-thin sections (150-
200 nm) were cut on ultra-microtome (RMC-7000) and the sections were carefully 
placed on copper grids. The sections were double stained with uranyl acetate and lead 
citrate for 30 min and 10 min, respectively. The grids were washed with deionized 
water and observed under Transmission Electron Microscope (TEM, JEOL 1010, 
Japan). 

Results 

Morphological and physiological characterization 

Isolate NgE3 was appeared with round and whitish colonies on agar medium and its 
cells were found as long rods under a light microscope. In addition, it showed 73.93 ± 
4.23 ηmol mg-1 protein h-1 nitrogenase activity and 4.92 ± 0.64 µg ml-1 IAA production 
ability (Table 1). Isolate NgE3 was also found positive for AHLs production and 
demonstrated substantial (> 79%) inhibition of three fungal pathogens viz. Fusarium 

oxysporum, Aspergillus niger and A. flavus. On the other hand, isolate NgE4 had curled 
and off-white colonies with cell shapes appeared as short rods under a light microscope. 
Nitrogenase activity of NgE4 was measured as 63.00 ± 6.35 ηmol mg-1 protein h-1. It 
also synthesized 1.66 ± 0.11 µg ml-1 IAA in the culture medium (Table 2). In addition, 
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isolate NgE4 also showed biocontrol potential (> 79%) against Fusarium solani, F. 

oxysporum and Aspergillus flavus (Table 3), but was found negative found for AHLs 
production. was ACC deaminase and catalase enzyme activity was found positive in 
both isolates. Moreover, both the isolates were found Gram-positive showing the cell 
motility glass slide. Isolates NgE3 and NgE4 were unable to show the antifungal 
activity against a panel of fungal pathogens tested and also lacked AHL production. 

 
Table 1. Morphological and physiological characterization of isolates NgE3 and NgE4 

Isolate** 
Colony 

morphology 
Cell morphology 

IAA production 

(µg ml-1
) 

AHLs production 

NgE3 
Round and 

whitish 
Long rods 4.92 (0.64) + 

NgE4 
Curled and off-

white 
Short rods 1.66 (0.11) - 

**Both isolates were Gram-positive and motile. Isolates NgE3 and NgE4 were also found positive for 
catalase and ACC deaminase activity. Standard error of three replicates is presented in parentheses 

 
 
Table 2. The antifungal activity of bacterial endophytes from the tomato against different 

fungal pathogens 

Isolate 

% inhibition 

Fusarium Aspergillus 

solani oxysporum moniliforme niger flavus 

NgE3 46 (5)* 78 (4) 51 (11) 76 (5) 79 (3) 

NgE4 77 (6) 83 (6) 42 (3) 66 (10) 86 (13) 

*Standard error of three replicates is presented in parentheses 
 
 
Table 3. Phylogenetic identity of `16S rRNA gene sequences after BLASTn analysis 

Isolate 
Sequence 

length (bp) 

Similarity 

% 
Closest GenBank match Strain identified Accession # 

NgE3 1057 99 
Bacillus subtilis subsp. 
subtilis strain DDKRC2 

Bacillus subtilis KC202298 

NgE4 857 98 Paenibacillus sp. IHB B 3310 Paenibacillus sp. KC202299 

 
 

Relationship between phosphate solubilization and organic acid production 

Isolate NgE3 solubilized 44.71 ± 2.25 µg ml-1 insoluble tricalcium phosphate (TCP) 
after 168 h of incubation with the drop in the pH of the medium up to 5.3, which was 
found directly correlated (P ≤ 0.001, r = 0.97) to synthesis of lactic acid in the culture 
medium (21.89 ± 1.66 µg ml-1). Similarly, isolate NgE4 converted 54.40 ± 1.92 µg ml-1 
of TCP to soluble form with the total lowering of pH up to 4.2. The amount of TCP 
solubilized by NgE4 was positively correlated to both gluconic acid (P ≤ 0.001, 
r = 0.99) and lactic acid (P ≤ 0.001, r = 0.99). The total amount of gluconic and lactic 
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acids produced by NgE4 after 168 h of incubation were measured as 19.40 ± 0.82 µg 
ml-1 and 14.06 ± 0.85 µg ml-1, respectively (Fig. 1). 

 

 

Figure 1. Phosphate solubilized by isolates NgE3 and NgE4 with respect to drop in pH of 

medium (a), organic acids produced by the isolates at time intervals (b) and relationship 

between organic acid production and phosphate solubilization as determined through 

regression correlation analysis (c, d, e) 

 
 

Molecular identification and phylogenetic analysis 

Isolate NgE3 was identified as Bacillus subtilis (KC202298) on the basis of 16S 
rRNA gene sequence analysis (Table 3). In phylogenetic tree, constructed to compare 
strain NgE3 with type strains of genus Bacillus, it clustered itself with Bacillus subtilis 
NCDO 1769T and Bacillus subtilis IAM 12118T. On the other hand, NgE4 was 
identified as Paenibacillus sp. as it demonstrated 98% 16S rRNA gene sequence 
similarity with more than one Paenibacillus spp. Phylogenetic tree showed its grouping 
with P. pabuli JCM 9074T and P. illinoisensis JCM 9907T (Fig. 2). 

 
Ultrastructure studies for root colonization 

When observed by TEM, both Bacillus subtilis NgE3 and Paenibacillus sp. NgE4 
infected the tomato root hair cells under gnotobiotic conditions. The colonization 
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pattern of both strains apparently looked similar with the only difference in the number 
of bacterial cells infected the tomato root hair cells was greater in case of Paenibacillus 

sp. NgE4. Both the strains were found potential bacterial endophytes through 
ultrastructure TEM studies (Fig. 3). 

 

 
Figure 2. Phylogenetic analysis based on 16S rRNA gene sequences of strains NgE3 and NgE4 

with their respective type strains. The evolutionary history was inferred using the Neighbor-

Joining method. Only greater than 50% of replicate trees in which the associated taxa clustered 

together in the bootstrap test (1000 replicates) are shown next to the branches. The tree is 

drawn to scale, with branch lengths in the same units as those of the evolutionary distances 

used to infer the phylogenetic tree. The evolutionary distances were computed using the 

Maximum Composite Likelihood method and are in the units of the number of base substitutions 

per site. Evolutionary analyses were conducted in Phylmyl software package. E. coli strain 

ATCC 11775
T
 was included as an outgroup 

 
 



Iqbal et al.: In vitro characterization of bacterial endophytes from tomato (Solanum lycopersicum L.) for phytobeneficial traits 
- 1046 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1037-1051. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_10371051 
 2018, ALÖKI Kft., Budapest, Hungary 

 
Figure 3. Tomato root endosphere colonization of strains Bacillus subtilis NgE3 (a, b) and 

Paenibacillus sp. NgE4 (c, d). B Bacteria, CW Cell wall, IC Infected cell, UIC Uninfected cell. 

Scale bar: 1µm 

Discussion 

Recently, endophytic bacteria have gained significant attention due to their interesting 
features related to plant growth and health issues. A very limited research is available on 
exploiting the potential of bacterial endophytes in Pakistan. The present study 
demonstrated the in vitro efficiency of Bacillus subtilis NgE3 and Paenibacillus sp. NgE4 
in terms of nitrogen fixation, P-solubilization through organic acid production, synthesis 
of IAA, ACC deaminase activity, AHLs production and biocontrol potential. Globally, 
bacterial endophytes have already been reported to exhibit phytobeneficial characteristics 
(Gyaneshwar et al., 2001; Miliūtė and Buzaitė, 2011; Oteino et al., 2015) and stress 
tolerance (Khan et al., 2015). 

Reduction of acetylene (C2H2) into ethylene (C2H4) is an indirect approach to 
authenticate the diastrophic nature of bacteria. Conversion of a significant amount of 
acetylene by NgE3 and NgE4 (73.93 ± 4.23 µg ml-1 and 63.00 ± 6.35 µg ml-1, 
respectively) into ethylene confirmed the nitrogen-fixing ability of the strains. 
Gyaneshwar et al. (2001) reported bacterial endophyte Serratia marcescens IRBG500 as 
diazotroph on the basis its acetylene reduction ability and nifH gene sequence analysis. 
Bacteria make inorganic soil phosphates available to plants through the secretion or 
organic acids in plant vicinity (Richardson et al., 2009; Shahid et al., 2015). Secretion of 
low molecular weight organic acids in soil by phosphate solubilizing bacteria is the major 
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mechanism that works through acidification of soil or media (Gyaneshwar et al., 1999; 
Puente et al., 2004; Khan et al., 2009). Through their hydroxyl and carboxyl groups, these 
organic acids play their role in detaching the cations bound to soil phosphates (Al-
phosphates, Ca-phosphates and Fe-phosphates) transforming them into primary and 
secondary ortho-phosphates (Kpomblekou and Tabatabai, 1994). Moreover, extracellular 
oxidation of glucose to GA via quinoprotein glucose dehydrogenase is the most effective 
mineral phosphate solubilization phenotype in Gram-negative bacteria (Rodr  guez et al., 
2000). In our study, phosphate solubilization by strains NgE3 and NgE4 was found 
significantly correlated with gluconic acid (P ≤ 0.001, r = 0.99) and lactic acid (P ≤ 0.001, 
r = 0.99) (Fig 1). The amount of IAA produced by stains NgE3 and NgE4 (4.92 ± 0.64 µg 
ml-1 and 1.66 ± 0.11 µg ml-1) is also similar to the findings of Miliūtė and Buzaitė (2011) 
who isolated 9 bacterial endophytes from apple tree buds and all of them were able to 
produce IAA in vitro. The positive reaction of both strains for ACC deaminase enzyme 
activity aided their significance for plant growth under stress conditions (Penrose and 
Glick, 2003; Glick et al., 2007; Mahmood et al., 2017). Similarly, biocontrol potential of 
isolates NgE3 and NgE4 against major phytopathogenic fungal strains is in agreement 
with the previous findings (Senthilkumar et al., 2009; Wang et al., 2013), which revealed 
antifugal activity of screened bacterial endophytes against many fungal pathogens 
including Fusarium and Aspergillus spp. N-acylhomoserine lactone (AHL)-based quorum 
sensing (QS) systems have been described in many bacterial endophytes (Liu et al., 
2011), but in current study one of the two isolates NgE3 demonstrated AHLs production 
trait. Besides other plants, bacterial endophytes have also been isolated and characterized 
for plant growth-promoting attributes (Amaresan et al., 2012), biocontrol activity (Munif 
et al., 2013; Upreti and Thomas, 2015) and production of AHLs (Singh et al., 2015) from 
tomato plant. 

The in vitro demonstration of plant-beneficial attributes and biocontrol efficiency led 
to the identification of NgE3 and NgE4 on molecular basis through the sequencing of the 
most accepted taxonomic marker, the 16S rRNA gene. Isolate NgE3 was identified as 
Bacillus subtilis and isolate NgE4 as Paenibacillus sp. with 99% and 98% sequence 
identity, respectively (Table 3). In the neighbor-joining phylogenetic tree, Bacillus subtilis 
NgE3 clustered itself with Bacillus subtilis NCDO 1769T and Bacillus subtilis IAM 
12118T. On the other hand, Paenibacillus sp. NgE4 grouped itself with P. pabuli JCM 
9074T and P. illinoisensis JCM 9907T (Fig. 2). Earlier, endophytes from genus Bacillus 
and Paenibacillus have been reported to carry plant beneficial characteristics. Malfanova 

et al. (2011) isolated Bacillus subtilis HC8 from the giant hogweed Heracleum 
sosnowskyi Manden, which significantly promoted plant growth and protected tomato 
against tomato foot and root rot. Many Paenibacillus spp. with positive effects on plant 
growth have been isolated by Ulrich et al. (2008) from poplar, larch and spruce. Similarly, 
it was concluded that inoculation of Paenibacillus sp. strongly affected the metabolic 
composition of in vitro-grown plants (Scherling et al., 2009). 

Root colonization efficiency of Bacillus subtilis NgE3 and Paenibacillus sp. NgE4 was 
confirmed through ultra-structure studies (Fig. 3). Both strains infected tomato root hair 
cells. Paenibacillus sp. NgE4 densely colonized the endosphere of tomato root hair cells 
compared to Bacillus subtilis NgE3. Both the strains were found potential bacterial 
endophytes through ultrastructure TEM studies. Plant beneficial bacteria, as epiphytes and 
endophytes have been routinely localized in rhizosphere and endosphere with TEM and 
immunogold labeling techniques (Schloter et al., 1997; Hameed et al., 2005; Jeun et al., 
2008; Yasmeen et al., 2012; Shahid et al., 2015). 
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Conclusion 

The bacterial endophytes NgE3 and NgE4 had great in vitro potential for major plant 
beneficial traits. Prior to their addition to indigenous biofertilizer regimes, the strains 
might be inoculated directly to tomato plants under pot and field experiments to check 
their effect on plant growth and disease suppression. 
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Abstract. Rainfall-runoff hydrological models are one of the common methods for simulating flood 
hydrographs. These models come in three Lumped, semi-distributed and fully distributed scale, in terms 
of spatial accuracy in simulation in which precision increases with increasing spatial accuracy. ModClark 
model is a distributed model. The purpose of this study is to evaluate the efficiency and accuracy of the 
ModClark model in simulating flood hydrograph in Tangrah watershed located in Iran and comparing the 
rainfall-runoff simulated using this model and Soil Conservation Service (SCS) model. five rainfall-
runoff events were extracted at Tangrah Station. Then, the parameters of the model were calibrated based 
on three observed hydrographs and validated based on two observed hydrographs. Finally, to evaluate the 
results of simulation of flood hydrograph after optimization, the Determination Coefficient (R2) and Root 
Mean Square Error (RMSE) methods were used. The results of the model evaluation showed that 
ModClark with an RMSE of 1.55 and with an R2 of 0.84, is more accurated and efficient than the SCS 
model in simulating flood hydrograph. Considering the high accuracy of ModClark distributed model, 
using this hydrologic model, we can study the interaction of physiographic and climatic factors on the 
potential of watersheds’ runoff production. 
Keywords: flood hydrographic, simulation, distributed model, ModClark 

Introduction 

Runoff is one of the most important hydrological variables used in many water 
resources applications. Reliable prediction of the amount of runoff flowing upland to 
rivers is difficult and time-consuming (Kumar et al., 2010). Rainfall-runoff hydrological 
models for flood hydrograph simulation are suitable methods for better flood 
management, especially in ungauged basins. In order to estimate the flood discharge, 
there are various models used in simulating the watershed response against rainfall and 
they include a variety of lump, quasi-distributed and distributed models (Saghafian et 
al., 2010). Today, with access to satellite imagery and map data, it is possible to 
simulate the response of a watershed to a rainfall with specific characteristics with the 
help of distributed models. Models in which the spatial distribution of rainfall 
characteristics and watersheds are taken into account are known as distributed 
hydrological models (Saghafian et al., 2010). Planning for controlling and managing the 
floods, maintaining the quality and their proper utilization requires an accurate 
understanding of rainfall-runoff modeling. The most important challenge of the model 
is the selection of a particular rainfall-runoff model which can simulate a wide range of 
floods. Water resources experts have always sought for the equation between rainfall 
and runoff values in watersheds and in different time and place conditions. To date, 
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several rainfall-runoff models with different capabilities and complexities have been 
developed and used to predict floods. Several studies have been conducted on rainfall-
runoff modeling. Ghitoto (1991) in his research on calculating runoff hydrograph, 
showed that in large basins, flood discharge generated by the SCS method is closer to 
the observed values. One-dimensional and two-dimensional numerical models used to 
predict the flood rise in the rivers were investigated by Horritt and Bates (2002). In this 
study, TELEMAC-2D, HEC-RAS and LISFOOD-FP models were compared in a 60-
km range of the Severn River. The results showed that the HEC-RAS and TELEMAC-
2D models can be calibrated by discharge, and the information of the water uplift area 
and flood area can be predicted. Emerson et al. (2003) developed a model for rainfall-
runoff using the HEC-HMS model. From the results of the implementation of the 
model, the the storage levels are responsible for the reduction in the amount of peak 
flow for the storm event. Kathol et al. (2003) in order to determine peak flow and runoff 
in two agricultural basins in the southeastern state of South Dakota and by using the 
HEC-HMS model concluded that, the value of the curve number is of high sensitivity, 
while the initial loss rate is less sensitive than varying the value of the objective 
function in the HEC-HMS model. Foody et al. (2004) used the HEC-HMS model to 
simulate the flood in order to identify flood-sensitive areas in an area in western Egypt 
which led to the identification of two sensitive areas. Knebl et al. (2005) conducted a 
modeling of the flood streaming in the summer of 2002 using HEC-HMS and HEC-
RAS software and radar data in the San Antonio Watershed in the United States. He 
used the ModClark method to convert rainfall into runoff and calibrated watershed 
parameters manually. The results indicated that the model was a suitable tool for 
regional hydrological forecasting in the basin. Khosroshahi and Saghafian (2005) 
investigated the response of Damavand watershed sub-basins using the HEC-HMS 
model. In this research, the contribution of each sub-basin was calculated in peak 
discharge of the output flood such that no single-variable relationship exist between the 
flood index and other characteristics of the sub-basins, including the curve number and 
ground gradient. Alvankar et al. (2006) examined the effect of cell size in calculating 
peak flood discharge in distributed models for simulating hydrograph of the watershed 
of Kan. Using the SCS penetration model, Clarck’s developed clustering model for 
Geographic Information System (GIS)-based flood simulation was developed in the 
Visual Basic environment. The results of this study showed that by increasing the size 
of cells from 30 × 30 m2 to 960 × 960 m2, the flood peak discharge decreases. Teymouri 
et al. (2007) simulated the peak discharge of flood hydrograph using ModClark 
distribution method in Kasilian watershed. The results of this study indicate the high 
capability of HEC-HMS model in simulating the distribution method of peak flood 
discharge and the relatively efficient performance of this method in the studied basin. 
Sarangi et al. (2008) by comparing the geomorphology methods and curve numbers in 
ungauged basins to calculate direct runoff hydrographs found that, the geomorphology 
method is more appropriate in small watersheds with similar geomorphologic features. 
Studies by Linde et al. (2008) showed that distributive models were better than Lumped 
reality models in terms of showing the reality. Zhang et al. (2008) in China used the 
MIKE-SHE model to quantitative runoff simulation. Calibration and validation of the 
model showed that this model can well handle the runoff simulation in small basins. 
The appropriate scale plays an important role in calibrating the model, and the estimated 
value for the parameters is influenced by the time and space scales of input data of the 
model. Paudel et al. (2009) in a research using GIS, radar data and HEC-HMS 
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hydrologic software compared both distributed and lump models. They used the 
ModClark distributed and Clarck lump models and the Curve Number Method in the 
casualty section for transfer. The results of this study showed that the use of any 
distributed, lump, real or artificial rainfall data is possible to enter the model. Also, 
using the same Curve Number (CN) values, the ModClark method showed better results 
than Clarck’s method. Chidaz et al. (2009) used Snyder, SCS unit hydrograph and 
Clarck methods to estimate flood hydrograph in the Kasilian Watershed. Comparison of 
the results of these three methods showed that SCS unit hydrograph method is more 
suitable for predicting flood hydrograph compared to the other two methods. Saghafian 
et al. (2010) used the ModClark Distributed Rainfall-Runoff Model at the sub-basin 
level and the HEC-RAS model for hydraulic regeneration in the main river network. 
The intensity of flooding for 2 × 2 km2 cell units was obtained by implementing “Unit 
Flood Response” method in the form of sequential removal of cells and simulation of 
flood hydrograph for rainfall design, and the effect of each cell on the total area outlet 
hydrograph was obtained. The results showed that the largest and closest sub-basins to 
the outlet, or the furthest and smallest, do not necessarily have the highest and lowest 
impact on the maximum flood discharge. In a study in India, two HEC-HMS and Water 
Erosion Prediction Project (WEPP) models used to simulate flow based on daily rainfall 
data were compared. In general, the HEC-HMS model was preferred to the WEPP 
model for daily flow simulation (Verma et al., 2010). Ghavidelfar et al. (2011) 
compared Clark lump and ModClark distributed models in the Randan watershed in 
Tehran province. The results showed that both models accurately simulate flood 
hydrograph. They argued that ModClark distributed model in the estimation of time to 
peak and runoff volume showed better results compared to peak discharge. 
Bhattacharya et al. (2012) in the article of ModClark Model investigated the 
development and application of the spatial distribution model of unit hydrograph. Their 
research results showed that the ModClark model is based on Clarck’s unit hydrograph 
method which utilizes the NEXRAD rainfall network data, and the results of the 
calibration has been satisfactory. Shabanlou and Rajabi (2012) compared the ModClark 
distributed and SCS lump models in the Karoun watershed. Using the information and 
GIS maps of the region and using HEC-HMS software and the HEC-GeoHMS 
appendix, they simulated flood water. The results demonstrate the superiority of 
ModClark’s distributed model compared to the lump SCS model in flood hydrograph 
simulation. Halwatura et al. (2013) To simulate runoff in the tropical region of 
Attanagalu Oya from the HEC-HMS model. Their research results showed that the 
Snyder’s unit hydrograph method is more accurate in comparison with the Clarke unit 
hydrograph method in flow simulation. Shabanlou (2014) in a study titled Flood 
Hydrograph Calculation Using Different Methods in the Karun River simulated flood 
hydrograph in Karoun watershed using the SCS Model with HEC-HMS Software, and 
compared this model with the ModClark model using GIS with the use of both 
distributed and lump mathematical models, and from the field data the results of the 
distributed model are closer to the recorded hydrograph of the basin. Sampth et al. 
(2015) conducted a runoff simulation in the tropical region of the Deduru Oya River 
Basin in Sri Lanka using the HEC-HMS model. The results of this study showed that 
the HEC-HMS model with an 80% efficiency coefficient is able to simulate runoff and 
estimate the potential of inter-basin flow in this area, and is a suitable tool for managing 
water resources. Studies by Jiang et al. (2015), in relation to rainfall-runoff modeling, 
parameter estimation and sensitivity analysis in Luanhe Province, China, showed that 
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the distributed model has a better performance than the Lumped model. Thomas and 
Roy (2016) investigated the comparison of hydrograph extraction in the Bharathapuzha 
River Basin. According to this study, because in most areas without statistics, the 
preparation and development of unit hydrograph is difficult, therefore, the 
incompatibility of observation simulator hydrograph can be attributed to the large area 
of the watershed. Saghafian et al. (2016), investigated A coupled Modclark-Curve 
number rainfall-runon-runoff model. In this Research, a novel rainfall-runon-runoff 
mathematical model is developed via Soil Conservation Service (SCS) infiltration and 
ModClark rainfall-runoff coupled models. After deriving model formulation, three 
different spatial patterns of curve number (uniform, downstream increasing, and 
decreasing) in conjunction with various rainfall durations and intensities were 
investigated under with and without runon scenarios over a V-shaped watershed. The 
results indicated that there was lower surface runoff volume and peak discharge in all 
cases when runon was accounted for. In particular, in regions with low curve number, 
there were major differences between the hydrographs simulated by the commonly 
practiced norunon model and the presented runon model. Moreover, the runon effect in 
case of decreasing curve number in downstream direction was more pronounced than 
that of the increasing case. However, this effect decreased with depth, intensity, and 
duration of rainfall. Rezaei et al. (2016) in their study entitled “Flood spatial variability” 
using the “Unit Flood Response” method in Khanmirza Basin concluded that, 
ModClark model simulates the peak discharge with high precision and this model has 
high accuracy in simulating flood hydrograph. In the sources, there are few studies on 
the comparison and accuracy of the ModClark model in Iran. The purpose of this study 
was to evaluate the efficiency and accuracy of the ModClark method in simulating flood 
hydrograph in Tangrah watershed located in Iran. Most important reasons of selecting 
Tangrah watershed for this study are the flooding potential and the high runoff 
production potential, the morphometric and morphological diversity of the region, the 
existence of an active hydrometric station in the catchment outlet, the existence of the 
active rexording rain gauge station inside the basin, the existence of a sufficient number 
of rainfall events with the presence of rainfall-runoff data in the area. 

Materials and methods 

Study area 

Tangrah watershed with an area of 1860 km2 and an average height of 1398 m is a 
part of the Madrasou watershed in Iran country where the runoff from the basin flows 
through the Dough River to the Golestan dam (Fig. 1). This basin is divided into two 
parts: mountainous and plain, with a variety of morphological, morphometric, climatic 
and land use variations. The type of climatic of the region is classified as semi-arid to 
wet (Water Research Institute, 2010). Tangrah watershed area has two hydrometric 
stations of Dasht and Tangrah such that, the only hydrometric station of Tangrah has 
limnograph and long term statistical period and the Rain gauge Station of Golestan 
National Park is the only station with sufficient statistics inside the basin. Therefore, the 
hydrometric station of Tangrah was used as the basis for comparing the hydrograph of 
model simulation and observation hydrograph for calibration and validation of the 
model. Figure 2 shows the elevation digital model of the study area. 
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Figure 1. Position of research area (Madarsou, Tangrah watershed and Dough river) 

 
 

 
Figure 2. Elevation digital model map of Tangrah watershed 

 
 

Research methodology 

In this study, two methods of SCS and ModClark were evaluated. In the HEC-HMS 
module, various methods of runoff simulation have been modeled and recognized as 
valid modules. This modulus can be executed for Iran in order to simulate runoff with 
the ModClark method. The ModClark method is a quasi-distributed method and should 
be more precise than lump methods. This methodology was programmed by Alvankar 
(2003). 

The SCS method is a unit instantaneous hydrograph. SCS unit hydrograph is a 
dimensionless and single-peak method. In this approach, for the conversion of rainfall 
into runoff using the SCS lump method, the CN value is imported into the model (US 
Army Engineers Group, 2000). The US Soil Conservation Agency has made it possible 
to access the initial values of some of the parameters considering the physiographic 
properties of the basin. In this connection, a relationship between concentration time 
and lag time has been proposed, where tc is the concentration time and tlag is lag time of 
the basin. One of the inputs of the HEC-HMS model in this method is the lag time 
parameter tlag (Eq. 1). 
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  (Eq.1) 
 
This model is conducted on the HEC-HMS software; this software uses a unit t-hour 

hydrograph and additional rainfall height at each interval, which is equivalent to the 
continuity of the hydrograph, to calculate the flood hydrograph. 

The ModClark Distributed Hydrograph Model was developed by Peters and Easton 
in 1996. This developed model is a Clarck rainfall-runoff model in which the spatial 
distribution of rainfall is taken into account. ModClark model includes time-distributed 
area and a linear reservoir (Paudel et al., 2009). The most important differences between 
these two methods are how to rout and simulate the nature of the flow reservoir. In the 
Clarck method, all isochronous regions are modeled with a linear reservoir while in the 
ModClark method each of the individual isochronous regions is routed separately 
(Figure. 3). 

 

 
Figure 3. ModClark conceptual model (Kull and Feldman, 1998) 

 
 
In this method, the travel time is calculated for all cells in a basin. The travel time of 

each cell to the basin outlet is proposed in relation to (Eq. 2) (Kull and Feldman, 1998). 
 
  (Eq.2) 

 
where: Tcell is the travel time from each cell to the basin outlet, Tc is the concentration 
time of the basin, Lcell is the distance between each cell to the basin outlet and Lmax is 
the maximum length of the water flow in the basin. In this method, the effective rainfall 
in each cell with the lag time is proportional to the length of the movement of that cell 



Gharib et al.: Evaluation of ModClark model for simulating rainfall-runoff in Tangrah watershed, Iran 
- 1059 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1053-1068. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_10531068 
 2018, ALÖKI Kft., Budapest, Hungary 

to the outlet of the basin. In this model, it is not necessary to determine the coefficient 
of roughness on the ground and the depth of the subcortical flow, and the estimation of 
the hydrograph is conducted with the help of two main parameters, the concentration 
time and the Clarck storage factor. Runoff height is calculated in each step using the 
spatial distribution map of rainfall and the CN map in each cell. Then, in the next step, 
the runoff depth of each cell is routed according to the time of the cell’s movement to 
the output. In the final step, the obtained hydrograph is routed according to the 
relationship in the linear reservoir (Eq. 3). 

 
  (Eq.3) 
 

where S(t) is storage at time t, O(t) is the output of the reservoir at time t and K is the 
Clarck storage coefficient. 

In order to simulate flood hydrograph with the aforementioned methods, 
topographic, land use and soil hydrological group maps were prepared in GIS 
environment. A map of the region’s curve number was obtained by integrating the land 
use map with the hydrologic group of soil (Fig. 4). 

 

 
Figure 4. Map of curve number of Tangrah Watershed in moderate humidity 

 
 
At this stage, after investigation of observed flood hydrographs, 5 events with 

available rainfalls were selected. Since the rainfall generating each flood hydrograph 
must be entered into the model to simulate the flood hydrograph, in order to determine 
the flood generating rainfall, in the history of each event, the rainfall distribution was 
extracted using the daily rainfall recorded at the rain guage stations in and around the 
study area, using the Inverse Distance Weighted (IDW) method in the GIS environment. 
The time distribution of the storms was determined from the Recording rain gauge 
station data of the Golestan National Park. After preparing the map of the area’s curve 
number, effective rainfall and initial loss, the SCS method was used based on the 
following relationships (Eqs. 4, 5 and 6): 

 

  )Eq.4( 
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  (Eq.5) 

 
  (Eq.6) 
 

where Pe is the effective rainfall height in mm, P represents Rainfall height in mm, S is 
Maximum reservoir potential in mm, CN is the average weight curve of the basin, Ia is 
the initial loss in mm and a is a coefficient of 0.2. 

The concentration time was calculated by using Bransby Williams method. This 
relationship has been recommended for basins larger than 50 square miles (Eq. 7). 

 

  (Eq.7) 

 
where L is the Main waterway length (km), D represents Circle equivalent diameter 
(km), M2 is the area of the basin (sq. Km), and F is the mean waterway slope (percent). 
The parameters required for each of these methods are presented in Table 1 after 
calculating the aforementioned equations. 

Finally, after providing the aforementioned information for the implementation of 
SCS model, basin model, meteorological model (hygrograph of each rainfall) and 
control characteristics (curve number, initial loss, concentration time, lag time) were 
defined in HEC-HMS software. After completing and entering the data, the HEC-HMS 
model was used for rainfall-runoff observation data and simulation hydrograph. To 
calibrate and validate the model, events were divided into two categories such that, 
three were selected for calibration and two events were selected for validation. During 
the model calibration process, the input parameters of the model were optimized for 
each event. Calibrated parameters of three events were averaged and used as input 
parameters for two validation events. 

For simulating flood by the ModClark method, Flood module developed by Alvankar 
(2003) in the Visual Basic environment was used. After providing the digital data about 
rainfall, curve number and flow path length, Raster map of these parameters was 
provided in the GIS environment and then entered into the Flood model. The time 
distribution of rainfall was also used from the Recording rain gauge station data of 
Golestan National Park. To determine the movement distance of each cell to the outlet 
of the basin, the DEM of the basin was used and the movement distance of each cell to 
the basin outlet was calculated. It should be noted that the concentration time of the 
watershed indicates the time of water flow from the farthest cell to the outlet of the 
basin. Input parameters of CN index, the initial losses, concentration time and reserve 
coefficient were calculated. It should be noted that the reserve coefficient was used 
graphically (Viessman et al., 1972) and it was used as a preliminary estimation in the 
calibration step. The steps to implement the model are shown in Figure 5. 

In the ModClark method, five events with rainfall/runoff data were selected for 
rainfall-runoff simulation. 

 
Evaluation of the model efficiency 

In this research, to evaluate the results of simulation of flood hydrograph after 
optimization, the determination coefficient (R2) and Root Mean Square Error (RMSE) 
were used. The general formula for these two statistics is shown in the following 
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relationships (Eq. 8 and 9). Finally, the best simulation belongs to the rainstorm with the 
maximum efficiency or lower RMSE. 

 

  (Eq.8) 

 

  (Eq.9) 

 
In these equations Oo and QE are, respectively the values of observation and 

simulation data (Qo: observed discharge, QE: simulated discharge), QAve: mean of 
observed discharge, QAve-E: mean of simulated discharge and n the number of data. 
Finally, after calibrating and validating using ModClark and SCS methods, the results 
of the data analysis were evaluated based on the two methods of statistical analysis of 
the determination coefficient (R2) and Root Mean Square Error (RMSE). 

 

 
Figure 5. Flowchart of methods in the ModClark method 
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Results 

In this study, the efficiency of the ModClark method and SCS for 5 events was 
compared. The SCS method was implemented in HEC-HMS software and the 
ModClark method in Flood software. The optimized values of the model parameters are 
presented in Table 1. 

 
Table 1. Primary and optimized parameters in different events in the HEC-HMS software 

Event date Subbasin 

Initial parameter values Optimized parameter values 

Initial 

losses 

(mm) 

Curve 

number 

(CN) 

Lag time 

(min) 

Initial 

losses 

(mm) 

Curve 

number 

(CN) 

Lag time 

(min) 

1999.04.08 
validation 

Nardin 34 59.9 1080 34 59.9 1080 

Cheshmehkhan 40.83 55.44 660 40.83 55.44 660 

Tangrah 42.08 54.69 540 37.354 81.714 623.98 

2003.05.25 
calibration 

Nardin 14.81 77.42 1080 14.81 77.42 1080 

Cheshmehkhan 17.75 74.1 660 17.75 74.1 660 

Tangrah 18.29 73.52 540 18.29 73.52 540 

2004.05.05 
calibration 

Nardin 14.81 77.42 1080 14.938 74.354 1090.2 

Cheshmehkhan 17.75 74.1 660 17.75 74.1 660 

Tangrah 18.29 73.52 540 10.808 61.96 346.28 

2004.09.18 
calibration 

Nardin 34 59.9 1080 34 59.9 1080 

Cheshmehkhan 40.83 55.44 660 40.83 55.44 660 

Tangrah 42.08 54.69 540 42.703 42.916 560.85 

2006.04.08 
validation 

Nardin 14.81 77.42 1080 14.81 77.42 1080 

Cheshmehkhan 17.75 74.1 660 17.75 74.1 660 

Tangrah 18.29 73.52 540 17.799 97.798 817.73 

 
 

With frequently running model, the hydrologic model and comparison of observed and 
simulated hydrographs, the hydrologic parameters of the basin varied sufficiently such 
that the error value obtained from the difference in the peak discharge of the observable 
and simulated hydrograph peak was minimized. Table 2 shows the output results in 
different events in the SCS method. According to Table 2, in the event of 2004.5.5, the 
values of model R2 and RMSE in the SCS method are estimated to be 0.88 and 1.8, 
respectively. Based on the results of the table, the difference between peak flow and 
flood volume is estimated to be 4.5 m3s-1 and 760 m3, respectively. Figure 6 shows the 
observed and simulated hydrograph using the SCS method in the events of 2003.5.25 
and 2004.9.18. The parameters required for simulating of hydrograph in ModClark 
method shown in Table 3 represent before and after calibration. 

The results of calibration of the model and optimization of the parameters and 
observation of simulated and observed hydrograph changes verified that, curve number 
parameters, initial loss and lag time in SCS and CN coefficients, initial loss and K 
coefficients in the ModClark model showed the most change compared to the primary. 
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Table 2. Percentage of observed flood and simulation characteristics differences in 

calibration and validation stage in HEC-HMS software 

Event 

date 
Parameter Observed Simulated Difference 

Difference 

percentage 

Correlation 

coefficient 

(R) 

Determination 

coefficient 

(R
2
) 

RMSE 

1999.04.08 
validation 

Volume 
(1000m3) 

1142.6 762.1 -380.5 -33.30 

0.34 0.12 22.8 Peak 
discharge 

(m3s-1) 
13.4 13.5 0.1 0.2 

2003.05.25 
calibration 

Volume 
(1000m3) 

7421.8 10532.8 3111 41.92 

0.638 0.41 12.7 Peak 
discharge 

(m3s-1) 
82.2 104.9 22.7 27.7 

2004.05.05 
calibration 

Volume 
(1000m3) 

1708.6 1721.7 13 0.76 

0.943 0.88 1.8 Peak 
discharge 

(m3s-1) 
29.8 31.1 1.3 4.5 

2004.09.18 
calibration 

Volume 
(1000m3) 

855.9 1620.1 764.2 89.28 

-1.738 3.02 5.2 Peak 
discharge 

(m3s-1) 
10.6 30.2 19.6 185.5 

2006.04.08 
validation 

Volume 
(1000m3) 

243.3 85.3 -158 -64.93 

0.93 0.86 0.8 Peak 
discharge 

(m3s-1) 
2.5 1.2 -1.3 -50.5 

 
 
Table 3. Hydrological parameters of Tangrah watershed area after calibration and 

validation in the ModClark method 

Event 

date 

Concentration time 

(h) 

Initial losses ratio 

(Ia/s) 

Reserve coefficient 

(h) 
CN coefficient 

Before 
calibration 

After 
calibration 

Before 
calibration 

After 
calibration 

Before 
calibration 

After 
calibration 

Before 
calibration 

After 
calibration 

1999.04.08 25.93 25.93 0.2 0.15 25.93 23.2 1.2 1.1 

2003.05.25 25.93 25.93 0.2 0.16 25.93 24.1 1.012 1 

2004.05.05 25.93 25.93 0.2 0.14 25.93 24.5 1 1.21 

2004.09.18 25.93 25.93 0.2 0.15 25.93 21.1 1 1.09 

2006.04.08 25.93 25.93 0.2 0.15 25.93 23.2 1.2 1.1 

 
 

Table 4 shows the values of the simulation results evaluation in different methods of 
SCS and ModClark. Based on the results of Table 4, in the 2003.5.25 event, the RMSE 
in the SCS and ModClark methods have values of 12.7 and 11.77, respectively, and the 
R2 in the SCS and ModClark method have values of 0.41 and 0.46, respectively. 
According to the above two parameters, the ModClark method has been simulated more 
accurately than the SCS method.  
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Table 4. Estimates of simulation results in different ModClark and SCS methods 

Event date Used model R
2
 RMSE 

1999.04.08 validation 
SCS 0.12 22.8 

ModClark 0.74 2.81 

2003.05.25 calibration 
SCS 0.41 12.7 

ModClark 0.46 11.72 

2004.05.05 calibration 
SCS 0.88 1.8 

ModClark 0.79 9.96 

2004.09.18 calibration 
SCS 3.02 5.2 

ModClark 0.56 2.54 

2006.04.08 validation 
SCS 0.86 0.8 

ModClark 0.93 0.28 

 
 

Figure 6 shows the observed and simulated hydrographs by the ModClark and SCS 
methods on 2003.5.25 (at calibration stage) and Figure 7 shows the observed and 
simulated hydrographs by the ModClark and SCS methods on 2006.4.8 data (in the 
validation step). In Table 5, the results of the evaluation of the SCS and ModClark 
models are presented in the flood peak estimation at the validation step. 

 

 
Figure 6. Observed and simulated hydrograph by ModClark and SCS methods on 2003.5.25 

(calibration) 

 
 
Table 5. The results of the evaluation of the SCS and ModClark models in estimating flood 

peak discharge at the validation step 

Event date Used model R
2
 RMSE 

Mod-Clark validation 
1999.04.08 2.81 0.74 

2006.04.08 0.28 0.93 

Mean of Mod-Clark validation 1.55 0.84 

SCS validation 
1999.04.08 22.8 0.12 

2006.04.08 0.8 0.86 

Mean of SCS validation 11.8 0.49 
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Figure 7. Observed and simulated hydrographs by ModClark and SCS methods on 2006.4.8 

(validation) 

Discussion and conclusion 

The results of calibration and optimization of this study showed that, the ModClark 
method is superior to the SCS method for estimating peak flow of flood hydrograph 
(Table 4). In terms of peak discharge estimation, the least difference between the peak 
discharge of simulations and observations is associated with the ModClark method 
(Table 5). The survey on model parameters shows that the curve number parameter and 
initial losses in the SCS model (Table 1) and the parameters of curve number and initial 
losses and reserve coefficient in the ModClark model are highly sensitive, provided the 
other parameters are less sensitive than changing the value of the objective function in 
the above models (Table 3). 

The results of comparison of discharge showed that the ModClark model in the 
validation step simulated the flood hydrograph with RMSE and the R2 values of 1.55 
and 0.84, respectively and the ModClark model has the best fitness between the 
observed and simulated data compared to the SCS method. Also, in terms of peak Flow 
estimation, the ModClark method also has a lower predictive error. This suggests that 
the simulation of flood hydrographs works better in the ModClark method. The reason 
for this is based on the concept of linear reservoir model and considering the parameter 
of the K Muskingum coefficient. The SCS method depends greatly on the calibration 
due to the dependence on the empirical relationships. So the error is very high. The 
lowest RMSE is associated with the ModClark method. Therefore, this method is well 
suited for estimating equilibrium flows. Eventually, events simulated by the ModClark 
method have the best fitness with real conditions (Fig. 7). The most important point in 
the research is that, in modest humidity conditions with CN2, better and more accurate 
results are obtained than wet and dry conditions. the results of this study are consistent 
with the results of Saghafian et al. (2010), Ghavidelfar et al. (2011), Shabanlou (2014) 
and Rezaei et al. (2016). 

By comparing the parameters RMSE and the R2 (Table 4), in both calibration and 
validation stages, ModClark method has lower mean squared errors and a more accurate 
R2 than the SCS method. Given that, the more closer the root mean square error is to 
zero and the R2, the more accurate the model is in flood hydrograph simulation. The 
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ModClark method has RMSE and R2 values more accurate than the SCS method and 
the results of this study are consistent with the results of Knebl et al. (2005), Alvankar 
et al. (2006), Paudel et al. (2009), Saghafian et al. (2010), Ghavidelfar et al. (2011), 
Shabanlou and Rajabi (2012) and Jiang (2015) based on well suited capability of the 
ModClark model for estimating the flood hydrograph. 

Finally, the result of this research was shown ModClark distributed model has better 
accuracy of SCS model, so this model can be used in determining of flooding area. 
Considering the high accuracy of ModClark model, using this hydrologic model, we can 
study the interaction of physiographic and climatic factors on the potential of watersheds’ 
runoff production. Also the results showed that because the use of the ModClark model 
requires highly precise inputs, therefore; it is possible to use this method in very important 
tasks such as determining areas with high runoff potential in very small units. Since the 
SCS-CN penetration estimation method is sensitive to the depth of precipitation, it is 
suggested that other methods of infiltration be used. It is suggested that considering the 
different conditions in watersheds with various climate conditions and different 
geomorphology, the efficiency of ModClark model in more watersheds of the country 
should be considered in order to determine the applicability; and considering the high 
sensitivity of the model with the CN parameter, this method will be further investigated in 
different areas of the country. It is recommended to use other distributed models for 
rainfall-runoff simulating and compare with the present study. 
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Abstract. Root systems have long been neglected in plant breeding due to their inaccessibility and the 
laborious nature of root studies. Over the past years, root scientists developed the classification system, 
methodologies and growing systems for high throughput measurements of root traits. We compared root 
traits obtained with three growing systems for eleven Thai rice varieties. We found considerable 
differences in the variation of root traits between the laboratory system with paper roll-up, a pot system in 
the greenhouse and a field system. The variation of root traits ranged from 1.31 folds in root cortical 
aerenchyma (RCA) to 4.20 folds in crown root growth angle in a roll-up system. Varieties also differed in 
root plasticity among the three growing environments. Principal components analysis indicated that root 
anatomical traits contributed 55% to the observed variation in the field. Hierarchical cluster analysis 
revealed that upland varieties clustered in a steep-angled group while lowland varieties clustered in a 
shallow-angled group. The observed clustering could be linked to the amount of RCA. Our results 
suggest that optimization of root growth angle could be an important strategy for improved adaptation of 
rice plants growing in flooded and non-flooded areas. We propose Thai rice varieties as donors in root 
trait driven breeding programs to enhance water and nutrient uptake. 
Keywords: breeding, RCA, root system, varieties 

Introduction 

Rice (Oryza sativa) is a staple crop for over 3.5 billion people (IRRI et al., 2010) 
and an economic driver for many countries in south and southeast Asia. A prime 
example of the economic importance of rice is Thailand (Wailes and Chavez, 2012) 
with 25 million tons produced on paddy fields in 2016. Rice production depends on 
high water availability and highly fertile soils; however, one-third of the global rice 
production area is planted in nutrient deficient soils (Haefele et al., 2014). In addition, 
ongoing climate change and a predicted fertilizer shortage limit resource availability 
for rice production (Haefele et al., 2006). This scenario poses significant economic 
challenges to large- and small-scale rice farmers. Improved rice varieties with 
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enhanced capability of water and nutrient uptake efficiency are one of the solutions to 
drought and nutrient limited growth conditions. 

Root systems play important roles in water and nutrient acquisition of a plant as 
well as anchorage to support the plant structure. Continuous shoot improvements of 
the last decades neglected the phenotypic variation of root architectural, 
morphological, and anatomical traits despite the widely available genetic resources. 
The key to understand the potential of root phenotypes lies in the understanding of 
root structure and function relative to its developmental processes on architectural and 
anatomical scale (Lynch, 2007; Lynch, 2014). Rice root architecture consists of five 
root types including the embryonic and the postembryonic roots such as the radicle, 
the embryonic crown roots, the postembryonic crown roots, the large lateral roots, and 
the small lateral roots (Rebouillat et al., 2008). Variation in root architecture has been 
shown to positively influence soil exploration and acquisition of water and nutrients in 
nutrient limited and drought conditions. For instance, rice promotes deep rooting 
which enhances growth and yield under drought (Uga et al., 2013) similar to well-
known observations in maize under drought and low nitrogen conditions (Hund et al., 
2009; Saengwilai et al., 2014b; Trachsel et al., 2013). Under phosphorus (P) stress, 
root traits that describe shallow foraging strategies increase the acquisition of 
immobile P in the topsoil, e.g. shallow rooting angle and high lateral branching 
density (Lynch and Brown, 2001; Zhu and Lynch, 2004). 

Root hairs constitute the finest architectural level. They are tip-growing extensions 
from root epidermal cells (Datta et al., 2011). Root hair development is not purely 
dependent on the genotype, but also depends on environmental factors such as soil 
texture, type and level of nutrients in soils (Gilroy and Jones, 2000). The ability to 
adapt to different environmental conditions is measurable as surface area of root hairs 
that increases the contact with the soil. As a consequence, more surface contact with 
the soil increases efficiency of nutrient uptake capacity (Gilroy and Jones, 2000; 
Miguel et al., 2015). 

Rice root anatomy summarizes the internal organization of cell and tissue types. The 
components of the internal arrangement are root epidermis, exodermis, schlerenchyma 
layer, cortex, endodermis, pericycle, cortical aerenchyma and xylem and phloem 
vessels. Anatomical traits have been hypothesized to deliver major improvements in 
crop production through improving resource capture, transport, and utilization (Lynch, 
2014; Postma and Lynch, 2010). For example, smaller diameter of xylem vessels 
improved water use efficiency by conserving water resources for grain filling in wheat 
(Richards and Passioura, 1989). Another example is reduced cortical cell file number 
and increased cortical cell size, which led to reduced root respiration and increased 
rooting depth in maize. As a consequence, improved water acquisition and greater yield 
under drought was observed (Chimungu et al., 2014a; 2014b). The formation of root 
cortical aerenchyma (RCA) improves crop growth and productivity under drought and 
suboptimal nitrogen conditions in maize (Saengwilai et al., 2014a; Zhu et al., 2010). 

Root traits have been studied in various growing systems. Among culturing 
approaches, a roll-up or cigar-roll and a greenhouse pot system have been commonly 
used for phenotyping roots of several crop species. The roll-up system allows for a 
rapid, low cost, and non-destructive evaluation of root traits in young seedlings. In 
addition, the roll-up system is capable to observe delicate traits such as root hair length 
and density (Zhu et al., 2005). A pot system using soil permits a more realistic condition 
for root growth in a controlled environment and is widely used for genetics and 
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physiological studies in rice (Vejchasarn et al., 2016). In the field, shovelomics, a 
manual high throughput approach, facilitates the evaluation of mature root architecture 
(Trachsel et al., 2011). Although studies have demonstrated significant correlations of 
root traits in different culture systems (Tuberosa et al., 2002), such comparisons in rice 
are still scarce. To assist breeding efforts towards improved drought tolerance and 
higher yield under nutrient limited growth conditions, a better understanding of root 
traits among rice varieties in different growing systems is much needed. In our study, 
we aim to 1) investigate phenotypic variation of root architectural and anatomical traits 
in eleven Thai rice varieties with low-cost phenotyping technologies and to 2) examine 
correlations among root traits and growing conditions. 

Materials and methods 

Plant materials 

Rice (Oryza sativa L.) is a member of Poaceae family and the common cultivated 
varieties are annual plants that grow up to two meters tall. Rice cultivation occurs in 
different types of managed ecosystems such as irrigated, rainfed upland, rainfed 
lowland, flood-prone systems. In our study, eleven Thai rice varieties were selected 
because of their popularity among Thai farmers, variation in growing system, and 
potential as donors in rice breeding program. The varieties include photoperiod 
sensitive lowland varieties (Khao Dawk Mali 105 (KDML105), Niaw San-pah-tawng, 
RD13), photoperiod insensitive lowland varieties (RD1, Phitsanulok 2, RD7 and 
RD31), photoperiod sensitive upland varieties (Goo Meuang Luang, Nam Roo and 
Leum Pua) and photoperiod insensitive upland varieties (R258). Seeds were obtained 
from the Rice Department of the Ministry of Agriculture and Cooperatives of Thailand. 

 
Growth conditions 

Roll-up system 

The laboratory experiment was carried out at the Phayathai campus of Mahidol 
University, Bangkok, Thailand (13°45'54.3"N 100°31'35.4"E). Seeds were surface 
sterilized in 10% NaOCl for 1 min. The seeds were put in a rolled germination paper 
(Anchor Paper Company, St. Paul, MN, USA) soaked with 0.5 millimolars (mM) 
CaSO4 and placed in darkness at 28 degree Celsius (°C) in a germination chamber for 
two days then exposed to supplement lights and harvested at 7 days after germinating. 

 
Greenhouse pot system 

The greenhouse experiment was carried out at the Salaya campus of Mahidol 
University, Nakhon Pathom, Thailand (13°47'40.2"N 100°19'26.7"E). Seeds of lowland 
rice varieties including KDML105, Phitsanulok 2, RD13, RD31, and RD7 were surface-
sterilized in 10% NaOCl for 1 min. The seeds were pre-germinated in rolled 
germination papers (Anchor Paper Company, St. Paul, MN, USA) soaked with 0.5 mM 
CaSO4 and placed in the darkness at 28°C for two days. At planting, the plants were 
transferred to 10 Liter (L) pots with growth media consisting of a mixture (volume 
based) of 50% medium size (0.3 to 0.5 Milliliters (mm)) commercial grade sand, 35% 
horticultural vermiculite, 15% Perlite. One day before planting, the pots were saturated 
with 3 liters of a nutrient solution adjusted to pH 6. The nutrient solution contained (in 
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µM): NO3 (7000), NH4 (1000), P (1000), K (3000), Ca (2000), SO4 (500), Mg (500), Cl 
(25), B (12.5), Mn (1), Zn (1), Cu (0.25), Mo (0.25) and FeDTPA (100). Each pot 
received three seedlings and after 4 days, the plants were thinned to one plant per pot. 
Plants were watered with 75 ml of deionized water every other day until harvest. 

 
Field study 

The field experiment was carried out on a research farm in the Tha Yang district 
located in the Petchaburi province of western Thailand (12°56'37.3"N 99°55'24.1"E) 
(Fig. 1). The soil in Tha Yang is classified as loamy sand which are derived from 
residuum on hill slopes with a layer of angular rock fragments occurring within 50 cm 
of the surface. The average ambient temperature during the study was 27±2°C and the 
relative humidity was 90%. The five lowland rice varieties were selected for this 
experiment. The trail was arranged in a randomized complete block design (RCBD) 
with three replications. The seeds were sawn in wet seed beds for 30 days and then 
transplanted into the field. Each variety was planted in three-row plots. Each plot 
consisted of 12 plants. Row width was 12 centimeters (cm), and the distance within a 
row was 12 cm. Water was maintained in the rice field to suppress weed growth during 
the growing season. In the trial, soil nutrient levels of were adjusted to meet the 
requirements for rice production as determined by soil tests at the beginning of the 
growing seasons. The trial was managed according to typical farmer practice. 

 

 
Figure 1. A satellite image of the field experimental site in Tha Yang district, Petchaburi 

province, Thailand (modified from Map data ©2018 Google) 
 
 

Shoot and root analyses 

Prior to root excavation, shoot characteristics including tiller numbers and height 
were assessed. Root excavation was carried with the shovelomics protocol described in 
Trachsel et al. (2010) and Vejchasarn et al. (2016). Root crowns were collected by 
excavating a 15-cm radius around the stem to a depth of at least 15 cm. The majority of 
soil was removed by carefully shaking the root system. The remaining soil was removed 
by soaking the roots in diluted commercial detergent for 8-12 hours. In a final step we 
rinsed the soaked root systems with water using a a low pressure garden hose. A Four-
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centimeter root segment was collected at 8 cm from the base of the representative nodal 
roots for morphological and anatomical analyses. The samples were stored in 75% 
EtOH at 4°C until processing and analysis. 

 
Root architectural analysis 

For the roll-up system, root architectural traits were manually evaluated by counting 
numbers of roots, and by measurements obtained with a ruler. Root architectural traits 
including crown root growth angle, crown root number, lateral root branching and 
lateral root length were evaluated using a modified Shovelomics protocol for the pot 
and field experiment. Our protocol evaluated crown root growth angle with a scoring 
board and manually counted the number of crown roots. We quantified lateral root 
branching as a count of lateral roots in a two-centimeter segment starting at 8 cm offset 
of the root base. Lateral root length was measured with a ruler. Shoots and roots were 
dried at 60°C for 72 h prior to weight determination. The measurements were carried 
out with 4 replications and 4 sub-replications per sample. 

 
Root morphological analysis 

Root hair evaluation was carried out as described by Vejchasarn et al. (2016). 
Primary root or crown root samples were stained with 0.5% of toluidine blue for 45 s 
before the images of the root hairs were taken. We used the imaging system MVX10 of 
the Macro Zoom to obtain root hair images. Root hair length was measured in the 
obtained images with Image-J version 1.46 (Abràmoff et al., 2004) and root hair density 
was measured by counting the number of root hairs in the one-millimeter root segment. 

 
Root anatomical analysis 

Root segments were selected from the middle of the crown root samples and preserved 
in 75% EtOH at 4°C until processing and analysis. Root cross-sections were obtained by 
free hand-sectioning using Teflon-coated double-edged stainless-steel blades. The root 
sections were examined with a light microscope at 2.8x magnification. Three sections 
were selected to be imaged as representative sub-samples . Root anatomical traits were 
quantified using the semi-automated image analysis program RootScan (Burton et al., 
2012). All together eight root anatomical traits were evaluated in this study (Table 1). 

 
Table 1. Abbreviations and descriptions of traits measured in this study 

Trait Description Trait Description 

TRL Total root length, cm TSA Total stele area, mm2 

RW Root weight, g AA Aerenchyma area, mm2 

LB Lateral root branching on radicle perAA Percent of cortex as aerenchyma, % 

LL Lateral root length on radicle MXVA Metaxylem vessel area, mm2 

CA Crown root angle CCFN Cortical cell file number 

CB Crown root branching CCC Cortical cell count 

CN Crown root number RHL Root hair length, mm 

RXSA Root cross sectional area, mm2 RHD Root hair density 

TCA Total cortical area, mm2 SW Shoot weight, g 
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Statistical analysis 

Statistical analysis was performed using R version 2.15.1. Linear mixed effect 
models were fit using the lme function from the package nlme (Pinherio et al., 2012). 
ANOVA was used to compare varieties as well as upland and lowland characteristics. 
The protected least significant difference post hoc ( = 0.05) was used for multiple 
comparison tests. Correlations and a principal component analysis were performed on 
mean values of the measurements taken per genotype. 

Results 

Natural variation among root traits and growing systems 

Significant phenotypic variation between the selected varieties was observed in all 
experiments for anatomical and architectural traits. In the roll-up system, varieties 
significantly differed in their shoot and root traits (Table 2). 

 
Table 2. Summary of phenotypic variation of root traits (Table 1) showing mean, range, and 

significant level among 11 commercial and traditional varieties of Thai rice in the roll-up 

system 

Variety TRL RW CA CN LB LL RHD RHL 

Goo Meuang Luang 20.05 a 0.06 cd 55.63 a 5.31 bcd 17.58 a 0.74 ab 31.54 ab 0.19 ab 

KDML105 17.56 ab 0.04 f 28.46 e 4.31 e 16.11 ab 0.57 cb 34.01 a 0.18 a 

Leum Pua 18.29 ab 0.07 b 14.06 f 4.31 e 16.33 ab 0.36 ef 31.61 ab 0.16 ef 

Nam Roo 16.89 ab 0.07 b 28.67 cd 5.33 bcd 17.63 a 0.44 def 31.70 ab 0.19 ab 

Niaw San-pah-tawng 12.99 b 0.06 bc 21.47 d 5.53 bcd 10.67 b 0.32 f 34.86 a 0.21 a 

Phitsanulok 2 14.99 ab 0.05 e 34.67 c 5.80 bc 15.67 ab 0.47 de 26.27 b 0.18 bc 

R258 13.57 ab 0.09 a 59.00 a 5.10 cde 15.13 ab 0.31 f 29.07 ab 0.19 ab 

RD1 15.97 ab 0.07 b 36.67 bc 6.50 ab 14.80 ab 0.60 bcd 28.00 ab 0.14 f 

RD13 15.46 ab 0.04 f 50.00 ab 4.71 de 15.75 ab 0.39 ef 30.73 ab 0.16 de 

RD31 17.27 ab 0.05 f 22.00 cd 6.83 a 16.37 a 0.61 bc 28.84 ab 0.17 cd 

RD7 17.84 ab 0.04 f 28.06 cd 6.33 ab 15.56 ab 0.80 a 30.56 ab 0.19 bc 

Range 1.41x 2.12x 4.20x 1.58x 1.65x 2.58x 1.33x 1.50x 

Significance * * * * * ** ** * 

Variety RSXA TCA TSA AA perAA MXVA CCFN SW 

Goo Meuang Luang 0.17 bcde 0.15 bcdef 0.015 bcd 0.043 cde 28.19 b 0.0006 e 8.67 ab 2.16 b 

KDML105 0.16 cde 0.15 cdef 0.012 def 0.050 cde 33.24 ab 0.0007 cde 7.33 b 4.14 b 

Leum Pua 0.26 a 0.24 a 0.024 a 0.081 a 34.02 ab 0.0015 a 9.33 ab 2.44 b 

Nam Roo 0.20 bc 0.18 bc 0.019 bc 0.059 bcd 32.28 ab 0.0012 bc 9.00 ab 3.66 b 

Niaw San-pah-tawng 0.18 bcd 0.17 bcd 0.014 cde 0.060 bc 36.09 a 0.0010 bcd 9.33 ab 8.03 a 

Phitsanulok 2 0.15 de 0.14 def 0.011 def 0.040 de 29.16 b 0.0006 de 9.67 ab 1.88 b 

R258 0.18 bcd 0.16 bcde 0.019 bc 0.047 cde 30.76 ab 0.0012 b 9.33 ab 2.52 b 

RD1 0.16 cde 0.15 cdef 0.012 def 0.049 cde 32.82 ab 0.0006 e 9.00 ab 2.11 b 

RD13 0.18 bcd 0.17 bcd 0.015 bcd 0.060 bc 35.40 a 0.0008 cde 9.33 ab 1.92 b 

RD31 0.13 e 0.2 f 0.010 f 0.038 e 32.03 ab 0.0005 e 9.33 ab 3.12 b 

RD7 0.21 b 0.19 b 0.017 bc 0.069 ac 36.88 a 0.001 bc 10.00 a 4.12 b 

Range 2.05x 2.02x 2.40x 2.14x 1.31x 2.9x 1.36x 4.27x 

Significance ** ** ** ** ** ** ** * 

*, ** and *** denote significances at 0.05, 0.01 and 0.001. Different letters represent significant difference. 
Maximum and minimum values are highlighted in dark and light color, respectively. The reported range value 
denotes to the x-fold difference between maximum and minimum values for each trait 
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The range of shoot dry weight (SW) was substantial, showing a 4.27-fold increase 
between smallest and largest average value per genotype. The identified extremal 
varieties are Niaw San-pah-tawng and Phitsanulok 2. For architectural root traits, a 
remarkable 4.20-fold increase between extrema was observed for the crown root angle 
(CA). The extremal variation for anatomical traits was 1.31-fold in the percentage of 
aerenchyma (perAA). Generally, the ranges of the variation in anatomical root traits 
were higher than those of root architectural traits. Leum Pua, a traditional upland 
variety, had largest cross-sectional area (RXSA) of 0.26 mm2 on average with high 
aerenchyma area (AA) of 0.081 mm2 on average. In contrast, the lowland variety RD 31 
had the smallest RXSA roots (0.13 mm2 on average) with smaller AA (0.038 mm2 on 
average) compared to upland varieties. 

In the pot system, five lowland varieties including KDML105, Phitsanulok 2, RD13, 
RD31, and RD7 were selected for this set of experiment to compare traits among 
varieties grown under optimal growth conditions. We found that varieties significantly 
differed in their shoot and root traits except for root hair density (RHD) and cortical cell 
file number (CCFN) (Table 3). Among those with significant differences, the variation 
of root traits ranged from 1.25-fold in total root length (TRL) to 2.28-fold in lateral root 
branching of the crown root (CB). KDML105 was most outstanding in its anatomical 
traits showing the thickest roots with large metaxylem vessel area (MXVA) and highest 
aerenchyma formation (AA and perAA). Phitsanulok 2 had the lowest AA, perAA and 
smallest MXVA. The ranking for anatomical traits of these two varieties were 
consistent across growing systems (Table 2 and 3). Unfortunately, the root segments of 
RD13 dried out during the storage process and could not be evaluated. 

 
Table 3. Summary of phenotypic variation of root traits (Table 1) showing mean, range, and 

significant level among 5 lowland rice varieties in the pot system 

Variety SW TRL CA CN LB LL RHD RHL 

KDML105 27.27 ab 45.50 b 40.00 a 271.33 bc 41.00a 4.79 ab 17.50 0.09 b 

Phitsanulok2 24.35 b 42.88 bc 37.50 ab 263.00 c 27.38 b 4.99 ab 22.33 0.18 a 

RD31 30.39 ab 50.10 a 37.50 ab 334.00 ab 19.25 c 3.91 b 33.00 0.10 b 

RD7 28.51 ab 42.75 bc 32.50 b 369.00 a 24.88 bc 5.73 a 22.50 0.10 b 

RD13 35.54 a 40.00 c 27.50 b 408.00 a 18.00 c 5.53 ab 
  

Range 1.46x 1.25x 1.45x 1.55x 2.28x 1.47x 1.89x 2.00x 

Significance * * * * * ** NS * 

Variety RXSA TCA TSA AA perAA MXVA CCFN CCC 

KDML105 0.79 a 0.74 a 0.06 a 0.42 a 56.19 a 0.005 a 10.83 550.00 ab 

Phitsanulok2 0.57 b 0.35 b 0.05 a 0.19 b 37.70 b 0.003 b 10.89 671.80 a 

RD31 0.52 b 0.48 b 0.04 b 0.27 b 54.19 a 0.004 b 10.33 459.40 b 

RD7 0.54 b 0.49 b 0.04 b 0.27 b 53.31 a 0.004 b 10.89 530.70 ab 

Range 1.52x 2.11x 1.50 x 2.21x 1.49x 1.67x 1.05x 1.46x 

Significance ** ** ** ** ** ** NS * 

*, ** and *** denote significances at 0.05, 0.01 and 0.001. NS means no significant difference. 
Different letters represent significant difference. Maximum and minimum values are highlighted in dark 
and light color, respectively. The reported range value denotes to the x-fold difference between 
maximum and minimum values for each trait 
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The five varieties grown in the pot system were also evaluated in the field at 60 days 
after transplanting. We found that varieties significantly differed in their shoot and root 
traits except for RHD, perAA and grain yield (Table 4). Among those with significant 
genotypic differences, the variation of root traits ranged from 1.39-fold in CB to 2.14-
fold in AA. Despite considerable variation in AA, perAA appeared to be high and not 
significantly different among varieties. Among all varieties, the photoperiod-sensitive 
lowland variety, RD13, showed consistently shallower root systems with the largest 
number of crown roots (CN) in the pot system and in the field. Additionally, 
Phitsanulok 2 maintained its ranking as having low AA with relatively small MXVA 
(Table 3 and 4). 

 
Table 4. Summary of phenotypic variation of root traits (Table 1) showing mean, range, and 

significant level among 5 lowland rice varieties grown in the field 

Variety SW TN CA CB CN RHL RHD 
Grain 

(g/plant) 

KDML105 13.91 a 5.56 a 23.89 b 2.74 ab 205.30 a 0.09 ab 12.78 a - 

Phitsanulok 2 6.66 c 4.56 ab 35.83 b 3.04 a 154.00 b 0.08 b 8.67 a 1.98 a 

RD13 13.51 a 4.56 ab 25.83 a 2.74 ab 228.40 a 0.09 ab 13.56 a - 

RD31 6.00 c 3.89 b 31.39 ab 2.41 ab 134.40 b 0.07 b 9.38 a 1.74 a 

RD7 9.61 b 4.89 ab 29.44 ab 2.19 b 211.30 a 0.11 a 9.67 a 2.52 a 

Range 2.32x 1.43x 1.50x 1.39x 1.70x 1.57x 1.56x 1.45x 

Significance *** ** ** * ** ** NS NS 

Variety RXSA TCA TSA AA perAA MXVA CCFN CCC 

KDML105 0.93 b 0.90 a 0.03 a 0.53 b 58.11 a 0.0031 a 11.80 a 212.57 b 

Phitsanulok 2 0.68 b 0.65 b 0.02 ab 0.37 b 57.55 a 0.0021 b 9.13 ab 146.13 c 

RD13 1.43 a 1.40 a 0.03 a 0.79 a 55.85 a 0.0032 a 9.67 a 331.17 a 

RD31 0.68 b 0.65 b 0.02 ab 0.38 b 57.55 a 0.0020 b 6.22 b 160.00 bc 

RD7 0.71 b 0.69 b 0.02 b 0.38 b 53.04 a 0.0021 b 9.89 a 195.50 bc 

Range 2.10x 2.15x 1.5x 2.14x 1.10x 1.52x 1.90x 2.27x 

Significance ** ** ** ** NS * ** *** 

*, ** and *** denote significances at 0.05, 0.01 and 0.001. NS means no significant difference. 
Different letters represent significant difference. Maximum and minimum values are highlighted in dark 
and light color, respectively. The reported range value denotes to the x-fold difference between 
maximum and minimum values for each trait 

 
 

Correlation analysis 

Correlation analysis was performed for root traits in the roll-up, pot, and field 
system. In the roll-up system, anatomical traits showed strong positive correlations with 
correlation coefficient values (r) ranging from 0.70 to 1.00 (Table 5). Smaller 
correlation values were observed for perAA which was only positively correlated with 
aerenchyma area (r = 0.70; p < 0.05) and cortical cell file number (CCFN). The crown 
root number (CN) observed in the roll-up system showed a marginally negative 
correlation with total stele area (TSA) and metaxylem vessel area (MXVA) (r = -0.53; p 
< 0.1). However, this relationship disappeared in plants grown in the pots and in the 
field (Table 5). 



Saengwilai et al.: Comparing phenotypic variation of root traits in Thai rice (Oryza sativa L.) across growing systems 
- 1077 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1069-1083. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_10691083 
 2018, ALÖKI Kft., Budapest, Hungary 

Table 5. Correlation matrix among root traits of 11 commercial and traditional Thai rice 

varieties grown in the roll-up system and five lowland varieties grown in the pot and the 

field system 

Roll-up 

system 
RXSA TCA TSA AA perAA MXVA CCFN CCC CA CN PB 

TCA 1.00***                     

TSA 0.93*** 0.91*** 
         AA 0.94*** 0.95*** 0.79** 

        perAA 0.41 0.44 0.33 0.70* 
       MXVA 0.90*** 0.88*** 0.94*** 0.81** 0.36 

      CCFN 0.23 0.23 0.22 0.25 0.21 0.26 
     CCC 0.88*** 0.89*** 0.70* 0.88*** 0.47 0.68* 0.31 

    CA -0.25 -0.27 -0.10 -0.40 -0.44 -0.22 0.11 -0.18 
   CN -0.51 -0.5 -0.53 -0.41 0.19 -0.53 0.48 -0.38 -0.11 

  PB 0.56 0.18 0.16 -0.1 -0.49 -0.11 -0.22 -0.10 0.21 -0.21 
 RHL 0.17 -0.2 0.12 -0.23 -0.17 0.13 0.07 -0.22 0.13 -0.10 -0.30 

Pot system CN CA LB LL RXSA TSA AA MXVA TCA 
perA

A 
  

CA 0.91*                     

LB -0.73 0.68 
         LL 0.44 -0.67 0.11 

        RXSA -0.58 0.66 0.97* 0.10 
       TSA -0.90 0.58 0.80 -0.22 0.70 

      AA 0.19 0.45 0.75 0.12 0.86 0.24 
     MXVA -0.33 0.59 0.85 0.16 0.94 0.42 0.98* 

    TCA -0.11 0.41 0.74 0.09 0.84 0.21 1.000*** 0.97* 
   perAA 0.49 0.11 0.17 0.17 0.33 -0.44 0.77 0.62 0.79 

  CCFN -2.38 0.28 0.56 0.87 0.37 0.67 0.10 0.18 0.11 -0.36   

Field system RXSA TCA TSA AA perAA MXVA CCFN CCC RHL CA CB 

TCA 1.00*** 
          TSA 0.47 0.45 

         AA 1.00*** 1.00*** 0.51 
        perAA 0.18 0.04 0.79 0.11 

       MXVA 0.85 0.85* 0.77 0.87* 0.25 
      CCFN 0.34 0.34 0.35 0.35 -0.06 0.66 

     CCC 0.98** 0.98** 0.31 0.97** -0.24 0.79 0.35 
    RHL 0.14 0.11 0.42 0.15 0.14 0.28 0.34 0.13 

   CA -0.65 -0.65 -0.53 -0.67 -0.01 -0.78 -0.59 -0.70 -0.73 
  CB 0.25 0.24 0.59 0.26 0.67 0.44 0.25 -0.12 -0.40 0.18 

 CN 0.71 0.71 0.10 0.70 -0.51 0.69 0.75 0.80 0.22 -0.75 -0.11 

*, ** and *** denote significances at 0.05, 0.01 and 0.001 
 
 
In pots, perAA and CCFN were not correlated with any other root traits (Table 5). 

We collected crown root traits for mature rice plants at 60 days after transplanting and 
found that crown root growth angle (CA) was negatively correlated with CN (r = -0.91; 
p < 0.05). Our observation suggests that varieties with fewer crown roots were steeper 
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than varieties with more crown root number. Moreover, we found that lateral root 
branching was positively correlated with root cross sectional area (RXSA) or root size (r 
= -0.97; p < 0.05). Hence, the larger the root segments the more lateral root density can 
be observed. Similar results were found in the field where anatomical traits were 
positively correlated among each other except for aerenchyma and CCFN traits (Table 

5). However, the relationship between CA and CN was negative but not significant. In 
addition, correlation analysis was performed for the five low-land varieties grown in all 
three systems (Table 6). We found strong but marginally significant relationships 
between the experimental systems. Root anatomical traits including RXSA, TCA, and 
AA were correlated between traits measured in the pot and the field (r = 0.95; p < 0.1). 
In addition, root hair density (RHD) was correlated between the roll-up system and the 
field (r = 0.90, p < 0.1). 

 
Table 6. Correlation coefficient and p values for Spearman-rank correlation analysis 

between root traits measured in the roll-up, the pot, and in the field of 5 Thai rice varieties 

Trait Description Roll-up:Pot Pot:Field Field:Roll-up 

RSXA Root cross sectional area, mm2 0.80 0.95* 0.67 

TCA Total cortical area, mm2 0.60 0.95* 0.67 

TSA Total stele area, mm2 -0.20 0.77 0.29 

AA Aerenchyma area, mm2 0.60 0.95* 0.41 

perAA Percentage of cortex as aerenchyma, % 0.40 0.63 -0.67 

MXVA Metaxylem vessel area, mm2 -0.40 0.32 0.56 

CCFN Cortical cell file number -0.40 0.00 -0.21 

CCC Cortical cell count -0.20 -0.40 0.30 

RHL Root hair length, mm -0.32 -0.60 0.50 

RHD Root hair density -0.40 -0.40 0.90* 

CA Crown root angle -0.82 -0.05 0.30 

CB Crown root branching -0.10 0.31 0.05 

CN Crown root number 0.10 0.70 -0.50 
*denotes significances at P < 0.1 

 
 

Principal component analysis 

Principal component analysis (PCA) was performed separately on the mean values of 
root traits for the plants grown in the roll-up, the pot, and the field system. Based on the 
variable loadings, principal component 1 was predominantly composed of anatomical 
traits. Biplots of the first and second components showed similar trends in trait structure 
in all growing systems (Fig. 2). perAA and CCFN were independent from other 
anatomical traits. The results from correlation analysis show the same independance. 

 
Hierarchical cluster analysis 

Hierarchical cluster analysis was performed for the root traits measured in the roll-up 
experiment. Certain traits had more pronounced influences and determined cluster 
membership. Strongly clustered traits included metaxylem vessel area, percentage of 
aerenchyma, root growth angle, and lateral root branching (Fig. 3). Leum Pua variety 
was distinguished from other rice varieties by its large diameter xylem vessel (0.0015 
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mm2). Other than Leum Pua variety, the varieties with low perAA were clustered by 
crown root growth angle. The crown root growth angle further clustered upland and 
lowland varieties. A shallow angle classified lowland rice varieties and a steep angle 
identifies to upland varieties (Fig. 3). 

 

 
Figure 2. Biplots of principal components analysis for root traits in (A) 11 commercial and 

traditional varieties grown in the roll-up system (B) 5 lowland varieties grown in the pot system 

and (C) in the field system 

 
 

 
Figure 3. Hierarchical clustering analysis with the Ward cluster method. Root anatomical, 

morphological and architectural traits of 11 Thai rice varieties grown in the roll-up system are 

shown. Mean values of the traits are denoted within gray boxes per cluster group. See Table 1 

for abbreviations and descriptions of root traits 

Discussion 

We observed large phenotypic variation for anatomical and architectural root traits in 
popular Thai rice varieties. The variation was investigated for eleven traditional and 
commercial Thai rice varieties in the roll-up system and for five lowland rice varieties 
in the pot and the field system. We found that the variation of root traits ranged from 
1.31-fold in root cortical aerenchyma (RCA) to 4.20-fold in crown root growth angle in 
the roll-up system (Table 2). The major contribution of the variation within a root 
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system came from anatomical traits. We found evidence for this contribution in the 
results of the principal component analysis in which anatomical traits clustered into one 
group and contributed the major portion to the first principle component (Fig. 2). 
Similar trends were found in root systems of other monocots such as the Zea species 
(Burton et al., 2013). Anatomical variation related to differences in performance and 
stress response in many crop species, including maize (Saengwilai et al., 2014a), 
common bean (Peña-Valdivia et al., 2010) and rice (Henry et al., 2012). Variation in the 
number and diameter of xylem vessels is known to strongly affect axial water 
conductance and potentially enhance water use efficiency under terminal drought 
(Lynch et al., 2014). In wheat, it has been shown that narrow xylem vessels enhance 
wheat adaptation under drought and has been used in wheat breeding programs to 
improve drought tolerance (Richards and Passioura, 1989). In case of rice, the reverse 
was proposed, namely that less axial resistance in roots would favor water acquisition 
from deeper soil layers (Yambao et al., 1992). In our study, we found that variation in 
the size of metaxylem vessel was substantial. The results from hierarchical clustering 
analysis indicate that metaxylem vessel area in our data set was the first major factor 
differentiating rice varieties into different groups (Fig. 3). Among the varieties, Leum 
Pua, an upland variety, had two-fold larger metaxylem vessel area than the average of 
the rest of the data set in the roll-up system. Other upland varieties such as Goo Meuang 
Luang and R258 appeared to have small metaxylem area; however, these varieties have 
steep root system which could enhance deep soil exploration in the upland 
environments. We suggest that root growth angle might be important strategy for 
adaptation to stress enviroments. 

We suggest that deep rooting may be associated with the adaptation under drought 
conditions by drought avoidance. Several root traits have been shown to contribute to 
deep rooting such as high root cortical aerenchyma (Saengwilai et al., 2014a), reduced 
crown root number (Saengwilai et al., 2014b), and low lateral root branching (Zhan et 
al., 2015). In rice, expression of DEEPER ROOTING 1 gene (DRO1) causing a steeper 
root growth angle that results in an overall deeper root system with increased yield in 
drying soils (Uga et al., 2013). In our study, we found that upland varieties such as Goo 
Meuang Luang and R258 had steep root growth angle of more than 50 degree from 
horizon whereas lowland varieties had much shallower growth angle in the roll-up 
system. The five low land varieties planted in the pot and field system maintained their 
shallow root growth angle. Similar to the results reported in other monocot studies 
(Trachsel et al., 2013; Uga et al., 2013), we propose that root growth angle could be a 
promising trait for plant breeding programs that can be screened already at the seedling 
stage. 

While many of the traits measured in cross-sections were found to be highly 
correlated with one another, we observed that the percentage of aerenchyma and root 
hair length was independent from some anatomical root traits and whole root 
characteristics. These results suggest that these traits are feasible for rice breeding 
program because breeders could pyramid aerenchyma and root hair length with other 
root and shoot traits without complications. Correlations greater than 0.95 were 
observed between cortical components such as RXSA, TCA, and AA. Strong positive 
correlations may mean that these traits share measurement elements, and offer 
overlapping information. In particular, metaxylem vessel area was positively correlated 
to total stele area. It has been reported that stele and xylem might be controlled by 
various genetic factors and correlation between the total stele area and metaxylem 
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vessel area can be attributed either to a tight linkage of the QTLs for traits or to 
pleiotropy of one QTL (Uga et al., 2008). Our results suggest that the efficiency of root 
phenotyping can be improved by eliminating such redundant traits and/or replacing 
redundant traits with traits that correlate weakly with other parameters. 

Traits correlation between the three experimental systems was weak. We expected 
weak correlations because plants in each system correspond to different ages, 
developmental stages, and different environments. Overall, the demonstrated strong 
variations in root traits suggest ample opportunities for plant breeders to develop new 
varieties by using existing Thai germplasm. Varieties such as KDML 105 have high 
market values and therefore they are popular among Thai farmers. Hence, it is possible 
to maximize water and nutrient use efficiency by considering root traits in irrigation and 
fertilizer regimes. 

Conclusion 

Characterization of the structural and functional diversity of root traits is an 
important step for plant breeding. Breeders may be reluctant to utilize exotic donors in 
their programs because of the risk to loose important traits for enhanced enviromental 
adaption. However, our results suggested that traits of Thai rice roots vary considerable 
and hold an unused potential for plant breeding programs. We see ample opportunity for 
introgression of our investigated traits into elite rice varieties by using Thai germplasms 
as parents. We recommend that upland varieties particularly Goo Meuang Luang and 
R258 could be used as donors for steep root angle which could enhance drought 
tolerance while Leum Pua, a traditional variety, could serve as a donor for enhanced 
water acquisition by increasing metaxylem area. Further experiments of the 
physiological utility of rice root traits in edaphic stresses are required to pin point more 
beneficial root traits and to identify new rice ideotypes. The future challenge is to 
identify molecular markers associated with variation of root traits to enhance efficiency 
and effectiveness of plant breeding programs. 
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Abstract. Forests have pivotal role in life sustenance of indigenous people of the area and economy of 
any country at mass level. Forest health, diversity and richness depends various environmental 
parameters. In this study, impact of edaphic and physiographic factors on plant communities of reserved 
forest of Sathan Gali (Mansehra), Pakistan is analyzed. Quantitative and qualitative characteristics of 
plant species were studied dividing the area into 13 stands on physiognomic features. In this analysis 136 
plant species of 58 families were classified into four prominent plant communities through TWINSPAN 
approach. The family index depicted that Asteraceae was dominant among 58 families. Biological 
spectrum (BS) expressed Therophytes as the dominant plants with 27.34% species, while leaf size 
spectrum (LSS) classification showed Mesophytes having 25.83% species contribution. Importance value 
index (IVI) analysis proved that Pinus wallichiana had highest value (351.69) followed by Fragaria 

nubicola (62.88). In analysis, maximum species diversity (MSD) was found in Pinus-Pteris-Sarcococca 
community (0.102) while species richness (SR) was in Pinus-Digitaria-Sarcococca community (1.87) 
whereas maximum species maturity (MSM) was found in Pinus-Cedrus-Vibernum community (65.74). In 
two statistical analyses; it was found that DCA ordination of reserved forest indicated that the maximum 
gradient length was 3.32 for axis 1 and 2.57 for axis II while CCA ordination revealed that the maximum 
eigenvalue was 0.49 for axis 1 and 0.40 for axis II. Among environmental variables the maximum 
positive strength and impact on composition of community was recorded for altitude and phosphorous (P) 
while maximum negative strength was recorded for barometric pressure and temperature. 
Keywords: therophytes, biological spectrum, mesophytes, species richness, DCA 

Introduction 

Plants are very integral part of biosphere and ecosystem for life sustenance on the 
earth. Plants have diverse occurrence on earth and among these rich areas of diverse 
types of plants is named as forest. The forests are rich source of plant biodiversity of 
any country. Without healthy forests economy and environment of any country cannot 
be sustainable. Furthermore, forests are playing major role in provision of all necessities 
of life for many communities around the globe. Forests health and pattern of richness 
depends on many biotic and abiotic factors and later one have silent role on it. 
Phytosociology is the study of characteristics, classifications, relationships, and 
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distribution of plant communities in forest or other plant rich zones (Mueller-Dombois 
and Ellenberg, 1974). The historical background of phytosociology can be traced back 
to Swiss botanist Josias Braun Blanquet (1884‐1980) who is considered the founder of 
the phytosociology. In the 20th century great efforts were made in the field of ecology 
and phytosociology. Braun Blanquet defined the plant association as a stable plant 
group in equilibrium with the surrounding environment characterized by certain 
dominant species illuminating a particular ecology. These leading species represent the 
major trends in the local vegetation allowing the ecologists to identify, distinguish and 
discuss dynamics of the community (Leveque, 2001). In the last few decades’ scope of 
phytosociology became wider and investigates number of quantitative, qualitative and 
synthetic characteristics of plant communities e.g. density, dominance, abundance, 
floristic composition, vegetation structure, physiognomy, development and exchange 
multilateral relations of plants to one another and to the environmental variables and the 
classification of communities (Rieley and Page, 1990). 

The existence of distinct forest types is exploratory of diversity in climatic and 
edaphic factors. Vegetation is the mainly physical representation of the environment 
(Kent, 2012). Any type of changes in habitats are first observed in the vegetation and 
forests are indicators of it. Vegetation is the result of the habitat, environmental 
conditions and existing biodiversity. Such study provides information about recognition 
and definition of different vegetation types and plant communities, identifying 
relationship between plant species distribution and environmental control. It also 
provides basis for prediction of possible future climatic changes (Kent and Coker, 1994) 
and on basis of which we may plan recommendations and practical steps to cope 
hazardous changes in environment. 

Ecological diversity is considered to be a measure of the health of an ecosystem 
(McGardy‐Steed and Morin, 2000). Variation in species diversity along environmental 
gradient is a major topic of ecological investigation in latest years (Currie and Francis, 
2004). Monitoring of vegetation is an easy way for understanding the climatic 
conditions of an area (Niemi and Donald, 2004). With climate change, 
phytosociological studies will become more important because in most cases, only 
vegetation data is available to use for making comparisons. Phytosociological studies 
visualize the existing vegetation structure, species diversity, soil plant relationship and 
generate data on seasonal and temporal variations in available nutrients (Mueller-
Dombois and Ellenberg, 1974). Plant communities as concrete definable units of 
vegetation that can be recognized and are apparent to the eye. Plant communities are 
often named after species that contribute to their unique structure or composition. The 
altitude, latitude, slope angle, aspect and humidity play an important role in formation 
and composition of plant community (Currie and Francis, 2004; Shaheen et al., 2012). 

Species diversity is measured mathematically by indices and provides information 
about species richness, consistency and community composition as well as rarity or 
commonness of a species (Whittaker, 1977). Maturity index indicates about the ongoing 
climax trend as well as successional variations in a given community under the impact 
of ecological conditions and through this index we can find out the best suitable and 
favorable altitudinal zones for the plants (Rodolfo and Sermolli, 1948). Modern 
software packages have made the phytosociological studies more meaningful and 
predictable. A growing number of studies have used software packages. Peer et al. 
(2007) applied TWINSPAN and recognized 11 plant communities in Hindu Kush 
Mountains. Hussain et al. (2008) conducted study on species composition and 
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community structure of 23 forest stands in Kumaon Himalaya. Out of which, they 
reported 19 tree communities and 17 ground vegetation communities. The distribution 
of tree species on DCA axis 1 showed influence of altitudinal gradient while the second 
axis of DCA indicated canopy cover and shrub diversity. Haq et al. (2015) and 
Mehmood et al. (2015) also evaluated similar approaches for the recognition plant 
communities. 

The present study was designed with the objectives to investigate and correlate the 
vegetation of an unexplored Sathan Gali (Study area) with edaphic and physiographic 
factors and to classify the vegetation structure into plant communities with its 
ecological characteristics. It will be helpful for the conservation and sustainable 
utilization of plant resources of the area and also for further ecological investigations. 

Materials and methods 

Study area 

Sathan Gali lies in District Mansehra of Khyber Pakhtoonkhawa (KPK), Pakistan. 
The study area is situated from 34.36132 to 34.36650 North latitudes and 073. 11 067 to 
073. 12488 East longitudes. Mansehra District of KPK consists of three tehsils; 
Mansehra, Oghi, and Balakot. Mansehra makes its boundary on the North to Kohistan 
and Battagram Districts, on the East surrounding by Muzaffarabad district of Azad 
Jammu and Kashmir, on the South to Abbottabad and Haripur districts and on the West 
to Shangla and Buner Districts (Fiaz, 2012) as these areas are shown in Figures 1 and 2. 

 
Climate of area 

The area receives heavy rain fall in Winter and Monsoon. The temperature of the 
area remains pleasant throughout the year except May and June. Snow often occurs in 
these forests particularly near its upper limits during the months of December to 
February. This heavy snow causes physical damage to the vegetation. As trees are over 
laden with snow and when wind blow most of the trees break. In May and June, the 
temperature is high as compared to rest of the months (Khan et al., 2016). 

 
Edaphology 

The rocks are gneiss, gneissose, schists, granitoid gneisses, mica schist and shales. 
Soil possesses higher moisture retaining capacity under the vegetation cover and acidic 
in nature. As agriculture land is inadequate and the peoples thus try to bring every 
available bit of land under cultivation in order to fight against the hunger. Terraces on 
hills slopes are constructed for cropping but they are not effective and durable. The soils 
from such slopes get washed away within two to three years and barren bed rocks left 
behind (Saddozai, 1996). 

 
Soil analysis 

Soil samples, down to a depth of 30cm, were collected from each stand. These soil 
sample were analyzed for percentage of sand, silt and clay), total organic matter (OM. 
%), pH, electrical conductivity in the Baffa laboratory (Allen et al., 1986). 
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Figure 1. Map of the study area highlighting the stands selected for study in reserved forest 

 
 

 
Figure 2. Scenic view of reserved forest 

 
 

Field studies 

The detailed field surveys have been carried out to study the phytosociological 
attributes of Sathan Gali (Reserved forest), Mansehra, Pakistan at regular intervals of 
different seasons, during 2013-2015. The whole area was divided into 13 stands on the 
basis of physiognomy of vegetation. Quadrate method was used for sampling the 
vegetation. The size of quadrate was 10 × 2 m2 for trees 5× 2 m2 for shrubs and 1× 1m2 
for herbs, respectively (Malik, 1986). The number of quadrates for trees, shrubs and 
herbs were 5, 10 and 20 respectively. Both systematic and random quadrants that give 
better results were used. The distance between two adjacent stands was approximately 
100m. The phytosociological attributes density, relative density, frequency, relative 
frequency, canopy cover, relative canopy cover, species diversity, species richness, 
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species maturity and importance values index (IVI) were calculated. Trees with less 
than 1.5m were considered as shrub. Coverage of shrubs and herbs was calculated after 
coverage classes Daubenmire (1959). Collected plant specimens of each species were 
dried, poisoned and mounted on standard herbarium sheets. The collected specimens 
were identified with the help of Flora of Pakistan (Nasir and Ali, 1971-1994; Ali and 
Qaisar, 1995-2004) and voucher specimens were deposited in the Herbarium of Hazara 
University Mansehra, KPK, Pakistan (HUP). 

 
Data analysis 

TWINSPAN was used for the classification of species and samples at the same time 
which is based on dividing reciprocal averaging ordination space. Detrended 
Correspondence Analysis (DCA) analysis was done to evaluate similarities/differences 
between the species and samples. A Canonical Correspondence Analysis (CAA) is an 
ordination to determine and analyze the correlation between species and environmental 
variables. The life form classes and leaf spectra of all plant species were determined and 
classified following after Raunkiaer (1934) and Mueller-Dombois and Ellenberg (1974). 
The recorded data was analyzed through CANOCCO and PC-ORD softwares (Haq et 
al., 2015). 

Results 

Forest being important part of ecosystem of KPK and provides a major part of 
livelihood for indigenous and rural people. These forest also provide medicines, shelter, 
fuel resources, fodder and aesthetic values to communities. Reserved forests of Sathan 
Gali (Mansehra) are first time explored to know impact of edaphic and physiognomic 
factors on the plants and their communities structure. The study was based on 
comprehensive and planned field visits in year 2015-16. The analysis of area revealed 
that many plant species are over exploited and many parts of forests are being 
deteriorating due to dominant species loss. The study area was divided into 13 stands. 
The study generated list of 136 species which belonged to 58 families. The dominant 
family was Asteraceae in the area. The collected ecological data was subjected to 
multivariate analysis and TWINSPAN which produced following communities as 
described here below. The research work and its analysis showed that reserved forest of 
Sathan Gali was under stress and many factors were effecting the plants’ communities. 
The data obtained from 13 stands of Reserved Forest were analyzed by TWINSPAN 
classification protocol. It divided the obtained results into four different plant 
communities which were Pinus-Pteris-Sarcococca Community, Cedrus-Fragaria-

Pteris Community, Pinus-Cedrus-Vibernum Community and Pinus-Digitaria-

Sarcococca Community (Fig. 3). 
 

Communities’ description of Sathan Gali reserved forest 
Pinus-Pteris-Sarcococca (PPS) community 

Pinus wallichiana-Pteris vitata-Sarcococca saligna community was recorded at an 
elevation of 1900-2100 m in stands 9 and 10. The co-ordinates range was 34.36413 to 
34.36449 N and 73.19157 to 73.19423 E. The steepness of slope was 40-70° on East 
aspect. This community consisted of 28 plant species. The dominant plant of this 
community was Pinus wallichiana with IVI value of 87.88. Pteris vitata and 
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Sarcococca salignawere co-dominants with IVI value of 13.57 and 5.25, respectively. 
Therophytes were dominant by contributing 9 species followed by Geophytes and 
Nanophanerophytes 5 species by each (Fig. 5). Leaf size spectra was dominant by 
Nanophyll 10 plant species followed by Microphyll by 9 plant species (Fig. 4). 

Soil of this community was sandy clay loam with acidic pH, nitrogen 0.41%, 
potassium 135ppm, phosphorus 7.9 and electrical conductivity 2.4. Organic matter 
(OM) was less in this community. This describes that PPS community plant taxa prefer 
acidic and low OM soils, so these dominant in the stands. 

 

 
Figure 3. TWINSPAN classification of vegetation of reserved forest 

 
 

Cedrus-Fragaria-Pteris (CFP) community 

Cedrus deodara-Fragaria nubicola-Pteris vitata community was reported at an 
elevation of 6400 to 7300 ft in stand 1,3,4,8,12 and 13. These stands were located at 
West, North and South aspects. The co-ordinates range was between 34.36132 to 
34.36650 N and 073.12206 to 073, 12488 E with 40-65° steepness of slope. It was 
dominated by Cedrus deodora with IVI value of 166.05. Fragaria nubicola and Pteris 

vatata were co-dominant with IVI of 46.38 and 29.28, respectively. A total of 62 plant 
species in this community were recorded. Among biological spectrum (BS) Geophytes 
were dominant by contributing 16 plant species followed by Therophytes 14 species, 
Hemicyptophytes 12 plant species (Fig. 5). A leaf size spectrum was dominant by 
Microphyll with 23 species followed by Mesophyll 17 and Nanophanerophytes by 7 
species (Fig. 4). 

Soil of this community was sandy loam with acidic pH, percentage of organic matter 
was high, and contents of nitrogen, potassium and phosphorous were between in ranges 
of 0.03-1.3%, 105-135 ppm and 5-8, respectively. The electrical conductivity was 0.01-
1.2. It shows that CFP community was more dominant in soils of sandy-loamy with 
high OM range. This makes differ from above PPS community. 
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Figure 4. Leaf size of reserved forest plant communities 

 
 

 
Figure 5. Life form of reserved forest plant communities 

 
 

Pinus-Cedrus-Viburnum (PCV) community 

At an elevation of 6300-6900 ft Pinus wallichiana-Cedrus deodara-Viburnum 

cotonifolium community was harbored at Northern aspect with 50-60° slope of 
steepness. The co-ordinates range was 34.36432 to 34.36582 N and 073. 11067 to 073. 
11741E. Pinus wallichiana was dominant with importance value index of 101.74. 
Cedrus deodara and Viburnum was co-dominant species with IVI of 29 and 14.94, 
respectively. A total of 51 plant species were recorded in this community. Therophytes 
were dominant life form of the vegetation with addition of 16 plant species followed by 
Geophytes and Nanophanerophytes (Fig. 5). Among leaf size Mesophylls were 
dominant by contributing 19 species followed by Microphylls 15 plant species (Fig. 4). 

Soil of this community was found sandy-clay-loam. The loam soil of this community 
had acidic pH, less organic matter, potassium, phosphorus and nitrogen were 120-130 
ppm, 4-8 and 0.21-0.57%, respectively. The electrical conductivity was 0.01-1.1. This 
analysis of community soil and plants types depicts that loamy soil with less OM 
contents having N contents of 120-130 ppm prefer to support plants of genera Pinus, 

Cedrus and Viburnum. So the community PCV is dominating in this belt of forest. 
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Pinus-Digitaria-Sarcococca (PDS) community 

At an elevation of 3700 ft in stand 11, Pinus wallichiana- Digitaria nodosa- 

Sarcoccoca saligna community was reported. The range of co-ordinates for this 
community was 34.36132 N and 73.11791 E. This community was recorded at Southern 
aspect at 50° slope of steepness. The total numbers of plant species recorded for this 
community were 24. Pinus wallichiana was dominant with IVI 44.96. Digitaria nodosa 
and Sarcococca saligna were co-dominant with IVI value of 10 and 6, respectively. 
Biological spectrum was dominated by Nanophanerophytes having 5 species followed 
by Hemicyptophytes and Geophytes by 5 plant species each (Fig. 5). A leaf size 
spectrum was dominant by Microphyll with 10 plant species followed by 5 species of 
Nanophanerophytes (Figs. 4 and 6). 

Soil in this community was sandy loam with high acidic pH 7.5, organic matter 
percentage was low. The contents of nitrogen, potassium, phosphorous were 0.052%, 
125% ppm, and 3.2 respectively. The electrical conductivity was 1.4. The soil 
composition and elevation determines the constitution of plants in PDS community. 
These plants would like to climate of low OM and acidic soil. 

 

 
Figure 6. Graphical representation of different components of plant species diversity 

 
 

Detrended correspondence analysis (DCA) 

The total species surveyed were 136 belonging to 58 families. These data of 
Reserved Forest’s species were subjected to Detrended Correspondence Analysis which 
indicated that total variation was 3.28. The response data was compositional having a 
gradient length of 3.3 SD unit long. The DCA ordination showed that the maximum 
gradient length was 3.32 for axis 1 and 2.57 for axis II. The maximum Eigenvalue was 
0.49 for axis 1 and 0.34 for axis II. 

The DCA ordination of the species showed that different species clustered in 
ordination space on the basis of similarities in habitat and species composition. The 
species clusters including Vaccaria sp, Rhamnus virgata, Ajuga sp., Taxus wallichiana 
were positively correlated with each other. These species were negatively correlated 
with Viola sp, Bupleurum lanceolatum, Ajuga bracteosa, Rumex nepalnsis and Isodon 

rugosus. The species which were positively correlated with each other and negatively 
correlated with the above species were Juglans regia, Pinus roxburghii, Alnus nitida 

and Viburnum cotinifolium. The species which were on the top of ordination space 
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included Rumex dentatus, Clinopodium vulgare, Indigofera heterantha, Solanum 

surattense and Saromatum venosum. The species which were near average position 
included Paeonia emodi, Fragaria nubicola. Myrsine africana and Impatiens bicolor 

were positively correlated with each other. 
DCA ordination of stand also showed that stand of different communities clustered 

in ordination space almost similar fashion. It was found that Pinus-Digitaria-

Sarcococca community showed different behavior and was away from other 
communities on axis I. This community distance occurrence is also confirmed by 
TWINSPAN classification (Figs. 7 and 8). The other communities like Pinus-Pteris-

Sarcococca Community was at the top of ordination space while remaining Pinus-

Cedrus-Vibernum Community and Cedrus-Fragaria- Pteris Community were in the 
center (Fig. 8). 
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Figure 7. DCA ordination of plant species of reserved forest 
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Figure 8. DCA ordination of stands of vegetation of reserved forest 
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Canonical correspondence analysis (CCA) 

The collected data of reserved forest of Sathan Gali was further analyzed by using 
other statistical method named Canonical Correspondence Analysis. CCA ordination 
showed that total variation was 3.28, explanatory variable account for 100% while 
adjusted explained variation was 0%. The maximum eigenvalue was 0.49 for axis 1 and 
0.40 for axis II. The explained variation for axis I was 14.88 and 27.32 for axis II. The 
pseudo canonical correlation for all axis was 1 and occurrence value was 274. The 
permutation test result showed that pseudo F less than 0.1 and P = 1. The CCA 
ordination of species showed that different species were sensitive with environmental 
variable and clustered in ordination space at different locations. 

 
Impact of edaphic factors on plant communities’ structure 

The species which were sensitive with altitude, air moisture, aspect, wind pressure 
and potassium were Arisaema flavum, Quercus dilatata, Duchesnea indica, 
Aegopodium burttii, Taxus wallichiana, Abies pindrow. Geranium rotundifolium. 
Urtica diocca and Sarcococca saligna taxa were positively correlated with electrical 
conductivity (EC) of soil. Some species were positively correlated with nitrogen conc., 
longitude, latitude and organic matter which inclided Paeonia emodi, Hypericum 
perforatum, Viburnum grandiflorum, Juglans regia. The taxa Pteris sp. and Geranium 
wallichinum were positively correlated with phosphorus contents and its availability to 
the plants. 

 
Impact of climatic factors on plant communities’ structure 

The species which were highly sensitive to temperature were Solanum surratense, 

Saromatum venosum, Indigofera hetrentha and Rumex hastatus. The CCA ordination of 
environmental variables showed that the altitude and aspects were negatively correlated 
with temperature, slope, angle and phosphorus (Fig. 10). Similarly nitrogen, latitude 
and organic matter were negatively correlated with electrical conductivity and pH. The 
maximum gradient strength was recorded for pH, aspect, nitrogen and latitude. The 
minimum strength was recorded for potassium followed by slope angle and air 
moisture. The maximum stands of communities were near average position while 
Pinus-Digitaria-Sarcococca Community was away from average position contributing 
25 species (Fig. 9), which showed that this community was rich in floristic composition 
and habitat type from rest of the associations (Fig.10). 

The results depict that edaphic and environmental factors are key constraints on 
forest plant composition and their proliferation in an area. Various climatic and soil 
composition do impose impact on types of dominant taxa in the study area of reserved 
forest of Sathan Gali in Mansehra of KPK. The characteristics of plants communities of 
different locations were presented in Figure 6 and it depicts the structure, richness, 
diversity and maturity of analyzed strands. 

Discussion 

Geographic analysis of study area 

Pakistan being the part of western Himalaya harbors rich floral diversity owing to 
important geographical position. The study area (reserved forest of Sathan Gali) lies in 
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the western Himalayas shows rich floristic diversity. A total of 127 plants species 
belonging to 58 families were recorded from Reserved forest of Sathan Gali. According 
to plant habit, herbaceous growth form with 73.64 % species was the most dominant 
one. Our findings are in congruent with previous works of many researchers conducted 
in allied and neighboring regions of the country (Ijaz, 2014; 2015; Khattak et al., 2015; 
Khan et al., 2015a, b; Shah et al., 2015; Ahmad et al., 2016; Rahman et al., 2016a, b). 
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Figure 9. CCA ordination of plant species of reserved forest 
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Figure. 10. CCA ordination of stands of reserved forest 
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Phytosociological analysis 

Phytosociology is the study of plant communities and their inter-relationship and 
interaction with environment. While a community is grouping of plant population 
formed in one habitat type in specific area, display mutual competition and dependence. 
The existence and establishment of plant communities indicates the plant type and 
habitat condition under which they develop (Malik, 1986). The analysis of the study 
area showed that dominant family was found to be Asteraceae followed by Labiateae 
(10 species), Poaceae and Rosaceae (8 plant species) each, Polygonaceae and 
Pteridaceae by 5 species each. The past work of Stewart (1972) depicted that these 
families are dominantly occurring in Pakistan and Azad Jammu and Kashmir. The work 
of other ecologists described that Himalayan and other areas like Sathan Gali forest do 
had more or less same list of families as we had listed in the research (Iqbal et al., 2015; 
Ijaz et al., 2016). 

There is natural principle that edaphic and physiognomic parameters do exert their 
pivotal impacts on type of plants in an area, their correlation with other plants-making 
communities. In the field analysis of Sathan Gali forest, it was found that key types of 
four communities were found. Their composition was variable with factors of 
environmental such as altitude, latitude, temperature, precipitation, humidity and soil 
type. Similar ideas were described by Berg et al. (2000) and he said that precipitation 
and elevation strongly influence the floristic composition among different forests of an 
area. The floristic diversity, richness and maturity are also correlated with variation in 
altitude (Shaheen et al., 2016; Adam and Mamat, 2005). The life span of plants and 
their intercorrelation do become changed with alteration in edaphic factors and time 
elapsed and similar findings were reported by Madsen and Ilgaard in 2008 & Titshall et 
al., 2000. 

 
Community analysis in study area by TWINSPAN 

This research produced list of 131 plants species belonging to 58 families from the 
study area. The data collected from 13 stands of 455 quadrats resulted in a total of 4 
different plant communities recognized by TWINSPAN viz (1) Pinus-Pteris-

Sarcococca Community (PPS); (2) Cedrus-Fragaria-Pteris Community (CFP); (3) 
Pinus-Cedrus-Viburnum Community (PCV) and (4) Pinus-Digitaria-Sarcococca 
Community (PDS). These communities’ occurrence and congruence was interdependent 
on altitude, precipitation, latitude, soil structure, minerals contents in soil as shown in 
the results section above. Similar studies were conducted by Haq on subtropical forests 
of Nandiar Khuwar catchment district Battagram, Khyber Pakhtunkhwa, Pakistan and 
he found edaphic and climatic factors had strong influence on types of communities and 
their richness (Haq et al., 2015). 

 
Community analysis in study area by DCA & CCA 

In constrained DCA ordination of reserved forest of Sathan Gali indicated that the 
total variation in the species data was 3.28. The DCA ordination of the species showed 
that different species clustered in ordination space on the basis of similarities in habitat 
and species composition. CCA showed percentage variance of 10.16%, 15.98% and 
21.01% for axis I, II and III, respectively. This result showed that there is strong 
association of species and habitat types with environmental variables. CCA technique is 
used to find out the relationship between environmental variable and vegetation. This 
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CCA analysis has also been used to determine the vegetation-environmental 
relationship (Mehmood et al., 2015). It is therefore important to correlate the vegetation 
structure of the area with environmental variables for a proper understanding of the of 
plant species distribution mechanism in an area (Eriksson and Bergstrom, 2005). The 
first two axis explain 45% of total variation so our analysis indicate significant results. 
The length of arrow showed the magnitude of particular factor’s effect on plant species 
distribution. 

Mehmood et al. (2015) and Haq et al. (2015) reported that the distribution of plant is 
greatly affected by variation in altitude in the areas adjacent to study field. Zhang et al. 
(2006) also showed that altitude is an important factor for plant distribution. Due to 
change in altitude the temperature declines and humidity increases which favors the 
plant of higher elevation. Our findings are also in accordance with Shaheen et al. (2011) 
who reported that altitude is a main parameter for distribution of species in Bagh, AJK. 
These results showed that a specific environmental variable has a great impact on 
species distribution in different vegetation zones of the study area (Haq et al., 2015). 

The life form of plants is an adaptive response to environment and provides an 
ecological classification that may be indicative of habitat conditions (Archibold, 1995). 
Occurrence of similar biological spectrum in different regions indicates similar climatic 
conditions. The present findings as described in the result section were in agreement 
with Shaheen et al. (2016), who had reported Therophytes as the leading life form in 
Havelian, Abbottabad, Pakistan. 

Leaf spectra (LS) are characteristic of the existing environmental and habitat 
conditions of any area and our classes on basis of LS are also in-line with past work of 
Hussain et al. (2015). Leaf size spectrum (LSS) analysis showed that the study area was 
dominated by microphylls contributing 68 (40.47%) species, followed by Mesophylls 
containing 45 (26.78%) species and these types of classes were also mentioned by 
Malik et al. (2007) where he found that microphyllous and nanophyllous were the 
dominant leaf size from Kotli Azad Kashmir and Waziristan and these clustering was 
totally based edaphic and climatic factors (Siddiqui et al., 2014). So, on basis this 
research findings, indigenous people of the Sathan Gali and relevant departments can 
use this research information for propagation of the most prevalent species of the plants 
as this area’s soil and climate will prefer to assist such taxa to grow and compete with 
already plants’ communities. These forests can be made rich and diverse by using the 
preservation and conservation strategies implemented after due re-forestation process.  

Conclusion 

It is concluded that phytosociological analysis of any area is the best method to find 
the appropriate species for growing or cultivation on it. The findings of the work on 
Sathan Gali reserved forest showed that Pinus wallichian, Taxus wallichiana, Pinus 

roxburghii, Alnus nitida Quercus dilatata, Juglans regia, Abies pindrow, Arisaema 

flavum, Duchesnea indica, Aegopodium burttii, Rumex dentatus, Clinopodium vulgare, 
Indigofera heterantha, Solanum surattense, Saromatum venosum, Paeonia emodi, 

Fragaria nubicola. Myrsine Africana, Impatiens bicolorBupleurum lanceolatum, Ajuga 

bracteosa, Rumex nepalnsis and Isodon rugosus were prominent plants of the area. 
These are providing key resources as food, fodder, sheltering, hedging, furniture, 
medicines, aesthetics and commercial purposes i.e. livelihood for the indigenous and 
neighboring areas of Sathan Gali reserved forest of Mansehra, Pakistan. It was 
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concluded that mainly edaphic factors and environmental characteristics are limiting 
constraints for the forest diversity, richness and maturity. The controlling and 
modification of these analyzed parameters may assist in rich and gloomed forest growth 
having dynamic communities’ structure. 
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Abstract. Farmland damage caused by wild boars was modeled by the Maxent model using the field-
inspecting data surveyed in Gyeongnam Province of South Korea during 2012 and 2013. A total of 3,854 
cases (2,286 in 2012 and 1,568 in 2013) were chosen for the model after the field inspection. The Maxent 
model obtained quite high AUCs exceeding 0.8, indicating that the probability derived from the model 
had high accuracy. The variable ‘distance from forest boundary (d_forest)’ revealed a higher probability 
for damaged areas located closer to forest boundaries. The areas damaged by wild boars were also located 
much closer to agricultural areas, including paddies and fields. Overall, areas located within 500 m of 
other agricultural areas showed a higher likelihood of damage by wild boars. Based on the predictions in 
Maxent, damage to farmland caused by wild boars was more closely related to distance from its habitat 
(i.e., forest) and use of land as food resources (i.e., rice paddies and fields) than topographical factors 
such as elevation and slope. 
Keywords: spatial modeling, presence-only data, Maxent, machine-learning modeling 

Introduction 

The “Injurious Animal Destruction” program introduced during the Japanese 
occupation of the Korean peninsula and the Korean War (1950-1953) resulted in loss of 
many top predators including tigers, wolves and leopards from South Korea (Kim et al., 
2011; Lee et al., 2012). Owing to the loss of top predators, wild boar populations have 
increased explosively in South Korea. A combination of factors have led to the rapid 
increase of wild boars, including changes in agricultural practices, lack of predators, 
reduced hunting pressure, and climate changes (Massei and Genov, 2004). 

Wild boars can have a variety of impacts on the environment within and/or around 
their habitat, such as causing damage to agricultural land (Herrero et al., 2006) and 
pastures (Alexiou, 1983), as well as impacts on forest regeneration (Groot Bruinderink 
and Hazebroek, 1996) and predation (Pavlov et al., 1981), consumption of forest fruits 
(Herrero et al., 2006), and consumption of carrion (Herrero and Fernández de Luco, 
2003). As there has been intensive land use and anthropogenic activities around forest 
patches because of insufficient land for cultivation during the last few decades in South 
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Korea, the edge areas inside and outside forest patches have been rapidly exchanged for 
agricultural lands, including rice paddies and fields. In general, regions near forest patch 
boundaries are known act as buffer zones between the inside forest and human-based 
land uses outside the forest. These areas accommodate a variety of living things 
including insects, herbs and other animals. However, wild boars living inside the forest 
don’t seem to realize the condition of the area nearby the forest after there being the 
land use change. Therefore, there have been conflicts between wild boars trying to 
obtain food and farmers who want to keep their farms free from damage. This 
phenomenon happened in South Korea corresponded to the opinion proposed by 
Peracino and Bassano (1995), and now farmland damage caused by wild boars has been 
a great public concern in South Korea. 

As damage to farmland caused by wild boars has become a social and public 
concerns, the Korean government revised the act on the prevention of and 
countermeasures against agricultural and fisheries disasters and its enforcement 
regulation to include inspection of farmland damaged by harmful wild animals such as 
wild boars and record the information in a register at every town hall for providing a 
subsidy to the damage (national legislation data infrastructure center; 
http://www.law.go.kr). For this reason, the database of farmland damage kept in each 
city hall has much high accuracy in terms of the location of damage caused by wild 
boars; therefore, it can be applied for analysis of spatial patterns and characteristics of 
farmland damage caused by wild boars. 

Information regarding farmland damage caused by wild boars can be transformed 
into a binary type of response variable for spatial modeling. At this time, various forms 
of regression analyses can be applied to predicting and modeling the farmland damage 
caused by wild boars. Recently, generalized linear models (GLM; McCullagh and 
Nelder, 1989; Friston et al., 1995), generalized additive models (GAM; Guisan et al., 
2002) and maximum entropy (Maxent; Phillips et al., 2006) have been becoming 
increasingly popular for prediction of species distribution (Scott et al., 2002). The 
Maxent model, which is derived from a branch of statistics referred to as machine 
learning (Yackulic et al., 2013), is a general-purpose method for making predictions or 
inferences from incomplete information (Phillips et al., 2006). Although the Maxent 
model can be applied using presence/absence data, it is well known to produce much 
higher confidence in the presence-only model (Yackulic et al., 2013). Thus, the data 
describing damage caused by wild boars can be applied in Maxent to precisely predict 
the probability of damage caused by wild boars. Therefore, this study initiated a new 
approach to investigate the farmland damage caused by wild boars using field-survey 
data. In this study, farmland damaged by wild boars were applied as presence-only data 
in a maximum entropy model (Maxent) to estimate the spatial patterns and sensitivity of 
wild boars in farmland. The results presented herein will be useful to managing the wild 
boar population on the Korean peninsula and provide ideas to facilitate co-existence of 
wild boars and humans. 

Materials and methods 

Study species (wild boar) and data sources 

The wild boar is a large mammal that has one of the broadest geographic 
distributions, and can occupy a wide range of environments, including semi-deserts, 
wetlands, high mountain environments, and forests. Although the wild boar is a 
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generalist omnivore that can feed on a wide variety of foods for which the availability in 
space and time is not constant (Herrero et al., 2006), this study focused on farmlands 
that were near forests and sensitive to damage caused by wild boars. 

Data describing damage caused to farmland by wild boars was collected in 
Gyeongnam Province (area = 10,537.32 km2), which is located in southeastern South 
Korea. The damage data has higher confidence because it was recorded in the register 
after inspection of individual fields for damage caused by wild boars. A total of 2,286 
cases in 2012 and 1,568 in 2013 were recorded in the register within Gyeongnam 
Province. The spatial location was digitalized into the spatial point (shape file), and 
used as presence only data for the response variable in this study (Fig. 1). The results of 
inspections revealed rice paddy fields were most preferred by wild boars (993 in 2012; 
710 in 2013), followed by dry fields (721 in 2012; 501 in 2013). 

 

 
Figure 1. Distribution of farmland damaged by wild boars 

 
 

Environmental variables for explaining the farmland damage by wild boars 

Nine independent variables for explaining farmland damage caused by wild boars 
were selected based on topographical and environmental conditions around accessibility 
to land uses by a wild boar (Table 1). 

Topographical factors could be major indicators to explain wildlife habitat (Guisan 
and Zimmermann, 2000) because there can be environmental variability and strong 
local gradients of insulation depending on topography such as elevation and surface 
orientation (slope, aspect and hillshade) (Fu and Rich, 2002; Kim et al., 1998; Seo et al., 
2000; Polfus et al., 2011). Elevation, slope and aspect have commonly been used for 
modeling species distribution because different levels of solar energy could be radiated 
according to these topographic conditions, resulting in generation of different habitat 
conditions. In this study, environmental variables related to topographic factors 
(elevation, slope, aspect and hillshade) were obtained from a digital topographic map 
drawn on a scale of 1 to 5,000 (NGII, National Geographic Information Institute, 
Suwon, South Korea). 

In general, forests are recognized as resources consisting of a variety of ecological 
benefits including production of food and cover (McCollin, 1998), and habitat 
components (Olson et al., 2004). Wild boars, which are known to have home ranges of 
1.1 to 3.9 km2 (Boitani et al., 1994), are known to rest in forested habitats during 



Lee et al.: Maximum entropy modeling of farmland damage caused by the wild boar (Sus scrofa) 
- 1104 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1101-1117. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_11011117 
 2018, ALÖKI Kft., Budapest, Hungary 

daytime, while they forage for food in farmlands at night, which is when they cause 
damage (Schley et al., 2008; Lee and Lee, 2014). 

 
Table 1. Estimates of parameters applied in the model 

Section Acronym Parameter Type Source References 

Topography 

Elevation Elevation Continuous DEM 
Kim et al.(1998); Seo et 

al.(2000) 

Slope Slope Continuous DEM 
Kim et al.(1998); Seo et 
al.(2000); Fu and Rich 

(2002) 

Aspect Aspect Continuous DEM 
Kim et al.(1998); Seo et 
al.(2000); ); Fu and Rich 

(2002) 

Hillshade Hill shade Continuous DEM 
Kim et al.(1998); Seo et 
al.(2000); Fu and Rich 

(2002); Polfus et al., 2011 

Accessibility 

D_stream 
Distance to 

stream 
Continuous 

Land cover 
map 

Kim et al.(2012); Song 
and Kim (2012) 

D_forest 
Distance to 

forest 
(outside) 

Continuous Forest map 
Kim et al.(1998); Seo et 

al.(2000); McCollin 
(1998) 

D_paddy 
Distance to 

paddy 
Continuous Forest map 

Kim et al.(1998); Seo et 
al.(2000) 

D_field 
Distance to 

field 
Continuous 

Land cover 
map 

Kim et al.(2012); Song 
and Kim (2012) 

D_road 
Distance to 

roads 
Continuous 

Topographic 
map 

Kim et al.(2012); Song 
and Kim (2012) 

 
 
Therefore, the spatial proximity from natural resources could be a criterion to 

measure the maximum range from which wild boars try to obtain food on farmlands, 
and one of the references to inspect which areas would be sensitive to damage caused 
by wild boars (Kim et al., 2012; Song and Kim, 2012). The spatial proximity from 
artificial land uses (e.g., roads, buildings and other pavements) has frequently been 
referred to estimate the sensitivity of wild boar’s responses to artificial impacts such as 
noise (Kim et al., 2012; Song and Kim, 2012). This study adopted the distance from 
roads as an explanatory variable for the model. The road data, which included all roads 
except for highways and unpaved roads under 3 m in width, were extracted from the 
digital topographic map drawn on a scale of 1 to 5,000 (NGII). 

Prior to model building we assessed the strength of Pearson’s correlation coefficients 
between pairs of variables: if variables were highly correlated (r > 0.7) then one of the 
variables was removed from the set (referring to Gormley et al., 2011). A final set of 
nine candidate variables remained for model building. 
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Model building and evaluation in Maxent 

The damage information, which was registered in city halls, was gathered in 2012 
and 2013. This information was used as presence-only data in the Maxent model, which 
is a machine learning approach based on maximum entropy (Phillips et al., 2006). 
Maxent has been known to perform as well as, or better than, other methods for 
modeling presence-only data (Elith et al., 2006). In the present study, Maxent used the 
presence-only data to randomly select 10,000 points (‘pseudo-absence’), which were 
combined with topographical and environmental covariates to construct an index of 
habitat suitability based on a 30-m spatial pixel ranging from 0 (least suitable habitat) to 
1 (most suitable habitat). The Maxent model was also run 100 times with 0.01 in the 
convergence threshold, which was defined as the maximum percentage of pixels with 
cluster assignments that can go unchanged between iterations. Additionally, 25% of the 
presence data were withheld to be used as training data to evaluate the model’s 
performance. 

Model performance was assessed by determining how well the model discriminates 
between unsuitable and suitable areas over a range of thresholds (Fielding and Bell, 
1997). A receiver operating characteristic (ROC) curve, which compares the model 
sensitivity (true positives) against 1-specificity (false positives) over the entire range of 
thresholds, was plotted to assess performance of the Maxent model. Because we only 
have occurrence data and no absence data, the “fractional predicted area” (the fraction 
of the total study area predicted present) was used instead of the more standard 
commission rate (fraction of absences predicted present) (Phillips et al., 2006). 
Additionally, the area under the ROC curve (AUC) was used to guarantee the 
probability that a randomly selected presence site will be ranked as more suitable than a 
randomly chosen pseudo-absence site for presence-only modeling (Gormley et al., 
2011). An AUC of 0.5 indicates that the model performs no better than random, 
whereas an AUC of 1 means a model with perfect discrimination and a model with an 
AUC > 0.7 is considered to provide a confident result in general (Swets, 1988). An 
additional measure of model performance is the regularized training gain (‘Gain’), 
which describes how much better the Maxent distribution fits the presence data 
compared to a uniform distribution (Gormley et al., 2011). 

Results 

Maxent model using data describing farmland damage by wild boar 

Three variables (distance to roads, hillshade and aspect) were consistently removed 
in both years because of the lower % contribution (<1%) in the preliminary Maxent 
modeling, and six biophysical factors were used as covariates to explain the presence of 
damage by wild boars. The AUC (0.834 for 2012; 0.867 for 2013; 0.816 for both) and 
gain (0.774 for 2012; 0.9757 for 2013; 0.6736 for both) values indicate that the Maxent 
models with six variables explain the farmland damage by wild boars well. The plots 
(Fig 3a, 3b) of false negative rate and fractional predicted area (FPA) show little 
overlap which is meaning the usefulness of the Maxent models in this study. Table 2 
shows that the variables d_forest and d_field made a relatively higher percent 
contribution to the Maxent model and three variables (d_forest, d_field and d_paddy) 
made an approximately 90% relative contribution to the Maxent model. These three 
variables were also shown to contain a substantial amount of information that was not 
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contained in the other variables. Conversely, three other variables (slope, elevation and 
d_stream) achieved relatively lower percent contribution (<4%) to the model for both 
years (Fig. 3), and achieved little gain when used alone. The results obtained when 
omitting each variable while including all others showed that no one variable contained 
a substantial amount of information that was not contained in the other variables. 
Therefore, the probability of presence increased with increasing d_forest, d_field and 
d_paddy. 

 

 

a 

 

b 

Figure 2. Performance of the Maxent model of farmland damage caused by wild boars in 

Gyeongnam Province. (a) False negative error rate (solid line) and FPA (dashed line) based on 

all threshold values in 2012. (b) False negative error rate (solid line) and FPA (dashed line) 

based on all threshold values in 2013 
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Partial response curves in the Maxent model 

Six pairs of partial response curves for 2012, 2013 and both years showed very 
consistent curvatures for the damage probability by wild boars depending on changes of 
each factor (Figs. 4, 5, 6). The variable d_forest was explaining that there was a higher 
probability for the damage area to be located close to forest boundaries. Most areas with 
higher damage probability were found within 500 m of the forest boundaries, whereas 
the probability was much lower close to zero at the outside area exceeding the 500 m 
distance from forest boundaries. The damage probability was also found to be 
dependent on elevation with the inverse correlation. Specifically, the damage 
probability decreased as the elevation increased, and finally there was little probability 
as it exceeded 800 m in elevation. The inclination of the farmland damage on elevation 
is not completely irrelevant to the distribution of farmlands per elevation in South 
Korea. The damage probability did not seem to be dependent on the distance to water 
resources. The probability was almost higher than 0.5 in general (Figs. 4d, 5d, 6d), 
although there were slight biases in the probability. The areas damaged by wild boars 
were located much closer to agricultural areas, including paddies (Fig. 4e, 5e, 6e) and 
fields (Figs. 4f, 5f, 6f). There was also higher probability of damage by wild boars in the 
areas distributed within 500 m of other agricultural areas. 

 

 

 

 

Figure 3. Jackknife regularized training gain, with only that variable and without variable from 

a model 
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a) distance from forest patches b) elevation 

  
c) slope d) distance from stream 

  
e) distance from paddy f) distance from fields 

Figure 4. Partial response curve for 2012 

 
 

  
a) distance from forest patches b) elevation 
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c) slope d) distance from stream 

  
e) distance from paddy f) distance from fields 

Figure 5. Partial response curve for 2013 

 
 

Predicting farmland damage by wild boars using the Maxent model 

There was a strong positive correlation (r = 0.9814) between predictions for 2012 and 
2013 (Fig. 7a, b). Specifically, cells with a higher damage probability index in 2012 had 
higher damage probabilities in 2013. In both years, prediction maps consistently indicated 
that areas with the highest probability of damage by wild boars were located close to 
forest boundaries. Although there were several large plains of relatively higher damage 
probability around the Nam and Nakdong rivers (e.g., Changyeong, Haman and Jinju), 
farmlands of higher damage potential seemed to be evenly distributed across the province. 
Furthermore, the probability of damage by wild boar was higher in areas near forest 
boundaries within some islands (e.g., the Geoje and Namhae islands) (Figs. 7a, b, c). 

There was also a regional increase in damage probability between 2012 and 2013, 
especially for northwestern (e.g., Geochang, Hapcheon and Hamyang) and western 
(e.g., Hadong and Sancheong) areas with mountainous topography (Fig. 7d). 
Specifically, these areas had relatively higher damage probabilities in 2012 than 2013. 
Moreover, Geochang (180.22 km2), Hamyang (128.94 km2) and Hapcheon 
(117.51 km2) showed higher damage probability in 2012 than in 2013 (Table 3). Eastern 
mountainous areas (e.g., eastern Miryang) and some areas in north and south Geoje also 
showed much higher probability in 2012 than in 2013. None of the other areas was 
showing that there was a considerably large area getting a probability biased in each 
year. As shown in Table 2, the area of damage probability in 2012 was higher than in 
2013 (1301.49 km2; 12.35%), while the area of damage probability in 2013 was higher 
than in 2012 (827.25 km2; 7.85%). 
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a) distance from forest patches b) elevation 

 
c) slope d) distance from stream 

 
e) distance from paddy f) distance from field 

Figure 6. Partial response curve for both years 

 
 
Table 2. Relative contribution of variables to the Maxent model of farmland damage caused 

by wild boars in Gyeongnam, South Korea 

Variable 2012 2013 Both 2012 and 2013 

d_forest 35.8 43.0 40.4 

d_field 38.7 33.9 37.9 

d_paddy 18.7 13.4 16.5 

elevation 1.3 4.0 1.6 

d_stream 2.9 3.8 1.6 

slope 2.6 2.0 2.0 
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Discussion 

Maxent model and its accuracy using the presence-only data 

We used the presence-only data describing farmland damage by wild boars in 2012 
and 2013 to estimate the damage probability; therefore, most common areas were 
predicted to have similar damage probability in both years. We first used the correlation 
coefficient and % contribution to obtain the covariates that best explained the Maxent 
model so that six variables were finally selected for the model in both years after three 
variables were consistently removed. Three AUCs over 0.8 indicated that the Maxent 
models applied to estimate the damage probability had high accuracy, and the prediction 
maps derived from the models commonly showed the probability of damage by wild 
boars across the province. Based on the contribution to the model, three variables 
(d_forest, d_field and d_paddy) made higher contributions, while the other three 
variables made relatively lower contributions (Table 2). These findings indicate that the 
farmland damage caused by wild boars was mostly related to the distance from their 
habitats (i.e., forest) and land uses (i.e., rice paddy and field) rather than topographical 
factors such as elevation and slope. Two other variables (d_paddy and d_field) did not 
make a higher contribution than the variable d_forest; however, these two variables had 
relatively lower regularized gain without each variable based on the Jackknife test (Fig. 

3), indicating there might be a higher loss of information estimated without each 
variable than others in the model. Water resources, one of major habitat components 
influencing wildlife, were not found to be a primary factor influencing farmland damage 
caused by wild boars (Table 2; Fig. 3). 

 
Characteristics of farmland damage caused by wild boars through partial response 

curves 

There are several reasons for frequent farmland damage caused by wild boars near 
forest boundaries. Fundamentally, the higher density of dominant plant species within 
the interior forest could suppress the growth of understory vegetation by intercepting 
direct sunlight. This oligotrophic condition under the crown of the dominant species 
within the interior forest can cause a deficit of food resources for wild boars so that they 
are obliged to leave the interior to find new food resources. In addition, forest patches in 
South Korea have been suffering from severe deforestation during the last few decades 
(Kwon et al., 2016). Especially, forest edge and ecotone forest have been intensively 
deforested and transformed into other anthropogenic land uses such as residential areas 
and farmland. Ecotones, which were first mentioned by Clements (1904) are defined as 
zonations in a habitat that obviously separates two different series of zones (Myster, 
2012). Shifts in forest-grassland ecotones and their transformation imply a change of 
biodiversity, as well as primary and secondary productivity in there (Smith et al., 1997). 
Subsequent to damage to the forest edge observed in this study, wild boars lost their 
food and cover resources within forests. As a result, they tried to find other food 
resources outside the forests (Figs. 4a, 5a, 6a) including rice (Figs. 4e, 5e, 6e) and other 
crops (Figs. 4f, 5f, 6f). These findings are in accordance with the finding that wild boar 
most preferred rice paddies, followed by dry fields. Rapid increases in the wild boar 
population led to a new conflict factor between residents and wild boars in South Korea. 
This phenomenon was caused by the loss of top predators as mentioned by Kim et al. 
(2011). 
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Damage prediction and its bias in 2012 and 2013 

The farmland damage caused by wild boars was spread across the province. The 
damage was found to be most frequently within Tongyeong (302 cases in 2012, 273 
cases in 2013), Geoje (238 cases in 2012, 90 cases in 2013), Namhae (204 cases in 
2012, 168 cases in 2013) and Hapcheon (179 cases in 2012, 171 cases in 2013). Several 
factors were analyzed to determine the reason for the biased frequency of farmland 
damage among cities in the province (Table 3). The different ratios in the size of forest 
and agricultural area per city did not influence the bias of frequency of farmland 
damage caused by wild boars. The three cities most influenced by damage (Tongyeong, 
Geoje, and Namhae) were islands; however, there was no evidence to differentiate the 
higher damage frequency in these islands from the relatively lower frequency in other 
cities. Only what we have paid attention to is that the ratio of coniferous trees to others 
was so higher in these islands (Table 4). Coniferous trees such as Pinus thunbergii have 
long occupied seaside areas including these three islands because of their endurance 
against salt stress. The allelopathic effects of pine trees tend to exclude other species 
from their community (Table 4). This mechanism could strengthen the oligotrophic 
condition in interior forests in these islands, which could drive wild boars to find 
alternative food resources outside a forest. Moreover, a considerable area in the four 
cities mentioned above have been established as a national park in South Korea, 
including three island cities protected as oceanic national parks and a mountainous 
national park of about 70 km2 that shares its area with Hapcheon. In the region outside 
the protection area, there have been regular hunting fields operated by each city hall for 
regulating the number of wild boars. The number of wild boars has been sporadically 
regulated by operating hunting fields in every year, therefore, there might be doubt that 
the protection area can afford to accommodate relatively higher density of wild boars 
than other outside area so that farmlands nearby the protection area seemed more 
sensitive to damage by wild boars than in other regions. 

 
Table 3. Data describing farmland damage caused by wild boars 

Cities 
Total area 

(TA) (km
2
) 

Forest 

area (FA) 

(km
2
) 

Farmland 

area 

(FLA) 

(km
2
) 

FA/TA FLA/TA FLA/FA 

Damage 

frequency 

in 2012 

Damage 

frequency 

in 2013 

Chanwon 747 430 118 57.51% 15.76% 27.40% 103 68 

Jinju 713 418 141 58.61% 19.84% 33.86% 115 85 

Tongyeong 239 155 49 64.97% 20.46% 31.49% 302  273 

Sacheon 399 231 87 58.03% 21.72% 37.43% 116  90 

Gimhae 463 237 99 51.09% 21.26% 41.62% 14  7 

Miryang 799 519 165 64.93% 20.70% 31.88% 112 19 

Geoje 402 283 66 70.48% 16.36% 23.22% 238 90 

Yangsan 485 362 46 74.63% 9.51% 12.74% 59 2 

Uiryeong 483 331 90 68.57% 18.69% 27.26% 136 133 

Haman 417 212 118 50.86% 28.38% 55.80% 99 61 
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Changyeong 533 285 147 53.55% 27.56% 51.48% 132 64 

Goseong 518 339 111 65.46% 21.43% 32.74% 145 135 

Namhae 358 240 78 67.08% 21.91% 32.67% 204 168 

Hadong 676 489 112 72.32% 16.52% 22.84% 86 130 

Sancheong 795 618 97 77.81% 12.18% 15.65% 135 2 

Hamyang 725 562 101 77.42% 13.86% 17.91% 83 54 

Geochang 803 609 120 75.86% 14.96% 19.72% 28 16 

Hapcheon 984 710 150 72.22% 15.25% 21.11% 179 171 

 
 
Table 4. Dominant plant species and area per city 

Cities Total Conifer (%) Broad leaf (ha) Mixed (ha) Others (ha) 

Changwon 42,968.99 15,383.95 (36) 5,341.88 22,232.95 10.22 

Jinju 41,785.79 18,130.36 (43) 5,013.23 18,458.49 183.71 

Tongyeong 15,542.25 11,182.00 (72) 437.46 3,922.79 - 

Sacheon 23,130.13 10,548.60 (46) 2,498.19 9,918.65 164.69 

Gimhae 23,675.28 8,512.61 (36) 3,953.39 11,168.23 41.06 

Myrang 51,853.49 24,451.74 (47) 14,203.96 13,138.48 59.31 

Geoje 28,335.29 12,566.58 (44) 4,957.47 10,701.35 109.90 

Yangsan 36,223.15 7,450.41 (21) 19,022.67 9,691.97 58.10 

Uiryeong 33,110.40 17,003.56 (51) 3,476.97 12,526.98 102.89 

Haman 21,189.52 11,609.69 (55) 1,365.15 8,188.89 25.79 

Changyeong 28,529.70 20,435.58 (72) 1,163.21 6,929.92 0.99 

Goseong 33,888.65 20,314.60 (60) 3,054.70 10,459.09 60.26 

Namhae 23,984.83 15,017.27 (63) 1,751.34 7,210.92 5.30 

Hadong 48,851.59 18,161.36 (37) 15,318.61 14,717.24 654.37 

Sancheog 61,844.62 29,131.06 (47) 23,179.32 9,195.35 338.90 

Hamyang 56,165.10 30,794.38 (55) 17,428.49 7,917.56 24.67 

Geochang 60,928.35 25,042.58 (41) 9,073.14 26,810.63 2.00 

Hapcheon 71,028.71 29,443.23 (41) 8,585.18 32,815.41 184.89 

 
 
The reason for the regional bias between 2012 and 2013 may have been a difference in 

the number of acorns dropped in the autumn between the two years. According to field 
sampling conducted during the last several years (from 2010 to 2015), there has been 
biased acorn fall between odd and even years, with odd years showing relatively low 
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acorn fall in autumn, while there was large acorn fall in the even years that might have 
provided sufficient food to support wild boars through the upcoming winter, spring and 
summer. Indeed, the large acorn fall in the autumn of 2012 might have allowed the wild 
boars to survive in the forest through the warmer seasons in 2013, which could have led 
to a lower frequency of farmland damage caused by the wild boar in 2013 (Fig. 7). 

 

  

a b 

  
c d 

Figure 7. Predictions of farmland damage by wild boar using the Maxent model. (a) Prediction 

map for 2012. (b) Prediction map for 2013. (c) Prediction map for both years. (d) Difference in 

damage probability between 2012 and 2013 (M: mean, σ: Stdev.). The map was the prediction 
map in 2013 subtracted from the one in 2012 

Conclusion 

Sudden increase of wild boar population and the side effect on ecosystems and 
farmlands have emerged as a big concern in the South Korean society. Based on the 
Maxent modeling with AUC over 0.8, farmlands nearby forest boundaries were known 
to have the higher sensitivity to the farmland damage by wild boars rather than other 
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farms. It was assumed that indiscreet and unilateral development of forest edge areas, 
which has done during the last several decades, was responsible for abrupt and 
nationwide occurrence of farmland damages by wild boars over recent years. 

According to the statistics and modelings on the farmland damage by wild boars, 
farmlands with root crops (i.e., potato and sweet potato) and rice close to forest 
boundaries were verified as the top priority targets to wild boars. This means that wild 
boars have not been recognizing the reduction of their habitat and/or the loss of 
common land between people and them in their forest territory. Ignorance of wild boars 
on the human occupation in farmlands would be finally sustainable cause of conflict 
between farmers and wild boars. 

Recommendations 

Modeling the damage sensitivity by wild boars nearby forest patches would be a 
good reference to understand wild life animals which have been making intensive 
interactions with people. As a large area of natural resource has been modified and/or 
changed into anthropocentric land uses, the conflict between people and wild life 
would much frequently happen from now on. Therefore, modeling and estimating 
process for understanding the behavior of wild life animals would be a mandatory 
progress, and it is the time to get the further study on the coexistence with wild life 
animals in natural resources. 
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Abstract. Root architectural traits refer to a spatial configuration of the root system providing a critical 
role in soil resource acquisition. In past decades, several lines of evidence have shown that maize 
possesses large phenotypic variations, including root architecture closely relating to physiological utility. 
Thailand has developed a unique maize germplasm over the years; however, root traits have often been 
neglected and have yet to be explored. In this present study, we examined natural variation of root 
architectural traits of twenty-eight inbred and hybrid lines at the seedling stage using a well-established 
roll-up culture system. We found that variation in root traits ranged from 4.22-fold in primary roots to 
13.14-fold in seminal root length, while shoot mass presented the highest phenotypic variation among 
traits (23.42-fold). Most root architectural traits of maize hybrid lines were significantly higher than the 
inbred lines, particularly, seminal root length, which was 34.30% greater than that of inbred lines. In 
addition, we found that root traits, like other agronomic traits, express heterosis. Our findings suggest 
ample opportunity for incorporating root traits in maize breeding program in Thailand. 

Keywords: maize, hybrid, breeding, seminal roots, roll-up 

Introduction 

Maize (Zea mays L.) is the world’s most widely grown crop and is used as a staple 
food source, especially in Latin America and Africa. It has been estimated that within a 
decade, the global demand for maize will surpass other cereal crops (Ranum et al., 
2014; Reynolds et al., 2015). This poses a challenge to maize breeders and farmers who 
must increase maize production. While developing nations are struggling with limited 
resources and inadequate accessibility to technologies, rich nations have applied 
excessive amount of fertilizers leading to substantial pollution of air and water 
resources (Tilman et al., 2002). In Thailand, maize is one of five prominent crops grown 
in the highlands. The Thai government has long supported the expansion of maize 
farming areas and the improvement of varieties to withstand various environmental 
conditions (Ekasingh et al., 2014). The 3 most popular hybrid maize varieties cultured 
in Thailand are Nakhon Sawan 3, NSX 052014 and NSX 111044 (Butthong et al., 
2014). These genotypes produce high yields and are able to tolerate drought conditions 
(Butthong et al., 2014). Nevertheless, Thai maize production was reduced by 17.69% in 
the past decade (Pipitkul et al., 2015). The reductions in maize yield is primarily 
attributed to drought (Pipitkul et al., 2015). Not only is the increase in maize production 
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necessary, but it will require substantial changes in agronomic practices and methods 
for crop improvement. 

Plant root system plays important role in plant growth, resource allocation, and 
acquisition of water and nutrients from soil. Therefore, improving plant roots could lead 
to increased crop productivity (Lynch, 2007). The maize root system consists of two 
components: the embryonic and post embryonic root system. The embryonic root 
system is formed during embryogenesis and it is composed of a primary root and a 
variable number of seminal roots. The postembryonic root system is formed during 
postembryonic development and it is composed of shoot borne roots and lateral roots 
that originate in the pericycle of other root types. Shoot borne roots formed below the 
soil level are referred to as crown roots, while those formed aboveground are designated 
as brace roots (Bennetzen et al., 2009). Identification of relevant root traits is essential 
for plant breeders in crop improvement programs. The goals of root breeding are to help 
soil exploration and effective use of water and nutrients, while also maintaining growth 
and crop productivity. Lynch (2013) proposed an ideotype of maize root systems for 
higher acquisition of water and nitrogen called “Steep, Cheap, and Deep”. A primary 
root with a large diameter and few long lateral roots was proposed as ideal 
characteristics for deeper rooting and greater access to water and nitrate residing deep in 
the soil strata under drought and low nitrogen conditions (Lynch, 2013). Crown root 
system with a low amount of crown root and few long lateral roots is suggested as the 
primary trait for enhancing water acquisition. Moreover, seminal roots with shallow 
root angles, a small diameter, high lateral root density and long root hairs are suitable 
for phosphorus and potassium uptake, while long and low lateral root density are 
optimal for nitrogen and water acquisition (Postma et al., 2014). Anatomical traits also 
play important roles in improving water and nitrogen use efficiency in maize. Root 
cortical aerenchyma (RCA), tissues with large intercellular spaces, reduces root 
respiration and allows deeper rooting in the subsoil (Zhu et al., 2010). Several studies 
confirmed that high RCA maize varieties are able to tolerate and improve their growth 
under stressful conditions such as low nitrogen soil and drought (Zhu et al., 2010; 
Saengwilai et al., 2014a). 

For crop selection and plant breeding purposes, the evaluation of root traits of a large 
number of mature plants in the field may not always be practical. Since seedlings with 
beneficial root traits could subsequently develop a more vigorous root system, resulting 
in more biomass and yield (Bocev, 1963), researchers are turning toward identification 
of root characteristics in plant seedlings that are associated with adaptation of mature 
plants in the field. For examples, Thomas et al. (2016) demonstrated that Brassica 

napus with long primary root length identified in 2-week-old seedlings in a pouch 
system was correlated with shoot mass (r = 0.49, p < 0.001) and yield (r = 0.50, 
p < 0.01) of plants in the field (Thomas et al., 2016). In maize, Tuberosa et al. (2002) 
showed that there were significant negative correlations between seminal root weight 
and primary root diameter of 21-day-old seedlings grown in hydroponics and grain 
yield in mature plants in the field under drought conditions (Tuberosa et al., 2002). In 
addition, root traits measured at the seedling stage such as primary root length, number 
of crown roots, number of seminal roots, number of lateral roots, fresh root weight, and 
dry root weight were shown to have high heritability under normal and drought 
conditions and thus seedling root traits can be improved through selection and breeding 
(Qayyum et al., 2012). 
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Maize breeders often develop hybrids to benefit from heterosis, which is defined as 
the superior performance of an F1 hybrid compared with the performance of the inbred 
parents (Hoecker et al., 2006; Bennetzen et al., 2009). The phenomenon of heterosis in 
maize has been well described not only for shoot traits and yield, but also for root traits 
including primary root length, primary root width, lateral root density and longitudinal 
size of cortical cell (Hoecker et al., 2006). For example, F1 hybrids developed from a 
cross between UH250xUH301 had 110% greater lateral root density compared to their 
parents at 5 days after germination (DAG) while seminal root number of hybrids were 
55.56% greater than the parents at 14 DAG (Hoecker et al., 2006). To benefit from 
heterosis, breeders combine the heterotic groups while inbred lines are kept and selected 
separately within these groups. In Thailand, there is a lack of knowledge on root traits 
of inbred and hybrid maize lines currently used in the breeding program, therefore, the 
information of phenotypic variation and heterosis of root traits are required for the 
development of breeding program targeting root traits. In this study, we aimed (1) to 
explore phenotypic variation of root architectural traits among twenty-eight Thai maize 
lines during seedling stage. We also (2) compared root architectural traits between Thai 
maize inbred and hybrid lines, and (3) investigated possible correlations among root 
architectural traits. 

Materials and methods 

Plant materials 

Twenty-eight Thai maize lines were used to perform the experiment. These lines 
consisted of 6 inbred lines from the National Research Centre of Millet and Corn 
(Suwan Farm), and 12 inbred and 10 hybrid lines from Nakhon Sawan Field Crops 
Research Center (NSFCRC). Among the hybrid lines, NS2 is derived from a cross 
between Tak Fa 1 and 2 while NS3 is from Tak Fa1 and 3 (Table 1). 

 
Roll-up paper culture system 

The roll-up paper culture system was prepared according to the protocol described by 
Zhu et al. (2006). Specifically, seeds were sterilized in 10% (v/v) NaOCl for 1 min 
followed by soaking with distilled water. The experiment was a randomized complete 
block design with four replicates. In each replicate, five seeds of uniform size for each 
maize line were selected and were wrapped in brown germination paper as a cigar roll. 
The roll-up papers were soaked vertically with 0.5 mM CaSO4 in beakers and placed in 
darkness at 28±1°C for 3 days (Saengwilai et al., 2014b). The seedlings were then 
grown under a photoperiod of 12/12 h with photosynthetically active radiation of 200 
µmol photo m-2s-1. Roots and shoots were evaluated at 7 days after germinating. 

 
Root trait measurement 

At harvest, two plants per line in each replication were selected and then shoots were 
separated from the roots. To evaluate root architectural traits including primary root 
length, seminal root number and seminal root length, the roots were scanned by using 
Epson Perfection V800 Photo Color Scanner (Epson America, Inc. Company). The root 
images were analyzed by ImageJ program (Schindelin et al., 2013). Lateral root 
numbers were counted using ImageJ program, while lateral root density was determined 
by calculating lateral root number per 1 centimetre of primary root length. Moreover, 
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both shoots and roots from each line were dried at 60 °C for 48 h and then weighed by 
microbalance. 

 
Statistical analysis 

Statistical analyses were performed using package R, version 3.4.1 (R Core Team, 
2017). One and Two-way ANOVA was used to evaluate phenotypic differences within 
the inbred and hybrid lines and between these two groups for all traits. Tukey’s Honest 
Significant Difference (HSD) test (α = 0.05) was used for multiple comparison tests. A 
correlation analysis was performed on corresponding traits using the mean values of the 
traits. A principal component analysis (PCA) was performed within each group. The 
first two components were characterized based on variable eigenvalues and on vector 
clustering within plots of components 1 and 2. 

Results 

Phenotypic variation of Thai maize root traits in seedling stage 

Twenty-eight Thai maize lines were planted in a roll-up system to investigate root 
architectural traits during the seedling stage (Fig. 1). Maize lines were grouped based on 
individual descent, composing of 18 inbred and 10 hybrid lines. The range of all of the 
values was examined to determine the variation of each root architectural trait. 
Significant variations of root architectural traits are presented in Table 1. Among root 
traits, primary root length had the lowest range of variation, while seminal root length 
had the greatest variation. However, when comparing ranges among all traits, shoot 
mass had the highest phenotypic variation of 23.42-fold difference. 

 

PR

SR

LR

1 cm

 
Figure 1. Root system of a 7-day-old maize seedling showing a primary root (PR), seminal 

roots (SR), and lateral roots (LR) 

 
 

SW14D-C5 1039-60 Ki60 appeared to have higher overall values of root architectural 
traits such as total seminal root number and lateral root density among inbred lines 
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(Table 1). This line also had the greatest shoot mass and dry mass compared to other 
inbred lines. Among hybrid lines, NSX 102005 had the highest primary root length 
(21.74 ± 0.62 cm), while NSX 042022 had the highest total seminal root number (5.38 ± 
0.18), lateral root density (5.92 ± 0.58 roots/1 cm of primary root) and shoot mass 
(0.077 ± 0.040 g). Comparing root traits of NS3 with its parents Tak Fa 1 and Tak Fa 3, 
we found that most of root architectural traits express heterosis except root mass which 
was not significant among the lines (Table 1). 
 

Table 1. Phenotypic variation of Thai maize root traits in seedling stage. Root traits 

including PRL; Primary root length (cm), TSN; Total seminal root number (roots), SRL; 

Seminal root length (cm) and LRD; Lateral root density (roots per 1 cm of primary root) 
were quantified. SM; Shoot mass (g) and Root mass (g) were also investigated 

Lines 
Root traits 

Type 
PRL TSN SRL LRD RM SM 

SW14D-C5 1039-3 Ki3 16.96 ±0.89 3.13 ±0.40 8.90 ±0.39 1.71 ±0.26 0.15 ±12.07 0.026 ±0.002 Inbred 

SW14D-C5 1039-11 Ki11 12.80 ±1.17 3.38 ±0.46 8.89 ±0.84 3.25 ±0.38 0.15 ±12.34 0.032 ±0.003 Inbred 

SW14D-C5 1039-21 Ki21 17.66 ±0.89 3.50 ±0.19 15.05 ±0.96 4.13 ±0.89 0.23 ±9.13 0.031 ±0.002 Inbred 

SW14D-C5 1039-48 Ki48 20.26 ±0.70 4.88 ±0.23 14.89 ±0.59 3.25 ±0.33 0.16 ±11.38 0.030 ±0.002 Inbred 

SW15D-B5 1006-20 Ki53 17.59 ±0.70 3.38 ±0.32 8.82 ±0.67 4.67 ±0.58 0.24 ±9.05 0.026 ±0.001 Inbred 

SW14D-C5 1039-60 Ki60 17.75 ±1.40 5.13 ±0.35 13.95 ±0.87 6.08 ±0.29 0.25 ±8.76 0.037 ±0.002 Inbred 

Nei 452006 17.21 ±1.00 4.25 ±0.25 10.71 ±0.86 5.29 ±0.39 0.15 ±12.00 0.030 ±0.001 Inbred 

Nei 452007-1 15.91 ±0.85 3.75 ±0.37 11.73 ±0.83 4.58 ±0.80 0.13 ±13.48 0.025 ±0.002 Inbred 

Nei 452009 15.04 ±0.72 3.63 ±0.32 9.29 ±0.79 3.21 ±0.42 0.14 ±9.60 0.035 ±0.003 Inbred 

Nei 462013 15.14 ±1.44 3.88 ±0.30 9.59 ±1.28 0.79 ±0.21 0.18 ±10.76 0.026 ±0.001 Inbred 

Nei 532005 16.78 ±1.35 3.00 ±0.33 7.51 ±0.51 2.92 ±0.61 0.17 ±10.93 0.025 ±0.002 Inbred 

Nei 542011 16.35 ±0.85 1.88 ±0.35 8.18 ±1.62 3.79 ±0.19 0.17 ±11.29 0.024 ±0.002 Inbred 

Nei 542014 15.15 ±0.30 3.00 ±0 11.93 ±0.86 4.17 ±0.57 0.14 ±12.55 0.027 ±0.001 Inbred 

Nei 542017 15.14 ±1.25 3.38 ±0.32 13.56 ±0.55 6.08 ±0.30 0.14 ±12.72 0.025 ±0.001 Inbred 

Nei 542019 15.87 ±1.50 3.13 ±0.23 13.86 ±0.89 3.92 ±0.68 0.13 ±13.15 0.023 ±0.001 Inbred 

Tak Fa 1 17.52 ±0.85 4.00 ±0.27 12.33 ±0.87 5.33 ±0.41 0.15 ±12.28 0.031 ±0.002 Inbred 

Tak Fa 2 14.41 ±0.89 1.25 ±0.53 5.66 ±1.50 3.29 ±0.65 0.14 ±12.80 0.019 ±0.003 Inbred 

Tak Fa 3 13.78 ±1.49 4.63 ±0.32 9.76 ±1.24 2.58 ±0.43 0.15 ±11.98 0.034 ±0.002 Inbred 

NSX 042007 21.11 ±0.50 5.00 ±0.46 16.76 ±0.85 4.63 ±0.30 0.14 ±12.84 0.036 ±0.002 Hybrid 

NSX 042022 20.48 ±0.51 5.38 ±0.18 15.96 ±0.71 5.92 ±0.58 0.13 ±13.07 0.077 ±0.040 Hybrid 

NSX 052014 21.22 ±0.77 5.38 ±0.26 18.33 ±0.93 3.38 ±0.15 0.21 ±9.78 0.046 ±0.002 Hybrid 

NSX 102005 21.74 ±0.62 4.75 ±0.41 17.51 ±1.2 5.92 ±0.25 0.16 ±11.71 0.041 ±0.004 Hybrid 

NSX 112011 13.78 ±0.47 4.71 ±0.89 11.97 ±0.82 2.13 ±0.43 0.17 ±8.50 0.027 ±0 Hybrid 

NSK 112014 21.29 ±0.34 5.13 ±0.23 17.40 ±0.84 4.83 ±0.60 0.19 ±10.4 0.050 ±0.002 Hybrid 

NSX 112017 20.84 ±0.58 4.50 ±0.19 17.49 ±1.00 5.92 ±0.42 0.14 ±12.83 0.032 ±0.002 Hybrid 

NSX 112019 21.69 ±0.39 4.75 ±0.25 20.54 ±0.45 4.83 ±0.36 0.11 ±14.78 0.037 ±0.001 Hybrid 

NS 2 21.25 ±0.75 4.00 ±0.45 9.99 ±3.79 3.83 ±1.50 0.18 ±8.08 0.022 ±0.014 Hybrid 

NS 3 22.29 ±0.67 5.25 ±0.37 18.03 ±1.22 5.50 ±0.39 0.14 ±12.64 0.050 ±0.001 Hybrid 

Mean 17.71 4 12.93 4.2 0.16 0.03 
 

Standard error 0.25 0.092 0.315 0.124 0.002 0.001 
 

Range 4.22 9 13.14 9 3.65 23.42 
 

F-value of variability 9.198*** 8.793*** 13.170*** 8.256*** 6.319*** 2.100** 
 

Degree of freedom 27 27 27 27 27 27 
 

Mean square 63.42 8.641 116.49 15.04 0.005 0.001 
 

***, **, * indicated significant level at p < 0.001, p < 0.01, p < 0.05. All traits varied significantly within each 
population 
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Comparing root and shoot traits between maize inbred and hybrid lines 

We found that root traits of hybrid lines are significantly different from those of 
inbred lines (Fig. 2). Primary root length of hybrid lines was 22.18% greater than that of 
inbred lines. This trend remained consistent with seminal root traits, lateral root traits 
and shoot mass. Hybrid lines had greater seminal root length and seminal root number 
by 34.30% and 28.56% respectively compared to inbred lines. Lateral root density of 
maize hybrid lines was 21.20% higher when compared with inbred lines. In addition, 
shoot mass of hybrid lines was greater than inbred lines by 33.65%. Interestingly, an 
average root mass of hybrid lines was not significantly different from inbred varieties. 

 

 

Figure 2. Phenotypic variation of Thai maize root traits in seedling stage comparing between 

inbred and hybrid lines using Tukey’s HSD. Root traits including PRL; Primary root length, 

TSN; Total seminal root number, SRL; Seminal root length and LRD; Lateral root density were 

quantified. SM; Shoot mass and Root mass were also investigated. The data shown are means of 

four replicates ± SE. Different letters represent significant differences (P < 0.05). All traits 

varied significantly within each group 

 
 

Correlations among root traits and principal component analysis 

We further investigated correlations among traits. We found that primary root length 
was highly correlated with seminal and lateral root traits. As shown in Table 2, primary 
root length correlated with seminal root length (r2 = 0.74). Additionally, primary root 
length had a significant positive correlation with shoot mass (r2 = 0.52). Within the 
seminal root class, seminal root length correlated with total seminal root number 
(r2 = 0.47) and lateral root density on seminal roots (r2 = 0.42). Interestingly, seminal 
root length highly correlated with shoot mass (r2 = 0.58). 

Principal component analysis (PCA) of root architectural traits and root biomass 
were performed separately on Thai maize inbred and hybrid lines. For inbred lines, 
principal component 1 (PC1) and PC2 contributed 67.3% of the total variation in plant 
traits (Fig. 3A). While, the first two components of hybrid lines accounted for 74.7% of 
the total variation (Fig. 3B). Root architectural traits, such as primary root length, 
seminal root length, seminal root number, and lateral root density of inbred lines 
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strongly associated with PC1. Similarly, primary root length, seminal root length, and 
lateral root density of hybrid lines were also heavily involved in PC1 (Fig. 3B). Seminal 
root length appeared to be a major contributor to PC1 in both inbred and hybrid group. 
While, seminal root number was a major contributor to PC2 in hybrid lines, and root 
mass contributing heavily to PC2 among maize inbred lines. 

 
Table 2. Correlation of root and physiological traits of seedling among 28 Thai maize lines 

at 7 DAP in roll-up system. PRL; Primary root length, TSN; Total seminal root number, 

SRL; Seminal root length and LRD; Lateral root density, SM; Shoot mass and Root mass 

were also investigated 

TSN 0.43*** 
    

SRL 0.74*** 0.47*** 
   

LRD 0.39*** 0.22** 0.42*** 
  

SM 0.52*** 0.48*** 0.58*** 0.30** 
 

RM -0.074 -0.04 -0.13 -0.16* -0.019 

 
PRL TSN SRL LRD SM 

***, **, * indicated significant level at p < 0.001, p < 0.01, p < 0.05 as Spearman’s principle 
correlation. All traits varied significantly within each population 

 
 

 
Figure 3. Biplots of principal component 1 and 2 of root architectural traits and root biomass 

in Thai maize inbred (A) and hybrid lines (B). The x and y axes are components 1 and 2, 

respectively. Axis labels include the percentage of variation explained by each of these two 

components 

Discussion 

From the beginning of maize domestication shoot traits have been the main focus for 
crop improvement. The below-ground part, roots, have often been neglected or 
indirectly selected despite their importance for water and nutrient acquisition. During 
the past decades, several lines of evidence have shown that variation in root traits 
largely influences adaptation of maize in the field. (Hufford et al., 2012; York et al., 
2015). Therefore, root traits have increasingly become a target for maize improvement 
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worldwide. The results of the present study show that Thai maize lines exhibit a large 
natural variation of root traits relating to their abilities in water and nutrient uptake. 

Root system of plant seedlings play an important role in plant establishment and thus 
influence the likelihood of survival to reproduction (Tuberosa et al., 2009). The 
variation of root number, length, and branching of seedling roots have been shown to be 
associated with maize adaptation to edaphic stresses. In our study, we found that maize 
lines were significantly different in their root traits, particularly, seminal roots. The 
range of seminal root length found among hybrid Thai maize lines (9.9-20.5) fell within 
the same range as those from seventy-five B73×Gaspé Flint introgression library (8.8-
29.3) grown in the same roll up system (Salvi et al., 2016). Interestingly, Thai maize 
had greater range of seminal root number (4.0-5.4) compared to the 75 hybrid lines (0.2-
3.7) studied by Salvi et al. (2016). Seminal root traits can vary depending on genetic 
background of each line (Hochholdinger et al., 2004a; Hochholdinger et al., 2004b; 
Hochholdinger et al., 2005). Environmental factors may increase seminal root number 
especially when nutrient limitation such as phosphorus occurs (Zhu et al., 2006). 
Having high plasticity in both length and number in response to the environment, 
seminal roots play a large role in soil exploration, and therefore, are critical for plant’s 
establishment and could serve as a great target trait for maize improvement (Richards, 
2006; Zhu et al., 2006; Lynch, 2013). 

Correlation analysis indicated that most root traits positively correlated amongst each 
other, with root mass as an exception only significantly correlating with lateral root 
density. Previous studies have already shown that an enlarged root system through the 
alteration of root length, density and root mass is beneficial for nitrogen and water 
acquisition (Ehdaie et al., 2010; Palta et al., 2011). Root mass is an integrated trait 
which reflects plant’s carbon investment to the whole root structure. In terms of carbon 
investment, having a large root mass may be detrimental to plants under drought or 
suboptimal nutrient conditions. The competition between roots and shoots for 
photosynthates may result in overall reduction in growth rate and yield. The formation 
of large root systems incurs a high carbon cost. To survive in a depriving environment, 
genotypes with root traits enhancing soil exploration with minimal carbon investment 
are the most competitive (Lynch, 2005). Among maize root architectural traits, lateral 
roots are considered carbon efficient because they are smaller in diameter, have lower 
carbon investment than main axis roots, and are crucial for nutrient exploration in both 
topsoil and subsoil layers (Lynch, 2013). We found that plants with low root weight 
tended to have dense lateral root density such as Nei 452007-1and Nei 542017. 
Compared to primary and seminal roots which are axial roots determined by genetic 
inheritance, lateral roots are the only root class that can be formed at the pericycle layer 
in every root class, and respond to unfavourable environments such as phosphorus 
deficiency (Lynch et al., 2005; Bennetzen et al., 2009). Therefore, carbon resources of 
the plant might be translocated to optimize nutrient acquisition by altering their lateral 
root numbers. 

We found that hybrid maize had greater root length and number than inbred maize. 
This is consistent with other studies (Hoecker et al., 2006; Chairi et al., 2016). With a 
detailed observation, we found that root traits, like other agronomic traits, express 
heterosis as evidenced by the observation of root traits of NS3 and its parents, Tak Fa 1 
and Tak Fa 3. Heterosis refers to the performance of the hybrid F1 generation that 
exhibits phenotypic traits above the average of the two parents in regards to viability, 
development, and production (Tollenaar et al., 2004; Chairi et al., 2016). Heterosis of 
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hybrid lines has been shown to improve agronomic traits of maize (Springer et al., 
2007; Garcia et al., 2008; Liu et al., 2013; Thiemann et al., 2014). For example, F1 
hybrids developed from a cross between B73 and Mo17, had greater ear length, height, 
seed weight (g/ear), and 11 DAP seedling biomass by 48.3%, 21.8%, 101.7%, and 
69.0% respectively (Auger et al., 2005). Additionally, the B73xMo17 hybrids further 
demonstrated heterosis with an increase of yields (mg/ha) by 64.7% (Zanoni et al., 
1989). However, the quantitative measurements of heterosis varies significantly among 
traits and hybrid lines (Springer et al., 2007). Several studies have been carried out in 
order to attempt to explain the promising genetic principle of heterosis. The high vigor 
of hybrids over inbred lines has been shown to be contributed by many genes (Birchler 
et al., 2003; 2006; Hoecker et al., 2006; Liu et al., 2013). Among different root traits, 
root mass of NS3 did not show heterosis and was not significantly different from those 
of its parents. This result suggests despite being highly genetically dependant, breeding 
techniques that target root mass may be more complicated than initially thought. More 
research on heterosis of root traits is needed in order to successfully implement root 
traits of hybrid lines in a plant breeding program. 

In the past decade, root traits of seedlings have been subjected to quantitative trait loci 
(QTL) studies and several significant QTL have been identified. For examples, Zhu et al. 
(2006) reported several QTLs for seminal root length and number of maize seedlings of 
the IBM population under high and low phosphorus conditions. The identified QTLs were 
on chromosomes 1, 2, 3 under high phosphorus and on chromosomes 1, 2, 6 under 
phosphorus deficiency (Zhu et al., 2006). Furthermore, Burton et al. (2014) reported 15 
QTLs controlling length of multiple root classes, diameter and number of seminal roots, 
and dry weight of embryonic and nodal root systems of 28-day-old maize seedlings 
(Burton et al., 2014). The identification of QTLs associated with seedling root traits 
makes it possible to target root traits by marker assisted selection during breeding 
(Tuberosa et al., 2002; Hochholdinger et al., 2004b; Hochholdinger et al., 2008). 

Conclusions 

It has been shown that variation of root traits in maize influences water and nutrient 
acquisition under fertile and resource-limiting conditions (Chimungu et al., 2014a; 
2014b; Saengwilai et al., 2014a; 2014b; Gao et al., 2016). This study demonstrates that 
Thai maize possesses phenotypic differences in root architectural traits and reveal 
potential donors for plant breeding targeting root traits such as SW14D-C5 1039-48 
Ki48 for long primary and seminal root length and Nei 542017 for increased lateral root 
density. Since evaluation of root traits from mature field-grown plants are often 
laborious, time-consuming and destructive, screening for root traits in plant seedlings 
provides a more feasible option for breeders because a large number of genotypes can 
be evaluated in a relatively short period of time. Further studies are underway to 
investigate levels of plasticity among root traits in response to environmental stresses 
and transitioning of root traits from seedlings in the roll-up system to the field. 
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Abstract. Weed community variations result from an interaction of different cropping and pedo-climatic 
aspects. The aim of the study was to investigate changes of the weed incidence in limed and unlimed soils 
of different texture in the Western Lithuania. Soil acidity decrease from pH 4.2-5.8 to 5.1-6.4 resulted in 
total weed number decrease: in sandy soils it decreased by 46.7%, in sandy loam soils - by 34.3% and in 
loam soils - by 24.0%. However, due to better nutrient and growth conditions, the weed mass was 11.1-
72.6% greater in limed soil. The annual weeds were spread much more in a sandy soil (94.1% of the total 
weed number), while the perennial weeds - in a loam soil (51.2%). In sandy soils of all surveyed sites, 
most weeds were monocotyledonous (on the average 64.8%), while in sandy loam and loam soils – 
dicotyledonous (70.6%). The number of observed weed species was greater in sandy loam and loam soils 
both in crops and in the soil seed bank. Weed species diversity of the soil seed bank was particularly 
influenced by crop type and the crop preceding in the rotation. The most frequent weed species sequences 
in crops and soil seed bank matched by 67%. 
Keywords: agrobiological composition of weeds, most frequent weed species, soil contamination with 

weed seeds, soil texture, soil pH 

Introduction 

Agricultural plants’ productivity depends on geographical situation, soil, level of 
agriculture and agroclimatic conditions (Čiuberkis and Vilkonis, 2013). Weed growth is 
determined by many factors in addition to the soil’s physical and chemical properties. 
These include field cropping history, proximity of sources of infestation, the weed seed 
population present or supplied to a field, water supply, and growing season conditions. 
The effects of soil structure, water-holding capacity, and nutrient level are more 
important than soil type (Zimdahl, 2007). Soil and crop management practices can 
directly influence the environment of seeds in the soil weed seed bank and can thus be 
used to manage seed longevity and germination behaviour of weed seeds (Hossain and 
Begum, 2015). 

According to Radosevich et al. (2007), many weed species have patchy distributions 
in arable fields that can be strongly affected by their environments, in particular the soil. 
Weed community is changing depending on edaphic and climatic conditions (Walter et 
al., 2002) as well as the application of crop management measures (Kutyna and 
Mlynkowiak, 2014). For example, reduced soil tillage, and in some cases spring 
ploughing gave significantly higher aggregate stability than autumn ploughing, thus 
providing protection against erosion. However, decreasing tillage intensity increased the 
amounts of weeds, particularly of Poa annua on silt soil (Seehusen et al., 2017). It was 
established in other surveys, that soil management practices, such as soil tillage and 
crop rotation explain the majority of weed community variation across different soil 
typologies (Fried et al., 2008). Vidotto et al. (2016) indicates, that soil texture has 
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significant influence on weed specific composition. Monocotyledonous weeds are 
spreading more rapidly in alkaline sandy soil (with high pH) while dicotyledonous - in 
alkaline loam soil. Other researches suggests, that significant interactions occurred 
between weed species and soil texture, weed species and planting depth and soil texture 
and planting depth. For all weed species and soil textures, emergence decreased as 
planting depth increased with the greatest percent emergence at the soil surface (Hoyle 
et al., 2013). 

Physical properties of the soil have a strong effect on buried-seed ecology and 
consequently on seed bank dynamics in the agroecosystem. Germination inhibition due 
to burial depth was found to be directly proportional to clay content and inversely 
proportional to sand content (Benvenuti, 2003). 

Weediness evaluation in Lithuania was started in 1957. Herbicides were not widely 
used at that time. In winter crops there had been 348-609 unit m-2 of weeds and in 
spring crops - 291-591 unit m-2 of weeds. Perennial weeds were especially spread. After 
about 25 years, the weediness decreased by 60-80%. The annual dicotyledonous weeds 
became dominant. At present time, however, a problem of the annual 
monocotyledonous weeds becomes apparent (Auškalnienė et al., 2011). Recently, more 
and more farmers move to extensive farming using small amounts of herbicides or no 
herbicides at all. 

Bathygleyic Distric Glossic Retisol (RT) (WRB, 2014) prevailing in the West 
Lithuania are acid, low in organic matter and contain high level of toxic Al (Repsiene 
and Karcauskiene, 2016). According to these observations, we hypothesised that 
choosing different soil management practice (crop rotation, soil tillage, fertilisation) it is 
possible to affect not only chemical but also physical characteristics of the soil both in 
positive and negative ways. Given that management practices, the soil texture and pH 
status of soils can have a major impact on the weed flora, we utilised data from a field 
experiment to test the effects of soil acidity factors on the weed properties. 

The aim of the study was to investigate changes of the weed incidence in limed and 
unlimed soils of different texture in the Western Lithuania. 

Materials and methods 

Experimental site 

Experiments were carried out during the period 2012-2015 in different sites of the 
Western Lithuania, varying in their relief and soil characteristics. 

The first experimental site was a coastal area of the Seaside Lowland in the 
Nemunas delta (Fig. 1). The geographical location of the site is Latitude 55°19 N and 
Longitude 21°35 E. The soil was Bathihypogleyi-Dystri-Haplic Arenosols (ARh-dy-

gld-w) (WRB, 2014) with a texture of sand. 
The second experimental site was the Western Plateau of Žemaičiai Highland 

(Fig. 1). The geographical location of the site is Latitude 55°37 N and Longitude 
21°57 E. The soil was Bathygleyic Distric Glossic Retisol (RT) (WRB, 2014) with a 
texture of sandy loam. 

The third experimental site was the Western Plateau of Žemaičiai Highland 
(Fig. 1). The geographical location of the site is Latitude 55°32 N and Longitude 
21°54 E. The soil was Hapli-Endohypogleyic Luvisol (LVg-n-w-ha) (WRB, 2014) 
with a texture of loam. 
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Figure 1. The locations of research area: I – first experimental site, II – second experimental 

site, III – third experimental site 

 
 
These fields were chosen because they had a known history of weed infestation due 

to extensive farming mode. Soil properties were also considered in the study for each 
site; in particular, soil reaction (pH) and texture (relative proportions of sand, silt and 
clay) (Table 1). 

 
Experimental design 

Field experiments in all surveyed sites were conducted according to the same 
scheme: 1) unlimed soil; 2) limed soil. 

The experiment was established in four replications. The treatments were assigned 
randomly. The trial field area was 5.0 m × 9.5 m = 47.5 m2. 

Liming was conducted with liming material – ground chalk containing 97.8% of 
CaCO3. The soil was limed once in 2011 before the trial arrangement. Liming material 
was scattered and incorporated with a cultivator at a depth of 0-15 cm. 

Sandy soil was limed with 4.5 t ha-1 of CaCO3, sandy loam soil – with 7.0 t ha-1 of 
CaCO3 and loam soil – with 6.0 t ha-1 of CaCO3. The quantities of liming material were 
calculated according to approved recommendations, soil type and texture and pH value. 

Plant growing technology (soil tillage, fertilisation, plant care) was used in different 
experimental sites. Crop rotation (cereal and row crops) of the first surveyed site was as 
follows: winter triticale, potatoes, winter wheat, peas. Crop rotation (cereal and row 
crops) of the second surveyed site was as follows: spring rape, maize, maize, barley + 
undersowing (perennial grasses). Crop rotation (cereal crops) of the third surveyed site 
was as follows: spring wheat, winter rye, spring wheat, winter wheat. 
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Table 1. Sites characteristics, Western Lithuania 

Indices 
Experimental site 

I II III 

Pedological indices 

Soil type Arenosols Retisol Luvisol 

Soil texture Sand Sandy loam Loam 

Sand, % 93.8±7.55 65.1±5.20 50.4±4.35 

Silt, % 3.6±0.25 24.7±1.95 30.7±2.45 

Clay, % 2.6±0.20 10.2±0.80 18.9±1.15 

pHKCl (unlimed soil) 4.91±0.13 4.20±0.26 5.79±0.22 

pHKCl (limed soil) 5.93±0.35 5.08±0.17 6.45±0.17 

Mobile Al mg kg-1(in unlimed soil) 3.88± 2.22 31.64±13.12 0.00 

Mobile P2O5 mg kg-1 114.5±6.36 225.0±38.59 60.0±45.25 

Mobile K2O mg kg-1 74.0±19.8 115.5±16.26 81.5±17.68 

Humus, % 1.66±0.16 2.51±0.16 2.95±0.18 

Climatic indices (SRC) 

Total annual precipitation, mm 801 816 816 

Annual mean temperature, °C 7.4 6.3 6.3 

Growing season’s total precipitation, mm 508 495 495 

Growing season’s mean air temperature, °C 12.9 11.9 11.9 

Note: SRC – The standard rate of climate 
 
 

Methods of analysis 

Agrochemical characteristics of the soil were determined from the soil samples taken 
from 0-20 cm layer before establishing the experiment: soil pHKCl was measured 
according to potenciometric method determined in 1M KCl (soil – solution ratio 1:2.5 
(ISO 10390:2005), available P2O5 and K2O – using Egner-Riehm-Domingo (A-L) 
method (LVP D-07:2012). Mobile Al was determined according ISO11260 and 
ISO14254 Sokolov method. Humus was determined according Tiurin method (ISO 
10694:1995). Soil texture was determined according to the composition of three 
fractions: sand, silt and clay. Analysis was accomplished using Kaczynski method and 
modified according to FAO (ISO 11277:2009). 

Weed record was performed in stationary areas 0.25 m-2 in size in six positions of 
every plot during crop maturity phase. The weeds were eradicated and their specific 
composition and dry matter mass were determined. Weed number was recalculated to 
weeds per m-2 and mass – g m-2. 

Soil contamination with weed seeds was investigated in the depths of 0-10 cm and 
10-20 cm. Soil samples were collected using an agrochemical drill during crop maturity 
phase. The soil was dried out. One hundred gram (100 g) dry soil sample was weighed 
and wet-sieved through a 0.25 mm sieve until all contents of the soil were washed out. 
Remained mineral part of the soil was separated from the organic part and weed seeds 
using the saturated salt solution. Weed seed number (A) was recalculated to thousands 
of unit m-2 using the following Equation 1: 

 
  100A n h p     (Eq.1) 
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where, 
A = weed seed number (unit m2), 
n = seed number in a sample (unit), 
h = depth of the soil (cm), 
p = soil density (g cm-3). 

 
Agrometeorological conditions 

Meteorological conditions in 2012-2015 were diverse. Climatic conditions of the first 
experimental site were evaluated according to the data of Šilutė meteorological station 
(Fig. 2). During the vegetation period in 2012 and later in the year, the amount of 
precipitation was greater by 12.2 and 12.7% compared to the long-term mean (Table 1). 
During the vegetation period in 2013, 2014, 2015 and later in the year, the amount of 
precipitation was smaller compared to the long-term mean by, respectively: 16.5; 40.2; 
40.0 and 15.0; 32.8; 15.7%. The month of July in 2014 and the months of August and 
October in 2015 were especially dry. 

The average air temperature during the vegetation period in 2013 and 2014 was 
greater than the long-term mean by, respectively, 0.7 and 1.1°C, and the average 
temperature of the year in 2013, 2014 and 2015 were greater by, respectively, 0.5; 1.2 
and 1.3°C. 

 

 
Figure 2. The average daily air temperature (°C) and precipitation (mm) during the study 

period (2012-2015). Data from the Šilutė (first experimental site) Meteorological Station. Note: 

SRC – The standard rate of climate 

 
 
Climatic conditions of the second and third experimental sites were evaluated 

according to the data of Laukuva meteorological station (Fig. 3). The weather in 2012 
was more humid: the amount of precipitation during the vegetation period was greater 
by 10.9% and later in the year it was greater by 4.5% compared to the long-term mean. 
The amount of precipitation in 2013, 2014 and 2015 during the vegetation period and 
later in the year was smaller compared to the long-term mean by, respectively, 5.1; 
10.9; 29.1 and 11.4; 15.3; 8.2%. The months of August and October in 2015 were 
especially dry. 

The average air temperature during the vegetation period was greater than the long-
term mean in 2012, 2013 and 2014 by, respectively, 1.2; 0.7 and 1.1°C, and the average 
temperature of the year was greater in 2013, 2014 and 2015 by, respectively, 1.0, 1.2 
and 1.3°C. 
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Figure 3. The average daily air temperature (°C) and precipitation (mm) during the study 

period (2012-2015). Data from the Laukuva (second and third experimental sites) 

Meteorological Station. Note: SRC – The standard rate of climate 

 
 

Statistical analysis 

Significance of the differences between the means was determined according to the 
Fisher’s protected least significant difference (LSD) at 0.05 probability level. The data 
were processed using software ANOVA (Clewer and Scarisbrick, 2001). Data of weed 
density and mass were transformed according to the recommended procedures, using 
Equation 2: 

 

 1Y x   (Eq.2) 
 

where x is the primary data, Y is transformed data of weed density and mass, however, 
means on the original scales are reported (Onofri et al., 2010). 

Correlation-regression analysis was also performed. The symbols used in the paper 
are: *significant at P < 0.05, and **significant at P < 0.01, ns - not significant. 

Results and discussion 

Weed community diversity 

Anthropogenic activity has the impact on biodiversity changes. Weed community 
diversity is affected by crop rotation, fertilization, technologies application (especially 
the use of herbicides) (Andreasen and Streibig, 2011). Crop weed infestations mainly 
depend on weed species which dominate the weed flora at different soil acidity and 
nutrient content in soil (Skuodienė and Repšienė, 2009; Karcaukiene et al., 2016). 

Crop weediness and soil contamination with weed seeds depended on applied crop 
management measures and crop condition. In experimental areas, different in edaphic 
(environmental) conditions, 41 weed species were found. Independently from different 
soil pH, the number of weed species in sandy loam and loam soils was greater by 1.5 
and 3.0 times compared to a sandy soil. (Table 2). All weed species (in surveyed sites) 
were determined to belong to 16 families from Magnoliophyta division and one family 
from Equisetophyta division. Number of observed weed species was great in loam soils. 
A number of factors may contribute to this effect: extensive farming mode, even in 
wheat mono-cropping. 
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Independently from different soil texture, a positive liming effect on crop weediness 
was estimated in all surveyed sites. The greater competitive ability of crops of the 
rotation resulted in general decrease of crop weediness. The number of weeds per 
square metre and their dry matter mass in many ways were significantly lower 
compared to unlimed plots (Table 2). In unlimed sandy soil, on the average, 65.3 units 
of weeds per square metre were estimated, in sandy loam soil – 14.0 units and in loam 
soil – 166.3 units of weeds. In limed sandy soil the weed number was lower by 46.7%, 
in sandy loam soil – by 34.3% and in loam soil it was lower by 24.0% compared to 
unlimed plots. 

Due to better nutrition and growth conditions in limed soil, a tendency of weed 
mass increase was observed. In a sandy soil the weed mass was greater by 65.3%, in a 
sandy loam soil – by 72.6% and in a loam soil it was greater by 11.1% compared to 
unlimed plots. Under the similar environmental conditions in a sandy loam soil with 
pH 5.2, the weed number was 86.9 units per square metre and their mass – 54.7 g. 
(Skuodiene et al., 2016). 

A similar tendency was established estimating a mass of the single weed. Literature 
indicates, that dry matter mass of the single weed depended on favourable nutrition and 
meteorological conditions, fertilisation and cultured plants’ competition as well as the 
competitive ability that were formed by preceding crops (Arlauskienė and 
Maikštėnienė, 2005). A mass of the single weed depended on soil edaphic conditions 
and weediness intensity. Together with decrease of weed number (r = -0.405*) and 
increase of their mass (r = 0.432*), the mass of a single weed was increasing. The 
greatest mass was in crops in a sandy loam soil, respectively: 3.9 g in unlimed soil and 
10.4 g in limed soil. Due to continuous cropping for several years, the lowest (1.0-1.6 g) 
mass of a single weed was estimated in crops of high weediness. In general, the average 
mass of a single weed was determined by a total number of weeds, development stage 
of individual weed species and weed mass. 

 
Table 2. Agrobiological composition of weeds 

Weeds indices 

Experimental site 

I (Sand) II (Sandy loam) III (Loam) 

Unlimed 
soil 

Limed 
soil 

Unlimed 
soil 

Limed soil 
Unlimed 

soil 
Limed 

soil 

Number of weed species 9 7 12 12 23 25 

Weed number, plants m-2 65.3 34.8* 14.0 9.2* 166.3 126.4 

Weed DM mass, g m-2 49.0 81.0* 55.4 95.6* 69.2 76.9 

Mass of a single weed, g 1.04 2.81* 3.96 10.39** 1.00 1.63 

Annual dicotyledonous, % 22.4 36.2 37.1 73.8 43.5 58.8 

Annual monocotyledonous, % 69.0 60.6 10.0 0.0 0.0 0.2 

Perennial dicotyledonous, % 8.2 3.2 9.3 9.8 26.9 23.2 

Perennial monocotyledonous, % 0.0 0.0 33.6 8.2 28.5 16.8 

* and ** - the least significant at P ˂ 0.05 and P ˂ 0.01, respectively 
 
 
The annual weeds spread in cereal and row crops rotation, respectively: in a sandy 

soil – 94.1%, in a sandy loam soil – 60.4% of the total weed number. Perennial weeds, 
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in the rotation with nearly the same crop species grown for every year, had formed 
51.2% of the total weed amount. 

In sandy soils the most weeds of all investigated crops were monocotyledonous (on 
the average 64.8%) and in sandy loam and loam soils – dicotyledonous (70.6%). 

Crop weediness depended on edaphic conditions of the area. It is stated, that linear 
correlation analysis identified some significant relationships between the pedological 
parameters pH, sand, silt and clay and some weed indices (Vidotto et al., 2016). 
Correlation analysis showed that soil texture had significant impact on weed number 
and agrobiological distribution and soil pH was significant for a mass of the single weed 
(Table 3). 

 
Table 3. Linear correlation coefficients (r) of the relationships among some pedological 

parameters and weed indices 

Characters pH Sand Silt Clay 

Weed number, plants m-2 ns -0.396* 0.401* 0.387* 

Mass of a single weed, g -0.455* ns ns ns 

Annual dicotyledonous, % 0.385* 0.532** 0.579** 0.499** 

Annual monocotyledonous, % -0.380* -0.901** -0.853** -0.899** 

Perennial dicotyledonous, % 0.474** -0.676** 0.630** 0.691** 

Perennial monocotyledonous, % ns -0.725** 0.701** 0.698** 

* and ** - the least significant at P ˂ 0.05 and P ˂ 0.01, respectively; ns - not significant 
 
 

Weed seed bank 

The seed bank is an indicator of past and present weed populations. It is also the 
main source of arable weed propagules and can have severe and long-lasting effects on 
crop yields (Sosnoskie et al., 2006). There are enormous numbers of viable weed seeds 
in the soil. According to the average data, there are 17.0 to 38.8 thousands of weed 
seeds per square metre in the soil seed bank (Table 4). During the research, 35 weed 
species were found in the soil seed bank. The number of weed species in sandy loam 
and loam soils was greater by 1.4 times compared to a sandy soil. 

The total amount of weed seeds in limed sandy loam soil was significantly lower 
compared to unlimed soil of the same texture. In limed sandy soil the number of weeds 
was lower by 15.5% and in a sandy loam soil it was lower by 39.5% compared to 
unlimed plots. There were no significant differences in a loam soil. It is likely that no 
significant differences were obtained because cereals had been continuously cropped for 
several years. Soil contamination with weed seeds depends on crop condition and the 
application of crop management measures and corresponds to patterns that the amount 
of weed seeds in the soil depends on plants that were grown before and agrotechnique 
that was used (especially the use of herbicides) (Menalled et al., 2001; Sadrabadi 
Haghighi et al., 2013; Woźniak and Soroka, 2015). 

Seeds are dispersed both horizontally and vertically in the soil profile. Benvenuti 
(2007) indicates that the vertical position of the seed was dependent on soil texture. 
Data of our research showed that weed seed number in the upper (0-10 cm) and the 
deeper (10-20 cm) layers of the soil differed (Table 4). The soil texture had the impact 
on weed seed distribution in different soil layers. In light-textured soil (I experiment) in 
the depth of 0-10 cm, the number of weed seeds was lower than in the depth of 10-20 



Skuodienė et al.: Assessment of the weed incidence and weed seed bank of crops under different pedological traits 
- 1139 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1131-1142. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_11311142 
 2018, ALÖKI Kft., Budapest, Hungary 

cm (47.7% of the total weed amount). In a sandy loam soil of the II experiment in 0-
10 cm layer there were 51% of weed seeds while in a loam soil – 59.2%. Gselman and 
Kramberger (2004) and Janicka (2006) indicate that the greatest seed reserves were in 
the surface layer of the soil (0-5 cm). 

 
Table 4. Weed seed bank in the topsoil 

Seed bank indices 

Experimental site 

I (Sand) II (Sandy loam) III (Loam) 

Unlimed 
soil 

Limed soil 
Unlimed 

soil 
Limed soil 

Unlimed 
soil 

Limed 
soil 

Number of weed species 13 10 19 15 20 13 

Seeds, unit m-2 0-20 cm 38837 32808 28177 17046* 26532 28109 

Seeds, unit m-2 0-10 cm 18515 15677 15270 8165* 14731 17685 

Seeds, unit m-2 10-20 cm 20322 17131 12907 9241 11801 10425 

* and ** - the least significant at P ˂ 0.05 and P ˂ 0.01, respectively 
 
 
Although, during the investigation, 41 weed species were found in crops and 35 

species in the seed bank, only a few of species were spread. In crops, 11 species were 
present on more than 20%, 5 species – on more than 50% and 2 species – on more than 
70% of the surveyed sites (Table 5). In the soil seed bank, 12 species were present on 
more than 20%, 6 species – on more than 50% and 4 species on more than 70% of the 
surveyed sites. 

Independently from the soil texture, all surveyed sites were mostly contaminated 
with seeds of Chenopodium album L., Fallopia convolvulus L., Persicaria lapathifolia 
L. Weed species diversity of the soil seed bank was particularly influenced by crop type 
and the crop preceding in the rotation. The most frequent weed species sequences in 
crops and soil seed bank matched by 67%. According to other surveys conducted in 
sandy loam soils, the weed species in crops and soil seed bank matched by 27-40% 
(Skuodienė et al., 2013). 

The most frequent weed species in crops and soil seed bank were as follows: 
Sandy soil (I experiment). Echinochloa crus-galli (L.) P.Beauv., Fallopia 

convolvulus L., Sonchus arvensis L., Spergula arvensis L., Persicaria lapathifolia L. – 
the light-demanding but shade-tolerant weeds dominated. Spergula arvensis L., 
Fallopia convolvulus L. and Echinochloa crus-galli (L.) P.Beauv. formed the greatest 
part of the soil seed bank. 

Sandy loam soil (II experiment). Elytrigia repens L., Persicaria lapathifolia L., 
Fallopia convolvulus L., Chenopodium album L., Polygonum aviculare L. – the weeds 
preferring fertile soils dominated. Chenopodium album L., Fallopia convolvulus L. and 
Persicaria lapathifolia L. formed the greatest part of the soil seed bank. 

Loam soil (III experiment). Galeopsis tetrahit L., Tripleurospermum perforatum 
(Merat.) M.Lainz, Persicaria lapathifolia L., Sonchus arvensis L., Elytrigia repens L. – 
the hardy-annual, over-wintering and perennial weeds dominated. Fallopia convolvulus 
L., Tripleurospermum perforatum (Merat.) M.Lainz, Chenopodium album L., 
Persicaria lapathifolia L. and Viola arvensis Murray formed the greatest part of the soil 
seed bank. 
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Table 5. Frequency of encounters for the most diffused weed species across all surveyed sites 

Aboveground Seed bank 

Species 

Encounter 

frequency 

(%) 

Species 

Encounter 

frequency 

(%) 

Persicaria lapathifolia L. 100 Chenopodium album L. 96 

Fallopia convolvulus L. 80 Fallopia convolvulus L 96 

Sonchus arvensis L. 70 Persicaria lapathifolia L 92 

Viola arvensis Murray. 70 Viola arvensis Murray. 75 

Elytrigia repens L. 60 Echinochloa crus-galli (L.) 
54 

Polygonum aviculare L. 50 P.Beauv. 

Spergula arvensis L. 50 Spergula arvensis L. 54 

Echinochloa crus-galli (L.) 
40 

Scleranthus annuus L. 42 

P.Beauv. Galeopsis tetrahit L. 42 

Galeopsis tetrahit L. 40 Rumex acetosella L. 38 

Gnaphalium uliginosum L. 40 Stellaria media (L.) Vill. 33 

Equisetum arvense L. 40 Tripleurospermum perforatum 
29 

Chenopodium album L. 20 (Merat.) M.Lainz 

  Sonchus arvensis L. 25 

Conclusions 

Weed community variation and soil contamination with weed seeds resulted from 
different soil pH, pedological aspects and cropping management. Together with 
decreasing soil acidity from pH 4.2-5.8 to pH 5.1-6.4, the total number of weeds 
decreased by 24.0-46.7%. However, due to better nutrient and growth conditions, the 
weed mass was 11.1-72.6% greater in limed soil. 

The mass of a single weed was determined by a total number of weeds, development 
stage of individual weed species and weed mass. The mass of a single weed increased, 
together with a decrease of weed number (r = -0.405*) and increase of their mass 
(r = 0.432*). The greatest mass of a single weed was in crops of the least weediness, 
respectively: 3.9 g in unlimed soil and 10.4 g in limed soil. The least mass (1.0-1.6 g) of a 
single weed was determined in crops where the weed number was the greatest. 

The annual weeds were spread much more in a sandy soil (94.1% of the total weed 
number), while the perennial weeds – in a loam soil (51.2%). 

In sandy soils of all surveyed sites, most weeds were monocotyledonous (on the 
average 64.8%), while in sandy loam and loam soils – dicotyledonous (70.6%). 

There were 17.0 to 38.8 thousands of weed seeds per square metre in the soil seed 
bank. The smallest amount of weed seeds was found in a sandy loam soil, while in a 
sandy soil it was the greatest. The soil texture had the impact on weed seed distribution in 
different soil layers. In sandy soil in the depth of 0-10 cm, the number of weed seeds was 
47.7% of the total weed amount, in a sandy loam soil – 51%, in a loam soil – 59.2%. 

The number of observed weed species was greater in sandy loam and loam soils both 
in crops and in the soil seed bank. The most frequent weed species sequences in crops and 
soil seed bank matched by 67%. Soil was mostly contaminated with seeds of 
Chenopodium album L., Fallopia convolvulus L. and Persicaria lapathifolia L. 
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Effective control of the weediness is possible only when the optimal pH reaction of the 
soil is maintained and the proper crop rotation is applied. Under the changing climatic 
conditions weediness management is going to be even more difficult, therefore the 
scientific researches will have to be oriented to ecophysiological investigations of weeds. 

Acknowledgments. The paper presents research findings, obtained through the long-term research 
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Abstract. A fixed field experiment was carried out to investigate the influence of different amounts of 
cured and fresh chicken manure (low chicken manure: 300 kg·667 m-2, high chicken manure: 
600 kg·667 m-2) on the concentration of tetracyclines (TCs); number of microbes, including antibiotic 
resistant bacteria; organic matter content; and enzyme activity in soil. Results show that after a one-year 
application of chicken manure, the quantity of soil bacteria was 3.2-4.3 times that of the control soil. The 
quantity of soil bacteria and actinomycetes in cured chicken manure (CCM) treatments was significantly 
higher than in fresh chicken manure (FCM) treatments by 17.0%-33.9% and 201.2%-271.2%, 
respectively. The application of low cured chicken manure (L-CCM) significantly reduced the number of 
fungus, which was 83.8% lower than the control. The application of CCM significantly increased the 
activities of soil urease and catalase by 81.9%-103.0% and 7.9%-17.9%, respectively, compared to the 
control. After applying chicken manure in soil where Ipomoea aquatic Forsk was planted, the soil 
antibiotic residues increased by 3.6%-27.5%. When applying chicken manure to soil where Lactuca 

sativa L. or Brassica juncea var. gemmifera was planted, the soil antibiotic residues decreased by 19.4%-
52.2% and 22.6%-26.6%, respectively. After one year, the antibiotic residues in soil treated with FCM 
and CCM were higher than the control level by 176.5%-217.9% and 168.5%-191.5%, respectively. The 
number of resistant bacteria in CCM treatments was significantly higher than that in FCM treatments and 
in the control. The number of resistant bacteria in the L-CCM treatment was the highest, wherein the 
quantity of resistant bacteria to oxytetracycline, tetracycline and chlortetracycline was higher than that in 
other treatments by 11.6%-339.6%, 127.0%-635.4% and 32.2%-130.9%, respectively. The drowned 
planting mode may worsen soil tetracycline antibiotic residues, when compared to drought planting. 
Long-term application of FCM may cause residue and accumulation of tetracycline antibiotics in soil; 
hence the hazard to the environment is worthy of further study. 
Keywords: chicken manure, tetracycline antibiotics, resistant bacteria, soil enzyme activity, planting 

mode 

Introduction 

In recent years, the adsorption, migration, and conversion of novel organic pollutant 
antibiotics in soil-water-plant have become an area of intense research. Antibiotics are 
widely used to reduce disease in the livestock and poultry industries. In 2010, the 
annual administration of antibiotics in the livestock and poultry industry reached 
approximately 63,151 tons, and it is expected to increase by 67% by 2030 (Boeckel et 
al., 2015). China accounts for 60%-65% of the world’s total antibiotic use (Tasho and 
Cho, 2016). Furthermore, production of livestock and poultry manure from large-scale 
farms in China can reach 2.1 billion tons, 80% of which are directly applied to farmland 
without comprehensive treatment (Sun et al., 2017). In eastern China, the concentration 
of antibiotic residues in livestock and poultry manure can be as high as 1420 mg·kg-1 
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(Chen et al., 2012). Tetracycline antibiotics are one of most widely used classes of 
antibiotics in the world, and include tetracycline (TC), oxytetracycline (OTC) and 
chlortetracycline (CTC). Liguoro et al. (2003) detected OTC in livestock and poultry 
manure at concentrations up to 871.7 mg·kg-1 and 115.5 mg·kg-1, respectively, and CTC 
in a pig manure treatment pond was detected at concentrations up to 1.0 mg·kg-1. 
Hamscher et al. (2002) detected TC and CTC in livestock manure at 4.0 mg·kg-1 and 0.1 
mg·kg-1, respectively. 

Farmland is a main site where antibiotics are spread. Livestock and poultry manure 
are applied to farmlands as organic fertilizer, which is one of the main mechanisms in 
which antibiotics enter the soil (Kemper, 2008). Tetracycline antibiotics are recalcitrant 
and easily accumulate in soils, thereby posing potential threats to the environment and 
human health (Pan and Chu, 2017). Hamscher et al. (2002) studied the concentration of 
antibiotic residues in soils that received long-term application of livestock and poultry 
manure. They found that the average TC concentration was 86.2 μg·kg-1 in 0-10 cm 
soil, 198.7 μg·kg-1 in 10-20 cm soil, and 171.7 μg·kg-1 in 20-30 cm soil. After 
application of livestock and poultry manure, the highest concentrations of OTC, TC and 
CTC in surface soil (0-30 cm) were 27 μg·kg-1, 443 μg·kg-1, 93 μg·kg-1, respectively. Of 
the 14 sampling points, TC concentrations exceeded the emission reference value 
(100 μg·kg-1) prescribed by the European Medicine Agency at 3 points (Sarmah et al., 
2006). A study investigating the soil antibiotic content in northern Zhejiang, China, 
found that the average residual OTC, TC and CTC in manure-treated topsoil was 38-
fold, 13-fold and 12-fold more or higher than without application of livestock and 
poultry manure in farmland (Zhang et al., 2008). 

After entering into the environment, manure-associated antibiotics are highly 
recalcitrant. Moreover, even extremely low concentrations of antibiotics can 
significantly affect microbial activity (Tasho and Cho, 2016). Yang et al. (2010) found 
that the growth of most predominant bacteria in the wheat root system was fully 
suppressed in soils with OTC and TC concentrations of 0.05 mg·L-1 and 0.5 mg·L-1, 
respectively. Many antibiotic resistant bacteria have been detected and separated from 
soil (Brandt et al., 2009). The antibiotic resistant bacteria, which are generated by 
residual antibiotics in livestock manure, may enter plant systems via the root, and then 
enter into the human body via the food chain; thus leading to drug resistance in humans 
(Zhang et al., 2012). This will bring serious threats to human health. If antibiotic-
resistance continues to grow, numerous human and animal diseases will be untreatable 
(Hu et al., 2015; Tasho and Cho, 2016). It is of great importance to investigate the 
influence of different fertilization methods and manure types on the environmental 
deposition of antibiotics (Pruden et al., 2013). Furthermore, drought and drowned 
cultivation may effect on the decomposition of antibiotics (Hu et al., 2015). Therefore, a 
fixed field experiment was carried out to analyze tetracycline residues and the variation 
in antibiotic resistant bacteria after one-year of application using different types and 
amounts of chicken manure. Furthermore, the influence of different planting modes 
(drought planting mode and drowned planting mode) on tetracycline residues was 
investigated. 

Materials and method 

Three vegetables (Ipomoea aquatic Forsk (drowned cultivation mode), Lactuca 

sativa L. and Brassica juncea var. gemmifera Lee et Lin (drought cultivation mode)) 
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were used in the present study. A fixed field experiment was conducted from March, 
2015 to March, 2016 in the Shengde Village, Sansheng Town, Beibei District of 
Chongqing (29°56′16″N，106°38′16″E). The contents of organic matter, total nitrogen, 
alkali-degradable nitrogen, available K, available P and the soil pH were 53.4 g·kg-1, 
1.04 g·kg-1, 120.8 mg·kg-1, 90.5 mg·kg-1, 75.0 mg·kg-1, and 4.52, respectively. The 
average concentrations of quartz, montmorillonite, kaolinite and illite accounted for 
14.12%, 16.82%, 7.14% and 61.91% of the total soil clay minerals in the 0-20 cm 
depth, respectively. Chicken manure was collected from a large chicken farm near the 
fixed field experimental site. The content of TC, OTC and CTC in fresh chicken manure 
(FCM) was 1021.64, 272.03 and 13937.18 µg·kg-1, respectively; the content of TC, 
OTC and CTC in cured chicken manure (CCM) was 18.37, 29.96 and 69.03 µg·kg-1, 
respectively. 

Five plot experiments were conducted without chicken manure (CK), low-fresh 
chicken manure (L-FCM; 300 kg·667m-2), high-fresh chicken manure (H-FCM; 600 
kg·667m-2), low-cured chicken manure (L-CCM; 300 kg·667m-2), and high-cured 
chicken manure (H-CCM; 600 kg·667m-2). The area of each square test plot was 6 m2. 
The experiment was performed in triplicate, and arranged randomly. Before planting, 
chicken manure was applied according to the predetermined amount. Farmland 
irrigation and pest control in the experimental field were carried out according to the 
regular practices of peasant households. Before applying the chicken manure and when 
harvesting the vegetables, topsoil samples (0-15 cm) were randomly collected from 
different points using a soil auger sterilized with 70% ethanol. Soil samples were put in 
an icebox and then taken back to the laboratory. A portion of the soil samples were 
stored at 4C. Refrigerated samples were used to test the antibiotic content, soil 
microorganism abundance, antibiotic resistant bacteria abundance and soil enzyme 
activity. The remaining portion was air-dried and then used to test the organic content. 

 
Determination of organic matter and enzyme activity in soil 

The organic content in the soil was measured as described by Nelson and Sommers 
(1982). Soil catalase activity was measured by the permanganate titration method and 
expressed as the 0.1 N KMnO4 amount (mL) per gram of soil and 20 min (He et al., 
2015). Urease activity was measured by indophenol blue colorimetry and expressed as 
the NH3-N amount (μg) per gram of soil (He et al., 2015). 

 
Quantification of microorganisms and antibiotic resistant bacteria in soil 

Bacteria were cultured in beef extract water peptone agar medium. Fungi were 
cultured in Martin-Bengal red medium. Actinomycetes were cultured in improved 
Gause No.1 medium. All microbes were quantified as per the colony forming unit 
method (Negreanu et al., 2012). The quantity of antibiotic resistant bacteria was 
measured as described by Negreanu et al. (2012). 

 
Analysis of tetracycline antibiotics in soil and manure 

Tetracyclines in the soil and in livestock and poultry manure were extracted and 
measured as described by Jacobsen et al. (2004). Measurements were conducted using a 
high performance liquid chromatograph (HPLC, Shimadzu, Japan) equipped with SPD-
20A UV-detector. The chromatographic column (Inertsil ODS-3; 4.6×150 mm, 5 μm) 
was run at a mobile phase flow rate of 1 mL·min-1, injection volume of 10 μL, UV 
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detection wavelength of 355 nm, and a sampling time of 25 min. The average recovery 
rates of OTC (58.3%), TC (57.1%) and CTC (87.4%) were measured by the addition 
standard method. All variable coefficients were under 11.04%. 

 
Statistical analysis 

The data were subjected to three-way univariate ANOVA using SPSS version 21.0 
(IBM Corp., Armonk, NY, USA). Parameters for soil organic content, enzyme activity, 
soil resistant bacteria and soil-associated tetracycline residues were analyzed. 
Additionally, the correlation between the application amount of chicken manure and 
tetracycline residues was determined. Prior to ANOVA, normal probability and residual 
plots were constructed for each dataset and examined for unequal variance and 
deviations from normality among the residuals. All data fulfilled the conditions for 
equal variance and normality. Means were considered statistically significant at 
P ≤ 0.05 using Fisher’s least significant difference test. 

Results and analysis 

Soil organic content and enzyme activity 

After application of chicken manure, the content of organic matter in the soil 
increased by 1.0%-3.2% when compared with the control (Table 1). No significant 
difference in soil organic matter content was found among treatments. Soil catalase 
activity in FCM and CCM treatments significantly increased by 84.3%-91.5% and 
81.9%-102.9%, respectively, compared to the control (Table 1). Soil catalase activity in 
the H-CCM treatment (600 kg·667m-2) was 11.7% higher than that in the L-CCM 
treatment (300 kg·667m-2). Compared with the control, soil urease activity in the H-
FCM treatment (600 kg·667m-2) decreased by 34.2%. Soil urease activity in the H-
CCM treatment was 17.9%, 18.3% and 79.1% higher than the control treatment, L-FCM 
treatment (300 kg·667m-2) and H-FCM treatment, respectively. 

 
Table1. Effects of different chicken manure on the contents of organic matter, enzyme 

activities and microbial quantity in soil after one year 

Treatment 
Organic 

matter/g∙kg-1
 

Catalase 

activity/ml∙h-1
g

-1
 

Soil urease 

activity/μg∙g-1
 

Bacteria×106 

/CFU∙g-1
 

Actinomycetes×105 

/CFU∙g-1
 

Fungi×104 

/CFU∙g-1
 

CK 54.39±3.84a 0.57±0.06c 0.26±0.04a 7.22±0.10c 5.87±0.26b 23.44±3.70a 

L-FCM 55.20±4.39a 1.08±0.06ab 0.26±0.06a 23.02±2.56b 2.81±0.26c 10.23±2.56b 

H-FCM 56.11±4.59a 1.04±0.02ab 0.17±0.02b 23.13±4.41b 2.23±0.60c 6.87±1.49bc 

L-CCM 54.94±4.05a 1.02±0.03b 0.28±0.03a 30.81±2.57a 8.47±1.56a 3.80±1.29c 

H-CCM 55.34±4.37a 1.11±0.01a 0.30±0.05a 27.06±1.51ab 8.29±0.55a 22.69±3.02a 

Different letters (a, b, c) indicate significant difference at P ≤ 0.05 among different treatments 

 
 
The abundance of soil microorganisms was as follows: 

bacteria > actinomycetes > fungi (Table 1). Application of chicken manure significantly 
increased the quantity of bacteria, which was 3.2-4.3 times that in the control. The 
bacterial abundance in the L-CCM treatment was significantly larger than that in L-
FCM treatment, with increases of 17.0%-33.9%. The number of actinomycetes in the 
CCM treatments significantly increased by 41.3%-44.4%, compared with the control. 
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However, the abundance of actinomycetes in the FCM treatments was lower than in the 
control, with reductions of 52.1%-61.9%. The actinomycetes abundance in CCM 
treatments with identical application amounts was 201.2%-271.2% higher than in FCM 
treatments. The application of chicken manure reduced the abundance of fungi in the 
soil with L-CCM treatments by 62.9%, compared with that in L-FCM treatments. 

 
Quantity of antibiotic resistant bacteria in the soil 

The abundance of soil antibiotic resistant bacteria in the same treatments was as 
follows: Anti-OTC > Anti-TC > Anti-CTC (Fig. 1a). The quantity of resistant bacteria 
treated with chicken manure was higher than that in control soil, with the CCM 
treatments being significantly higher than the FCM treatments. The highest abundance 
of resistant bacteria was found in the L-CCM treatment, wherein the number of Anti-
OTC, Anti-TC and Anti-CTC in the soil was 11.6%-339.6%, 127.0%-635.4% and 
32.2%-130.9% higher, respectively, than in the other treatments. 

Application of chicken manure increased the proportion of resistant bacteria in the 
soil (Fig. 1b). The proportions of Anti-TC treated with chicken manure were 
significantly higher than the control by 42.9%-102.2%. 
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Figure 1. Effects of different chicken manure treatments on the amount and proportion of soil 

tetracycline resistant bacteria. Anti-TC: Tetracycline resistant bacteria; Anti-OTC: 

Oxytetracycline resistant bacteria; Anti-CTC: Chlortetracycline resistant bacteria; Different 

letters (a, b, c) indicate significant difference at P ≤ 0.05 among different treatments 
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The proportions of Anti-OTC in FCM treatments and H-CCM treatments were also 
significantly higher than that in the control. The proportions of Anti-CTC in H-FCM 
treatments and CCM treatments were higher than that in the control, while the 
proportion of Anti-CTC in the L-CCM treatments was lower than that in control by 
54.8%. 

 
Variation of tetracycline antibiotic residues in soil 

The total amount of soil tetracycline after harvesting Ipomoea aquatica Forsk in the 
L-FCM, H-FCM, L-CCM and H-CCM treatments increased by 7.3%, 27.5%, 19.4% 
and 3.6%, respectively, compared with that before planting (Fig. 2a). 
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Figure 2. The concentration changes of tetracycline antibiotics in soil during the application of 

chicken manure in different vegetable crop cropping patterns 
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The highest amount of soil tetracycline was found in the H-FCM treatment. The OTC 
amount the in L-FCM and H-FCM treatments increased by 25.2% and 32.8%, 
respectively. The amount of CTC in soils treated with chicken manure generally 
increased, with the highest CTC content observed for the H-CCM treatment, which 
increased by 52.2% compared with that before planting Ipomoea aquatica Forsk. 

The total amount of soil tetracycline decreased after harvesting Lactuca sativa L. 
compared with before planting (Fig. 2b). The total amount of antibiotics after 
harvesting Lactuca sativa L. in the L-CCM and H-CCM treatments decreased by 33.6% 
and 32.7%, respectively. Furthermore, the OTC content in H-CCM and L-CCM 
treatments decreased by 47.3% and 52.2%, respectively, compared with that before 
planting Lactuca sativa L. 

The total amount of soil tetracycline in the L-FCM, H-FCM, L-CCM and H-CCM 
treatments after harvesting Brassica juncea var. gemmifera decreased by 22.6%, 26.6%, 
24.9% and 24.2%, respectively, compared with before planting. Moreover, the soil OTC 
contents decreased by 14.7%, 52.1%, 55.5% and 45.1%, (Fig. 2c). 

The total amounts of soil tetracycline after one year of treatment with L-FCM, H-
FCM, L-CCM and H-CCM increased by 176.5%, 217.9%, 168.5% and 191.5%, 
respectively, compared to the control (Fig. 3). The highest total amount of soil 
tetracycline (13.069 µg·kg-1) was found in the H-FCM treatment. Soil tetracycline 
residues in high chicken manure treatments (600 kg·667m-2) were higher than that in the 
low chicken manure treatments (300 kg·667m-2) by 8.5%-15.0%, and approximately 
twice that of the control. The antibiotic residues in the FCM treatments were higher than 
that in the CCM treatments by 3.0%~9.1%. In general, the TC residues in the soils 
treated with L-CCM was the lowest, while that with H-FCM was the highest. 
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Figure 3. The amount of soil tetracycline antibiotics in the chicken manure treatments after one 

year 

 
 
The application amount of chicken manure significantly and positively correlates 

with the total amount of soil tetracycline (r = 0.880), wherein the TC and OTC residues 
are positively correlated with the application amount of chicken manure (r = 0.648，
P < 0.05; r = 0.936, P < 0.01). Conversely, the CTC residue does not correlate with the 
chicken manure application amount (Table 2). 
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Table 2. The correlations of chicken manure application amount and soil tetracycline 

antibiotic residues 

 
Application amount 

of chicken manure  
Soil TC Soil OTC Soil CTC ΣTCs 

Application amount 

of chicken manure 
1     

Soil TC 0.648* 1    

Soil OTC 0.936** 0.714* 1   

Soil CTC 0.323 0.716* 0.458 1  

ΣTCs 0.880** 0.874** 0.959** 0.645* 1 

* or * * indicates significant difference of the correlations of chicken manure application amount and 
soil tetracycline antibiotic residues at P ≤ 0.05 or P ≤ 0.01 level. ΣTCs indicates the total amount of the 
three tetracycline antibiotics 

Discussion 

With the application of organic manure fertilizers, antibiotics enter and then 
accumulate in soil. Antibiotic residues in soil are largely determined by the soil 
characteristics, such as pH, organic matter content and mineral composition. Soil 
mineral and organic matter fractions could be the primary antibiotic adsorption sites 
(Qiu et al., 2004). In the present study, no significant difference in soil organic contents 
was found between different treatments after one year of applying different chicken 
manures. This may be because the difference in chicken manure application amounts 
among treatments was not significant or because the test period was only one year; 
therefore, further long-term in-situ monitoring may be required. 

Soil microorganisms and enzymes are important components of soil biochemical 
characteristics, which play important roles in nutrient transformation and organic matter 
decomposition (Zhang et al., 2012). Soil enzymes are important components of the soil 
ecosystem and a key index for evaluating ecological environment and fertility of the soil 
(Yao et al., 2010). In the present study, the application of chicken manure significantly 
increased catalase activity in the soil; however, no significant difference in soil catalase 
activity was found between the FCM and CCM treatments. This result is similar to that 
of Yao et al. (2010). In this study, soil urease activity after application of FCM was 
lower than after application of CCM. The reasons may be because FCM normally 
results in strong acidity (pH 3.6-4.7), which is far from the suitable pH value of urease 
(6.5-7.0) (Dodd et al., 1987). In addition, FCM is generally in an organic or slowly-
released state that cannot be absorbed and used by plants, leading to slow fertilizer 
efficiency, which affects urease activity (Liu et al., 2003). Application of CCM 
increases soil urease activity, which is consistent with results published by Jin et al. 
(2013). In the present study, the quantity of soil bacteria in the CCM treatments was 
larger than that in FCM treatments. This may be caused by the strong acidity and 
slowly-released nutrients from FCM, which affects the urease activity, thus resulting in 
a decreased bacterial abundance. 

The quantity of soil bacteria in the high chicken manure treatments (600 kg·667m-2) 
was generally lower than that in the low chicken manure treatments (300 kg·667m-2). 
This indicates that the application amount of organic fertilizer affects the quantity of 
soil bacteria. The application of CCM caused a significant increase in the quantity of 
actinomycetes, while FCM limited the quantity of actinomycetes. The number of soil 
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fungi decreased after the application of chicken manure. This result further confirms 
that appropriate application of CCM is beneficial for the growth of bacteria and 
actinomycetes in soil, and it also limits the growth of soil fungi and reduces harm to 
plants. These results are in agreement with those published by Yang et al. (2007). 

The application of chicken manure increased the number of resistant bacteria, 
wherein the CCM treatment increased this subpopulation more than FCM did. This may 
be because the antibiotic degradation products in CCM have a larger influence on soil 
resistant bacteria. In the present study, compared to the control, appropriate application 
of CCM reduced the proportion of Anti-OTC, which is consistent with the research 
results of Zhang et al. (2012). The quantity and proportions of Anti-CTC in the soil after 
application of different chicken manures, and the proportion of soil Anti-CTC in high 
chicken manure treatments, was larger than that in low chicken manure treatments. This 
is probably because the high application amount of chicken manure (600 kg·667m-2) 
improves the soil physicochemical properties and changes its adsorption capacity for 
CTC (Pils and Laird, 2007). In the present study, the application of CCM greatly 
reduced the number and proportion of resistant bacteria, while the application of FCM 
increased these values, which is similar to the results reported by Yang et al. (2014). 

During the yearlong application of chicken manure, three crops (Ipomoea aquatica 

Forsk, Lactuca sativa L. and Brassica juncea var. gemmifera.) were planted using two 
different cultivation modes (drowned and drought cultivation). The soil antibiotic residues 
after harvesting Ipomoea aquatica Forsk in drowned cultivation mode increased, while 
the residues after harvesting Lactuca sativa L. and Brassica juncea var. gemmifera in 
drought planting mode decreased. This may be because, in drought cultivation using 

Lactuca sativa L. and Brassica juncea var. gemmifera, the water downwardly infiltrated 
and evaporated, then the antibiotics also downwardly infiltrated under the plough layer, or 
the soil physicochemical property changed due to lack of water; therefore the antibiotic 
residues in plough layer soil decreased (Du and Liu, 2011; Hu et al., 2015). After 
application of chicken manure for one year, the soil antibiotic residues significantly 
increased, wherein the residue in the FCM-treated soil was higher than that in the CCM-
treated soil. The reasons may be because the FCM is acidic. With the increase of soil pH 
and ion strength, the absorption capacity of the soil for tetracycline decreased (Gündoğan 
et al., 2004). The antibiotic residues in high chicken manure treatments (600 kg·667m-2) 
were higher than that in low chicken manure treatments (300 kg·667m-2), which is similar 
to the results reported by Zhang et al. (2015). The total antibiotic content in the soil was 
significantly positively correlated with the application amount of chicken manure. This 
result further confirms that the higher the amount of manure application are, the higher 
the soil antibiotic residues. However, the soil CTC content was not correlated with the 
application amount of manure, possibly because the soil CTC content is correlated with 
the type of manure or soil background value; however, these results should be validated 
by further long-term studies. 

Conclusion 

After one year, soil catalase activity increased in chicken manure-treated soils. Soil 
urease activity increased in CCM treatments. The quantity of bacteria and 
actinomycetes significantly increased in L-CCM treatments, while the number of fungi 
significantly decreased. The application of CCM significantly increased the quantity of 
actinomycetes, while the application of L-CCM significantly reduced the proportion of 
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antibiotic resistant bacteria. The antibiotic residues in CCM-treated soil were lower than 
that in FCM-treated soil. The antibiotic residues in high chicken manure treatments (600 
kg·667m-2) were higher than that in low chicken manure treatments (300 kg·667m-2). 
The cultivation mode also affected antibiotic residues in soil, wherein the drowned 
cultivation mode may worsen the tetracycline antibiotics residues in the soil. Long-term 
application of FCM may cause residue and accumulation of tetracycline antibiotics in 
soil and harm to the ecological environment. 
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Abstract: The germination of the orchids is the most sensitive period of their life. In case of the 
extremely rare Himantoglossum adriaticum in Hungary, no such information has been published yet. Our 
aim is to present the results of the in situ and the ex situ germination of H. adriaticum seeds originate in 
West Hungary. There were 10-10 seed packets sowed 10-20 cm far-, and 3-3 as control 10 m away from 
the living mother plants on the natural habitats of Keszthelyi-hills and of Sümeg-Tapolca region. The 
success of germination was significantly higher close to the mother plant than in the control packets either 
8 or 11 months after sowing on both places and was a bit better in Keszthely than on Sümeg-Tapolca 
region. Parallelly with it we sowed the seeds of same origin into six flasks, onto Fast medium in the 
orchid laboratory of Eötvös Loránd University’s Botanical Garden in Budapest. During this ex situ 
germination, the first protocorm was appeared 9 months after sowing. The germination was outstanding 
only in one flask. Our results show, that the germination in the natural habitat was much higher than in 
vitro on the generally used artificial media. 
Keywords: Orchidaceae, field research, in situ propagation, ex situ propagation, in vitro, 

micropropagation, flask, Fast-media 

Introduction 

Nowadays, because of the environment-forming activity of people, the number and 
the area of natural habitats are decreasing all over the world. As we face the sixth great 
extinction event in the history of life on earth (Canadell and Noble, 2001), an increasing 
attention is being paid to biodiversity conservation (Swarts and Dixon, 2009). 

The family Orchidaceae, with its more than 25,000 species, is the largest in the plant 
kingdom (Mabberley, 1997; Cribb et al., 2003). One-third of the orchids are terrestrials, 
and yet almost half of the extinct embryophytes according to The World Conservation 
Union (IUCN, 1999) are terrestrial herbaceous perennials. Terrestrial orchids thus 
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represent a life-form class likely to experience a greater extinction risk as a result of the 
multiplicity of threatening processes, particularly under current climatic change 
scenarios (Swarts and Dixon, 2009). 

Fragmentation of habitats, removal of key species critical to the continued existence 
of ecosystems, increased susceptibility to fire threats, pollinator decline and 
introduction of feral animals are also documented to result in drastic losses in orchid 
populations and diversity (Sosa and Platas, 1998; Coates and Dixon, 2007). Historically, 
collection of wild orchids has threatened many species with extinction (Cribb et al., 
2003). Koopowitz et al. (2003) described a ‘golden age’ of plant collecting from the 
mid-1800s until the onset of the First World War. As a consequence, many orchids are 
recognized as endangered and vulnerable species (Shirokov et al., 2016). Based on 
Molnár V. et al. (2015), pollination crisis has not affected Hungarian orchids yet (at 
least in terms of reproductive success). 

In the case of terrestrial orchids, for example, range and abundance may be driven by 
factors pertaining to the underground and above-ground life history phases of species 
(Woolcock and Woolcock, 1984; Clements, 1988; Dixon, 1989). The first need, 
represented in the underground phase, is a mycorrhizal association with a fungal 
endophyte (Warcup, 1971; Ramsay et al., 1986; Rasmussen, 2002). The second is 
effective pollination/fertilization in the above-ground phase (Stoutamire, 1983; Roberts, 
2003). The great taxonomic diversity of Orchidaceae is often attributed to 
specialization of these two requirements (Swarts and Dixon, 2009). 

Despite the orchids worldwide dispersion and extreme plasticity, the majority of 
these species are of key conservation importance (Jacquemyn et al., 2005; Kull and 
Hutchings, 2006; Swarts and Dixon, 2009). Protecting orchids, first of all we have to 
ensure them their suitable habitats. The specialist species with small area are much 
more vulnerable of the rapidly changing environmental conditions, than the widespread, 
generalist species. Causes of their decline are complex, but – independently of the 
conservation status – the long-term persistence of plant populations in every case partly 
depends on seed production (Biró et al., 2014) and their viability. Based on these facts, 
it is necessary to explore the reproductive capacity (viability) and the possibility of 
propagation of these species. 

As for the in situ germination researches, it has been about 20 years since seed 
packets were first employed successfully to explore orchid germination and seedling 
development (Rasmussen and Whigham, 1993; Masuhara and Katsuya, 1994; Van der 
Kinderen, 1995; Zelmer et al., 1996). Because orchid seeds are minute, the first life 
stages of seedlings previously defied observation, but now experimental sowing in the 
field constitutes a useful routine procedure for identifying germination requirements 
(Rasmussen et al., 2015). The germination of terrestrial orchids is the most sensitive 
period of their life, because of their seed structure and their mycorrhizal fungus 
relationships. Under natural conditions, seeds of most terrestrial orchid species will 
germinate only in association with a compatible mycorrhizal fungus (Warcup, 1981; 
Ramsay et al., 1986; Arditti et al., 1990). Due to limited food reserves, orchid seeds 
have a complete dependency on nutrients supplied by the mycorrhizal association 
during early germination and seedling establishment phases (Rasmussen, 1995), 
although some species may substitute or acquire new mycorrhizal associates depending 
upon plant maturity (Bidartondo and Read, 2008). 

For some protected plants the artificial germination (ex situ, in vitro), the grow-up 
and the replantation to their natural habitat has become inevitable. As regards artificial 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2720663/#MCP025C113
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seed germination, orchids can be classified into three categories (Arditti, 1967; 1979; 
Arditti and Ernst, 1984). Terrestrial, temperate zone orchids are more difficult to 
germinate asymbiotically (Arditti, 1982) than the tropical ones. By ex situ, in vitro 
germination, it is very important, that the core must be unripe on the plant when we 
collect the seeds, because the seeds are only sterile until the cores are closed (Fast, 
1980). In this case, seeds can be used without disinfection (Richter, 1982). After 
sowing, the seeds get a cold treatment called “chilling time”, because it increases the 
degree of germination (De Pauw and Remphrey, 1993). According to Miyoshi and Mii 
(1988) a 12-week-long chilling time seems the most effective for the seeds. 

As for our target species, Himantoglossum adriaticum H. Baumann has a central 
submediterranean distribution, currently known to occur in Austria, Bosnia-
Herzegovina, Croatia, Czech Republic, Hungary, Italy, Slovakia, Slovenia (Fig. 1). The 
Czech Republic is at the boarder of the distribution (Dostalova et al., 2011; Pecoraro et 
al., 2013; Rybka et al., 2005; Bernhardt, 2011). Red Data Books of many countries 
contains this species (Conti et al., 1997; Király, 2007; Maglocky and Feráková, 1993; 
Grulich, 2012). The conservation status of H. adriaticum is Critically Endangered in the 
Czech Republic and in Slovakia, Endangered in Austria and in Hungary, Vulnerable in 
Slovenia and Near Threatened in Croatia (Dostalova et al., 2011). Additionally, H. 

adriaticum is suffering ongoing population declines and is listed in the Annex II of 
Council Directive 92/43/EEC (the ‘Habitats Directive’). 

The reproductive success of Himantoglossum adriaticum is generally low. The 
flowers have been observed to be pollinated by the following bee species: Andrena 

haemorrhoa, A. carbonaria, A. nigroaenea, A. potentillae, Apis mellifera (Claessens 
and Kleynen, 2011), Colletes similis (Vöth, 1990; Sulyok et al., 1998), Bombus spp. 
(Teschner, 1980), Osmia caerulescens, Lasioglossum (Evylaeus) morio, Lasioglossum 
(Evylaeus) lucidulum, Megachile melanopyga (Bódis, 2010). Previously published fruit 
set data varied between 4.5 and 44% in Austria (Vöth, 1990), and between 5.4% and 
23.3% in Hungary (Bódis and Molnár, 2009). 

In case of any germination traits of Himantoglossum adriaticum, there is no 
information has been published yet. Our aim is to present the peculiarity of germination 
of H. adriaticum, either in laboratory (ex situ, in vitro) or under field conditions (in 
situ). 

Materials and methods 

Himantoglossum adriaticum 

The Himantoglossum adriaticum – called “Adriatic lizard orchid” – is an Adriatic-
Mediterranean, in Hungary is a collin-submontane species (Bódis et al., 2011). The 
characteristic habitat of the species is full sun to mid-shade and dry calcareous 
substrates. It prefers poor grassland, banks, thickets, woodland edges and open 
woodlands, up to 1600 m of altitude above sea level (Delforge, 2006). It often occurs in 
secondary habitats such as road sides, vineyards and abandoned mines (Dostalova et al., 
2011). 

In Hungary it has known only 5 populations: in the Keszthely Hills, in the Sümeg-
Tapolca Region, in the Bakony Hills, in the Kőszeg Mountains and in the Sopron 
Mountains (Fig. 1). The decrease of the historically known presence of the species is 
35% (Bódis et al., 2011). 
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Figure 1. Map of the H. adriaticum populations in Europe, and highlighted in Hungary. 

(Source: Europe map: The IUCN Red List of threatened species. 

http://maps.iucnredlist.org/map.html?id=162219. Hungary map: Ministry of Agriculture, 

Department of Nature Conservation, modified by the authors) 

 
 
As for the relationship with mycorrhizal fungus, to get to know the mycorrhizal 

partner of this species, we need molecular taxonomic researches, for which roots or 
protocorms with initial shooting can be used. In Hungary, no one published experiments 
to get to know this. Based on Pecoraro et al. (2013) the international database 
(GenBank) contains, that they isolated Tulasnellaceae family from Italian H. adriaticum 
roots. We made an experiment to isolate the specific mycorrhizal fungal symbionts of 
the species in the study areas from protocorms, but those results have not been 
published yet. 
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Origin of seeds 

The H. adriaticum seeds were sown, originated from the Hungarian natural habitats 
(Keszthely Hills (K), Sümeg-Tapolca Region (ST), Bakony Mountains (B3, B13, B15) 
and Kőszeg Mountains (KO)) and from the Croatian Istrian Peninsula (U), as a 
comparison. The capsules were ripe, dried, but they had not opened yet. The seeds were 
stored in a refrigerator for 15 days until use. 

It was important to examine whether there is a significant difference between the 
germination of the seeds from different places. To do this we used the data of the 
variability testing, and we made variance analysis and significant difference calculations 
with Microsoft Excel 2013 computer program. In the variance analysis, the null 
hypothesis says that there is no significant difference between the habitats in the point 
of the germination averages. If the p-value > 0.05 the null hypothesis can be accepted. 
The result was also confirmed with the significant difference calculations (SD5%). 

 
Treatments and viability testing of seeds 

To get to know the theoretical viability of the seeds we used triphenyltetrazolium 
chloride (TTC). The more seeds are painted red, the higher viability rate they have. This 
method of Van Waes and Debergh (1986a, b) has become widely used for viability 
studies. 

Before the painting with TTC, in order to crack the seed coat (because of the seeds of 
orchids are too small to scarify them with a scalpel to let the liquid reach the embrio) we 
tried 7 pretreatments: we let 100-100 seeds (from a mixture of the seeds from all 
habitats) in 0.5%; 1%; 2% and 4% sodium hypochlorite, in calcium hypochlorite, in 
sulphuric acid, and made a mechanical pericarp damage. 

In the course of sodium-hypochlorite treatment, we let the seeds in 0.5%; 1%; 2% 
and 4% natrium-hypochlorite for 10 min. 

In the course of kalcium-hypochlorite treatment, we dissolved 10 g kalcium-
hypochlorite in 90 cm3 distilled water, and after 10 min we put the seeds into the 
mixture for 10 min. 

In the course of the acidic treatment, we put the seeds into 1% sodium-hypochlorite 
for 10 min and after that into 2% H2SO4 for further 10 min. 

In the course of the mechanical pretreatment, we used quartz sand. We put the seeds 
and quartz sand into a test tube and shake them for 50 s on a test tube shaker. As we 
tested before, this time was enough to crack the seed coat without making destruction. 

After the pretreatments we flush the seeds with distilled water for 3 times, then used 
the TTC method. We made a tincture from 1 g TTC and 100 cm3 distilled water, the 
seeds were put into this, and were laid in a full dark place for 5 days on 30°C 
temperature. 

From these 7 kinds of pretreatments, we used that in our further experiment, which 
gave the best result. From all habitat we used 100-100 seeds in 10-10 test tube, and 
made the TTC viability-test after doing the best pretreatment on them. According to this 
we determined the viability of the seeds. 

 
Study area of the in situ germination 

The first study area of H. adriaticum was in Keszthely Hills, in western Hungary, at 
the boundary of the village Gyenesdiás and Keszthely town. The orchid population was 
found by I. Szabó, on both sides of the Pilikán-Szoroshad minor road, in dolomite 



Gilián et al.: Germination traits of Adriatic lizard orchid (Himantoglossum adriaticum) in Hungary 
- 1160 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1155-1171. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_11551171 
 2018, ALÖKI Kft., Budapest, Hungary 

grassland (Chrysopogono-Caricetum humilis), on the edge of the forest (Szabó, 1987). 
In the study area calciphilous oak woodland (dominated by Quercus petraea), shrub 
woodland and Black pine (Pinus nigra) plantation form a vegetation mosaic with 
dolomite grassland. Habitats are disturbed, the vegetation is degraded (owing to mainly 
human activities). H. adriaticum grows in the grassland near the road and on the edge of 
the expanding shrubs and trees (Origanetalia vulgaris) (Bódis and Molnár, 2009). 

The second study area was the Sümeg-Tapolca Region. The largest Hungarian 
population is located next to the Sümeg and Nyirád roads, 4 and 2 km along (Sulyok et 
al., 1998). The specimens appear lonely or in small groups especially in the mowed road 
curbs (degraded Festuco-Brometea). Today the plants are located on the area of the 
Nyirád road, where grasslands and grassy shrubs were connected to the road fifty years 
ago. There are higher number of specimens in the “forest road” between Sümeg and 
Tapolca, especially in the yard of the Forester’s House of Úrbér, on the lawn and in the 
road curbs. Many small vegetative individuals grow under Common Dogwood (Cornus 

sanguinea) and Blackthorn (Prunus spinosa) bushes. The flowering specimens are 
typically found in the shrub-grass meadows, and located along the road, in multifarious 
exposures and habitats. In addition to the fact that this is the largest population, diverse 
micro-habitats (which are independent from each other) facilitate the long-lasting 
survival (Bódis and Molnár, 2009). 

As for the climate, the study areas are about 30 km away from each other, and both 
are in moderately warm-moderately dry climate. In the experimental areas, the annual 
average temperature is between 10 and 11°C and the annual precipitation amount is 
650-750 mm. 

2014 was a very rainy year, so the annual precipitation amount was above the 
average. The Walter-Lieth climate diagrams (Fig. 2 a and b) were made from the data 
were got online through MetNet and were drawn in RStudio program by us. They 
represent the climate of the two study areas in 2014. The diagrams show that the end of 
the winter, the spring and the summer, and the first two months in the autumn were 
subhumid and superhumid. In June, there was only few rain, so the germination could 
not be started. The extra rain in July, August and September were important for start up 
the germination in the seed baits. 

The soil pH are 7.3-7.9 on the Hungarian habitats of H. adriaticum according to 
Molnár V. (2011). 

 
Research process of in situ germination 

Seed packets were constructed from 40x60mm rectangles of heat-sealed nylon mesh 
(Illyés, 2011) and about 300-500 seeds of H. adriaticum were placed in each. The pore 
size of the mesh (85 µm and 100 µm) was chosen to retain the seeds without impending 
fungal growth. The mesh was folded once and clipped into plastic glassless slide 
mounts (Rasmussen and Whigham, 1993). 

Seed pockets were positioned vertically in top-soil (approx. depth 5 cm) at 6-6 places 
in the Keszthely Hills and Sümeg-Tapolca Region in October 2013 (Table 1). 10-10 
seed baits were positioned about 10-20 cm of a living plant and 6-6 seed baits about 
10 m away of the living plants, as a control, where neither adult nor germinating plants 
were found. Seed baits were excavated at two occasions: in June 2014 and in September 
2014. For the first time, we wanted to know whether the germination started. For the 
second time we can noticed various stages of germination (Figs. 3 and 4), so it was 
important to classify them by stages (Table 2). 
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Figure 2. a: Walter-Lieth climate diagram of Keszthely for 2014. b: Walter-Lieth climate 

diagram of Sümeg-Tapolca Region for 2014 
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Table 1. GPS datas of in situ seed baits that were placed into the field 

Date of 

placement 
Place 

GPS coordinates of baits  

placed next to a living plant 

GPS coordinates 

of controll baits 
12

.1
0.

20
13

. 

Keszthely 1 
46o47’33.1” 
17o16’34.1” 

46o47’32.8” 
17o16’34.1” 

Keszthely 2 
46o47’40.8” 
17o16’38.8” 

46o47’40.8” 
17o16’38.7” 

Keszthely 3 
46o47’43.1” 
17o16’40.1” 

46o47’43.4” 
17o16’39.4” 

Keszthely 4 
46o47’33.2” 
17o16’36.4” 

46o47’33.0” 
17o16’36.3” 

Keszthely 5 
46o47’53.3” 
17o16’51.9” 

46o47’53.6” 
17o16’52.4” 

Keszthely 6 
46o48’04.1” 
17o16’57.5” 

46o48’04.0” 
17o16’58.4” 

01
.1

0.
20

13
. 

Sümeg-Tapolca 1 
46o57’28.8” 
17o20’49.2” 

46o57’28.5” 
17o20’50.3” 

Sümeg-Tapolca 2 
46o57’29.7” 
17o20’49.4” 

46o57’29.5” 
17o20’50.4” 

Sümeg-Tapolca 3 
46o57’25.4” 
17o21’10.2” 

46o57’27.5” 
17o21’09.7” 

Sümeg-Tapolca 4 
46o57’22.7” 
17o21’16.4” 

46o57’22.7” 
17o21’16.8” 

Sümeg-Tapolca 5 
46o57’08.8” 
17o21’58.1” 

46o57’08.9” 
17o21’57.7” 

Sümeg-Tapolca 6 
46o56’43.5” 
17o22’24.1” 

46o56’43.4” 
17o22’23.8” 

 
 
Table 2. Protocorms classified by stages at in situ germination 

Stages Short explanation 

0. The protocorm visibly swollen in the seed coat, but it still did not break it through 

1. The protocorm broke through the seed coat but the seed coat is still visible on it 

2. The seed coat is no more visible and we can see the rhizoid hairs 

3. 
The size of the protocorms is few mm and they are perceptible to the eye and we can see the 

shoot initiation 

 
 

Research process of ex situ (in vitro) germination 

The ex situ germination was carried out in the laboratory of the Eötvös Loránd 
University’s Botanical Garden on September 2013. We made the pretreatment, which 
was equivalence also the necessary sterilization, and the sowing in laminar flow with 
sterile instruments. The seeds were sown on modified “Fast” media, because it gives the 
best germination results of Hungarian terrestrial orchids (R. Eszéki, Szendrák, 1992). 
We summarized the recipe of modified “Fast” media in Table 3. 
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Figure 3. In situ stage 0 and stage 1 

 
 

 
Figure 4. In situ stage 2 and stage 3 

 
 
Table 3. The recipe of modified “Fast” media 

Ingredients (1200ml) Quantity 

Ph:5.5  
Ca (NO3)2 X 4H2O 100 mg 

NH4NO3 200 mg 

KH2PO4 100 mg 

KCl 200 mg 

MgSO4 X 7H2O 100 mg 

Fe-chelate 30 mg 

Heller-mikro 1 ml 
Saccharose 14 g 

Fructose 6 g 

Pepton 1 g 

Polivitaplex 250 mg 

Inozit 100 mg 

Agar 10 g 
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Before sowing, we made a pretreatment: we dissolved 10 g kalcium-hypoclorite in 
90 cm3 distilled water, then gave some drop of Tween to the mixture and let it clear. 
Then we put the seeds into test tubes and pour the filtrate on them for 10 min. After 
that, in the sterile box, we sowed the seeds from the test tubes onto the modified Fast 
media with a sterile scalpel. We covered the flasks with foil three times, then covered 
them with aluminium foil. The firs week was an incubation time, we monitored if it 
stayed sterile or not. After the incubation time we put the flasks into fridge (4°C) for 3 
months. Then, we put them into a dark box on room temperature (24°C) until the first 
protocorms appeared. After the first protocorms appearance we checked the flasks 
monthly. 

Results 

Viability testing 

In the variance analysis, the p-value was higher than 0.05 (Table 4), so the null 
hypothesis could be accepted. 

 
Table 4. Results of the variance analysis 

VARIANCE ANALYSIS  

Source of variation SS df MS F p-value F crit. 

Between groups 115 3 38.33333 1.721987 0.179812 2.866266 

Within groups 801.4 36 22.26111 
 

  

Total 916.4 39 
    

 
 
Based on the results, we can state that there is no significant difference between the 

seed’s average of germination, so it does not cause any problems during the 
experiments that the seeds originated from different habitats. Thus, the seeds can be 
used separately from each habitat, or a mixture can be made from the seeds of all of the 
habitats, it has no effect on the results. 

From the pretreatments the mechanical pericarp fracture gave the best results (Table 

5), so we made the testing with this method. The germination of the seeds after the ten 
times repetitions of viability testing was 17.7% on average. 

 
In situ germination 

We summarized the results of the in situ germination 8 and 11 month after sowing. 
The in situ germination was 0.094% in the Keszthely Hills 8 months after sowing. 

10-20 cm from the living plants this rate increased to 0.1%. The germination in the 
control packets was 0.08%. 11 months after sowing, the germination increased to 42%, 
included the “Stage 0” protocorms too. Next to the living plants, the germination was 
50.3%. In the control packets this value was 19.4%. 

On the Sümeg-Tapolca Region, the in situ germination was 0.11% 8 months after 
sowing. 10-20 cm from the living plants the germination was 0.13%. In the control 
packets we have not found any protocorms. 11 months after sowing, the germination of 
the seeds was 34.7%. Next to the living plants, this value increased to 39.9%. The 
germination was 3.5% in the control packets. 
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Table 5. Percentage of seeds were painted red by TTC 

Pretreatments, length of time Seeds were painted red (%) 

1. Sodium-hypochlorite, 10 min, 0.5% 21 

2. Sodium-hypochlorite, 10 min, 1% 17.5 

3. Sodium-hypochlorite, 10 min, 2% 17 

4. Sodium-hypochlorite, 10 min, 4% 19 

5. 10 g sodium-hypochlorite/90 cm3 H2O, 10 min 16 

6. 1% sodium-hypochlorite, 10 min, after then 2% H2SO4, 10 min 13 

7. Mechanical pericarp fracture 50 s 35 

 
 

Ex situ germination 

After the sowing, none of the flasks became infected. During the ex situ germination, 
the first protocorm was appeared 9 months after sowing. The germination was 
outstanding only in one flask (from the Bakony mts.), marked “B13”. The germination 
of this flask was 1.3% 13 months after sowing. In the other flasks, there was maximum 
1-2 protocorms. After the first protocorm’s appearance, we checked the flasks monthly. 
We summarized these results in Table 6. In October 2014, 13 months after sowing, we 
checked every flask and kept a record of the protocorms and seedlings according to 
stages we found in them (Figs. 5, 6 and 7). In Table 7, a short explanation can be found 
about the protocorms and seedlings by stages. The results of protocorms and seedlings 
were found in the flasks 13 months after sowing are summarized in Table 8. 

After the first protocorm’s appearance, we put the flasks onto natural light. Newer 
protocorms appeared which started to grow faster than the protocorms appeared in the 
dark. The new protocorms became larger and more powerful in a month. 

18 months after sowing, the protocorms appeared on natural light have grown to a 
powerful 6-11-cm big seedling. 

 
Table 6. Protocorms founded in flasks monthly (B – Bakony mts, ST – Sümeg-Tapolca 

Region, KO – Kőszeg mts, U – Istrian Peninsula) 

Time of checking B3 B13 B15 ST KO U 

2014.06.04 2 30 0 1 0 0 

2014.07.11 2 46 0 1 0 0 

2014.08.11 3 74 2 2 0 2 

2014.09.09 3 87 1 2 0 3 

2014.10.04 3 104 1 2 1 3 

 
 
Table 7. Protocorms and seedlings by stages, short explanation 

Stages Short explanation 

Stage 1. The white protocorm with rhizoid hair appears 
Stage 2. The shoot initiation appears on the white protocorm 

Stage 3. 
One-leaved-staged green seedling appears on the white 

protokorm. <1cm 
Stage 4. Green, two-leaved-staged seedling. ~1 cm 
Stage 5. Green, two-leaved-staged seedling. ~2 cm 
Stage 6. Green, two-leaved-staged seedling. ~3 cm 
Stage 7. Green, two-leaved-staged seedling. >5 cm 
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Table 8. Protocorms and seedlings by stages in flasks, 13 months after sowing (S = Seeds 

were sown onto the media in one flask, St = Stage, T = total, GR = germination rate) 

Flask 

code 

S 

(pcs) 

13 months after sowing onto “Fast” media 

St 1 

(pcs) 

St 2 

(pcs) 

St 3 

(pcs) 

St 4 

(pcs) 

St 5 

(pcs) 

St 6 

(pcs) 

St 7 

(pcs) 

T 

(pcs) 

GR 

 (%) 

B3 9216 0 0 0 0 1 1 1 3 0.03 

B13 8100 10 8 10 20 22 24 10 104 1.3 

B15 12224 1 0 0 0 0 0 0 1 0.008 

ST 9960 0 1 0 1 0 0 0 2 0.02 

KO 11300 0 1 0 0 0 0 0 1 0.009 

U 10184 0 0 3 0 0 0 0 3 0.03 

Discussion 

During the viability test, after the pretreatments, if the TTC gets into the seed coat, it 
colours the seeds to red. This is only a theoretical ratio, it is not suitable to determine 
the true germination rate. This result is not comparable with the results of the in situ 
germination rate, because the microflora in the soil is like to digest the outer husk down 
from the embryo. We cannot reach artificially as good results as it can with this natural 
way of “pretreatment”. The theoretical germination rate we get during viability tests is 
smaller (17.7% on average) than the measured germination rates (42%) on their natural 
habitat (in situ), but much higher, than the ex situ germination in flasks (0.18%). So, the 
seed’s reddish discoloration (formazan formation) during the TTC test was not 
necessarily a warrant for the seeds high germination. 

 

  

Figure 5. Ex situ stage 1 and stage 2-3 
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Figure 6. Ex situ stage 4 and stages 5-6 

 
 

 

Figure 7. Ex situ stage 7 

 
 
If we see the in situ germination’s results, it is perceptible, that between the sown in 

October and the excavation in June, the 8 months were not enough for most of the seeds 
to germinate, but between the two excavations in June and September, in that 3 months 
the germination was started. 
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If we see the in situ germination’s results, it is perceptible, that between the sown in 
October and the excavation in June, the 8 months were not enough for most of the seeds 
to germinate, but between the two excavations in June and September, in that 3 months 
the germination was started. 

Consequently, the seeds needed 8-11 months after sowing to start to germinate on 
their natural habitats. It is very important to note, that into this result, we also calculated 
the protocorms in stage 0 and 1, so the “near-germination” seeds too. In these stages, 
the seeds do not need symbiotic fungal relationships, so these are not “real” protocorms, 
but very important data to see, how many seeds are viable, how many has the option, 
that meeting with the right fungi, the shoot initiation starts to grow, and it became a real 
seedling. 

According to our microscopic observation, the symbiosis of the fungi and the orchid 
protocorm starts between the first and second stage: after when the white protocorm 
with rhizoid hair appears but before when the shoot initiation appears on this white 
protocorm. 

Comparing the in situ and the ex situ germination, the seeds of H. adriaticum started 
to germinate 9-11 months after sowing in a high volume, so the seeds were in a resting 
period till then, but kept their ability of germination. 

Conclusion 

Our research shows, that the germination rate of H. adriaticum seeds is reassuringly 
high in its natural habitats, so this phase of the plants life is probably not a key element 
of the species endangerment. Meeting with the fungal partner, which pushes the 
germination on and starts the embryo’s growth, is a much rarer event. Our next step is 
to determine the specific mycorrhizal fungal symbionts of the species in the Hungarian 
habitats both from protocorms and roots, so that we could compare the results. We can 
declare that the seeds from the Hungarian habitats are able to germinate artificially. 
According to the in vitro germination, the species can be germinated on modified “Fast” 
media (pH 5.5). Based on Molnár V. (2011) about the soil pH on the natural habitats of 
the species, we think that H. adriaticum seeds could achieve higher germination rates 
with higher media pH. So, the next step in our research will be to measure the soil pH 
on their natural habitats, and saw the seeds onto media with multifarious pH, from 
which we can ascertain that our speculation is true or not. 
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Abstract. The aim of the study was to determine relationship between the microscopic structure and 
physical characterization of organic wastes which have a potential as a substrate occurred during the 
agricultural and industrial activities. The microscopic structure of the samples was observed using 
scanning electron microscope (SEM). Physical properties were specified according to EU standards using 
the methods from the existing literature. According to the results of this study the organic waste samples 
show difference in decomposing depending on their surface and internal structure. Micro pores are 
prevailing in the waste with higher decomposing rate (HH, SMC, MWC), while the waste with lower 
decomposing rate (TW, MS, RH) has higher content of macro pores. When the pore diameter of the 
samples increases, their porosity and air capacity raise as well, but their water holding capacity decreases. 
Best results were determined at hazelnut husk and the insufficient results were obtained at rice hull. 
Comparing the physical properties obtained with the desired ideal values for the growing medium 
indicates that hazelnut husk, sawdust, spend mushroom compost and municipal solid waste compost can 
be used as pure and that other organic wastes can be used in the mixtures as growth medium components. 
Keywords: soilless growing media, potting media, internal structure, physical properties, waste 

reclamation 

Introduction 

Serious problems are experienced in the management and disposal of organic wastes, 
as significant types of waste both in the rural and urban areas, due to their various types 
and high amounts. On the other hand, agricultural wastes generated particularly in rural 
areas are released into forests and stream beds or tried to be disposed by burning. This 
in turn causes the contamination of water resources, air pollution, release of pathogen 
microorganisms and odor problems. (Dede et al., 2006). Yet, with their high organic 
matter and plant nutrient content these wastes can be utilized in vegetative production, 
the most ecologic and sustainable method of disposal. The literature includes many 
studies demonstrating that agricultural-based organic wastes can be successfully utilized 
in vegetative production, where it is reported that their utilization as growth medium 
particularly in the cultivation of potted ornamental plants would constitute a significant 
alternative to natural soil and peat (Apaolaza et al., 2005; Rigane et al., 2011; Belda et 
al., 2013). 

The basic properties sought in growth media to be used in the cultivation of potted 
ornamental plants are high stability in order to allow the roots to anchor and support the 
plant, good hydraulic properties in order to supply water to the plant, the ability to 
supply the roots with the needed air and containing various plant nutrients (Tariq et al., 
2012). Considering the fact that plant nutrient content can be improved by means of 
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simple applications such as using natural or artificial fertilizers, the suitability of the 
physical and hydrophysical properties of organic materials would be determinative in its 
stability as growth medium (Abad et al., 2001; Yahya et al., 2010). 

Generally, growing mediums are classified according to their hydraulic properties. In 
this classification, growing media is divided into four types (Yahya et al., 2010). 
Type 1: aerated growing media with high water availability and high water buffering 
capacity, Type 2: less aerated growing media with average to high water availability, 
Type 3: highly aerated growing media with low water availability, and Type 4: growing 
media with low water availability but a very low water buffering capacity. 

On the other hand, the physical and hydraulic properties of the materials used as 
growing media can often be controlled by particle size distribution. However, in some 
cases different physical and hydraulic properties can be seen in growing media with 
similar particle size distributions (Abad et al., 2001; Ozdemir et al., 2015). This can be 
attributed to differences in surface and interior structures of the growing media. 

This study aims to explain the effects of surface and internal structure of organic 
wastes on physical and hydraulic properties and to determine the usability of organic 
wastes examined as growing media. 

Materials and methods 

Organic wastes sampling 

Organic waste samples that could be used as a growing media analyzed in this study 
have been collected from different regions of Turkey. In the selection of organic wastes 
we have taken into account if the waste has been created in great amounts directly 
during agricultural production or as a result of processing of agricultural products, if 
other purpose cannot be found for it and if it has a specific decomposing stability. As a 
result of these criteria it has been decided that Hazelnut Husk (HH), Maize straw (MS), 
Pine Bark (PB), Tea waste (TW), Saw dust (WW), Rice Hull (RH), Spend Mushroom 
Compost (SMC), Municipal waste compost (from Istanbul municipal composting 
facility) (MWC) will be used in this study. From the collected samples hazelnut husk 
and maize straw were processed by a shredder machine, while for the other samples it 
was not deemed necessary. Also, by comparing the analyzed samples to Sphagnum peat 
and to the characteristics considered ideal for growing media by the written literature 
we tried to specify the possibility of its use as a growing media. 

 
Scanning electron microscope (SEM) analysis 

The surface and internal structure of the samples were observed using scanning 
electron microscope (SEM) (JEOL – JSM - 6060 LV Model). SEM images of the 
samples were taken at 1000x – 3000x magnifications for analysis. The samples were 
spurted a film of gold, about 5 nm thick, to enhance their conductivity before 
characterization by means of SEM. 

Cold stage has been applied in order to prevent the samples from changing their 
shape as a result of high vacuum in SEM. On the other hand, in order to be certain that 
the structure of the sample was not damaged three replicates of each material have been 
made during the preparation of samples and the images obtained from them have been 
compared to each other (Fornes et al., 2007; Guo and Liu, 2007; Masaphy et al., 2009). 
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Physical and physicochemical properties 

In order to put forth the characterization of the waste samples used in the study, 
physical and physicochemical properties were specified according to European Union 
standards using the methods from the existing literature. 

Particle size distribution in the samples was found by drying them on 35 °C and 
putting them in the electromagnetic digital vibrating sieve set (CISA model 002) that 
used a series of different sieves with 16, 8, 4, 2, 1, 0.5, 0.25 and 0.125 mm gaps and by 
measuring peaces remaining in each sieve after 10 min of sieving. The index of particle 
sizes CI (Coarseness index), geometric average of particle diameters (dg) and geometric 
deviations (σg) were calculated using the obtained results and below-mentioned 
equations (Eqs. 1, 2, 3 and 4). Pieces larger than 1 mm were taken into account while 
calculating CI (Abad et al., 2005; Richards et al., 1986). 

 
 CI %Pi; i 1mm   (Eq.1) 

 
 gd exp (a)  (Eq.2) 

 
 i i

i

a m dln  (Eq.3) 

 

 2 2
g i i

i

σ exp m ( d ) aln   (Eq.4) 

 
mi = weight of particles put in the sieve, 
di = average diameter of two consecutive sieves. 

 
In accordance with the EU standards specific weights of samples were determined by 

using % of organic matter and % of the ash content (mineral matter). Volume weights, 
in accordance with the EU standards, were found by measuring the dry weight of 
samples in a known volume after it has been kept under 10 cm suction pressure in a 
water column. Total porosity was calculated using the % rate of pore volume within the 
mass of the certain weight of samples (Volume-Weight). The air capacity was found by 
measuring the loss that resulted from the water saturation of the samples and their 
drainage under 10 cm pressure. 

Volumetric shrinkage of organic waste samples was found by drying the samples on 
105 °C and expressing in percents the volume loss caused by the drying process. Water 
holding capacity was measured by submerging the samples in water, holding them 
under 10 cm pressure and then determining the amount of water left in the samples. 
Wettability, in accordance with Australian Standard (2003), was determined by 
measuring the amount of time needed for the dried samples to absorb 10 ml of pure 
water. 

Water suspension method was used in order to determine pH value and electrical 
conductivity of the selected organic waste. pH was determined, in accordance with the 
EU standards, by putting the material prepared in 1:5 ratio into pure water suspension 
and measuring its pH with a glass electrode pH-meter (European Standard, Une-En 
13037). Total organic matter content was calculated in percents by heating the dried 
(105 °C) sample in a furnace on 550 °C for 4 h (Benito et al., 2006). 
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All data was analyzed statistically using analysis of variance (F-test) at P ≤ 0.05 and 
means of the treatments were compared by the Least Significant Difference (LSD) at 
P = 0.05. 

Results and discussion 

It is known that the analysis of the pore structure provides important information 
about growing media, its hydraulic characteristics, air capacity and degradation level 
(Marianthi et al., 2006). This is why SEM analysis was used in this study to facilitate 
understanding of hydraulic and physical characteristics of the samples by examining 
surface and internal structure of the organic waste samples whose potential to be used as 
a growing media is being investigated. The results are presented in Figure 1. Since 
SEM figures examined both surface and internal structure they can be divided into two 
groups. The samples with advanced decomposing formed the first group; spend 
mushroom compost, municipal waste compost and peat. They possess a very small 
number of macro pores and a homogeneous spread of micro pores. Hazelnut husk 
samples, despite having low decomposition rate, resemble this group very much. The 
second group we will introduce includes slow decomposing samples such as maize 
straw, rice hull, tea waste and saw dust whose structure, especially the internal one, is 
full of macro pores. 
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Figure 1. Scanning electron microscope (SEM) micrographs of the surface and interval 

structure of the organic waste samples, MSV compost and peat 

 
 
Even though it is also connected to porosity and particle size distribution, the 

difference in two groups’ hydraulic properties can be clearly understood from their 
surface and internal characteristics. When the pore diameter of the samples increases, 
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their gravitational water drainage and air capacity raises as well, but its water holding 
capacity decreases. Contrary to that, when the pore diameter of the samples decreases, 
its water holding capacity goes up, while the air capacity goes down (Fornes et al., 
2003). Applying composting that would significantly increase decomposition rate of 
wastes such as maize straw, tea waste and rice hull, would be suitable for its use as a 
growing media because it would change the surface and internal structure of the waste 
and thus improve its hydraulic properties. 

Even though we can use SEM figures to obtain information important for 
understanding the hydraulic properties of the samples through analyzing its surface and 
internal structure, the analysis of particle size distribution can help us understand the 
differences of the physical characteristics of samples that share similar structure 
(Ozdemir et al., 2015). By analyzing organic waste samples’ particle sizes we can see 
that maize straw and rice hull (2-4 mm) are mostly composed of bigger particles, while 
municipal waste, pine bark and saw dust (0.5-2 mm) are mostly composed of smaller 
particles. However, tea waste, hazelnut husk, waste mushroom compost and peat 
samples’ particle size distribution tends to stay within 1-4 mm, thus we can say that 
they are composed of a homogeneous mixture of big, middle sized and small particles 
(Fig. 2). 
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Figure 2. Particles size distribution of organic waste samples, MSW compost and peat 

 
 

According to the calculations of organic waste samples’ index of particle sizes (CI), 
geometric average and the standard deviation of geometric average while taking into 
account particles bigger than 1mm when calculating, the rice hull has the highest CI 
value of 96, while saw dust has the lowest CI value of 25 (Table 1). Hazelnut husk (66) 
and peat (66.67) were found to have similar results when calculating index of particle 
sizes. 
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When the values of particle size distribution on Shape 1 and CI, Dg, σg values in 
Table 1 are analyzed together, we can say that maize straw and spend mushroom 
compost need to be subjected to additional fragmentation of large particles, while rice 
hull, compost and saw dust can be used in a mixture with growing media with large 
particles. Hazelnut husk and peat can be used as a growing media without adding 
anything (Abad et al., 2003). 

 
Table 1. Particle size index (CI), geometric average of sample particle size, standard 

deviation of geometric average calculated from particle size distribution in organic waste 

samples, MSW compost and peat 

Samples CI (%V/V) Dg σg 

Hazelnut husk 66 e* 1.269 g 2.625 c 

Sawdust 25 g 0.698 i 2.342 e 

Tea waste 77 c 1.733 d 2.316 f 

Maize straw 88 b 2.462 a 2.284 g 

Pine bark 78 c 1.392 f 2.013 h 

Rice hull 96 a 2.404 b 1.496 i 

Spend Mushroom Compost 73 d 1.841 c 2.846 a 

MSW compost 54 f 1.226 h 2.529 d 

Peat 66.6 e 1.542 e 2.707 b 
*Data followed by the same letter are not different at p = 0.05 

 
 
The results of other physical properties analyzed in this study are presented in Tables 

2 and 3. According to these results municipal waste compost has the highest volume 
weight (0.649 g/cm3) and specific weight (2.089 g/cm3), while the lowest values of 
volume weight (0.05 g/cm3) and specific weight (1.474 g/cm3) were found in maize 
straw. While composting municipal solid waste, even if waste decomposing process is 
applied, it will be mixed with a significant amount of inorganic waste. This situation 
increases volume weight and specific weight of MSW compost. Maize straw has the 
highest porosity value (96.56%), while the lowest porosity value (71.55%) was 
determined in peat. The highest air capacity was observed in tea waste (76.73%) while 
the lowest is observed in municipal waste compost (23.1%). The volume change of 
growing media after drying, expressed as shrinkage value, is most pronounced in peat 
with 31.99%, while it is least pronounced in saw dust with 15.27%. Up to 30% of 
shrinkage in pot plant growing media is tolerated (Abad et al., 2001). Since shrinkage 
means the reaction of the material filled in the pot to getting compact, as well 
(Hicklenton et al., 2001), in comparison with the peat, all samples can be said to be 
durable to getting compact (Table 2). At the same time, when analyzing shrinkage 
results, a significant decrease in volume is observed after drying rice hull and spend 
mushroom compost. 

Seeing as growing media is used for plant production, among its most important 
properties are water holding capacity and wettability. According to the results shown in 
Table 3, all the samples’ water holding capacity values differ slightly comparing to the 
desired ideal value, while the wettability values are found to be within the ideal value 
span. The highest water holding capacity value is 458 ml/l and it is found in peat, while 
the lowest water holding capacity is 89 ml/l and it is found in rice hull sample. The 



Dede ‒ Oztekin: Relationship between optical microscopic structure and physical characterization of organic wastes orginated peat 
substitutes 

- 1181 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1173-1184. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_11731184 
 2018, ALÖKI Kft., Budapest, Hungary 

samples with particle size distribution and porosity values similar to peat such as tea 
waste and spend mushroom compost are found to have low water holding capacity 
comparing to peat. The reason for this is thought to be the difference in pore size 
distribution of the analyzed samples (Paredes et al., 1999). 

 
Table 2. Physical properties of organic waste samples, MSW compost and peat 

Samples 
Bulk density 

(g/cm
3
) 

Particular 

density (g/cm
3
) 

Porosity 

(% V/V) 

Air capacity 

(% V/V) 

Shrinkage 

(% V/V) 

Hazelnut husk 0.169 c* 1.489 f 88.91 d 55.12 d 16.12 h 

Sawdust 0.172 c 1.508 e 88.72 d 50.71 e 15.27 i 

Tea waste 0.076 e 1.502 e  94.21 b 76.73 b 17.21 g 

Maize straw 0.050 f 1.474 f 96.56 a 76.09 b 21.13 e 

Pine bark 0.177 c 1.489 f 88.21 e 56.42 c 18.82 f 

Rice hull 0.099 d 1.524 d 93.47 c 84.53 a 24.99 c 

Spend mushroom compost 0.178 c 1.614 c 89.02 d 44.45 f 25.55 b 

MSW compost 0.649 a 2.089 a 68.92 g 23.11 g 21.93 d 

Peat 0.458 b 1.856 b 73.28 f 27.72 h 31.99 a 

Ideal values < 0.40 1.4-2.0 > 80 20-30 < 30 

*Data followed by the same letter are not different at p = 0.05 
 
 
Table 3. Hydraulic properties of organic waste samples, MSW compost and peat 

Samples Water holding capacity (ml/l) Wettability (min) 

Hazelnut husk 335 d* 1.52 d 

Sawdust 379 c  1.38 e 

Tea waste 182 g < 1 g 

Maize straw 205 f < 1 g 

Pine bark 320 e 1.32 f 

Rice hull 89 h < 1 g 

Spend mushroom compost 446 b 2.59 c  

MSW compost 456 a 3.46 a 

Peat 458 a 3.28 b  

Ideal values 600-1000 < 5 

*Data followed by the same letter are not different at p = 0.05 
 
 
The highest value of wettability is found in MSW compost (3.46 min) and the lowest 

is < 1 min and was observed in maize straw, tea waste and rice hull samples. However, 
this is due to the high porosity values of these samples which obstructs the samples 
form holding water and causes them to be drained fast. Organic substances are believed 
to have enhanced wettability due to increased porosity (Beardsell and Nichols, 1982). 
This is why we could say that maize straw, tea waste and rice hull samples’ water 
holding capacity could not be determined and that their wetting period is much longer 
than the ideal values needed for growing media. 

Physiochemical properties of the organic waste samples researched for their potential 
to be used as a growing media are presented in Table 4. According to these results, the 
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highest pH value is 7.57 and is found in rice hull, while the lowest pH value is 4.82 and 
is found in hazelnut husk. 

 
Table 4. Chemical properties of organic waste samples, MSW compost and peat 

Samples pH EC (mS/cm) Organic matter content (%) 

Hazelnut husk 4.82 g* 2.975 b 94.22 b 

Sawdust 6.47 e 0.202 i 91.49 d 

Tea waste 5.52 f 0.532 g 92.42 c 

Maize straw 7.15 c 0.582 f 96.37 a 

Pine bark 5.47 f 0.762 e 94.39 b 

Rice hull 7.57 a 0.315 h 89.24 e 

Spend mushroom compost 7.3 b 1.68 d 77.65 f 

MSW compost 7.3 b 2.887 c 32.38 h 

Peat 6.92 f 3.46 a 51.7 g 

Ideal values 5.2-6.3 0.75-3.49 > 85 

*Data followed by the same letter are not different at p = 0.05 
 
 
At the same time, from all the samples taken, only pine bark and tea waste have pH 

values within the ideal value range. On the other hand, the highest EC value is 
4.1 mS/cm found in raw peat. The lowest EC value is 1.68 seen in spend mushroom 
compost. According to the results of organic matter analysis, the highest value is 
96.87% in maize straw, while the lowest organic matter value is 32.38% in municipal 
waste compost. Also, sample with the lowest organic matter value, that is municipal 
waste compost, together with spend mushroom compost (77.65%) and peat (51.7%) 
were found to have organic matter value below the ideal value range. 

Conclusion 

It is determined by this study that the physical and hydraulic properties of the growth 
media obtained from organic wastes vary with the particle size distribution as well as 
the surface and interior structures of the organic wastes used. However the results 
obtained from examined samples has shown that hazelnut husk, sawdust, spend 
mushroom compost and MSW compost from among the samples examined can be used 
purely, and that other organic wastes can be used in the mixtures which will be prepared 
as growth medium components. But because of the low water holding capacities and 
water redrawing difficulties during the use of the growth mediums consisted of those 
wastes, it is important to make a good watering program and not to allow drying. It is 
considered that especially the wastes of corn straw and rice hull can be useful in 
improving the significant physical properties – such as porosity, air capacity and water 
holding capacity – of plant growth mediums which will be prepared. 
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Abstract. This study was conducted to determine yield and some quality features of some alfalfa 
cultivars for three years between 2014 and 2016 in the East Anatolian Region of Turkey and correlation 
analysis between these properties. In this study, sixteen different alfalfa cultivars (Verdor, Magna-601, 
Magnum-V, Basbag, Elci, Kayseri, Nimet, Savas, Omerbey, Ozpinar, Alsancak, Gea, Verko, Sunter, 
Bilensoy-80 and Gozlu-1) were used. Experiments were conducted in the randomized block design with 
three replications. According to the results of this study significant differences were determined in terms 
of plant height, green herbage yield, dry herbage yield, crude protein ratio, crude protein yield, acid 
detergent fiber (ADF), neutral detergent fiber (NDF), digestible dry matter (DDM), dry matter intake 
(DMI) and relative feed value (RFV) of alfalfa cultivars. In alfalfa cultivars, the highest green plant 
height, green herbage yield, dry herbage yield, crude protein yield and relative feed value were 
determined in Gea (54.7 cm, 3591 kg da-1, 1227 kg da-1, 301 kg da-1 and 262.1, respectively). The highest 
crude protein ratio was determined in Magnum-V (25.9%). The least ADF contents were obtained from 
Gea (18.7%) and the least NDF contents were obtained from Gea, Sunter, Nimet and Ozpinar (27.1%, 
27.4%, 27.5% and 27.7%, respectively). The highest digestible dry matter was determined in Gea 
(74.4%). The highest dry matter intake was obtained from Gea, Sunter, Nimet and Ozpinar (4.53%, 
4.52%, 4.48% and 4.45%, respectively). Also, significant correlations were found between the traits 
studied. As a result, Gea variety with high dry herbage and crude protein yield, low ADF-NDF ratios and 
high relative feed value was recommended for alfalfa culture in similar ecologies. Outside Gea; it seems 
that Bilensoy-80, Magna-601, Magnum-V, Omerbey, Sunter, Verdor and Verko cultivars gave results 
above averages and were remarkable in terms of yield and quality. 
Keywords: crude protein, hay yield, lucerne, relative feed value, Eastern Anatolia Region, ADF, NDF 

Introduction 

Alfalfa (Medicago sativa L.) is one of the most important forage plants in the world, 
which has a very broad adaptability to different climatic conditions (Moreira and 
Fageria, 2010). Alfalfa, due to its superior forage qualities and high yields, is called 
“Queen of the forages” in Turkey and many countries of the world (Yuksel et al., 2016). 

Feeds play a great role in animal nutrition. They provide fiber, minerals, protein and 
energy (Kamalak and Canobolat, 2010; Kiraz, 2011). Alfalfa, which has high protein 
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content, is also a very rich source of nutrients in terms of mineral substances and many 
vitamins (Geren et al., 2009). Alfalfa hay has significantly high digestibility coefficients 
for crude fiber, organic matter, crude protein and fat compared to grasses (Sommer et 
al., 2005). 

Alfalfa is the most widely cultivated forage crop in the world and in Turkey. There is 
still a need to increase alfalfa cultivated lands to make livestock activities more 
productive and profitable. Increasing alfalfa cultivated lands and use of high-yield and 
quality alfalfa cultivars with a high adaptation capacity to regional conditions over 
currently cultivated lands are quite significant issues. Therefore, scientific research 
should be conducted to identify such high-yield and quality genotypes with high 
adaptation capacities and research outcomes should be put into practice. With the 
selection of proper genotypes, farmers and producers will get higher yields per unit area 
and will have high quality products. 

Annual green and dry herbage yields per decare are the most significant yield 
parameters of alfalfa. Alfalfa herbage quality is designated by crude protein (CP), acid 
detergent fiber (ADF) and neutral detergent fiber (NDF). ADF and NDF values 
represent the compounds constituting cell membrane and low values are desired for 
roughage quality. Low ADF and NDF values result in high digestible dry matter 
(DDM), dry matter intake (DMI) and relative feed value (RFV). The ratios of these 
parameters directly influence roughage quality (Kaplan et al., 2016). 

Genotypes have quite diverse nutritional compositions, thus nutritional composition 
of different species should be investigated (Ulger and Kaplan, 2016). Especially ADF, 
NDF, crude protein and crude ash contents should be investigated to assess the 
nutritional composition of feedstuffs (Uke et al., 2017). 

To determine these parameters, several studies has carried out in different regions of 
Turkey (Kusvuran et al., 2005; Demiroglu et al., 2008; Basbag, 2009; Avci et al., 2010; 
Saruhan and Kusvuran, 2011; Yuksel et al., 2016). 

Therefore the present study was conducted to determine yield and quality parameters 
of sixteen alfalfa cultivars in East Anatolia Region ecological conditions, to reveal the 
correlation between yield and quality parameters of these cultivars and ultimately to 
identify the most appropriate cultivar. 

Materials and methods 

Study area 

The study was conducted in the province of Bingol. Bingol province is located in the 
Eastern Anatolia Region of Turkey. The Bingol province has a surface area of 8253 km2 
and an average elevation of 1150 m. Total area of 8253 km2 consists of 27.92% forest, 
10.25% afforestation area, 7.28% agricultural land, 51.0% pasture, 2.2% meadow and 
1.3% other areas. Located in the Upper Euphrates section of the Eastern Anatolia 
Region, Bingol is located between 41° 20' - 39° 56' east longitudes and 39° 31' - 36° 28' 
north latitudes (Anonymous, 2018). Bingol land is very mountainous. Steppe vegetation 
is seen where the forests are destroyed. The most cultivated crops in agricultural land 
are field crops. In field crops, most wheat and alfalfa cultivation is done. 

Experiments were conducted over the experimental fields of Bingol University under 
irrigated conditions for three years (2014-2016). This area is 15 km away from the 
center of Bingol province with an average elevation of 1092 m. The study area is 
located between 38.81589o north latitudes and 40.53866o east longitudes (Fig. 1). 
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Figure 1. Photographs of study area 

 
 

Experimental material 

This study on the adaptation of alfalfa cultivars is done for the first time in Bingol 
province. Bingol province is located at the transition point between Southeastern 
Anatolia Region and Eastern Anatolia Region. Partly cold, partly under the influence of 
hot climate is located. For this reason, while choosing alfalfa cultivars for adaptation 
study, it has been taken care to use cultivars belonging to both hot and cold regions. 
Another reason for the select of these alfalfa cultivars are they are widely grown in 
Turkey. 

A total of sixteen alfalfa cultivars (Verdor, Magna-601, Magnum-V, Basbag, Elci, 
Kayseri, Nimet, Savas, Omerbey, Ozpinar, Alsancak, Gea, Verko, Sunter, Bilensoy-80 
and Gozlu-1) were used as the plant material of the experiments. These varieties were 
obtained from various institutions and organizations in Turkey. 

 
Treatments 

Field experiments were conducted over deep-tilled cultivated and harrowed lands. 
Experiments were set on 5th of May 2014 in randomized blocks design with 3 
replications. Plots were 5 m long. Sowing was performed with the aid of hand marker. 
Each plot had 6 rows 20 cm apart. Sowing was implemented as to have 3 kg seeds per 
decare. Before sowing, 4 kg nitrogen (N) and 10 kg phosphorus (P2O5) were applied to 
experimental plots. Sprinklers were used for irrigations. Irrigation intervals were 7-12 
days and irrigation duration was 8 h. 

 
Climate data 

Climate data for Bingol province were supplied from General Directorate of 
Meteorology (Table 1). Long-term (2000-2015) monthly average temperature was 
12.3 °C, total annual precipitation was 917.8 mm and average relative humidity was 
56.6%. For the experimental years of 2014, 2015 and 2016 monthly average 
temperature (13.7 °C, 13.7 °C and 12.8 °C) and relative humidity (51.9%, 52.7% and 
56.6%) values were close to long-term averages. However, precipitations of 
experimental years (757.7 mm, 801.8 mm and 832.5 mm) were lower than the long-
term averages. In the months when precipitation was insufficient, irrigation was done 
every 7-12 days. 
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Table 1. Monthly average climate data of Bingol for 2014-2016 and long years (2000-2015) 

Months 

Average temperature 
(°C) 

Total precipitation 
(mm) 

Relative humidity 
(%) 

2014 2015 2016 
Long 

years 
2014 2015 2016 

Long 

years 
2014 2015 2016 

Long 

years 

January -0.4 -1.8 -2.8 -2.5 143.1 148.2 235.1 154.0 71.3 74.7 75.3 73.3 

February 2.0 1.9 2.4 -0.9 82.3 115.8 86.3 137.7 57.7 73.8 73.7 72.2 

March 8.6 5.4 7.0 4.9 83.5 154.4 125.5 124.1 62.9 65.9 60.4 64.2 

April 13.2 10.9 13.9 10.9 41.6 66.7 45.5 103.8 53.3 58.7 48.4 61.2 

May 17.2 16.6 16.3 16.2 63.2 21.2 62.2 66.8 52.1 52.0 57.4 55.8 

June 22.3 22.9 22.2 22.6 25.9 8.1 34.6 18.4 36.9 37.0 43.6 42.5 

July 27.8 27.9 26.9 27.0 4.0 0.0 3.5 7.3 26.3 26.8 33.4 36.7 

August 28.0 27.5 28.0 26.8 0.9 0.6 0.0 5.4 24.0 29.7 28.0 36.8 

September 21.3 23.4 19.9 21.3 63.7 0.8 29.1 16.4 36.2 30.2 40.3 42.2 

October 13.7 14.3 15.2 14.2 87.3 220.9 4.4 70.3 62.3 68.3 43.0 58.9 

November 6.3 14.4 6.4 6.5 99.0 18.9 53.7 91.8 64.3 56.4 47.9 64.7 

December 4.6 1.3 -2.2 0.2 63.2 46.2 152.6 121.8 75.7 58.6 73.4 70.7 

Total/Ave. 13.7 13.7 12.8 12.3 757.7 801.8 832.5 917.8 51.9 52.7 52.1 56.6 

Source: General Directorate of Meteorology (Bingol) 
 
 

Soil structure 

Bingol province agricultural soils are generally clay-loam texture, neutral or near 
neutral in reaction (pH), without salt, low and moderate level calcareous, low organic 
matter, the amount of phosphorus is insufficient and the amount of potassium is 
sufficient (Ates and Turan, 2015). 

Soil samples were taken from 10 different locations of experimental fields from 0-30 
cm depths. Samples were analyzed at Soil-Plant Analyses Laboratory of Bingol 
University Agricultural Faculty. Analysis results were assessed through the limiting 
values specified in Sezen (1995) and Karaman (2012). Experimental soils had loamy 
texture (43.31% saturation). Soils were slightly acidic (pH of 6.37), unsaline (0.0066%), 
poor in organic matter (1.26%), lime (0.15%) and potassium (24.45 kg da-1) and 
medium in phosphorus (7.91 kg da-1). 

 
Plant harvesting 

Since weeds, disease and harmful were not seen in the research area, no medication 
was applied. In the study, harvesting was carried out in the period when plants were 
10% flowering (Manga et al., 2003). 

Plant heights were measured over randomly selected 10 plants of each plot as the 
height from the soil surface to upper most bud. Average of 10 plants was considered as 
the plant height. The harvested herbage from each plot was weighed to get green herbage 
yields. Then, plot herbage yields were converted into yields per decare. From each green 
herbage harvest, 0.5 kg was dried at 70 °C for 48 h. Dried samples were weighed to get 
dry herbage yields of the plots. Then, these values were also converted into dry herbage 
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yields per decare. Experiments were conducted for 3 years. Two cuts were performed in 
the first year and five cuts were performed in the second and third year. 

 
Plant analysis 

Crude protein, ADF (Acid Detergent Fiber) and NDF (Neutral Detergent Fiber) 
analyses were performed at laboratories of Dicle University Scientific and 
Technological Research Center with NIRS (Near Infrared Spectroscopy - Foss Model 
6500) analysis device. With ADF and NDF ratios, digestible dry matter (DDM = 88.9-
(0.779 × %ADF)), dry matter intake (DMI = 120/%NDF) and relative feed value (RFV 
= (DDM x DMI)/1.29) was calculated (Morrison, 2003). 

 
Statistical analysis 

Experimental data were subjected to ANOVA with JMP statistical software. Means 
were compared with HSD test. Correlation coefficients were calculated to determine the 
relationships among investigated traits (Kalayci, 2005). 

Results 

Green herbage and dry herbage yields (kg da
-1

) 

Green herbage and dry herbage yields of sixteen alfalfa cultivars are provided in 
Table 2. The differences in green herbage and dry herbage yields of the cultivars and 
the years were found to be significant (P < 0.01). 

 
Table 2. Green and dry herbage yields of alfalfa cultivars 

  Green herbage yield (kg da
-1

) Dry herbage yield (kg da
-1

) 

No Cultivar 2014 2015 2016 Mean 2014 2015 2016 Mean 

1 Alsancak 1502.8 3249.7 3536.3 2762.9 e** 539.8 1153.2 1362.6 1018.5 cd** 

2 Basbag 1736.6 3450.0 3382.5 2856.3 de 524.1 1255.0 1340.0 1039.7 b-d 

3 Bilensoy-80 1608.9 3778.6 3646.9 3011.5 c-e 550.1 1363.9 1489.0 1134.3 a-c 

4 Elci 1518.5 3507.6 3689.1 2905.1 de 542.5 1350.5 1497.3 1130.1 a-c 

5 Gea 1712.0 4382.6 4678.4 3591.0 a 572.7 1533.1 1576.2 1227.3 a 

6 Gozlu-1 1186.9 3688.9 3330.1 2735.3 e 381.1 1252.3 1138.9 924.1 d 

7 Kayseri 1322.0 3911.4 3522.8 2918.7 de 451.8 1390.9 1424.2 1089.0 a-d 

8 Magna-601 1712.1 4573.3 4380.7 3555.4 ab 495.9 1633.4 1476.0 1201.8 ab 

9 Magnum-V 1468.3 4022.2 4411.0 3300.5 a-d 480.6 1430.1 1472.2 1127.6 a-c 

10 Nimet 1717.3 3336.0 4171.8 3075.0 b-e 563.9 1228.2 1371.7 1054.6 b-d 

11 Omerbey 1571.5 4273.8 4428.9 3424.7 a-c 538.0 1507.1 1555.5 1200.2 ab 

12 Ozpinar 1822.0 3249.5 3669.3 2913.6 de 597.5 1148.8 1439.5 1061.9 a-d 

13 Savas 1506.2 3498.9 3722.9 2909.3 de 515.8 1198.1 1273.8 995.9 cd 

14 Sunter 1455.4 4125.1 4286.7 3289.1 a-d 506.7 1454.9 1437.1 1132.9 a-c 

15 Verdor 1740.1 3831.7 4229.9 3267.2 a-d 544.0 1379.4 1515.0 1146.1 a-c 

16 Verko 1698.4 3882.2 3977.9 3186.2 a-e 544.6 1470.7 1454.2 1156.5 a-c 

Mean 
1579.9 

C** 
3797.6 

A 
3941.6 

A 
3106.4  

521.8 
C** 

1359.4 
B 

1426.4 
A 

1102.5  

**Significant at P < 0.01, CV: 9.76%  **Significant at P < 0.01, CV: 9.14% 
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The greatest green herbage yield was obtained from Gea cultivar and the cultivars 
Magna-601, Omerbey, Magnum-V, Sunter, Verdor and Verko were also placed in the 
same statistical group. The lowest green herbage yield was obtained from Gozlu-1 and 
Alsancak cultivars. Considering the green herbage yields of the years, the greatest value 
was obtained in 2015 and 2016 the lowest value was obtained in 2014. Three-year 
average green herbage yield was calculated as 3106.4 kg da-1. 

The greatest dry herbage yield was obtained from Gea cultivar and the cultivars 
Magna-601, Omerbey, Verko, Verdor, Sunter, Ozpinar, Magnum-V, Kayseri, Elci and 
Bilensoy-80 were also placed in the same statistical group. The lowest dry herbage yield 
was obtained from Gozlu-1 cultivar. Considering the dry herbage yields of the years, the 
greatest value was obtained in 2016 and the lowest value was obtained in 2014. Three-
year average dry herbage yield was calculated as 1102.5 kg da-1. 

Dry herbage yield and averages obtained from the cultivars used in the research are 
given in Figure 2. It is seen that Bilensoy-80, Elci, Gea, Magna-601, Magnum-V, 
Omerbey, Sunter, Verdor and Verko cultivars gave results above the averages in terms 
of dry herbage yield. 

 

 
Figure 2. Dry herbage yield of alfalfa cultivars 

 
 

Crude protein ratio (%) and crude protein yields (kg da
-1

) 

Crude protein ratios and crude protein yields of sixteen alfalfa cultivars are provided 
in Table 3. While the differences in crude protein ratios of the cultivars were found to 
be significant at 5% level, the differences in crude protein ratio of the years, crude 
protein yields and crude protein yield of the years were found to be significant at 1% 
level. 

The greatest crude protein content was obtained from Magnum-V cultivar and the 
lowest protein content was obtained from Elci and Basbag cultivars. With regard to 
crude protein contents of the years, the greatest value was observed in 2014 and the 
lowest value was seen in 2016. Three-year average crude protein content was calculated 
as 25.0%. 

While the greatest crude protein yield was obtained from Gea cultivar and the lowest 
crude protein yield was obtained from Gozlu-1 cultivar. Considering the crude protein 
yields of the years, the greatest values were observed in 2016 and 2015 and the lowest 
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value was seen in 2014. Three-year average crude protein yield of the cultivars was 
calculated as 266.2 kg da-1. 

 
Table 3. Crude protein ratios and yields of different alfalfa cultivars 

  Crude protein ratios (%) Crude protein yields (kg da
-1

) 

No Cultivars 2014 2015 2016 Mean 2014 2015 2016 Mean 

1 Alsancak 28.2 23.8 21.4 24.5 ab* 152.3 292.1 274.2 239.5 cd** 

2 Basbag 26.8 23.1 22.1 24.0 b 140.5 295.7 289.5 241.9 cd 

3 Bilensoy-80 29.2 24.2 22.7 25.4 ab 160.9 337.6 328.6 275.7 a-c 

4 Elci 26.3 23.2 22.3 23.9 b 142.0 333.3 313.5 262.9 a-c 

5 Gea 27.7 25.4 22.5 25.2 ab 158.7 355.0 389.5 301.1 a 

6 Gozlu-1 28.4 23.7 22.0 24.7 ab 108.1 252.0 297.1 219.1 d 

7 Kayseri 28.7 24.1 22.7 25.2 ab 129.8 323.3 335.3 262.8 a-c 

8 Magna-601 27.0 24.6 23.3 25.0 ab 133.9 343.5 401.1 292.8 ab 

9 Magnum-V 29.2 24.0 24.5 25.9 a 140.2 360.8 342.7 281.2 a-c 

10 Nimet 29.9 23.9 22.8 25.6 ab 168.9 313.2 294.0 258.7 a-d 

11 Omerbey 28.9 24.1 23.0 25.4 ab 155.9 358.8 363.3 292.7 ab 

12 Ozpinar 28.1 24.0 22.3 24.8 ab 167.4 320.6 275.6 254.5 b-d 

13 Savas 27.5 24.1 23.5 25.0 ab 141.4 298.8 288.2 242.8 cd 

14 Sunter 28.8 24.3 22.9 25.4 ab 146.1 329.7 353.7 276.5 a-c 

15 Verdor 27.1 23.5 23.5 24.7 ab 146.9 357.1 323.3 275.8 a-c 

16 Verko 27.9 24.3 22.9 25.0 ab 151.9 333.5 357.1 280.9 a-c 

Mean 
28.1 
A** 

24.0 
B 

22.8 
C 

25.0  
146.6 
B** 

325.3 
A 

326.7 
A 

266.2  

*Significant at P < 0.05; **Significant at P < 0.01, CV: 4.42% **Significant at P < 0.01, CV: 9.96% 

 
 
Crude protein yield and averages obtained from the cultivars used in the research are 

given in Figure 3. Bilensoy-80, Gea, Magna-601, Magnum-V, Omerbey, Sunter, Verdor 
and Verko cultivars gave results above the averages in terms of crude protein yield. 

 

 
Figure 3. Crude protein yield of alfalfa cultivars 
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Acid detergent fiber (ADF) and neutral detergent fiber (NDF) ratios (%) 

Acid detergent fiber (ADF) and neutral detergent fiber (NDF) ratios of sixteen alfalfa 
cultivars are provided in Table 4. The differences in ADF and NDF of both the cultivars 
and the years were found to be significant at 1% level. 

 
Table 4. ADF and NDF ratios of alfalfa cultivars 

  ADF (%) NDF (%) 

No Cultivars 2014 2015 2016 Mean 2014 2015 2016 Mean 

1 Alsancak 18.5 19.1 22.2 20.0 a-c** 23.7 28.3 33.8 28.6 ab** 

2 Basbag 18.2 22.9 22.7 21.2 a-c 27.9 27.7 34.9 30.2 ab 

3 Bilensoy-80 17.9 18.9 22.2 19.7 a-c 25.3 27.8 34.4 29.2 ab 

4 Elci 20.0 26.5 22.5 23.0 a 30.7 31.2 34.7 32.2 a 

5 Gea 15.8 18.9 21.3 18.7 c 23.6 24.8 32.8 27.1 b 

6 Gozlu-1 19.5 20.9 23.2 21.2 a-c 24.7 29.4 35.8 30.0 ab 

7 Kayseri 18.9 19.7 21.6 20.1 a-c 23.9 29.4 33.8 29.0 ab 

8 Magna-601 19.0 22.7 22.3 21.3 a-c 26.5 28.4 34.1 29.7 ab 

9 Magnum-V 19.9 21.1 20.5 20.5 a-c 24.2 29.6 32.5 28.8 ab 

10 Nimet 16.5 19.0 21.9 19.1 bc 23.5 25.3 33.7 27.5 b 

11 Omerbey 18.2 19.8 22.7 20.2 a-c 24.5 28.0 35.0 29.2 ab 

12 Ozpinar 18.5 19.3 21.4 19.7 a-c 23.3 26.7 33.1 27.7 b 

13 Savas 18.7 26.1 23.3 22.7 ab 31.4 28.3 36.0 31.9 a 

14 Sunter 17.7 17.7 21.4 18.9 bc 22.2 27.0 33.1 27.4 b 

15 Verdor 18.7 21.2 20.6 20.2 a-c 25.5 27.9 32.1 28.5 ab 

16 Verko 18.3 19.0 21.3 19.5 a-c 24.0 27.5 33.6 28.4 ab 

Mean 
18.4 
C** 

20.8 
B 

21.9 
A 

20.4  
25.3 
C** 

28.0 
 B 

34.0 
 A 

29.1  

**Significant at P < 0.01, CV: 11.22% **Significant at P < 0.01, CV: 8.42% 

 
 
While the lowest ADF ratios were observed in Gea cultivar and the greatest ADF 

ratios were observed in Elci cultivar. Considering the ADF ratios of the years, the 
greatest value was observed in 2016 and the lowest value was observed in 2014. Three-
year average ADF ratio of the cultivars was calculated as 20.4%. 

The lowest NDF ratio was observed in Gea, Nimet, Ozpinar and Sunter cultivars. 
The greatest NDF ratio was observed in Elci and Savas cultivars. Considering the NDF 
ratios of the years, the lowest value was observed in 2014 and the greatest value was 
seen in 2016. Three-year average NDF ratio of the cultivars was calculated as 29.1%. 

 
Digestible dry matter (%) and dry matter intake (%) 

Digestible dry matter (DDM) and dry matter intake (DMI) ratios of different alfalfa 
cultivars are provided in Table 5. The differences in DDM and DMI of both the 
cultivars and the years were found to be significant at 1% level. 

The greatest DDM ratios were observed in Gea cultivar and the lowest DDM ratios 
were observed in Elci cultivar. Considering the DDM ratios of the years, the greatest 
value was observed in 2014 and the lowest value was seen in 2016. Three-year average 
DDM ratio of the cultivars was calculated as 73.0%. 
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The greatest DMI ratios were observed in Gea, Sunter, Ozpinar and Nimet cultivars. 
The lowest DMI ratio was observed in Elci and Savas cultivars. Considering the DMI 
ratios of the years, the greatest value was observed in 2014 and the lowest value was 
seen in 2016. Three-year average DMI ratio of the cultivars was calculated as 4.23%. 

 
Table 5. DDM and DMI values of alfalfa cultivars 

  DDM (%) DMI (%) 

No Cultivars 2014 2015 2016 Mean 2014 2015 2016  Mean 

1 Alsancak 74.5 74.0 71.6 73.4 a-c** 5.16 4.30 3.56 4.34 ab** 

2 Basbag 74.7 71.1 71.2 72.4 a-c 4.31 4.33 3.45 4.03 ab 

3 Bilensoy-80 74.9 74.2 71.6 73.6 a-c 4.75 4.35 3.49 4.20 ab 

4 Elci 73.3 68.2 71.4 71.0 c 4.18 3.84 3.46 3.83 b 

5 Gea 76.6 74.2 72.3 74.4 a 5.08 4.86 3.66 4.53 a 

6 Gozlu-1 73.7 72.7 70.8 72.4 a-c 4.87 4.08 3.37 4.11 ab 

7 Kayseri 74.1 73.5 72.1 73.2 a-c 5.04 4.09 3.56 4.23 ab 

8 Magna-601 74.1 71.2 71.6 72.3 a-c 4.53 4.23 3.53 4.09 ab 

9 Magnum-V 73.4 72.5 72.9 72.9 a-c 4.97 4.05 3.69 4.24 ab 

10 Nimet 76.0 74.1 71.9 74.0 ab 5.12 4.76 3.56 4.48 a 

11 Omerbey 74.7 73.5 71.2 73.2 a-c 4.92 4.29 3.43 4.21 ab 

12 Ozpinar 74.5 73.9 72.2 73.5 a-c 5.21 4.50 3.64 4.45 a 

13 Savas 74.4 68.6 70.8 71.2 bc 3.86 4.30 3.34 3.83 b 

14 Sunter 75.1 75.1 72.2 74.1 ab 5.44 4.50 3.63 4.52 a 

15 Verdor 74.3 72.4 72.8 73.2 a-c 4.75 4.29 3.76 4.27 ab 

16 Verko 74.7 74.1 72.3 73.7 a-c 5.04 4.36 3.58 4.33 ab 

Mean 
74.6 
A** 

72.7 
B 

71.8 
C 

73.0  
4.83 
A** 

4.32 
B 

3.54 
C 

4.23  

**Significant at P < 0.01, CV: 2.44% **Significant at P < 0.01, CV: 8.82% 
 
 

Relative feed value and plant heights (cm) 

Relative feed values (RFV) and plant heights of different alfalfa cultivars are 
provided in Table 6. The differences in RFV and plant heights of both the cultivars and 
the years were found to be significant at 1% level. 

The greatest RFV was observed in Gea cultivar and the lowest RFV was observed in 
Elci and Savas cultivars. Considering the RFV of the years, the greatest value was 
observed in 2014 and the lowest value was seen in 2016. Three-year average RFV of 
the cultivars was calculated as 240.1. 

The greatest plant height was observed in Gea cultivar and the lowest value was 
observed in Savas cultivar. Considering the average plant heights of the year, the 
greatest value was observed in 2016 and the least value was seen in 2014. Three-year 
average plant height was calculated as 50.6 cm. 

Relative feed values and averages obtained from the cultivars used in the research are 
given in Figure 4. Alsancak, Gea, Kayseri, Nimet, Ozpinar, Sunter, Verdor and Verko 
cultivars gave results above the averages in terms of relative feed value. 
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Table 6. RFV and plant heights of alfalfa cultivars 

  RFV Plant heights (cm) 

No Cultivars 2014 2015 2016 Mean 2014 2015 2016 Mean 

1 Alsancak 297.6 246.0 197.6 247.1 ab** 38.2 54.4 57.9 50.1  a-c** 

2 Basbag 249.6 238.6 190.6 226.3 bc 39.3 46.7 55.9 47.3 cd 

3 Bilensoy-80 276.1 250.1 193.9 240.0 a-c 42.3 53.3 58.4 51.3 a-c 

4 Elci 237.0 203.7 191.5 210.7 c 43.7 52.1 58.3 51.4 a-c 

5 Gea 301.5 279.7 205.0 262.1 a 41.7 59.8 62.7 54.7 a 

6 Gozlu-1 278.4 229.9 185.6 231.3 a-c 43.7 51.9 59.8 51.8 a-c 

7 Kayseri 289.8 233.1 198.9 240.6 a-c 43.2 57.5 61.4 54.0 ab 

8 Magna-601 260.1 233.3 195.9 229.8 a-c 43.2 51.9 57.5 50.8 a-c 

9 Magnum-V 282.6 227.6 208.7 239.6 a-c 47.2 45.5 52.4 48.4 c 

10 Nimet 301.7 273.6 198.5 257.9 ab 38.8 53.1 52.5 48.1 c 

11 Omerbey 285.1 244.6 189.6 239.8 a-c 40.8 49.4 56.5 48.9 bc 

12 Ozpinar 300.3 257.3 204.3 254.0 ab 42.5 52.4 57.9 50.9 a-c 

13 Savas 222.5 229.0 183.2 211.6 c 36.2 39.1 50.4 41.9 d 

14 Sunter 316.4 261.5 203.1 260.3 ab 43.1 57.1 62.4 54.2 ab 

15 Verdor 273.6 240.9 212.3 242.3 a-c 45.3 55.1 58.4 52.9 a-c 

16 Verko 291.6 250.7 200.5 247.6 ab 42.6 55.0 61.0 52.9 a-c 

Mean 
279.0 
A** 

243.7 
B 

197.4 
C 

240.1  
42.0 
C** 

52.1 
B 

57.7 
A 

50.6  

**Significant at P < 0.01, CV: 8.96% **Significant at P < 0.01, CV: 6.77% 

 
 

 
Figure 4. Relative feed value of alfalfa cultivars 

 
 

Correlations among investigated traits 

Correlation coefficients among investigated traits of sixteen alfalfa cultivars are 
provided in Table 7. Plant height had highly significant positive correlations with green 
herbage yield, dry herbage yield, crude protein yield, ADF and NDF ratio and had 
highly significant negative correlations with crude protein ratio, DDM, DMI and RFV. 
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Table 7. Correlations coefficients among investigated traits
+
 

 GHY DHY CPR CPY ADF NDF DDM DMI RFV 

PH 0.774** 0.794** -0.751** 0.758** 0.318** 0.595** -0.318** -0.609** -0.606** 

GHY  0.972** -0.805** 0.947** 0.409** 0.575** -0.409** -0.620** -0.634** 

DHY   -0.831** 0.945** 0.434** 0.592** -0.434** -0.632** -0.649** 

CPR    -0.771** -0.515** -0.809** 0.515** 0.827** 0.837** 

CPY     0.402** 0.521** -0.402** -0.563** -0.581** 

ADF      0.508** -1.000** -0.496** -0.618** 

NDF       -0.508** -0.986** -0.977** 

DDM        0.496** 0.618** 

DMI         0.989** 
+ Correlations coefficients for 2014, 2015 and 2016, **significant at P < 0.01 
PH = Plant Height, GHY = Green Herbage Yield, DHY = Dry Herbage Yield, CPR = Crude Protein 
Ratio, CPY = Crude Protein Yield, ADF = Acid Detergent Fiber, NDF = Neutral Detergent Fiber, 
DDM=Digestible Dry Matter, DMI=Dry Matter Intake, RFV=Relative Feed Value 

 
 
Green herbage yield had highly significant positive correlations with dry herbage 

yield, crude protein yield, ADF and NDF, and had significant negative correlations with 
crude protein ratio, DDM, DMI and RFV. Dry herbage yield had highly significant 
positive correlations with crude protein yield, ADF and NDF, and had highly significant 
negative correlations with crude protein ratio, DDM, DMI and RFV. Crude protein ratio 
had highly significant positive correlations with DDM, DMI and RFV, and had highly 
significant negative correlations with crude protein yield, ADF and NDF. Crude protein 
yield had highly significant positive correlations with ADF and NDF, and had highly 
significant negative correlations with DDM, DMI and RFV. 

ADF had highly significant positive correlations with NDF, and had highly 
significant negative correlations with DDM, DMI and RFV. NDF had highly significant 
negative correlations with DDM, DMI and RFV. DDM had highly significant positive 
correlations with DMI and RFV and there were highly significant correlations between 
DMI and RFV. 

Discussion 

Precipitation and temperature may result in significant differences in yields of the 
years (Luo et al., 2016). Regional climate, soil conditions, plant genetics, sowing time 
and cultural practices significantly influence dry matter yield and green herbage yields 
(Seydosoglu, 2014). Green herbage yields were reported as between 931-11843 kg da-1 
(Seker, 2003; Kusvuran et al., 2005; Kir and Soya, 2006) and dry herbage yields were 
reported as 225-3287 kg da-1 (Sengul et al., 2003; Seker, 2003; Kusvuran et al., 2005; 
Kir and Soya, 2006; Demiroglu et al., 2008; Avci et al., 2010; Saruhan and Kusvuran, 
2011) for alfalfa genotypes. Green and dry herbage yields varied based on number of 
cuts, ecological conditions, genetics structure and thus different values were reported in 
different studies. 

Ball et al. (2001) indicated that variations dry matter and protein contents mostly 
resulted from genetic differences and that these parameters commonly varied based on 
leaf and shoot ratios, ripening period, temperature and fertilization practices. Crude 
protein ratios were reported as between 15.95-28.09% (Sengul et al., 2003; Kir and 
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Soya, 2006; Basbag et al., 2009; Canbolat and Karaman, 2009; Avci et al., 2010; Kiraz, 
2011; Saruhan and Kusvuran, 2011; Cacan et al., 2015). Crude protein yields were 
reported as between 34-321 kg da-1 (Sengul et al., 2003; Kir and Soya, 2006). Present 
crude protein ratios and crude protein yields were slightly higher than those earlier 
findings. Higher crude protein ratios are due to differences in the varieties used. The 
difference in crude protein yields is due to differences in hay yields of alfalfa varieties. 
With regard to crude protein content, all cultivars were placed in the best quality group 
(Rohweder et al., 1978). 

ADF and NDF ratios are significant quality indicators of forage crops (Aydin et al., 
2010) and such ratios should be low in quality forage since they obstruct the 
digestibility and consequently decrease the quality of forage. Since high ADF and NDF 
ratios have negative effects on feed intake and digestibility, the feeds with ideal ADF 
and NDF values are usually preferred (Kiraz, 2011). ADF ratios of some alfalfa clones 
were reported as between 16.8-41.0%, NDF ratios as between 20.3-49.0% (Basbag et 
al., 2009; Canbolat and Karaman, 2009; Avci et al., 2010; Kiraz, 2011; Cacan et al., 
2015), DDM ratios as between 56.9.0-75.8%, DMI ratios as between 2.46-5.90% 
(Basbag et al., 2009; Canbolat and Karaman, 2009; Avci et al., 2010; Kiraz, 2011; 
Cacan et al., 2015) and RFV as between 127.0-347 (Basbag et al., 2009; Canbolat and 
Karaman, 2009; Kiraz, 2011; Cacan et al., 2015). With regard to ADF and NDF ratios, 
all cultivars were placed in the best quality group (Rohweder et al., 1978). 

As the plant ages, the proportion of ADF and NDF compounds forming the cell wall 
also increases (Uke et al., 2017). Therefore, the rates of ADF and NDF are steadily 
increasing in 2015 and 2016. This situation, directly affects the DDM, DMI and RFV 
rates, which tend to be lower as years go by. Also, according to the quality standards 
reported by Lacefield (1988), in terms of crude protein (above 19%), ADF (below 
31%), NDF (below 40%), DDM (above 65%), DMI (above 3%) and RFV (above 151) 
values, alfalfa cultivars appear to be in group “prime”. 

In previous studies, plant heights were reported as between 49.7-86.8 cm (Seker, 
2003; Kusvuran et al., 2005; Kir and Soya, 2006; Demiroglu et al., 2008; Basbag, 2009; 
Yesil and Sengul 2009; Saruhan and Kusvuran, 2011). Since Bingol province has a 
colder ecology, present findings were slightly lower than those earlier findings. As the 
years progress, the height of the plant seems to increase. This situation parallels directly 
with the increase of herb yields over the years. 

Conclusion 

The results revealed that the greatest plant height, green herbage and dry herbage 
yield was obtained from Gea cultivar, the greatest crude protein ratio was obtained from 
Magnum-V cultivar, the greatest crude protein yield from Gea cultivar, the lowest ADF 
ratio from Gea cultivar, the lowest NDF ratio from Gea, Nimet, Ozpinar and Sunter 
cultivars, the greatest DDM from Gea cultivar, the greatest DMI from Gea, Nimet, 
Ozpinar and Sunter cultivars and the greatest RFV from Gea cultivar. 

The most important yield parameter in alfalfa cultivation is dry herbage yield. 
Therefore, the cultivars with high dry herbage yields should be selected in cultural 
practices. It is also critical that the herbage should also have a high protein yield, low 
ADF and NDF ratios and high digestibility. Considering all these values, Gea cultivar 
with high dry herbage and crude protein yield, low ADF-NDF ratios and high relative 
feed value was recommended for alfalfa culture. Outside Gea; it seems that Bilensoy-
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80, Magna-601, Magnum-V, Omerbey, Sunter, Verdor and Verko cultivars gave results 
above averages and were remarkable in terms of yield and quality. 

In addition, significant correlations were found between yield and quality attributes 
in the study. As the years progress, the dry herbage yield and crude protein yield 
obtained from alfalfa cultivars is increasing and the relative feed value is decreasing as 
it is inversely proportional to this. 
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Abstract. Thermal stratification experienced in irrigation ponds leads to intensification of agricultural 
pollution events due to hypolimnetic oxygen depletion. In this study, stratification in a small pond in 
western Turkey was investigated. Pond bathymetry was determined with a combination of an Acoustic 
Doppler Current Profiler (ADCP) equipment measurement and field study using Real Time Kinematic 
GPS (RTK GPS) equipment. The Relative Thermal Resistance to Mixing (RTRM) index and 2-
dimensional hydrologic model CE-QUAL-W2 was utilized to characterize the stratification structure. 
Based on these monitoring results, the temperature profile was constructed. The pond volume was found 
to be occupied by 60% with the epilimnion, 20% metalimnion and 20% hypolimnion. The model was 
calibrated with monitoring data from 2013 and validated with data from 2014. It was determined that the 
pond was monomictic. The pond was modeled with CE-QUAL-W2 and the dates of stratification, the 
temperature and dissolved oxygen profiles were simulated with absolute mean errors of 0.77 °C for 
temperature and 1.09 mgO2/L for dissolved oxygen. Different irrigation and meteorological scenarios 
were examined to predict pond volumes and temperatures till 2020. As a result of scenario 
implementations, drip irrigation practices were found to be the best management application for the 
sustainable management of the pond. 
Keywords: 2D modeling, relative thermal resistance to mixing (RTRM), thermal stratification, 

forecasting, scenario implementation 

Introduction 

Temperature is one of the most important physical property of water bodies as it 
affects density, vapor pressure, viscosity, dissolved oxygen concentration and chemical 
and biological reaction kinetics. Heating of natural bodies by solar radiation and 
atmospheric temperatures from the surface down to the deeper parts results in different 
water densities at different depths and hence to thermal stratification (Chapra, 1997). 
Stratification can affect many important water quality parameters adversely, foremost 
the dissolved oxygen. Stratification prevents the transfer of oxygen to the hypolimnion 
layer. Moreover, due to anoxic conditions prevailing in the deeper layers, the solubility 
of phosphorus and iron increase and especially phosphorus is released to the water 
column in overturning periods, thus leading to algal blooms (Salonen et al., 1999). 
Decreased oxygen levels due to stratification also affect fish populations and diversity 
adversely. Therefore, stratification is a phenomenon that needs careful consideration in 
the study of standing water bodies. 
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There are several studies concerning stratification in water bodies which are directed 
to different aims using a variety of methods. A major portion of these studies is related 
to the determination of the stratification structure, its evolution and assessment (Birge, 
1910; Kindle, 1929; Lap et al., 2009). Some studies are concerned with the relationship 
of the geological properties of the region with stratification (Chapman et al., 1998). 
Other deal with the effects of surface heat exchange and wind parameters on 
stratification (Churchill and Kerfoot, 2007). Studies about the timing of stratification 
and the determination of the lake number which is used to identity the different layers 
are also widespread (Elci, 2008; Song et al., 2013; Branco and Torgersen, 2009). In 
Turkey, there are studies about the relationship of stratification with water quality 
parameters (Elci, 2008; Gunduz et al., 1998; Erturk et al., 2008; Caliskan and Elci, 
2009; Alpaslan et al., 2012). Reservoirs are multi-purpose deep waterbodies and water 
temperature and dissolved oxygen status are very important. Due to improper practices, 
climate change effects and drought conditions may result in reduced hypolimnetic 
volumes, anoxic conditions and algal blooms. (Hudson and Vandergucht, 2015). Zhang 
et al. (2015) stated that dissolved oxygen profiles are directly linked with the water 
temperature depth profiles in reservoirs. Also increases in the daily mean air 
temperatures may cause a decrease of the oxycline depth, respectively expediting 
oxygen stratification and diminishing water quality. 

The literature also contains studies concerning the modeling of stratification coupled 
with water quality. The foundation for such studies were one-dimensional models of 
stratification (Babajimopoulos and Papadopoulos, 1986; Rice et al., 1989; Bell et al., 
2006; Spigel et al., 2005; Dueri et al., 2009). 2-D mathematical models were employed 
to more accurately represent the thermal stratification structure. 3-D models based on 3-
D hydrodynamical formulations were also attempted (Hassan et al., 1998; Li et al., 
2010; Bocaniov et al., 2014). Because reservoirs usually have a deep water column, 
thermal stratification and dissolved oxygen conditions are more common than in 
shallow lakes. For this reason, reservoir thermal and oxygen stratification structures 
were modeled in different studies (Kuo et al., 2006; Bonnet and Poulin, 2004; Lindim et 
al., 2011; Kerimoglu and Rinke, 2013) 

Studies conducted using CE-QUAL-W2 are widespread in literature. Cole (2000) 
reviewed temperature models of reservoirs with CE-QUAL-W2 and presented results of 
these studies. Besides modeling temperature and water quality parameters, they also 
created several scenarios on how to increase the trophic status of the reservoir from 
eutrophic to oligotrophic. Berger et al. (2005) modeled temperature in Lake Laurance 
and presented aspects of hydrodynamical and temperature calibration. They also created 
scenarios to determine how the outflow temperatures changed accordingly. Kim and 
Kim (2006) modeled temperature changes in Lake Soyang with CE-QUAL-W2 model. 
Data from 1996 was used for calibration and data from the 1995-2005 period for 
validation. Kuo et al. (2006) repeated their studies for the Te-Chi ve Tseng-Wen 
reservoirs with CE-QUAL-W2 to improve the trophic status. Williams (2007) modeled 
Lake Powell with CE-QUAL-W2 water temperature and water quality parameters. 
Stansbury et al. (2008) modeled Lake Ogallala with respect to dissolved oxygen again 
with CE-QUAL-W2 to determine its sources and consumes. Batick (2011) reviewed the 
general features of the model, its development and input parameters, using it for the 
modeling of the Cheatham Reservoir temperature and dissolved oxygen profiles. 

The aim of this study is to investigate the stratification structure of a relatively clean 
surface water body (Borabey Pond) and to determine how dissolved oxygen 
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concentrations change spatially within the water body. The CE-QUAL-W2 model was 
implemented, with the meteorological conditions an inflow and outflow quantities as 
driving forces, to characterize mass transfer in the ponds thermal stratification structure 
and modeling of the dissolved oxygen concentration. Furthermore, scenarios were 
developed to forecast how the pond temperature will behave in the future in response to 
changing pond volumes as a result of management practices and climatic influences. 

Study site 

The Borabey Pond is situated to the north of Eskişehir, in Northwestern Inner 
Anatolia, Turkey. It is located in the foothills of the Bozdağ mountain at an altitude of 
924 m (the maximum water level of the pond). The earthen dam of the reservoir was 
constructed in 1991-1992 to serve irrigation needs of a 2.48 km2 farming area 
(Hasanoğlu, 2012). The location of the pond is given in Figure 1. 

 

 
Figure 1. Borabey Pond location in Turkey and measurement locations (red dots) during in 

2013 and 2014 
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The watershed area is 8583 km2. The pond is 200 m wide and 620 m long on average 
with a maximum width of 350 m. The mean depth is 8.5 m with a maximum value of 
18.8 m. The water level of the pond shows fluctuations due to changes in water inputs 
and irrigation withdrawals. The minimum talveg elevation is 906 m above mean sea 
level and the maximum water level is held fixed at 924 m via an outlet weir at this 
elevation. The water source feeding the pond is a small creek which carries water in the 
rainy season and dries up in summer. A pipe at 906.62 m within the pond near the dam 
is used to release irrigation water to ditches downstream. The volume of the pond at 
maximum level amounts to 1.6 million m3. 

Materials and methods 

Meteorological and limnological observations 

The modeling period was chosen as the years of 2013 and 2014 and meteorological 
data related to this period was obtained from a weather station (Davis Vantage Pro 2) 
located at the shore of the pond. The meteorological time series at 15-min intervals 
comprise of air temperature, dew point temperature, wind velocity, wind direction, 
precipitation amount and solar radiation. Precipitation ranged within this period from a 
low of 2 mm in July 2013 to a high of 97 mm in October 2013. Temperatures changed 
between -10.8 °C in December 2013 to 36.1 °C in August 2014. Due to the presence of 
missing values in February 2013, the model was run beginning in the 56th day of 2013. 

The pond stratifies in summer and overturns in spring and fall. In this respect the 
pond is a monomictic water body. The epilimnion occurs at a mean depth of 7 m. 
Periodic water temperature and dissolved oxygen measurements were conducted in the 
Borabey Pond to determine the stratification structure and to calibrate and validate the 
CE-QUAL-W2 model. The vertical temperature profile was determined with the 
vertical profiler (Casaway-CTD) equipment while the dissolved oxygen measurements 
were conducted using multi parameter meter (HACH HQ40d) with a LOD probe. The 
measurements were taken at 1 m depth intervals and 46 temperature and 41 dissolved 
oxygen profiles were generated. The measurements were primarily concentrated in the 
deeper zones of the pond. 

Statistics about temperature, dissolved oxygen measurements and water density 
results as derived from measurements are displayed in Table 1. The locations of the 
measurement points are shown in Figure 1. 

The bathymetry of the pond was determined with Sontek M9 Aqoustic Doppler 
Current Profiler. Because the pond shows varying densities along the depth, a correction 
for this feature was applied using density results from Castaway CTD observations 
(Göncü et al., 2014). The resulting bathymetric map is presented in Figure 2. The 
measurements were processed with ArcGIS 10 to create the contours in Figure 2. 
ArcGIS was also employed to determine the surface area and volume of the pond at 
various depths. 

The watershed of the pond is shown in Figure 3 with the subwatersheds. The areas 
and other relevant data were provided by the ArcGIS software and ArcHydro module. 
Subwatershed No.1 did not feed the pond in the 2013-2014 period as its waters were 
derived to another pond nearby. Subwatersheds No.2 and No.3 also could not feed the 
pond as the creeks emptying them were diverted for irrigation purposes. Thus, within 
the simulation period only the remaining 3.24 km2 of the watershed provided the pond 
with water. 
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Table 1. Descriptive statistics about dissolved oxygen, temperature observations and derived 

water density results 

Observation start date: 26.02.2013 

Observation end date: 25.11.2014 

 

Dissolved oxygen 

mg/L 

Temperature 

°C 

Density 

kg/m
3
 

n 556 1757 601 

Min 0.05 2.58 997.48 

P10 0.25 6.29 997.99 

P25 4.63 8.80 998.83 

P50 7.83 12.29 999.77 

P75 9.39 18.68 1000.08 

P90 11.07 21.87 1000.15 

Max 11.92 23.93 1008.45 

Std. dev. 3.62 5.78 1.35 

 
 

 
Figure 2. Borabey Pond bathymetric map 
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Figure 3. Borabey Pond watershed and subwatersheds 

 
 

Determination of RTRM index 

The strength of the thermal stratification is obtained from the RTRM (Relative 
Thermal Resistance to Mixing) index which is determined for consecutive depths. This 
index was first introduced by Birge (1910). Becker et al. (2009), Branco et al. (2009) 
and Alpaslan et al. (2012) named the index RWCS (Relative Water Column Stability) 
and used it as such. 

The index is determined by Equation 1 (Chimney et al., 2006). 
 

 2 1

4 5

z z 
 





 (Eq.1) 

 
Ψ stands for the RTRM index and is a dimensionless quantity. ρz1 and ρz2 are the water 
densities at the respective depths z1 and z2 and are given in kg/m3. ρ4 and ρ5 are the 
water densities at 4 and 5 °C, respectively (Chimney et al., 2006). The index is 
determined at 1-m intervals. Values larger them 20 generally indicate the upper and 
lower boundaries of the metalimnion. A cumulative RTRM index indicates the total 
resistance of the thermal stratification to mixing (Kortmann et al., 1982). 

Figure 4 displays the cumulative RTRM values at the deepest zone of the Borabey 
Pond at monthly intervals during the 2013-2014 period calculated from density 
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observations made by Castaway CTD. The figure displays clearly the monomictic 
stratification pattern. The volumes of the epilimnion, metalimnion and hypolimnion 
during stratification as obtained from the bathymetric calculations. 

 

 
Figure 4. Borabey Pond RTRM profile 

 
 

Dissolved oxygen and temperature modeling 

CE-QUAL-W2 is a 2-D (in the longitudinal and vertical dimensions) 
hydrodynamical and water quality model. As it inherently assumes homogeneous 
longitudinal cross-sections, it is more appropriate for long and narrow water bodies. The 
model can be applied to streams, lakes, watersheds, estuaries and combinations of these 
systems (Cole and Wells, 2013). 

The CE-QUAL-W2 model can estimate water elevations, velocities, temperatures 
and water quality concentrations. Quality constituents can be added or removed from 
the model and combinations can also be handled. The model manages complex systems 
comprising of different stream branches. The minimum data requirements are 
bathymetry, inflows and outflows, meteorological time series and initial conditions 
(Batick, 2011). 

Temperature, as it is a primary factor for hydrodynamical and water quality 
simulations, is required and cannot be left out. Water quality constituents include 
inorganic solids, phytoplankton and epiphyton groups, CBOD, organic and nutrients 
like phosphorus and nitrogen species (Batick, 2011). The model was tested in many 
reservoirs for its capability of adequately representing the thermal stratification pattern 
and simulating water quality and is widely used today (Cole and Tillman, 1999; 
Deliman and Gerald, 2002; Bowen and Hieronymus, 2003; Colarusso et al., 2003; Kim 
and Kim, 2006; Ha and Lee, 2007; Diogo et al., 2008; Zhang et al., 2008; Bonalumi et 
al., 2012). 

From the bathymetric data of the Borabey Pond the grid structure was obtained with 
the use of the ArcGIS software. The finite difference grid structure is displayed in 
Figure 5. Six segments were distinguished in the longitudinal direction with the 
corresponding number of layers. Using the elevation-surface, area-volume relationships, 
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the average width of every layer was obtained. A total of 80 layers each with a uniform 
depth of 1 m was created and the correspondence of the grid structure with the actual 
bathymetry was tested with the Nash-Sutcliffe efficiency index (NSE). An index of 0.99 
was obtained for surface areas and 0.97 for volumes, thus indicating a very good grid 
representation of the bathymetry. 

 

 
Figure 5. The finite difference grid structure of the Borabey Pond bathymetry 

 
 
Therefore, inflow water quantities were estimated by comparing the watershed area 

with the watershed area of a 5 km distant pond (The Keskin Pond) which shows similar 
hydrological characteristics. So discharge values obtained for the Keskin Pond were 
transferred to the Borabey Pond by the method of watershed drainage-area ratios 
(Dayyani et al., 2003). So, for the year of 2013 and 2014, derived flow values were 
constructed. The actual flow values for 2013 for the Borabey Pond were found to be in 
good agreement with the corresponding derived flow values. 

For the outflow quantities form the pond, the irrigation withdrawals were used. The 
irrigation withdrawal quantities were not of daily resolution. To refine the resolution to 
daily values, the crop patterns downstream of the pond were compared to the patterns in 
the region and correlations were established between the amounts of water used for 
irrigation in the region and regional crop patterns to be used to estimate the daily 
amount withdrawn from the pond taking into consideration the watershed areal 
differences, too. 

As the input creek temperatures, the water temperatures measured at the place where 
the creek enter the lake were utilized. From the temperature profiles obtained by the 
CASTAWAY CDT profiler equipment, spline smoothing was used to find daily 
temperatures. As the outlet water temperature, the temperature obtained from the 
profiles at the depth of the outlet structure were utilized. 

The water levels in the pond were measured at discrete times at a water level gage 
during the 2013 and 2014 period. The interpolation to daily values was obtained by 
Akima Spline Interpolation with the HydroClimATe software. 

All meteorological time series (air temperature, dew point temperature, wind 
velocity, wind direction, precipitation and solar radiation) were obtained from the 
station at the pond with the exception of cloudiness for which the time series were 
obtained from the Eskisehir Anadolu Airport Meteorological Station LTBY which is 9 
km distant to the Borabey Pond. 

Kaya (2013) measured, on a monthly basis, water quality parameters at the pond. 
These included phosphate, ammonia, nitrite and nitrate. Algae concentrations were 
calculated from Chlorophyll-a with a numerical approach. Labile and refractory 
dissolved organic matter (L-DOM and R-DOM) and labile and refractory particulate 
organic matter (L-POM and R-POM) were obtained from total organic carbon and algae 



Hasanoğlu ‒ Göncü: Irrigation pond stratification structure determination and temperature - dissolved oxygen modeling using CE-
QUAL-W2 

- 1207 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1199-1219. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_11991219 
 2018, ALÖKI Kft., Budapest, Hungary 

concentrations (Cole and Tillman, 1999). February 26, 2013 was fixed as the starting 
day of simulations and 15-min intervals were used in correspondence with 
meteorological time series intervals. 

 
Model calibration and validation 

Data in the simulation year 2013 were used for calibration and data in 2014 for 
validation. In the calibration of CE-QUAL-W2 model the water elevation is a key 
parameter as it affects all the subsequent calculations. Therefore, the agreement between 
observed and simulated water level is checked first. The levels are calibrated by 
incrementally increasing or decreasing the input volumes (Devonis, 2011). The initial 
agreement is displayed in Figure 6. The disagreement in 2014 was corrected with 
calibration. The water level observations were obtained from readings at an established 
gauging station in the pond. An NSE index of 0.97 was obtained after calibration. 

 

 
Figure 6. The Borabey Pond water level with and without calibration between 2013 and 2014 

 
 
For the calibration of temperature, a sensitivity analysis for 8 parameters was 

conducted. Default values were used as initial values and these were varied by ±5%, 
±10% and ±15%. The model was thus run 56 times and absolute mean errors were 
calculated between modeled and observed temperatures. Table 2 displays the results of 
the sensitivity runs. From these, it was found that the most sensitive parameters were 
EXH2O, BETA, AFW, BFW and CFW as Table 3. The model was calibrated using 
these parameters. 

The change of solar radiation with depth is given in Equation 2: 
 
     01  z

sH z H e
    (Eq.2) 

 
Here Hs(z) is the solar radiation at depth z, β the ratio of radiation absorbed by the 

water surface (BETA in CE-QUAL-W2), H0 the incident radiation on the surface and   
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the light extinction coefficient (EXH2O). As BETA and EXH2O affect the heat transfer 
in water bodies, they were calibrated together. 

 
Table 2. Sensitivity analysis results for temperature calibration parameters 

Variable Description Unit 
 

-15% -10% -5% 
Initial 

value 
+5% +10% +15% 

BETA 

Solar 
radiation 

absorbed in 
surface layer 

- 

Value 0.38 0.41 0.43 0.45 0.47 0.50 0.52 

AME 0.68 0.69 0.70 0.70 0.71 0.74 0.76 

EXH2O 

Extinction 
coefficient for 

pure water 
m-1 

Value 0.38 0.41 0.43 0.45 0.47 0.50 0.52 

AME 0.72 0.69 0.69 0.70 0.73 0.78 0.82 

AX 
Longitudinal 

eddy viscosity 
m2s-1 

Value 0.0327 0.0347 0.0366 0.0385 0.0404 0.0424 0.0443 

AME 0.70 0.70 0.70 0.70 0.70 0.70 0.70 

DX 

Longitudinal 
eddy 

diffusivity 
m2s-1 

Value 0.0327 0.0347 0.0366 0.0385 0.0404 0.0424 0.0443 

AME 0.70 0.70 0.70 0.70 0.70 0.70 0.70 

CBHE 

Sediment heat 
exchange 

coefficient 
Wm-2s-1 

Value 0.26 0.27 0.29 0.30 0.32 0.33 0.35 

AME 0.71 0.70 0.70 0.70 0.70 0.70 0.70 

AFW 

a coefficient 
in the wind 

speed 
formulation 

Wm-2mmHg-1 

Value 7.82 8.28 8.74 9.20 9.66 10.12 10.58 

AME 0.70 0.68 0.68 0.70 0.74 0.79 0.85 

BFW 

b coefficient 
in the wind 

speed 
formulation 

Wm-2 mmHg-

1 (ms-1)-cfw 

Value 0.39 0.41 0.44 0.46 0.48 0.51 0.53 

AME 0.68 0.69 0.69 0.70 0.71 0.73 0.74 

CFW 

c coefficient 
in the wind 

speed 
formulation 

- 

Value 1.70 1.80 1.90 2.00 2.10 2.20 2.30 

AME 0.68 0.68 0.68 0.70 0.74 0.80 0.89 

 
 
Table 3. Effects of parameter perturbation on model 

 
Parameter perturbation 

 
± 5% ± 10% ± 15% 

BETA 0.71 3.57 5.71 

EXH2O 2.86 6.43 7.14 

AX 0.00 0.00 0.00 

DX 0.00 0.00 0.00 

CBHE 0.00 0.00 -0.71 

AFW 4.29 7.86 10.71 

BFW 1.43 2.86 4.29 

CFW 4.29 8.57 15.00 
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During calibration, EXH2O and BETA were varied concurrently and the least AME 
was observed at an EXH2O value of 0.49 m-1 and a BETA value of 0.29. AME was 
reduced from 0.70 °C to 0.68 °C in this process. It was observed that BETA and 
EXH2O reduced AME while the others increased it. In literature an AME range of 0.3-
0.9 °C is considered an adequate range and when the calibration was stopped the AME 
was within this range and thus deemed adequate (Cole, 2000). 

In dissolved oxygen calibration, the first step is the determination of sediment 
oxygen demand (SOD) which varies between 0.1-1 gO2/m

2.day (Cole and Wells, 2013). 
The zeroth order SOD reaction rate was calibrated as 1 gO2/m

2.day which gives the 
minimum AME. This value lead to an AME of 1.12 mgO2/L in observation and 
simulation comparisons. 

There are different equations in the CE_QUAL-W2 manual which can be used to 
calculate the relationship of the oxygen reaeration with wind velocity (Cole and Wells, 
2013). These equations were tried and the equation which gives the minimum AME 
value (1.18 mgO2/L) was chosen. In literature, AME values ranged between 0.58 and 
1.25 mgO2/L. Thus the AME was deemed to be adequate. After calibration, the model 
was run for the complete 2013-2014 period and the results for 2014 were used for 
validation. 

The validation results for 2014 show an AME of 0.86 °C for temperature and 1.18 
mgO2/L for dissolved oxygen. When the two-year period was considered, the AME for 
temperature dropped to 0.77 °C and 1.09 mgO2/L for dissolved oxygen. 

Results and discussion 

The comparison of model results and observations for temperature profiles at the 
sixth segment are displayed in Figure 7. As the correspondence of the two curves in 
each profile shows, the model is capable of adequately representing the beginning and 
ending times of stratification and the vertical profiles. 

 

 
Figure 7. Observation and model results for temperature 
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The thermocline in the summer stratification begins, on the average, at 6 m below 
water surface and reaches around 10 m. The change in water temperature in this region 
amounts to 5 °C. The fall overturn is observed at the end of September (Figs. 7 and 8). 

The temperature profile also affects the distribution of the water quality constituents 
in the water body. Due to the inhibition of oxygen transfer from the atmosphere by the 
onset of stratification, the dissolved oxygen levels in the hypolimnion begin to decrease, 
enhanced by oxidation of organic matter and nitrification. 

Figure 8 shows the comparison of the vertical temperature profiles of both 
simulation and observations. Figure 9 displays the same for dissolved oxygen. As the 
figure implies, very low dissolved oxygen levels occur during stratification periods, as 
expected, while in between (in the mixing period between fall 2013 and spring 2014) 
the oxygen levels do not change appreciably in the vertical direction. 

When the temperature and dissolved oxygen observations, calculated RTRM values 
and model simulations are considered together, it is seen that the stratification sets on at 
the end of April 2013 and continues till the end of August. In 2014 it begins in mid 
April and ends likewise at the end of August. According to the RTRM results, the total 
resistance to mixing is higher in 2013 than in 2014. 

The absolute mean error (AME) between the temperature and dissolved oxygen 
observations and modeled results obtained by the modeling study of the Borabey Pond 
using the CE-QUAL-W2 model is on the average 0.77 °C for temperature and 1.09 
mgO2/L for dissolved oxygen. These are reasonable values as indicated in literature 
where ranges for temperature and dissolved oxygen are between 0.4-0.9 °C and 0.55-
1.25 mgO2/L, respectively (Cole and Wells, 2013). 

 

 
Figure 8. Temperature isopleths according to time (observation and model results) 
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Figure 9. Dissolved oxygen isopleths according to time (observation and model results) 

 
 
When the observations and simulations were compared for temperature, it was seen 

that CE-QUAL-W2 modeled the temperature profiles quite consistently together with 
the beginning and ending dates of stratification. For dissolved oxygen, the observations 
and simulations agreed especially during the stratification period and also the depths at 
which the dissolved oxygen levels begin to drop are established. However, the 
beginning and ending dates of changes in oxygen levels due to stratification were not 
captured adequately. 

Figure 10 displays RTRM profiles, simulated temperature, and dissolved profiles 
together for a specific date (July 23, 2013). At this date the AME for temperature was 
0.56 C and 1.5 mgO2/L for dissolved oxygen. Based on the RTRM values the 
metalimnion began 8 m below the surface. The temperature and dissolved oxygen 
profiles also showed correspondingly the commencement of the metalimnion. Below 
10 m, RTRM became less than 20 and the hypolimnion began and the profiles tended to 
flatten as expected. 

In both 2013 and 2014, during the stratification periods, the pond volume was 
occupied by the hypolimnion, metalimnion and epilimnion by 20%, 20% and 60%, 
respectively as shown in Table 4. These volumes were calculated with the utilization of 
the water level – surface area – volume relationships after the determination of the 
depths of the respective layers using the RTRM values for the days in which 
observations were carried out. 

This volumetric distribution is valid if yearly average volumes are taken into 
consideration. When the stratification structure was examined, it was observed that the 
thermal stratification commenced in the spring months with the increase in air 
temperatures and the hypolimnion zone was relatively larger from May onwards 
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(Fig. 12). Then the hypolimnion column decreased and was destroyed with the onset of 
increasing wind velocities in autumn. In winter, lower temperatures were encountered in 
the upper layers and higher temperatures at lower layers. A surficial stratification was 
also observed in the winter months which however was insignificant as RTRM 
calculations showed. 

 

 
Figure 10. July 23

th
 2013 observation, model and RTRM results 

 
 
Table 4. Thermal stratification volumes in 2013 and 2014 

 
Volume of zones Percentage of zones 

 
2013 2014 2013 2014 

Epilimnion, m3 697226 645403 55 61 

Metalimnion, m3 311529 234742 24 23 

Hypolimnion, m3 270180 162288 21 16 

TOTAL, m3 1278935 1046434 100 100 

 
 

Scenarios 

Six scenarios were created to determine how the volume of the pond will change in 
the future in response to irrigation practice changes. Consequently CE-QUAL-W2 was 
used to predict the response of temperature to these volume changes. 
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The Borabey Pond outlet flow changes in accordance to changes in the use of the 
water downstream. The fields below the dam outlet are sprinkler irrigated. In the 
scenarios created, an alternative drip irrigation method was implemented. Shifting from 
spray to drip irrigation leads to an average of 50% reduction in irrigation volumes 
(Güngör and Göncü, 2013). This amount of reduction was incorporated into the 
scenarios for drip irrigation. 

The inflow into the pond changes according to meteorological forcing and seasonal 
variations. Another factor is the derivation of upstream water to the nearby Keskin 
Pond. In the scenarios, the input volumes into the pond change according to whether the 
year is wet or dry. It was observed before, that there was much less inflow in 2014 
compared to 2013. Thus 2014 was considered a dry year and 2013 a wet year. Wet (W) 
and Dry (D) year sequences were created using the input volumes in the corresponding 
2013 and 2014 years. 

Table 5 displays the scenarios with the corresponding season types (W, D) and 
irrigation practices (Spr. for sprinkler irrigation and Drp. for drip irrigation). 

 
Table 5. Scenarios 

Scenario 1 
Years 

2013 2014 2015 2016 2017 2018 2019 2020 

Season type W D D D D D D D 

Irrigation method Spr. Spr. Spr. Spr. Spr. Spr. Spr. Spr. 

Scenario 2 
Years 

2013 2014 2015 2016 2017 2018 2019 2020 

Season type W D D D D D D D 

Irrigation method Spr. Spr. Drp. Drp. Drp. Drp. Drp. Drp. 

Scenario 3 
Years 

2013 2014 2015 2016 2017 2018 2019 2020 

Season type W D W W W W W W 

Irrigation method Spr. Spr. Spr. Spr. Spr. Spr. Spr. Spr. 

Scenario 4 
Years 

2013 2014 2015 2016 2017 2018 2019 2020 

Season type W D W D W D W D 

Irrigation method Spr. Spr. Spr. Spr. Spr. Spr. Spr. Spr. 

Scenario 5 
Years 

2013 2014 2015 2016 2017 2018 2019 2020 

Season type W D W D W D W D 

Irrigation method Spr. Spr. Drp. Drp. Drp. Drp. Drp. Drp. 

Scenario 6 
Years 

2013 2014 2015 2016 2017 2018 2019 2020 

Season type W D W W W W W W 

Irrigation method Spr. Spr. Drp. Drp. Drp. Drp. Drp. Drp. 

 
 
The model was implemented for each scenario with the inputs as given in Table 5 

and run from 2014 to 2020. Figure 11 displays how the pond volume changed with 
respect to scenarios. 
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Figure 11. Pond volume and water level change with respect to scenarios 

 
 
With the exception of scenarios 5 and 6, decreases in pond volumes were observed. 

Only scenario 6 predicted increases in pond volume. Scenario 6 combined wet perios 
with drip irrigation which led to water savings over a large volume. For scenarios 1 and 
4 which combine sprinkler irrigation with dry periods/wet-dry sequences the pond 
became almost dry. 

Table 6 presents the outlet temperature changes in the pond according to scenarios. 
For every scenario except the last one, temperature increases were predicted. Figure 12 
displays the evolution of temperature for every scenario and corresponding linear 
trends. 

 
Table 6. Outlet water temperature according to scenarios 

Scenarios 
Total temperature change 

(°C) in years 

Temperature change 

(°C)/year 

1 5.34 °C in 4.9 years 1.08 

2 6.05 °C in 7.9 years 0.86 

3 5.35 °C in 7.9 years 0.68 

4 3.34 °C in 7.1 years 0.47 

5 0.21 °C in 7.8 years 0.03 

6 -2.18 °C in 5.2 years -0.42 

 
 
The model simulations showed that the stratification pattern changed with decreasing 

pond volume. In the first scenario, temperature fluctuations change from a range of 4-
14 °C to a range of 4-23 °C. The linear change was observed as 0.82 °C/year. As the 
stratification pattern was destroyed due to decreasing volume, the pond temperature 
became more affected by atmospheric conditions. The same was observed for scenario 
4, especially when the water depth dropped to around 7 m. 

On the other hand, though the periodic fluctuation range showed increases, scenarios 
2 and 3 did not show the effects of atmospheric influences as the water depth did not 
fall below 7 m. In scenario 5, there was a very small linear trend and the fluctuation 
range did not change with time. In the last scenario, the water temperatures dropped and 
the fluctuation range decreased in accordance with volume increases. 
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These findings imply that, if it is planned to obtain benefits from the Borabey Pond 
for future years, the water withdrawals need to be reduced. Effective reductions can be 
achieved by shifting to drip irrigation practices. However, even this may not be 
sufficient to maintain desired water levels (Scenario 2). The transfer of water from the 
Borabey watershed to the Keskin Pond must be stopped, at least for some months in a 
dry year. Otherwise, a dry-up period of the pond in a dry weather sequence seems in 
inevitable. 

 

 
Figure 12. Evolution of temperature for every scenario and corresponding linear trends 

Conclusions and recommendations 

In this modeling study, some problems were encountered which are prone to affect 
model results. The input and output flows were not measured, but estimated based on 
assumptions. This created uncertainties on the primary model inputs. The input and 
output volumes which were estimated can also be more accurately found out using a 
comprehensive watershed model. When such less biased results become available in the 
future, the accuracy of this study can be assessed by changing the relevant pond input 
and output values. Moreover, long-term constituent concentrations in the quality 
constituents other than dissolved oxygen averages of observations were utilized for the 
inflow concentrations and initial pond concentrations. These concentrations, especially 
those that affect the oxygen depletion dynamics, need to be monitored more closely. 

In the simulation of water temperature, the constituent concentrations affect the 
absorption of light with depth and directly influence the light extinction coefficient 
(EXH2O). If constituent concentrations cannot be adequately modeled due to 
uncertainties in the inputs, the light extinction coefficient will show uncertainties, to 
which will increase errors in the temperature simulations. In order to reduce errors due 
to constituent concentrations the absorption coefficients due to inorganic suspended 
solids (EXSS), organic suspended solids (EXOM) and algae (EXA) were set to zero and 
the light extinction coefficient was made depended only on water absorption of light. 

The AME in temperature simulation was observed to be 0.77 °C if the light 
extinction coefficient was only dependent on water absorption, but to rise to 1.12 °C 
when the effects of the water quality constituents were taken into account. This stresses 
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the importance of correctly representing the amounts of constituents related to carbon 
and of algae and protozoa in the water body. 

In the modeling of the dissolved oxygen levels, all the mathematical relationships 
about the reaeration process were examined and it was found out that the different 
relationships created different AME values. During the calibration period the AME 
changed between 1.018 and 1.298 mg/L due to the different relationships. This shows 
that the different mathematical formulations simulate the real world differently and this 
fact should be taken into account during the modeling. More studies about the 
applicability of a particular formulation to a particular environmental setting are needed 
for better modeling of the behavior of dissolved oxygen during stratification. 
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Abstract. Non-Forest Woody Vegetation (NFWV) is a very important element of a human environment 
as well as landscape-ecological stability; it fulfils many major functions. The linear formations of NFVW 
as elements of ecological networks have a direct impact on the potential of a landscape. International 
policies and programs constitute a foundation for developing national programs of ecological networks, 
an example of which is the so-called Territorial System of Ecological Stability (TSES) in Slovakia. 
Within the existing methodology concept of TSES, however, the issue of NFWV is significantly 
understated, particularly in evaluations of its features, its functional significance from various points of 
view, and its measures intended to bring about ecological stability. The aim of this contribution is to 
present results from a study focused on evaluating the landscape-ecological and biotic significance of 
linear formations of NFWV based on detailed field research. The model territory is located in central 
Slovakia in the southeastern part of the Štiavnické vrchy Mountains, near the village of Žibritov. 
Keywords: habitat, landscape-ecological stability, functions of vegetation, phytocoenological survey, 

zoological survey, local level 

Introduction 

The establishment of ecological networks is currently one of the main objectives of 
landscape ecology and the protection of the nature and landscapes. These objectives are 
set out in important international documents such as Agenda 21, the UN Convention on 
Biological Diversity, the Pan-European Biological and Landscape Diversity Strategy, 
European Ecological Network (EECONET) under the European program of 
International Union for Conservation of Nature (IUCN), and the European Landscape 
Convention. The principles of NATURA 2000 also articulate a need to preserve 
networks of significant ecosystems. International policies and programs constitute a 
foundation for developing national programs of ecological networks, an example of 
which is the so-called Territorial System of Ecological Stability (hereinafter referred to 
as TSES) in Slovakia (Miklós et al., 2011). 

From theoretical and methodological perspectives, TSES is a modern concept of 
nature conservation and biodiversity that stands on the principles of the protection of 
natural conditions and life forms, i.e., the protection of geobiodiversity. The whole 
system can be seen as a network of ecologically significant segments of a landscape, 
which is efficiently distributed on the basis of functional and spatial criteria, covering 
biotic, hydrological, soil and relief conditions. It consists of biocentres (providing a 
food chain and conditions for reproduction, rest and shelter), biocorridors, and buffer 
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zones (providing for the overcoming of barriers that isolate them from each other, the 
exchange of genetic information and the migration of ecosystems, as well as the 
interaction of different ecosystems with different levels of stability). 

Currently, TSES can be considered the most remarkable and noticeable success in 
the enforcement of ecological principles in the legislation of decisive planning 
processes. It is therefore undeniably important in the responsible assessment of 
vegetation, both in detail and according to clearly defined criteria. In the concepts of the 
existing TSES methodologies, however, the issue of NFWV is significantly understated, 
particularly evaluations of its features, its functional significance from various points of 
view, and its measures intended to bring about ecological stability. 

NFWV is defined as a permanent stand of a wood species, including a herbaceous 
layer, which is not a forest, agricultural crops, or part of the greenery of an urban 
residential area or other urban development in a landscape (Bulíř, 1981; Mareček, 
2005). It includes both natural elements of vegetation growing in a spontaneous way 
and artificially created vegetation formations (Bulíř, 1987; Machovec, 1994). 

Linear formations of NFWV as elements of ecological networks fulfil a number of 
important functions and have a direct impact on the potential of a landscape. It is 
therefore undeniably important to assess such vegetation responsibly, both in detail and 
according to clearly defined criteria. As mentioned above, linear formations of NFWV 
can mostly be a part of biocorridors. A biocorridor is a dynamic element that is 
interlinked with biocentres and, as such, it can create a mutually dependent territorial 
system. The functionality of a biocorridor is determined by many of its features: its 
length, width, connectivity, shape of edges, number of gaps, etc. At a local level, 
biocorridors are mostly represented by important linear elements (Löw et al., 1995). 

Forman and Godron (1986) divide corridors according to several criteria: their 
structure (linear and strip), origin (remnant, along cultivated and regenerated 
watercourses), or their connectivity. Löw et al. (1995) classify corridors, e.g., by the 
origin and development of ecosystems, their functionality, biocenosis diversity, 
connectivity (continuous and discontinuous), and the similarity of connected biocentres 
(contrast, modal). 

More and more authors point to the necessity of maintaining the connectivity of lines 
within overall landscape management. For example, according to Smith and Hellmund 
(1993), greenways or wildlife corridors should be seen as elements of the integral 
strategies of landscape management necessary to maintain the values of a natural 
environment. In a similar way, Hudgens and Haddad (2003) stress the complexity of the 
research issues and functionality of corridors; they think viewpoints on biocorridors 
should be much more panoramic due to their cumulative effects. Linear elements are 
important landscape elements that enable the movement of species between fragmented 
habitats (Forman and Baudry, 1984; Saunders and Hobbs, 1991; Opdam et al., 1995; 
Bennet, 1999). The movement of various plant and animal species along corridors has 
been monitored by many authors (Hobs, 1992; Mann and Plummer, 1995; Rosenberg et 
al., 1997). NFWV affect biodiversity since they can be habitats, refuges, corridors or 
barriers. These functions are essential for many plants and animals that would otherwise 
not be able to survive in an agricultural landscape (Burel, 1996). In linear biotic 
formations, predators may prevent pest outbreaks, e.g., invasions of voles (Delattre et 
al., 1999). 

The significance of the width of linear NFWV formations for many groups of 
invertebrates has been documented in the literature on the subject (Hinsley and Belami, 
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2000). Wider vegetation strips promote heterogeneity of microhabitats and diversity of 
food and other parameters, which facilitate the diversity of invertebrate communities. 

Furthermore, as many writers claim, the interconnectivity of NFWV formations is an 
important attribute affecting their colonization by invertebrates (Baudry, 1988), 
especially less mobile ones (Cameron et al., 1980). However, identification of the most 
important attributes of NFWV formations that influence the abundance and diversity of 
birds is quite complicated. There are numerous studies which assert that the abundance 
of bird species rises with the increasing size of NFWV lines (with regard to their width 
and length) (Arnold, 1983; Osborne, 1984; Shalaway, 1985; Green et al., 1994; 
MacDonald and Johnson, 1995). 

Most cases reveal a correlation between the width of NFWV formations and the 
diversity of bird communities, whereas their height or any other dimension does not 
seem to be as significant (Hinsley et al., 1999). According to the available data (Hinsley 
and Belami, 2000), an important factor affecting the structuring of bird communities in 
NFWV formations is the composition and the height of the forest layer (high NFWV 
strips with a lot of trees appear to be very attractive to forest bird species). 

Another important parameter for all groups of animals is the linkage between NFWV 
formations and forest habitats (Cameron et al., 1980). The significance of such 
connectivity was mentioned above. Such a linkage to forest habitats can also encourage 
the movement of typical forest animal species into the NFWV habitats. On the other 
hand, the spatial interconnection between multiple linear formations of NFWV allows 
for communication among individual habitats and provides shelter in the event of 
migration (e.g., Johnson and Beck, 1988). 

We investigated the linear formations of NFWV in an agricultural landscape in the 
region of Krupina (Slovakia), one of the major wine and fruit-growing regions in 
Slovakia, which has a typical landscape structure, i.e., vineyards, orchards and lines of 
trees planted between meadows and arable land. 

The verification and supplementation of these actions were carried out on the basis of 
detailed field research, followed by determining and evaluating the landscape-
ecological and biotic significance of linear formations of NFWV (acting as biocorridors 
and interactive elements). 

The landscape-ecological and biotic significance of linear formations of NFWV as 
biocorridors or interacting objects on a local level of TSES were evaluated. 

Methods 

Based on the results of our landscape-ecological syntheses, the inventory and 
mapping of linear formations of NFWV; zoological research; and interpretations of the 
production, structural, status and ecosozological features of the vegetation; and 
subsequently on the basis of selected natural hazards, we determined the significance of 
the linear formations of NFWV, i.e., the conservation of nature, landscape-ecological, 
biotic (significance of the habitat) and anti-erosion formations. The assessments resulted 
in specific proposals for the model territory; i.e., TSES elements, proposals for the 
protection of vegetation, and proposed guidelines for the development of a TSES 
project. 

The focus of the work consisted of the application of theoretical and methodological 
approaches in the field of landscape ecology, the protection of nature and landscapes, 
geographic information systems, geobotany, and remote sensing. 
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The model territory is located in central Slovakia in the southeastern part of the 
Štiavnické vrchy Mountains, near the village of Žibritov (latitude 48°23'26.98"N, 
longitude 18°59'3.21"E). The highest point of the territory is Buzalkov Hill (711 m a. s. 
l.); the lowest point is where the Bebrava River leaves the territory (377 m a. s. l.); the 
vertical distance is therefore 334 m. 

Most of the model territory is made up of strongly rugged hills, with a smaller part 
made up of very strongly rugged uplands. On average there are less than 50 summer 
days per year (Minďáš and Škvarenina, 2002). The prevailing type of runoff regime is 
rain-snow, with the highest level of watercourses in March (February to April), the 
second highest in the late autumn and early winter, and the lowest water levels in 
September (Šimo and Zaťko, 2002). The area is dominated by eutric cambisols, typical 
acid cambisols and luvic cambisols on mineral-rich weathered vulcanites and cambisols 
on volcanic rocks on steep 12-25˚ slopes (Čurlík and Šály, 2002). The area is 
represented by medium heavy soils (clay) and medium heavy- to- lighter soils (sandy 
loam). The designated area has the character of an agricultural landscape with 
prevailing permanent grasslands and a varying proportion of NFWV. The area is 
interesting due to its rich network of linear vegetation elements on borders where 
regionally rare species of old fruit trees can be found (Fig. 1). 

 

 

Figure 1. Location of Žibritov study area (AUT) 
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Phytocoenological survey of linear formations of NFWV 

During the fieldwork, 38 phytosociological entries at 38 sites and 38 inventories of 
plant species were made for a total of 76 entries. Selected characteristics (ecological 
analyses of communities, structural characteristics, status characteristics, ecosozological 
characteristics, production features and then nature conservation, landscape ecological 
and anti-erosion significance) were assessed in only 38 linear formations where 
phytosociological entries were made; the biotic significance (significance of a habitat) 
was evaluated in 20 linear formations (Fig. 2), particularly in those lines where a 
zoological survey was conducted. NFWV was mapped within the current landscape 
structure and by a field inventory of the plant species based on the methods of the 
Zurich-Montpellier school. 

 

 
Figure 2. Sites evaluated (AUT) 

 
 

Zoological survey of the NFWV linear formations 

A basic zoological survey was conducted on 20 randomly selected linear formations 
of the NFWV of the study area where the following model animal groups were 
monitored: selected groups of animals living in the upper soil layer or on its surface 
(Opiliones, Chilopoda, Diplopoda), birds, and small terrestrial mammals. They were 
chosen in order to characterize the richness of the animal species with different relations 
to the particular mesohabitats of the NFWV formations. Trapping of epigeic 
macrofauna was carried out using pitfall traps that were placed in the landscape 
(Stašiov, 2006). The relation of birds to the NFWV formations was determined based on 
visual observations, vocal performances, and other signs of residence (e.g., hollowed-
out tree trunks and old nests). Throughout the fieldwork period we recorded the 
appearance of larger mammals in the FWV formations observed (visually and through 
signs of their residence). 

Based on the results of both the phytocoenological and the zoological surveys we 
determined selected structural, state, ecosozological and production characteristics of 
the vegetation, which have been used for landscape-ecological interpretation. 
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Numerical methods and multidimensional analysis of phytocoenological and 

zoological data 

The impact of the variables of the environment on the composition of the species of 
the NFWV formations as well as the impact of the NFWV characteristics on the 
composition of the species of the model of fauna groups were observed using direct 
gradient analysis (RDA). The CAP and CANOCO software packages were used for the 
statistical data processing (Ter Braak and Šmilauer, 1998). 

 
Landscape-ecological significance of the vegetation 

The landscape-ecological significance (Vke) was determined on the basis of the 
following criteria (Jurko, 1990): hemeroby level (H), threat (O), regional rarity (Vr), 
diversity (D), feeding potential (Pk), melliferous potential (Pm) and stability (Spa). Each 
criterion was rated on a 10-point scale with increasing values (Table1). 

 
Table 1. Values of selected criteria for determining the landscape-ecological significance of 

vegetation 

Value 

H - Degree 

of 

hemeroby 

(%) 

O - Threat to 

habitats (as per 

the Slovak system 

of habitats and 

their significance) 

Vr - 

Regional 

rarity 

(index 

value) 

D - 

Diversity 

(Shannon 

index 

value) 

Pk - 

Feeding 

potential 

(%) 

Pm - 

Melliferous 

potential 

Degree of 

ecological 

stability Spa 

10. 

Extremely 

high 

Natural 
T < 2 

16 and more 
27 and 
more 

> 4.2 
91 and 
more 

181-200 

10. 
Extremely 

high 
stability 

9. Very 

high 
T: 3-5 12.6-15 23-26 4.0-4.1 81-90 161-180 

9. Very 
high 

stability 

8. High to 

very high 

Almost 
natural 
T: 6-10, 
N < 3 

10.1-12.5 20-22 3.8-3.9 71-80 141-160 
8. High to 
very high 
stability 

7. High 
T: 11-15, 

N < 7 
7.6-10% 17-19 3.6-3.7 61-70 121-140 

7. High 
stability 

6. Medium 

to high 

Semi-
natural 

T: 16-20, N: 
8-12 

6.1-7.5 14-16 3.4-3.5 51-60 101-120 
6. Medium 

to high 
stability 

5. Medium 
T: 21-25, 
N < 13-18 

4.6-6 11-13 3.2-3.3 41-50 81-100 
5. Medium 

stability 

4. Low to 

medium 

Cultivated 
T: 26-35, N: 

19-22 
3.1-4.5 8 -10 3.0-3.1 31-40 61-80 

4. Low to 
medium 
stability 

3. Low 

Artificial 
T > 36, 

N: 23-35 
1.6-3 5-7 2.8-2.9 21-30 41-60 

3. Low 
stability 

2. Very 

low 
N > 36 0-1.5 2-4 2.6-2.7 11-20 21-40 

2. Very low 
stability 

1. 

Extremely 

low 

Devastated 0 1 or less < 2.6 0-10 0-20 
Extremely 

low stability 
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The final value of the landscape-ecological significance was calculated using 
Equation 1: 

 

 
( )*

100
r k m pa

ke

H O V D P P S
v

    
  (Eq.1) 

 
The final value was classified on an 8-point scale: 1. extremely low (< 0.4), 2. very 

low (0.4-1), 3. low (1-2), 4. low to medium 4 (2-2.5), 5. medium (2.5-3), 6. high (3-3.5), 
7. very high (3.5-4), 8. extremely high (> 4). 

The biotic significance (the significance of the habitats) Vbio was assessed in the first 
20 linear formations (as the zoological survey was carried out only at the first 20 sites), 
according to the criteria defined by the results from the field survey and the modified 
methodology by Sláviková (1987). The following criteria were involved: the value of 
the Shannon diversity index of plant (HD1) and animal (HD2) communities, the minimum 
width of a formation, adjacent habitats, line connectivity with other formations, and 
stratification. Values of 1-3 were attached to the criteria (Table 2). 

The final value of the biotic significance of the assessed lines was the sum of the 
points for particular characteristics; it was classified on a 3-point scale Vbio: 1 - high 
(15-16p), 2 - medium (13-14p), and 3 - low (10-12p). 

 
Table 2. Values of selected criteria for determining the biotic significance of vegetation 

Value 

HD1 - Diversity 

(value of 

Shannon index 

of plant 

communities) 

HD2 - Diversity 

(value of 

Shannon index 

of animal 

communities) 

Min. width 

(m) 

Surrounding 

habitats 
Connectivity Stratification 

3 - High 3.9-4.2 2.5-2.2 15 and more 
Meadow 

vegetation 
Water habitats 3 layers 

2 - Medium 3.5-3.8 2.1-1.8 10-14 Arable land 

Habitats 
connected with 

a forest or 
other NFWV 

2 layers 

1 - Low 3.1-3.4 1.7-1.4 9 and less Roads 
Isolated 
habitats 

without water 
1 layer 

 
 

TSES elements and nature and landscape protection 

After the assessment of the qualitative and quantitative characteristics of the 
evaluated lines, the formations were proposed as TSES elements; i.e., as part of local 
biocorridors or interactive elements, or they were proposed for nature protection. 

Results 

Evaluation of the NFWV linear formations based on the phytocoenological survey 

Based on the physiognomy, composition of species, and ecotopes of the following 
types of habitats, linear formations of NFWV were specified in the territory observed 
(Table 3): 
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Table 3. The habitat types 

Code Habitats (site) 

V1-V4 

Hygrophilous habitats of submontane alder floodplain forests (Alnion incanae) 

Pawlowski et al. 1928, Alnenion glutinoso-incanae Oberd. 1953: Aegopodio-Alnetum)- 

riparian vegetation (sites No. 2, 10, 19, 20) 

L1-L4 

Fragments of Carpathian oak-hornbeam forests (zv. Carpinion Issler 1931, Carici 

pilosae-Carpinion betuli J. et M. Michalko: Quercopetreae-Carpinetum Soó et Pócs 
1957) – fragments of forest vegetation (Site Nos.13, 14, 16, 18) 

KL 
Blackthorn hazel shrubbery called Berberidion Br.-Bl. 1950, Populo-Coryletum Br.-Bl. 

1950) (Site No.15) 

Ra1-Ra8, Rb1 

Avenues (bocages) - linear woody, mostly three-layer formations of small dimensions, 
surrounded by grasslands or arable land in balks where the tree layer is represented by 

human-planted species (Pyrus domestica, Malus domestica, Juglans regia, Prunus 

domestica); these are thus anthropogenically determined biocorridors (Ra Site Nos. 1, 3, 
4, 5, 6, 8, 11, 12). They occur mostly in meadows, but also on arable land along roads. 

They adjoin forest stands, other formations of NFWV, or are completely isolated. 
Avenues with the occurrence of synanthropic species and avenues with intergrowing 

species of surrounding forest stands and with the occurrence of synanthropic species are 
in Rb site No. 17 

C1, C2 
Continuous accompanying tree-lines along a third class road running across the centre 

of the study area or along an unpaved field road. This concerns Site Nos. 7 and 9 

 
 

Evaluation of habitats based on ecological and location features 

The environmental characteristics and quantitative features of the NFWV lines 
assessed are documented in Tables 4 and 5. 

 
Table 4. Environmental characteristics and quantitative features of the NFWV lines assessed 

Variable/Site 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Minimum width (m) 10 9 8 7 7 6 6 7 4 15 7 5 11 14 15 15 5 47 14 15 

Maximum width (m) 18 21 11 13 14 19 16 10 7 50 13 9 35 32 22 41 7 70 33 30 

Area (m
2
) 531 477 531 518 531 510 528 509 508 480 480 480 540 531 530 550 540 526 530 530 

Length (m) 147 161 174 159 258 215 127 62 105 217 201 178 104 140 122 400 139 20 323 390 

Geological substrate 4 4 1 1 1,3 1,3 3 3 1 4 1 1 1 3 2 1,2 1,5 1 3 3,4 

Soil type 1 2 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 

Soil depth 2 5 2 2 2 2 2 4 4 5 2 2 2 2 5 2 2 1 5 5 

Soil group 1 2 1 1 1 1 1 1 1 2 1 1 1 1 2 1 1 1 2 2 

Slope inclination 5 2 5 4 4 4 4 4 3 2 4 4 4 4 4 4 4 4 4 4 

Altitude (m a. s. l.) 531 477 531 518 531 510 528 509 508 480 480 480 540 531 530 550 540 526 530 530 

Landforms 6 8 6 6 2 6 2 6 6 8 6 6 6 6 4 3 6 3 4 4 

Orientation to cardinal points 2 4 2 2 2 2 4 2 5 4 2 2 6 3 4 5 6 7 4 4 

Surrounding biotopes 1 1 1 1 2 3 5 1 5 4 1 1 2 1 1 2 6 5 1 1 

Connectivity 2 2 3 1 1 1 1 2 2 3 3 3 2 2 3 1 3 1 2 2 

Cover of layer E3 (%) 40 100 50 80 60 65 65 60 70 100 50 40 60 70 60 60 35 80 100 100 

Cover of layer E2 (%) 80 75 80 50 75 90 85 50 70 50 70 80 90 90 85 90 95 65 35 25 

Crown cover E3 5 1 4 4 3 3 3 4 3 1 3 5 3 2 3 3 5 1 1 1 

Crown cover E2 4 2 2 3 2 3 3 2 1 3 3 3 1 1 1 2 2 4 5 5 
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Table 5. Explanations for Table 4 

Code Environmental characteristics 

Geological substrate 

1 Unspecified pyroxene andesite 

2 Pyroxene andesite (augite-hypersthene) 

3 Deluvial sediments - polygenetic slope loam 

4 Fluvial floodplain sediments: mostly loam and sandy loam 

5 Deluvial-fluvial hillwash loam, sandy loam 

Soil type 

1 Cambisol 

2 Luvisol 

Soil depth (cm) 

1 Very shallow (15) 

2 Shallow (15-30) 

3 Moderately deep (30-60) 

4 Deep (60-100) 

5 Very deep (100-200) 

Soil group (granularity) 

1 Silty - loam 

2 Silty - clayey - loam 

Slope orientation (°) 
2 1-3 

3 3-7 

4 7-12 

5 12-17 

Landform 

2 Plateau 

3 Dome-shaped peak 

4 Ridge 

6 Transport slope 

8 Slope plateau 

Orientation to cardinal points 

2 NE 

3 E 

4 SE 

5 S 

6 SW 

7 W 

Surrounding biotopes 

1 Meadow 

2 Meadow and large block fields 

3 Forest and large block fields 

4 Meadow and small-scale and narrow-strip fields 

5 Meadow and road 

6 Large block fields 
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Connectivity 

1 To forest 

2 To other NFWV types 

3 Isolated 

Crown cover of E3, E2 

1 
Dense to continuous - crowns of neighbouring trees (shrubs) overlap and touch, they 

affect each other 

2 
Loose - tree (shrubs) crowns touch; or there is a gap of an average crown size of the 

wood species typical of a given formation 

3 
Interrupted to gapped - a gap of an average crown size of the wood species typical of a 

given formation, to a gap of 5 m 

4 % of the interlocking parts is less than or equal to the gapped parts of a formation 

5 Sparse trees and shrubs 

 
 
No neophytes were present in the linear formations evaluated or their surroundings. 

The occurrence of therophytes was also relatively low, i.e., about 3.56%. The final 
assessment states that almost all the habitats mapped showed near-natural hemeroby 
levels; they recorded average values of 9, 8 in the evaluation of landscape-ecological 
significance. Protected, endangered or rare species were not observed. According to 
aspects of regional rarity, common taxa represented the largest group (abundant). 
Uncommon taxa are species scattered in the study area and are habitat-bound (e.g., 
Sorbus torminalis, Quercus cerris, Pyrus pyraster, Bryonia dioica, Poa palustris, etc.) 
or species in less well- known sites and less widespread species. Rare species include 
domesticated wood species, which in the area of Žibritov have their northernmost sites 
(Malus domestica, Pyrus domestica, Mespilus germanica, Cerasus sp., etc.) and are 
evaluated in terms of their historically determined occurrence; then there are species 
that occur sporadically in the southeastern and southern parts of the Štiavnické vrchy 
mountains, in the oak-hornbeam forests (e.g., Carduus nutans). 

The final values of regional rarity ranged from 3.4 to 26.0. Formations with the 
highest values were avenues (Site Nos. 6, 11 and 12). On the other hand, low or very 
low values (3.4, 8) were assigned to avenues with synanthropic species, blackthorn 
shrubbery with synanthropic species and fragments of forest stands (e.g., Site Nos. 13 
and 16). The other sites showed medium- to- high degrees of regional rarity. 

Species with low feeding potential represent the largest group in the habitats 
evaluated. These include hygrophilous, synanthropic and forest species such as 
Artemisia vulgaris, Aruncus sylvestris, Barbarea vulgaris, Centaurea phrygia, Juncus 

conglomeratus, etc. Species with medium and excellent feeding potential had the lowest 
representation (Festuca pratensis, Lolium perenne, Poa palustris, Trifolium repens, Poa 

pratensis etc.). Five percent (5%) of the species were inappropriate or even very 
harmful for use as food (Colchicum autumnale, Euphorbia cyparissias, 

Pteridiumaqiulinum, etc.). 
Very low levels of feeding potential (29-30) were observed in fragments of some 

forest ecosystems (Site Nos. 14, 16 and 18) and narrow tree-lines occurring mostly 
along roads (e.g., Site Nos. 8 and 14). Avenues or avenues with intergrowing species of 
surrounding forest stands reached an average value (46-48), which was the highest 
among all the sites evaluated (e.g., Site Nos. 1, 6, 17). The other sites have low-to-
medium levels of feeding potential. 
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An overall assessment of the melliferous potential shows that the sites evaluated 
have great potential, i.e., they have a high percentage of species with reserves of nectar 
and pollen. The highest melliferous potential with very high values, i.e., above 150%, 
was observed at Site Nos. 1 and 7. These are avenues with intergrowing forest species. 
Medium-to-high values of melliferous potential (106-110%) were assigned to linear 
fragments of forest stands (Site Nos. 13 and 18) as well as some alleys (e.g., Site No. 
17). The other sites assessed showed high or high-to-very high values of melliferous 
potential. 

Each type of habitat was assigned the following degree of ecological stability 
(Table 6). 

 
Table 6. The ecological stability of the types of habitat 

Code Degree of ecological stability (Site) 

10 Extremely high stability – original habitats without human intervention, value was not assigned 

9 Very high stability – submontane alder floodplain forests (Site Nos. 2, 10, 19 and 20) 

8 High-to-very-high stability – fragments of oak-hornbeam forests (Site Nos. 13, 14, 16, 18) 

7 High stability – blackthorn hazel shrubbery (Site No. 15) 

6 
Medium-to-high stability – avenues with intergrowing species of surrounding forest stands (Site 

Nos. 1, 3, 4, 5, 6, 7, 8, 11 and 12) 

5 Medium stability – avenues along roads (Site No. 9) 

4 
Low-to-medium stability – avenues with intergrowing species of surrounding forest stands and 

with synanthropic species (Site No. 17) 

 
 
The values of the Shannon diversity index H ranged from 3.2 to 4.1. A lower degree 

of diversity was observed in riparian vegetation along the left-bank tributary of the 
Bebrava River (Sites 19 and 20) with formations made of grazed permanent grasslands, 
avenues with synanthropic species in balks, on arable land (Site No. 17), and fragments 
of forest stands (Site Nos. 13, 14 and 18). 

Conversely, the highest degree of diversity was found to be in avenues with 
intergrowing forest species (e.g., Site Nos. 1, 3, 4) that occurred in the north-western 
part of the study area, mostly on twice-mown meadows (lowland hay meadows, 
Arrhenatherion elatioris, Koch, 1926). The other sites showed medium to medium-high 
biodiversity. 

The defined criteria utilised to evaluate the importance of NFWV in our research is 
documented in Table 7. 

 
Evaluation of the impact of environmental variables on types of vegetation 

The variables tested (15 variables) amounted to 39.9% of the total variability in the 
specific data. The variables with a demonstrable impact were types of soil, minimum 
width, altitude, orientation to the cardinal points, geological substrate, and cover of E2 
and E3 layers (Fig. 3). 

For other variables (the area, length, maximum width, type of soil, depth of soil, land 
forms, skeletality, connectivity, slope inclination), the probability of error was quite 
high. The variable soil type has the most variability in this case, i.e., 11.3%. Riparian 
vegetation (Site Nos. 2, 10, 19 and 20) and blackthorn hazel shrubbery (Site No. 15) had 
a positive correlation with the soil texture. Only these sites were covered with silty- 
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clayey-loam soil; the other sites were covered with silty-loam soil. In the 
linesmentioned wet habitats most commonly occurred. 

 
Table 7. Defined criteria utilised in the evaluation of the landscape ecological and biotic 

importance of the NFWV 

Criteria/site 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

H (% presence of 

terophytes) 
4.1 10 1.8 3.1 0.7 1.2 3 4.5 7.8 7.9 7 5.6 0.8 1.6 1.1 4.1 1.8 1.7 1.3 2 

Vr 13 20 15 20 22 26 22 19 23 22 26 26 3.4 11 12 8 25 13 15 9.1 

HD1 4 3.7 4.1 4 4 3.8 3.8 3.8 3.6 3.5 3.7 3.4 3.3 3.3 3.9 3.3 3.3 3.3 3.2 3.4 

HD2 2.5 2.3 2.4 2.5 2.2 2.2 2.2 1.5 2.2 2.1 2.3 2.2 2.3 2.2 2.1 2.1 2 2.1 2.1 1.7 

Pk 48 28 41 45 36 48 35 30 33 37 37 40 34 29 40 30 46 20 29 27 

Pm 167 124 147 130 143 132 156 123 144 140 128 128 110 128 132 153 106 107 149 140 

Spa 6 9 6 6 6 6 5 6 5 9 6 6 8 8 7 8 4 8 9 9 

Explanations: H – hemeroby gradient, Vr – regional rarity, HD1 – Shannon index of diversity of vegetation 
communities, HD2 – Shannon index of diversity of animal communities, Pk – feeding potential, Pm – 
melliferous potential, Spa –stability status 

 
 

 

Figure 3. RDA ordination diagram (ordination of phytocoenological entries and environmental 

characteristics (AUT) 

 
 
The cover of the E3 layer represented 9.6% of the total variability of the data and 

positively correlated with Site No. 21. It was a fragment of oak-hornbeam forests, with 
an E3 cover layer of 100% and dense- to-continuous crown cover. With an increasing 
cover of the E3 layer, the cover of species in layers E2 and E1 decreases. 

Another significant variable was the minimum width, which represented 5.2% of the 
total variability. Site No. 18, which was a fragment of oak-hornbeam forests and a strip 
with the greatest width of 47 m, had a positive correlation with a minimum width. The 
abundance of species in each layer increases with the increasing width of the lines 
evaluated. The other significant variables represented less than 5% of the total 
variability of the data. 
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Evaluation of the linear formations of NFWV based on the zoological survey 

The zoological survey of the macroedaphone in twenty formations of NFWV found 
15 taxa of Opiliones, 15 taxa of Millipedes, and 19 taxa of Centipedes). From afaunistic 
point of view, the most important are the finds of Dicranolas mascabrum and Lamyces 

fulvicornis, which are rare species, and Egeanus convexus and Zacheus crista, which are 
on the red list of rare and endangered species. 

When evaluating the impact of environmental variables on the structure of 
communities of the selected groups of macroedaphone, the only significant variable was 
the “minimum width” structural feature (Fig.4). 

 

 
Figure 4. Evaluation of the impact of environmental variables on the structure of communities 

of the selected groups of macroedaphone (AUT) 

 
 
The most favourable formations in the study area appear to be habitats with the 

greatest width. 
We determined that there are 37 bird species in the NFWV formations observed. The 

area was dominated by species typical of an open landscape with the occurrence of 
NFWV and species typical of forest habitats or synanthropic bird species. 

Based on the data on the presence of species, a classification of the habitats observed 
was made in terms of their significance and suitability as representatives of avifauna. 
Three main groups of habitats (categories) can be defined in the study area: 

 Habitats of NFWV with water: in terms of birds, they are the most important 
and most valuable biocorridors. The highest number of bird species live here 
and in the greatest abundance (Site Nos. 2, 10, 19, 20). 

 Habitats of NFWV that adjoin forests (or link forest stands) represent an 
intermediate stage between 1 and 3 (Site Nos. 4, 5, 6, 7, 13, 16 and 18). 

 Habitats without water that do not adjoin forests: the lowest number of bird 
species live here and are in the lowest abundance as well (Sites Nos. 1, 3, 8, 11, 
12, 14 and 17). 
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In the evaluation of the significance of the characteristics of the NFWV formations 
studied, the following significant environmental variables for bird communities were 
determined: connectivity (a link with another NFWV formation or forest habitat), the 
nature of the surrounding habitats, the E2 cover layer, and orientation to the cardinal 
points (Fig. 5). 

 

 
Figure 5. Evaluation of the significance of the environmental characteristics and features of the 

NFWV formations for bird communities 

 
 
The formations observed have six (6) species of small mammals that are typical of 

submontane and alpine communities of shrubs and forests. The overall abundance of 
this group of animals was very low; therefore, the data on their occurrence were not 
subject to further analysis. 

 
Evaluation of the landscape-ecological and biotic significance of the vegetation 

An overall assessment of the landscape-ecological significance of the vegetation 
shows that most of the sites evaluated recorded low- to- medium values ranging from 
2.0 to 2.5. These are mainly avenues, avenues with intergrowing species of the 
surrounding forest stands that occur in meadows with a high regional rarity index, a 
high diversity index, high values of melliferous potential and a moderate level of 
feeding potential. There are also fragments of forest stands and blackthorn hazel 
shrubbery with a high degree of hemeroby and stability. 

The riparian vegetation had the highest Vke values, ranging from 2.61 to 3.06 (Site 
Nos. 2, 10, 19 and 20). This concerns natural riparian vegetation, i.e., alder floodplain 
forests with a very high degree of stability, hemeroby and diversity, high values of 
melliferous potential and medium values of feeding potential. 

Conversely, Site Nos. 7, 8, 9 and 17 had low-to-very low values of landscape-
ecological significance (1.36-1.98). These are avenues and blackthorn shrubbery that 
mostly grow on arable land with an increased occurrence of synanthropic species, low 
diversity and stability. 
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The assessment of the biotic significance of the vegetation shows that the highest 
values of the significance of habitats (15-16b) were assigned to riparian vegetation 
(Site Nos. 2, 10 and 19), tree lines occurring in the vicinity of water areas that adjoin 
forests (Site Nos. 1 and 4) and blackthorn hazel shrubbery (Site No. 15). Site Nos. 7, 
8, 9, 12 and 17 had the lowest values (10-12b). These are avenues along roads that 
are completely isolated or occurring in meadows and on arable land. The other sites, 
which were mostly avenues adjoining forest stands or another NFWV formation, 
belong to moderately significant habitats (13-14b), i.e., Site Nos. 3, 5, 6, 11, 13, 14, 
16, 18 and 20. Figure 6 shows the values of the landscape-ecological and biotic 
significance of each site. 

 

 
Figure 6. Landscape-ecological and biotic significance of the assessed sites (AUT) 

 
 
The overall assessment of the landscape-ecological and biotic (significance of the 

habitat) importance of the linear formations examined reveals that the most valuable 
habitats include riparian vegetation - sub-mountain alder floodplain forests (Site Nos. 2, 
10, 19 and 20), which function as a part of local biocorridors since they meet the criteria 
(quantitative and qualitative) to be designated as such. These valuable lines of 
extraordinary biodiversity have medium-to-high landscape-ecological significance, so 
the significance values are lower from the point of view of nature protection (the 
evaluations did not consider protection of habitats, only the protection of individual 
species). They are habitats with an extremely high degree of ecological stability, 
hemeroby, diversity, and feeding and melliferous potential, and with a relatively low 
number of regionally rare species. From a zoological perspective, they represent the 
most valuable habitats for members of avifauna (most abundantly inhabited by bird 
species) and higher vertebrates. These habitats are also important from the point of view 
of the group of macroedaphones. 

The fragments of oak-hornbeam Carpathian forests (Site Nos. 13, 16 and 18) are 
essential in terms of their significance for erosion control and exhibited a medium-to- 
low value of landscape-ecological significance, with a low-to-very low value of 
significance for nature protection (again, the assessment did not take the protection of 
habitats into account); in terms of their biotic significance (significance of a habitat), 
they are also considered valuable. They occur on slopes on arable land, where the 
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erosive rate of soil removal (according to the erosion models) exceeds the limit values 
for a certain depth of soil. They are also valuable in terms of the fauna studied. They 
satisfy the quantitative criteria of a local biocorridor (except for Site No. 14) and can 
function as the elements of a local TSES as well as a part of the local biocorridors. 

This habitat is linked with a forest ecosystem, which is surrounded by meadow 
communities with a high degree of ecological stability, and a diversity index as well as 
feeding or melliferous potential (Site No. 15). The site also fulfils the criteria of a local 
biocorridor and thus can be a part of a local TSES and a local biocorridor. 

The other vegetation lines assessed, i.e., mostly regionally valuable tree-lines and 
blackthorn shrubbery, were assigned medium- to- low significance values. Some of the 
lines evaluated are linked to forest stands or other linear NFWV formations (Site Nos. 
1, 4, 5, 6 and 7) surrounded by meadow cover. 

Many of these lines occur on slopes and arable land, where the erosive soil removal 
rate (according to the erosion models) exceeds the limit values for a certain soil depth 
and are mostly isolated (Site Nos. 3, 8, 9, 11, 12 and 17). 

However, they do not meet the qualitative criteria for the delineation of local 
corridors (a minimum length of less than 15 m). In a local TSES, they can function as 
interactive elements, which are necessary or important when performing an anti-erosion 
function. 

Discussion 

The structure of the landscape of the model territory is remarkable for its 
ecologically significant linear biotic elements with trees representing local TSES 
elements, i.e., biocorridors, interaction points, and anti-erosion elements. It is largely 
influenced by fruit growing and a viniculture, which was introduced into this territory 
from the region of Krupina. The whole Krupina region ranks among the most 
productive fruit-growing and viniculture regions due to its natural predispositions and 
favourable slope orientation (south, south-west or west) (Jančová, 1986). The most 
important fruit species include plums, pears, apples and especially cherries. So far, nine 
cherry, 14 plum, seven pear, and 18 apple varieties have been recorded in the territory 
(Vachold, 1998; Ištvánová, 2012). In the old orchards and avenues, species still grow 
which are typical of a wine-growing region, e.g., Sorbus domestica, Morus nigra, 

Mespilus germanica and Castanea sativa. Species such as Castanea sativa or Mespilus 

germanica reach their northern distribution limit in the former district of Zvolen and 
climb to an altitude of 450 m a. s. l. (Benčať, 1982). The occurrence of Mespilus 

germanica in the study areas was documented at an altitude of 530 m a. s. l. (Site No. 
19). Many writers have pointed out the need to protect old fruit trees in the region 
because of their importance, status and functions (Jančová, 1998; Brodianska, 1999). 

A bocage, a landscape with a network of tree lines which act as elements that fulfill a 
range of diverse functions, has been developing and changing over many centuries and 
is considered today as a sustainable landscape element; and thus a special system of 
management should be adopted in these cases (Matějka, 2010). 

The range of changes in the properties and functions of linear formations should be 
discussed on the European and international levels. They should function as an impetus 
for preserving measures to identify rare or threatened parts of a landscape. This is a 
major task for scientists, policymakers, and planners (Baudry et al., 2000). 
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The determinations of the landscape-ecological and biotic (significance of a habitat) 
significance were based on a multi-criteria evaluation, which enables a prompt 
comparison of the results of individual habitats, although it may seem that it results in a 
simplification of the results, a loss of information, and neglect of the relations between 
the variables and the final value. Therefore, it is crucial to interpret the results even 
further (Špulerová, 2004). The topic of the multi-criteria evaluation of NFWV has been 
studied by many writers (Sláviková, 1987; Jurko, 1990; Halada, 1998; Špulerová, 2004, 
etc.). Landscape-ecological significance (Vke) was definedby applying seven (7) criteria 
(Jurko, 1990), which reflect the values of the habitats concerned. It can be assumed that 
the feeding potential might have influenced the final values of Vke. The same can be 
claimed regarding the melliferous potential. It is highly likely that stability is a very 
important factor affecting the final value Vke. 

Based on the aforementioned results and the conclusions reached by other writers, 
the biotic habitat significance Vbio was evaluated by applying the following criteria: 
diversity of plant and animal species, minimum width, surrounding habitats, layering, 
and connectivity with other formations. The diversity values for animal and plant 
species did not differ considerably within the study area, but in the case of a 3-point 
scale, they might have affect the final value Vbio. The vertical stratification, however, 
did not influence the final value as all the lines assessed included all the vegetation 
layers. It is highly likely that the results were most significantly affected by the 
minimum width, surrounding habitats, and connectivity with other formations. 

In the study area, the incidence and cover of the vegetation species in the linear 
formations of NFWV were influenced not only by the environmental properties (soil type, 
altitude, orientation, geological substrate), but also by the data from the phytocoenological 
surveys such as the minimum length of the line and the E2 andE3 covers. 

Several other writers have arrived at the same results (e.g., Royand Blois, 2008) and 
argue that the incidence of species, abundance and diversity of plant species of linear 
corridors increases with their width, overlapping of their main vegetation layer, and 
dependence on the soil properties. Špulerová (2004) claims that the richness and coverage 
of plant species depend on the type of soil, inclination and the cover of E1, E2, E3 layers. 

In the case of NFWV in the cadastre of Žibritov, the key factors for the structure of 
the animal species inhabiting the territory are the width of the line and the connectivity 
and character of any adjacent habitats. This has been confirmed by RDA analyses of 
bird communities and selected groups of macroedaphones as well as field observations 
of higher vertebrates. Signs of the presence of these animals have been detected almost 
exclusively in formations which were linked with surrounding forest habitats or which 
created a network of NFWV formations. 

Conclusions 

NFWV is a very important element of a landscape. In almost every area-based 
territorial plan, in studies of TSES at different hierarchical levels, in rural development 
and village renewal plans, and in hydro-ecological plans, it is recommended to maintain 
and restore NFWV and the ecological stability of an agricultural landscape through the 
protection and restoration of the network of eco-stabilizing elements. When designing 
plantings or modifications to existing vegetation, it is essential to consider the functions 
of vegetation. Without that consideration, landscaping alterations would not be 
comprehensive. 
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The nature conservation, anti-erosion, biotic and landscape-ecological significance of 
vegetation has a vital impact on the overall ecological assessment of an area, which is 
particularly used for judging the ecological stability of a landscape. To achieve stability, 
the appropriate representation and distribution of cultural and natural communities is of 
great importance. 

An assessment of the current ecological (health) condition of a landscape is mostly 
aimed at the elements of the primary and secondary landscape structure, which includes 
NFWV. In most cases, it involves a determination of the ecological stability, diversity, 
loads, balance, capacity and potential of vegetation. It also exploits interpretations of the 
formations of vegetation, their productive properties, functional characteristics and 
other special-purpose classifications of the biota. The interpretation is predominantly 
aimed at indicators such as the dynamics and degree of changes in the vegetation, the 
diversity of the vegetation, the vegetation cover, the degree of the synanthropy of the 
vegetation, the functional value of the vegetation, and the special-purpose 
characteristics of the vegetation, e.g., a determination of the importance of a particular 
function of the current vegetation, the classification of vegetation complexes in terms of 
their ability to perform certain functions on agricultural land, etc., the vertical and 
horizontal stability of the landscape, and the aesthetic effect as well as the perception of 
the landscape (Ružička, 2000). Such representations allow not only for an assessment of 
the current ecological state of a landscape, but also provide important arguments for the 
protection of the NFWV elements, which perform significant functions in the landscape 
and directly influence its potential. 

These evaluations of vegetation, however, are not present in the methodologies of the 
terrestrial systems of ecological stability. Therefore, we decided to address this issue, so 
the output of the study presented is a proposal for monitoring the qualitative and 
quantitative properties of NFWV in the field mapping for TSES projects, as well as a 
proposal for the interpretations of the structural, ecological-habitat characteristics and 
special-purpose properties of vegetation, which could be further used in the projecting 
of TSES. 

The results of the research, mapping and evaluation of the linear formations of 
NFWV can be summarized as follows: 

 Riparian vegetation in alder floodplain forests had high values of landscape-
ecological and biotic significance in the model territory. They perform a full 
range of hydrological, climatic and refugial functions along with water 
management functions. Furthermore, fragments of Carpathian oak-hornbeam 
forests, blackthorn hazel shrubbery, blackthorn shrubbery and tree lines 
function as important ecostabilising elements in the countryside. 

 The diversity of the structure and habitats of the landscape in the area of the 
Štiavnické vrchy mountains is affected by changes in land use caused by 
agriculture. The decline in the traditional uses and management of the land has 
significantly altered the physiognomic and ecological character of the 
landscape´s structure (Jančová, 1998). 

 In the model territory of the cadastre of Žibritov, which is a small picturesque 
village situated in a natural environment, some changes have taken place, 
although they are not dramatic ones. Although a network of regionally rare 
vegetation lines has been preserved here, they require special attention. They 
include tree lines with the presence of old fruit trees, which are the most 
important habitats for nature conservation. These habitats typically have a high 
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diversity of species, perform compensatory (counterbalance the negative 
impact of human activity), utility and anti-erosion functions, and serve as a 
habitat for various plant and animal species by facilitating their migration and 
distribution. They provide shelter, a resting place and sources of food. 

 
The results of the particular research demonstrate that the most valuable habitats 

include tree lines with mature fruit trees and exotic tree species. However, these habitats 
are threatened by the decline of older individuals; their health condition is affected by 
the occurrence of mistletoe; incidents of chlorosis and defoliation were detected. A lot 
of older varieties of tree species have properties superior to newer varieties (resistance 
to frost, animal pests or fungi). Fruit trees are beneficial elements. Moreover, they also 
fulfil aesthetic and recreational functions (the colour of their blossoms in the spring, the 
colour of their fruit in the autumn, relaxation). These functions, however, may pose 
problems because a habitat also provides a refuge for endangered plant and animal 
species. Unfortunately, many of the aforementioned old fruit species and rare varieties 
are withered, invaded by mistletoe, and are slowly dying off. Therefore, the 
implementation of a proposal for management and protection procedures might promote 
the cultural and ecological legacy of these rare tree lines. 

According to the information available, there is a programme in progress called 
“Saving and preserving the gene pool of old and regional tree varieties in the region of 
Krupina”. Therefore, we suggest including the territory studied in this programme, 
conducting a detailed inventory survey, and mapping the old varieties of fruit trees. 
Also, unwanted elements should be isolated, and we propose further management 
measures and monitoring. 

Thorough research of NFWV and the consequently reliable interpretations of 
vegetation are a prerequisite for a highly successful development of TSES projects and 
other landscape-ecological documents and materials. 
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Abstract. Microflora entrapped in the salt deposits of Khewra salt mine, Pakistan has adapted to extreme 
conditions and nutrient scarcity to survive. Due to assumption that halophilic archaea dominate 
hypersaline environments, bacteria have often remained unexplored. The reports on extremely halophilic 
bacteria indigenous to Khewra mine are quite limited resulting in largely unexplored biodiversity of the 
salt mine. Here we attempted to fill that gap by isolating eight halophilic bacteria, out of which four 
extremely halophilic bacteria were selected for physiological, biochemical and molecular 
characterization. The phylogenetic characterization inferred through comparative partial 16S rRNA 
sequences identified these strains as HSL1-Oceanobacillus onchorhynci subsp. Incaldanensis, HSL4-
Staphylococcus lentus, HSL6-Bacillus endophyticus and HSL7-Bacillus aquimaris. These isolates could 
tolerate a wide range of temperatures (15–45°C), pH (5–9) and survived up to 16% NaCl concentration. 
This tolerance is due to the stability of their enzymes. Enzyme assays revealed a substantial amount of 
production of protease, amylase, lipase, xylanase, urease, gelatinase, cellulose, and DNase. Conclusively, 
isolation and characterization of the extremely halophilic bacteria from Khewra mine indicated their 
important ecological role and contribution towards the microbial diversity. The ability to produce 
extreme-enzymes also established the potential of the isolates as valuable resources for significant 
biotechnological applications. 
Keywords: halophiles, halophilic bacteria, halo-enzymes, phylogeny, hypersaline environments 

Introduction 

Extremophiles are those organisms that can survive in intense environments. Such 
environments include high and low extremes of temperature, pH, pressure, nutrients, 
water content, salt content, heavy metal toxicity, organic solvent toxicity, and 
radiations. Prokaryotes usually dominate the regions concentrated with salts. Habitats 
such as soda lakes, brines and coastal lagoons are inhabited by fewer life forms but have 
a significant presence of halophiles. The careful study of halophiles evolutionary 
patterns also helps to understand, the evolution of the environment. 

Halophiles are classified as slightly (0.2–5%), moderately (5–16%) and extremely 
(16–30%) halophilic species depending upon their growth response to NaCl 
concentration (Kushner, 1978). Halotolerant bacteria are non-halophilic microorganisms 
that can tolerate high salt concentrations, i.e., above 15% of NaCl, and can also survive 
without NaCl (Kushner, 1985; Oren, 2008). Halophilic adaptation to high salinity and in 
some cases extreme temperatures and radiation is due to the evolution of their 
biochemical and physiological functions. The protein chemistry of halo-enzymes 
enables them to exhibit unique attributes, which equip them to thrive in variable habitats 
(Burg, 2003). Extremophiles selectively thrive under harsh environmental conditions by 
developing unique adaptive strategies including synthesis of bioactive compounds such 



Leena et al.: Physiological, biochemical and phylogenetic characterization of extremely halophilic bacteria isolated from Khewra 
mine, Pakistan 

- 1244 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1243-1256. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_12431256 
 2018, ALÖKI Kft., Budapest, Hungary 

as compatible solutes, bacteriorhodopsins, extreme-enzymes, and bio-surfactants 
(Donio et al., 2013). In accordance with BCC reports of 2011, the enzyme industry, 
especially when it comes to commercial programs, experienced an increase of US$ 3.3 
million from the previous year. This kind of demand from the customers motivates the 
search for enzymes that can withstand the extreme hostile conditions of the industrial 
procedures. Currently, the efficiency of most of the enzymes decreases when met with 
the extreme temperature and acidity (Cojoc et al., 2009; Kakhki et al., 2011). Halophiles 
have been continuously found with an unrivaled capacity to synthesize bioactive 
secondary metabolites with potent biological activities, which establish their remarkable 
potential in commercial applications (Vahed et al., 2011). 

Pakistan is unique in its biodiversity and blessed with diverse extreme environments. 
Remote areas of Pakistan are endowed with many thermal springs, salt mines, and many 
glacial areas. Khewra salt mine, Pakistan is considered as the largest salt mine in the 
world based on area, second only to Wieliczka Salt mine in Poland (Sameeni, 2009). 
Geologists placed the age of Khewra mine to 600 million years. Paleontologists and 
stratigraphic constraints suggested that the tectonic movements due to conventional 
currents generated by the core of the earth commenced the formation of rift basins along 
the middle eastern side of Gondwanaland in the latest Precambrian. The continental 
drift theory suggests that Indo-Pak made its incredible journey away from Antarctica 
towards Asia approximately 180 million years ago, covering a distance of about 5500 
miles (Redfern, 2001). During this time, marine deposits swept across the Middle East 
in the late lower and middle Cambrian period (Husseini and Husseini, 1990). 
Consequently, evaporates started precipitating salt; forming salt deposits in the form of 
Khewra salt mine. However, the microflora of these areas is yet to be uncovered and 
those species, which have been isolated, are yet to be validated by the ecological 
ministry of Pakistan. A few reports have been presented on halophilic diversity from 
salt ranges of Khewra, which were mostly focused on the isolation of moderately 
halophilic bacteria such as Halomonas magadiensis, Virgibacillus species (Akhtar et al., 
2008). 

 
Objective 

Interest in the extremophile diversity has grown over the last decade as it may 
support the theory that such extreme conditions have been present on the primitive 
earth. A similar logical argument underlies the search for life forms outside the planet 
earth (Akhtar et al., 2008). The chronological history of biodiversity of microbes 
entrapped in the rock salt deposits of Khewra mine over a period of millions of years 
suggested them to have conserved DNA bases as of their ancestors. It is generally 
assumed that hypersaline environments are dominated by halophilic archaea, whereas 
bacteria have often been considered not relevant to high saline environments and hence 
ignored. A diversity of halophilic bacteria could enlighten us about their role in the 
maintenance of such high saline environments. Also, the adaptations of halophilic 
bacteria to harsh conditions can help us understand about their resemblance with the 
organisms which were prevalent on the primitive earth. These interesting questions 
clearly justify the motivation of current exploration of isolating and characterizing 
extremely halophilic bacteria from the ancient rock salt deposits of Khewra salt mine 
and screening their highly stable enzymes for potential commercial applications. 

Hence, this presentation reports on novel studies performed on extremely halophilic 
bacteria from the rock salt deposits, and saline soils of Khewra. These studies include a 
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screening of bacteria for valuable commercial halo-enzymes, development of growth 
patterns of bacteria with respect to different physiological parameters, and to track the 
evolutionary pattern of these bacteria based on their phylogenetic resemblance with 
their ancestors. 

Materials and methods 

Site description 

In South Asia, the Khewra salt mines are the oldest salt mines situated at the foothills 
of the Salt Range about 288 m above the sea level from where salt has been mined since 
320 BC. The crystals are colored light pink with variations of white and red famously 
referred to as Himalayan pink salt. It is considered to be 98% pure. Salt and brine 
samples were collected from the Khewra salt mine. Location coordinates were noted by 
GPS tracker as 32°39' 0"N, 73°1' 0"E (Fig. 1). The pH (measured by pH strips) and 
temperature (measured by a laboratory thermometer) of the brine were first noted at the 
sampling site, and later pH was measured under laboratory conditions by a pH meter 
(Sartorius professional meter PP15). The pH of the brine was 7.1 and temperature was 
25°C at the time of sampling. The salinity of brine was measured by using a hand-held 
refractometer as 30%, and the Total Dissolved Solids were calculated as 32%. 

 

  

Figure 1. Selected photos from Khewra salt mine. a) Khewra’s red Himalayan rock salt. b) Salt 

deposits in Khewra Mine 

 
 

Analysis of brine obtained from Khewra mine 

The analysis of sulfates, chlorides, phosphates and bicarbonates in brine was done 
using Spectroquant (Pharo 100 Spectroquant® Merck, Germany) using respective 
protocols from Standard Methods for the Examination of Water and Wastewater by 
(APHA), American Public Health Association (Table 2). 

 
Isolation of extremely halophilic bacteria 

Isolation was done from both brine and salt samples using serial dilution method up 
to 15 folds of dilution. The samples were inoculated on nutrient agar plates with 3% of 
NaCl concentration using Spread plate method. After 48–72 h of incubation, individual 
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colonies were picked out and purified using three rounds of streaking on a nutrient agar 
plate. 

 
Media and culturing 

Most of the reagents and chemicals used in this study were of analytical grade and 
obtained from BDH (Dorset, England), Sigma- Aldrich (St. Louis, MA, USA), E Merck 
(Darmstadt, Germany), Difco Laboratories (Detroit, USA), AVACADO research 
chemicals Ltd (London, UK). Eight distinct colonies names as (HSL1, HSL2, HSL3, 
HSL4, HSL5, HSL6, HSL7, and HSL8) from salt and water samples collected from 
Khewra salt mine, were isolated for the present study. The bacterial cultures were 
maintained on a nutrient agar medium, containing 16% NaCl. Extremely halophilic 
were screened out by sub-culturing on the nutrient agar plates with varying salt 
concentrations, ranging from 3 to 22% and incubated for 24–72 h. Out of eight, four 
extreme halophilic strains (HSL1, HSL4, HSL6, and HSL7) that grew above 16% NaCl 
concentration were selected for further research. 

 
Morphological and biochemical studies of halophilic strains 

The bacterial colonies were distinguished on the basis of size, pigmentation, form, 
margin and elevation. These were also characterized on the basis of Gram’s staining, 
cell morphology, and motility under a microscope. Four selected bacterial strains were 
characterized biochemically according to Bergey’s Manual of Determinative 
Bacteriology by Holt et al., 1994. Following basic tests were performed: Triple sugar 
iron (TSI) test, Catalase test, SIM (Sulfide, Indole, Motility) test, H2S test, Citrate 
utilization test, Oxidase test, and Urease test. 

 
Physiological properties of halophilic bacteria 

Growth optimization was carried out at various temperatures and pH, i.e., 15–50°C 
and pH 4.0–9.0, respectively. The growth was observed both qualitatively (nutrient agar 
plates) and quantitatively (nutrient broth) over the period of seven days. By taking OD 
at 650 nm at regular time intervals, we monitored the growth at regular time intervals 
quantitatively using Agilent 8453 UV-visible Spectrophotometer. All the optimization 
experiments were done in triplicates, and the average value of each reading was plotted 
for accuracy with error bars indicating standard deviation. All data is presented as a 
standard error of the mean. The growth patterns of strains were also tested on varying 
salinity by growing them on nutrient agar plates having various salt ranges (0–22%). 
Also, the growth of strains on salts other than NaCl was studied by growing them on 
plates of nutrient agar supplemented with 3% of each salt for 24–48 h. The salts used 
were KCl, CaCO3, NH4Cl, MgSO4, and BaCl2. 

 
Screening of enzyme activity 

To establish the potential of these strains in industrial applications, these strains were 
screened for the production of amylase, protease, lipase, DNase, cellulase, and 
gelatinase. Nutrient agar plates containing 1.5% of starch, casein, tween 80 and 
cellulose as substrates were separately streaked with halophilic strains to determine the 
production of amylase, protease, and lipase and cellulase activity respectively. DNase 
agar medium was used for DNase test. Zones of hydrolysis around colonies indicated a 
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positive activity of DNase and lipase enzymes. Iodine solution (2%) was poured on 
starch plates for 5 min. Clear halos indicated positive results. Cellulose plates were first 
stained with 0.5% Congo red for 5 min and then de-stained with 1M NaCl. Clear halos 
indicated cellulase activity. Protease activity was determined by pouring glacial acetic 
acid on the streaked plates followed by the production of clear zones. For gelatinase 
production, strains were inoculated in media having following composition (g/L): 
peptone 5, beef extract 3, gelatin 120, NaCl 5. Liquefaction of gelatin indicated a 
positive result. 

 
Enzyme assays 

To further understand the specific activity of amylase and protease, enzyme assays 
were performed. The proteolytic activity was measured by following the technique 
developed by Kunitz (1965) where production of extracellular protease can be 
determined by observing the split contents of casein dissolved in 5% TCA solution. 
Controls were prepared in the same way except that 2.25 ml TCA was added before 
incubation. The specific activity of protease was determined by measuring the amount 
of tyrosine released per ml/min under the conditions of the assay at OD280 nm. Lipase 
assay was performed as described by Lesuisse et al. (1993) and the specific activity was 
taken at OD420 nm. Amylase assay was performed as described by Bernfeld (1955) with 
specific activity measured at OD540 nm of glucose released per ml/min under the assay 
conditions. 

 
Genomic DNA extraction and PCR 

For molecular characterization, first, the genomic DNA was extracted using ethanol 
precipitation method (Delbes et al., 2000), with slight modification. The genomic DNA 
is confirmed by gel electrophoresis by running it on 1% gel in 0.5 X TBE buffer. Gel 
images were observed by Bio-Rad gel documentation system. Using the universal 
primers 8F-5’AGAGTTTGATCCTGGCTCAG and 1492R-
5’AAGTCGTAACAAGGTAACC, 1500bp regions of 16S rRNA gene of the extracted 
DNA was amplified. The PCR products were then sent to Macrogen, Inc., Seoul, Korea 
for sequencing. 

 
Phylogenetic analysis using 16S rRNA 

Sequenced 16S rRNA genes data was assembled manually 
(http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi) utilizing Blast 2 sequences 
(Tatusova and Madden, 1999). To determine sequence of a clone, the sequences of both 
the strands were separately compiled and then aligned to each other with their 
complementary region. A consensus sequence was originated by aligning multiple 
sequences of every clone belonging to the same component of individual isolates by 
using ClustalW (Thompson et al., 1994). The sequences of genomic components were 
aligned in ClustalW Sequence Alignment program using IUB matrix for DNA 
alignments in the Molecular Evolutionary Genetics Analysis Program (MEGA) version 
6. Neighbor-Joining (NJ) analysis was carried out using Maximum Composite-
likelihood model with uniform rates among the sites; the 1000 bootstrap replicates were 
used to evaluate the significance of generated tree. 
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Results 

Morphological and biochemical characterization 

Four extreme halophilic strains (HSL1, HSL4, HSL6, and HSL7) were characterized. 
Based on colony morphology, Gram staining and Biochemical tests, following basic 
identification were achieved. HSL1 strain was gram-negative rods with creamy, waxy 
colony and hard texture. This colony was flat with undulated margins. HSL1 strain was 
motile. It showed positive results for catalase and oxidase and negative results for 
urease and indole production. This strain was able to ferment glucose. HSL4 strain was 
gram-positive cocci in the form of tetrads having whitish, smooth and entire colony 
with slightly raised surface and round margins. This strain was motile, catalase positive, 
oxidase, urease, and indole negative. It was able to ferment lactose. HSL6 strain was 
gram-positive rods displaying beige color colony having irregular, lobate margins and 
hard, flat surface. This strain was non-motile, indole, catalase and urease negative. It 
was oxidase positive and able to ferment glucose. HSL7 strain is gram-positive rods 
having smooth, orange colored, having round margins. The colony displayed convex 
elevation. This strain was motile, catalase positive, urease, oxidase and indole negative 
and able to ferment lactose (Table 1). 

 
Table 1. Characteristics of the sampling site 

Characteristics 
Isolates 

HSL1 HSL4 HSL6 HSL7 

Form Irregular, waxy, hard 
Entire, smooth, 

mucoid 
Irregular, hard 

Smooth, mucoid, 
hard 

Elevations Flat Slightly raised Flat Convex 

Margins Undulate Mucoid Lobate Round 

Cell shape Rods Cocci Rods Rods 

Gram stain Negative Positive Positive Positive 

Catalase + + – + 

Oxidase + – + – 

Motility + + – + 

Citrate utilization – – + – 

Urease test – – – – 

Lactose 
fermentation 

+ + – + 

Protease – + – + 

Amylase – – + + 

DNase – – – + 

Gelatinase – + – – 

Lipase – – – – 

Cellulase – – – – 

 
 

Qualitative screening for enzyme activity 

HSL1 did not hydrolyze starch, gelatin, cellulose, and casein and also shows negative 
results for and Tween 80 and DNase. HSL4 did not hydrolyze starch (amylase), gelatin 
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(gelatinase) and is negative for DNase and Tween 80 (lipase). But it showed positive 
results for (protease) casein and (cellulase) cellulose hydrolysis. HSL6 showed negative 
results for gelatin, casein and cellulose hydrolysis and is also negative for DNase and 
Tween 80. It only showed a positive result for amylase production. HSL7 displayed 
positive results for amylase, protease, DNase, but showed negative results for Tween 
80, cellulose and gelatin hydrolysis (Table 1). 

 
Physiological analysis of growth of halophilic bacteria 

HSL4 showed maximum tolerance at 22% NaCl followed by HSL1, HSL7, and 
HSL6 at 16% salt concentration. Isolate HSL6, however, showed slight growth at 16% 
and the rest of the strains showed no growth above 16% NaCl. The strains HSL1, 
HSL4, HSL6, and HSL7, showed significant growth on the salts of chlorides, sulfates, 
and carbonates displaying their tolerance for all of these salts, besides NaCl (Table 2). 

 
Table 2. Morphological and biochemical characteristics of isolated strains along with 

physicochemical features of sampling site and samples 

 Samples Temperature pH 
Salinity 

(refractometer) 

Khewra salt mine 
(32°39'0"N,73°1' 0"E) 

Brine, salt 25°C 7.2 30% 

Concentration of salts in 

brine 

(mg/l) 

Sulfates Chlorides Bicarbonates Phosphates 

9400 2202.42 200 0.15 

 
 

Optimization of growth 

Effect of pH on growth of bacteria 

Quantitative and qualitative analysis of the effect of pH on growth of strains after 
24 h, depicted that isolate HSL1 tolerated and survived at pH ranging from 5 to 9 but 
showed maximum growth at pH 7. Isolate HSL4 tolerated pH ranging from 5–9 but 
showed maximum growth at pH 7. Isolate HSL6 tolerated at pH 5–9 but showed 
maximum growth at pH 6. Isolate HSL7 showed maximum growth at pH 8 but were not 
able to tolerate pH 5–9 (Fig. 2). 

 
Effect of temperature on growth of bacteria 

Quantitative and qualitative observations of the growth of strains at different 
temperatures were performed for 4 days. Isolate HSL1 can tolerate and survive at 15–
45°C but showed maximum activity at 35°C. Significant growth was observed at 15°C 
and 45°C after 2–3 days. Isolate HSL4 survived at temperature 15–45oC but showed 
maximum activity at 35°C. Significant growth at all temperatures can be observed after 
2–3 days. Isolate HSL6 survived at temperature 15–50°C but showed maximum activity 
at 25°C. A significant amount of growth at all temperatures can be observed after 2–3 
days but growth decreases at 50°C after 3 days. Isolate HSL7 showed maximum growth 
at the temperature range of 15 to 45°C but showed maximum activity at 35°C. 
Significant growth at all temperatures was observed after 2–3 days (Fig. 3). 
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Figure 2. Effect of pH on growth of bacteria 

 
 

 
Figure 3. Effect of temperature on growth of bacteria 

 
 

Quantitative analysis of industrially important enzymes 

Enzyme assays for lipase, protease and amylase were performed to quantitatively 
measure enzyme activity produced by extremely halophilic bacteria. 
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Lipase 

As no clear zone was observed around the cultures grown on a media supplemented 
with Tween 80, it was assumed that the isolates did not hydrolyze Tween 80. It is then 
also confirmed by the quantitative assay. Isolates HSL1, HSL4, HSL6, and HSL7 did 
not produce lipase enzyme. 

 
Protease 

Isolates HSL4 and HSL7 showed positive results for the production of protease. The 
specific activity of the enzyme measured by determining the concentration of tyrosine 
released per ml per min under the assay conditions. It was observed that the production 
of protease increased with time for three days (Fig. 4a). 

 
Amylase 

The positive results for amylase production were shown by isolate HSL6 and HSL7 
qualitatively. Specific activity is determined by measuring the amount of glucose 
released under the reaction conditions per ml per min (Fig. 4b). 

 

 
Figure 4. a) Specific activity of amylase. b) Specific activity of protease 

 
 

Molecular characterization 

The genomic DNA is isolated by a method by Delbes and coworkers (2000). The 
isolated DNA is confirmed by analyzing DNA with gel electrophoresis with 1% Gel in 
0.5 X TBE buffer. Gel images were observed by Bio-Rad gel documentation system. 

 
16S rRNA sequencing and phylogenetic tree 

According to the BLAST results, HSL1, HSL4, HSL6, and HSL7 showed 99% 
identity with Oceanobacillus onchorhynci subsp. Incaldanensis, Staphylococcus lentus. 

Bacillus endophyticus and Bacillus aquimaris respectively. The partial 16S rRNA were 
submitted to NCBI. The accession numbers obtained of these strains are the following. 
KP866216 for HSL1, KP866217 for HSL4, KP866218 for HSL4 and KP866219 for 
HSL7. The phylogenetic tree reflects the relationship between the halophilic bacterial 
isolates inferred from the 16S rRNA gene sequence. The bootstrap value is shown at the 
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nodes of the phylogenetic tree and is expressed as the percentage of 1000 replications 
(Fig. 5). 

 
 674269368| Bacillus sp. SKM16

 541990440|Bacillus endophyticus

 541990443|Bacillus endophyticus

 428186823|Bacillus endophyticus

 KP866218-HSL6

 401668344| Bacillus endophyticus

 639127811|Bacillus aquimaris

 385880911| Bacillus vietnamensis

 383281284| Bacillus subtilis

 KP866219-HSL7

 794462857|Bacillus vietnamensis

 575426400|Bacillus aquimaris

 KP866216-HSL1

 952001280|Oceanobacillus oncorhynchi subsp. Incaldanensis

 48842915|Oceanobacillus oncorhynchi subsp. Incaldanensis

 47834643|Oceanobacillus sp. GSP73

 68271856|Oceanobacillus oncorhynchi strain

 597438665|Oceanobacillus oncorhynchi

 343202924| Staphylococcus lentus strain

 110187698|Uncultured bacterium clone

 KP866217-HSL4

 110188608| Uncultured bacterium clone

 110188090|Uncultured bacterium clone  
Figure 5. Phylogenetic tree showing the interrelationships between halophilic bacteria and 

reflecting their evolutionary pattern. The bootstrap value generated as percentage of 1000 

replications is shown at the nodes 

Discussion 

The present research is focused on the screening and profiling of extremely 
halophilic bacteria indigenous to Khewra salt range. The isolated bacteria were 
characterized biochemically and molecularly using 16S rRNA molecular techniques. 
Furthermore, their different physiological features and their potential biotechnological 
applications have also been analyzed in this study. 

This is the first report that analyzed the tolerance of extremely halophilic bacteria, 
from Khewra mine, against the salts other than NaCl. The salts used were KCl, CaCO3, 
NH4Cl, MgSO4, and BaCl2. The media supplemented with 3% of these salts were used 
to investigate the tolerance of isolates against these salts. The presence of Na+; K+; 
Mg2+; and SO42- had been reported previously in the rock salt deposits of Khewra salt 
mine (Sharif et al., 2007). The analysis of brine samples from Khewra also revealed the 
presence of SO42-, PO43-, Cl- and CO3

2-. The values of Na+; K+; Ca2+; Mg2+; Cl- and 
SO4

2- ions in Khewra were comparable to the values investigated in other salt 
environments as well (Grant et al., 1998). The growth of the isolates in the presence of 
all these salts highlighted their role in the cycling of various nutrient components. 
Furthermore, this could lead to valuable insights on the possible ecological role of these 
extreme halophilic bacteria as they survive under the ecological constraints of the 
closed environment of Khewra salt mine. 

The media used for culturing was nutrient agar, which is rich in nutrients, thus 
making it suitable for the growth of diversified microbes. The results of the basic 
characterization highlights diversified colonial morphologies. Both gram-positive and 
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gram-negative extremely halophilic bacteria were observed. However, Gram staining 
procedure may not be very reliable and may prove unsatisfactory in several cases 
(Duckworth et al., 1996), which could be true for this report as well. One of the isolate 
HSL1 is a gram-negative rod and shows 99% resemblance of its 16S rRNA sequence 
with Oceanobacillus onchorhynchi subsp. Incaldanensis, which was originally reported 
as Gram-positive rods (Romano et al., 2006). However, colony morphology and 
biochemical characteristics were found to be similar since both strains displayed beige 
or off-white colonies. Both were motile and could grow at 20% of NaCl concentration. 
Both showed negative results for, amylase, urease and protease production and positive 
results for oxidase and catalase reactions. Lipase production of Oceanobacillus 

onchorhynchi subsp. Incaldanensis has not been reported. HSL1 strain showed negative 
results for lipase production or hydrolysis of Tween 80. The major difference between 
the two strains was in the pH tolerance of these species. Where Oceanobacillus 

onchorhynchi subsp. Incaldanensis could only survive at pH 6–9 (Optimum pH 9.0), 
strain HSL1 could grow at pH ranging from 5 to 9 with optimum growth at pH 7. The 
temperature range for Oceanobacillus onchorhynchi subsp. Incaldanensis was reported 
between 10 and 40°C but HSL1 can survive even at 45°C (Romano et al., 2006). The 
difference of Gram-staining and physiological attributes between Oceanobacillus 

onchorhynchi subsp. Incaldanensis and HSL1 allowed us to tentatively assume that 
HSL1 might be a different strain of the same species. 

Isolate HSL4 showed 99% resemblance of its 16S rRNA sequence with 
Staphylococcus lentus. According to our study, the basic identification features of the 
two strains were quite similar morphologically. However, the biochemical and 
physiological parameters of HSL4 and Staphylococcus lentus showed some variations. 
HSL4 was extremely halophilic and could grow at NaCl concentration up to 22% 
whereas Staphylococcus lentus has been reported as moderately halophilic. The 
temperature stability of the two strains was also different, as HSL4 could tolerate 
temperatures ranging from 15 to 45°C, whereas Staphylococcus lentus showed no 
growth at 15°C and 45°C (Schleifer et al., 1983). Biochemical tests also showed 
considerable variations. Staphylococcus lentus was positive for oxidase, gelatinase, and 
DNase tests, whereas HSL4 was negative for all these tests. It can be deducted from the 
above results that HSL4 strain resembled very closely to Staphylococcus lentus on the 
basis 16S rRNA sequence. However, HSL4 strain was quite distinct from 
Staphylococcus lentus on the basis of physiology and biochemical characteristics, 
therefore rendering HSL4 a different strain of Staphylococci genus having more diverse 
range for growth as described for other strains of Staphylococci (Graham and 
Wilkinson, 1992; Morikawa et al., 2010). 

HSL6 was also identified as a gram-positive bacillus and showed 99% sequence 
similarity with Bacillus endophyticus discovered by Reva and coworkers (2002). The 
morphology and biochemical characteristics of the HSL6 were found to be quite similar 
to Bacillus endophyticus. The difference between the two could be found in their ability 
to hydrolyze starch. Bacillus endophyticus was reported to show a negative result for 
amylase production (Reva et al., 2002), whereas strain HSL6 was able to produce a 
substantial amount of amylase. Conclusively, strain HSL6 was identified as Bacillus 
endophyticus. 

Strain HSL7 showed a maximum resemblance of its 16S rRNA with two species. 
Bacillus subtilis (99%) and Bacillus aquimaris (99%). However, based on the colony 
morphology, physiology, and biochemical characteristics, Bacillus subtilis was 
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completely ruled out. HSL7 strain shared most of its characteristics with Bacillus 
aquimaris. Both were gram-positive rods, motile and had orange mucoid, circular 
colonies. This strain was positive for the production of protease, amylase, and catalase 
and negative for urease, gelatinase, and oxidase and indole production. All these 
characteristics were also true for Bacillus aquimaris which was isolated from the tidal 
flat of Yellow sea, Korea (Yoon et al., 2003). However, the physiological attributes of 
HSL7 strain and Bacillus aquimaris were slightly different. Though both were 
extremely halophilic and could survive at NaCl concentration up to 18%, they also 
showed variations in physiology. HSL7 grew best at pH 8 and survived at pH ranging 
from 5 to 9. The growth of HSL7 was also observed at 45°C temperature. Contrary to 
this, Bacillus aquimaris was reported to have an optimum growth at pH 7 and could not 
survive at pH 5 or 9. It also showed no growth at temperature 45°C. These differences 
in the growth pattern of HSL7 and Bacillus aquimaris might have arisen due to their 
adaptations to various habitats from which they had been isolated. Due to maximum 

similarities between the HSL1 and Bacillus aquimaris strains, HSL7 was identified as 
Bacillus aquimaris. 

In the present study HSL1-Oceanobacillus onchorhynci subsp. Incaldanensis, HSL4-
Staphylococcus lentus, HSL6-Bacillus endophyticus and HSL7-Bacillus aquimaris were 
found to be efficient producers of commercially important enzymes with tremendous 
potential for commercial exploitation. Their wide range of tolerance to salt, 
temperature, and pH is because of the stability of their enzymes making them very 
useful in industry. Enzymes assays revealed, a substantial amount of enzyme production 
from these strains such as protease, amylase, lipase, xylanase, urease, gelatinase, 
cellulase and DNase. 

Conclusion 

Conclusively, this report filled a gap in addressing the prokaryotic halophilic 
diversity by isolation of the extremely halophilic bacteria from the salt mines of 
Khewra, Pakistan. The rich diversity of Bacillus in the salt deposits is consistent with 
the other reports of halophiles from salt mines around the globe, and highlight their 
extensive role in maintaining the ecosystem (Rohban et al., 2009; Roohi et al., 2014). 
Moreover, some reports suggested bacillus species to be ideal for the production of 
industrially important enzymes due to the short duration of fermentation cycle, 
accelerated growth rates and capability to produce extracellular enzymes (Schallmey et 
al., 2004). Since most strains studied in this research are bacilli, the enzymes produced 
from these species can be expected to have significant potential ensuring high yield, 
increased stability and reliability; thus, making these enzymes commercially very 
important. The isolates revealed unique biotechnological applications by producing a 
substantial amount of amylase and protease as well as screening positive for xylanase, 
urease, gelatinase, cellulase, and DNase. The isolated bacteria are poly-extremophile 
with an ability to survive in a wide range of pH, temperature, and salinity. 

 
Future Prospects 

Khewra salt mine has proven to be a vital ecological niche supporting the survival of 
a diverse range of microorganisms, and little is known about extreme-enzymes 
produced by rock salt microbiota. To answer the fascinating question of their 

adaptations leading to their long-term survival within the salt crystals, diversity analysis 
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should be conducted by combining the culture-dependent and culture-independent 

techniques using sophisticated technologies such as Next-Generation Sequencing. This 
would aid in understanding the entire community profile and the interactions among the 
community in the hypersaline environment. Such insights would lead to possible 
exploitation of early evolutionary and extraterrestrial life and environment (Bowers et 
al., 2009). To further exploit the stability of halo-enzymes for production in commercial 
applications, more investigations should be directed towards the characterization of the 
enzymes at multiple concentrations of salinities, temperature, and pH. Future studies 
should also be directed towards the corresponding encoding genes for adaptations in 
high salinity, to further analyze the use of these extreme-enzymes in large-scale 
industrial processes. 
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Abstract. The importance of the terroir concept is rapidly increasing not only because consumer interest 
in the origin of the product, but also because of winemaker’s interest in qualitatively high and unique 
wine production. The main aim of the article is to present a methodological framework of Natural terroir 
units (NTU’s) for countries which still do not have applied French appellation system. The study depicts 
a logical framework consisting of natural terroir factors selection, followed by data reclassification, 
encoding and the final data composition and utilization. In this work, we identified and described 182 
regional types in 362 NTU’s in the Modra wine rayon. In the final stage were selected the most valuable 
vineyard sites for Green Veltliner using NTU coding system. The findings were subsequently compared 
to results which were obtained by decades lasting empirical observations in the study area conducted by 
enologist and winemakers. Most of the selected NTU’s matched to empirical study results. Identification 
is proven in the GIS environment; this is considered the most useful instrument because of its ability to 
manipulate spatial data and perform spatial analysis. 
Keywords: coding system, empirical validation, vineyards, GIS, map composition 

Introduction 

Wine character differs from continent to continent, country to country, region to 
region, even vineyard to vineyard, and of course from producer to producer. These 
differences are affected by countless variables inherited from natural conditions, 
processing techniques, cultivar selection, tradition and human factors which are difficult 
to define. The specific natural and human aspects form unique areas called terroir, and 
their possible combinations imprint persistent and invariable specificity on the product. 
Therefore, understanding terroir carries explicit regional recognition for every product, 
and generates not only opportunity, but more importantly, product demand and its 
propagation in the market place. 

Terroir is the complex of geographical conditions which give wine its specific taste 
and distinguishes it from others. The term “terroir” is recognized and revered 
throughout the viticulture world because it embraces the influence of natural landscape 
properties; including geology, soil, topography and climate. It determines the most 
suitable wine variety for each particular site, and also the technical processes of wine 
makers; including the use of autochthonous microorganisms during fermentation (Van 
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Leeuwen et al., 2004). No other agricultural product has such a strong relationship with 
the soil as wine (Van Leeuwen, 2010). For instance, top-rated Cabernet Sauvignon 
wines in Catalonia came from soil with a more limited water regime, and its success 
was most likely due to accumulation of the phenolic compounds responsible for wine 
color and taste (Ubalde et al., 2010). Climate there affected almost all variables of grape 
composition – berry weight, grape-ripening speed and wine composition. Terroir 
labelled wines generally have greater demand than non-terroir varieties because 
consumers are interested in place of origin, and they want information before they buy. 
Terroir-identified products also carry a guarantee of quality under strict control of 
national authorities. According to California Wine Industry (2016), the Slovak Republic 
produced 376,270 hl of wine in 2016. Although this quantity is negligible compared to 
the largest producers from France (46,701,000 hl), Italy (44,739,000 hl), Spain 
(38,200,400 hl). Slovakia cannot be considered a “small wine country”; judging on its 
world-competition wine results (Ďurčová, 2013, 2014). 

At the highest level, the total vine-growing area in Slovakia is subdivided into 6 
vineyard regions (Fig. 1). There is then the lower level of 40 wine rayons (zones) 
created by 511 vine-growing settlements (ÚKSUP, 2015). The traditional labelling 
system used here is a tribute to the historical influence of the prior German population. 
This system concentrated on sugar content and thus distinguished between wine 
categories. However, updated legislative framework (NRSR, 2009) has determined that 
sugar content is not the only relevant characteristic of wine quality, and European 
Union influence has seen Slovak viticulture approach French wine categorization. This 
categorization accounts for the precise grape origin; especially in which vineyard the 
grape ripened and what conditions were uniquely characteristic of this particular 
allotment. 

This principle has been applied traditionally in France for centuries, and it clearly 
indicates which vineyards are qualitatively the best. At this stage, no final appellation 
system is legislated for Slovakia, so labelling may be based on either place of origin or 
on wine attributes. 

Complete use of French labelling and abandonment of the German system has 
received threats concerning recognition of the place of origin. There are only several 
products labelled under the French principle in Slovakia, and while these products are 
registered in the DSC (Districtus Slovakia Controlatus) appellation system which is 
similar to the French AOC (Appelation d´ origine contrôlée), geographic condit ions are 
not appropriately indicated in the DSC. Accurate mapping of agricultural landscapes 
including vineyards and their potential evaluation is often performed in geographic 
information systems (Irimia and Patriche, 2010; Irimia et al., 2012; Masný and 
Zaušková, 2015; Incze and Novák, 2016). However, there is a lack of terroir research 
providing understanding of Slovak viticulture areas. Wine regions have very good soils, 
the climate and ecological conditions to equal well-known European vineyards, but 
many have been transformed into building areas, and also abandoned (Pospíšilová et al., 
2005a). Modern GIS technology and remote sensing present new opportunities in terroir 
mapping (Johnson et al., 2012), and positive results and technological progress have 
encouraged increased interest in terroir study and identification in many wine-producing 
countries. 

From above mentioned, we can postulate our hypothesis which assumes that, there 
are homogenous natural spatial units in viticultural landscape which have impact on 
wine character. 
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Figure 1. Map with the location of the Modra wine rayon relative to other major grape growing 

regions in Slovakia (NRSR, 2009) 

 
 
The importance of terroir unit identification comes from resolution of OIV – Office 

International de la Vigne et du Vin – concerning the identification of terroir in all 
countries where wine is produced. Carey et al., 2002 argue that, terroir research 
provides producers better understanding of their vineyards and improves their quality. 
An NTU map is more useful than a soil map because it relates all the natural factors 
influencing wine production. The aim of presented study is to create methodological 
approach to identify NTU as the basis for complex terroir. The secondary aim of this 
study is to highlight the application of these units in further geographical/geoecological 
research and to perform validation of the delimited NTU´s with empirical research 
executed in the study area in last decades. 

Different authors identify natural terroir elements differently and give unequal 
weight to certain aspects (Carey et al., 2002; Vadour, 2002; Pospíšilová et al., 2005a; 
Tomasi et al., 2013). Most work has been performed in GIS; enabling working with 
more spatial variables, assessment of viticulture potential and landscape suitability and 
identification of homogenous production zones. For example the following authors 
employed GIS in their terroir work; (a) (Boyer and Wolf, 1998, 2000) used GIS to study 
viticulture potential, and they applied combined geographical information for vineyard 
suitability in Virginia USA; (b) Jones et al. (2004) analyzed terroir potential in the 
Umpqua Valley in Oregon; (c) Jones (2006) assessed viticulture potential in the Oregon 
Rogue River area; (d) Chen (2011) used complex analysis of nine variables to determine 
terroir suitability in Nebraska; (e) (Magarey et al., 1998; Jones and Duff, 2003) 
predicted potential in new areas of existing viticultural regions and (f) Imre and Mauk 
(2003) characterized terroir in New Zealand. 

Both regional characterization and suitability modelling are limited by data 
availability and scale (Vadour, 2002; Van Leeuwen et al., 2004). This especially applies 
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to the Slovak Republic and several other post-communist countries which have potential 
to develop their viticulture due to global climate change. Table 1 shows overview of the 
used natural factors in selected terroir studies. 

 
Table 1. Overview of the selected natural factors in recent studies. Highlighted available 

factors were used in our study 

Author Selected natural factors 

Bonfrante et al. (2011) 
Elevation, slope, geological unit, soil texture, CaCo3, pH, soil organic 

matter, available water capacity, 

Carey et al. (2008) Landform, aspect, elevation, soil type, geological unit 

Falťan et al. (2016) 
Landform, soil substrate (geological unit), slope angle, soil type, pH, 

carbonates (%), nitrogen (%) 

Falťan et al. (2017) Landform, soil substrate (geological unit), soil type, slope, solar radiation, 

aspect 

Irimia et al. (2012) 

Slope, aspect, annual average temperature, the hottest month average 
temperature, growing degree days, solar insolation, average rainfall for the 

period from 1st April to 30 September, soil texture, humus content, the length 
of bioactive period 

Jones et al. (2004) 
Elevation, slope, aspect, drainage, available water capacity, soil depth, pH, 

growing degree days 

Sarmento et al. (2006) Elevation, slope, aspect  

 
 
Climatic data is especially important in cultivar selection because each cultivar needs 

specific total temperature to complete its vegetation cycle (Huglin, 1986; Carey, 2005). 
Hence, planting late-ripening cultivars in colder regions precludes it from finishing its 
vegetation cycle. The lower temperature limit for viticulture without winter protection is 
considered to be -1°C of the coldest month’s mean temperature (Gladstones, 2000). In 
contrast, faster ripening cultivars in warmer regions lose production quality because of 
over-growth. The generally accepted temperature for grapevine requisites is 10°C and 
above; where the vegetation cycle responsible for further production commences 
(Homolová and Kropáč, 1993). This 10°C is therefore often used in calculations 
evaluating viticulture regions in climatic indexes such as Huglin and “growing-degree-
days”. 

Geology affects the bouquet and taste of wine, and although bedrock generally 
asserts less impact on wine and its quality than topographic, soil and climatic 
components (Hugett, 2005). While bedrock influence occurs in shallow sandy soils 
(Záruba and Homolová, 1985) and affects older plants more; with their deeper root 
system giving essential nutrients more frequently than the soil layer, some authors are 
adamant that geology should be considered separately from soil. 

Humid soils and excessive irrigation can yield a relatively small undeveloped root 
system; with excess water precluding a vigorous root system and reducing the capacity 
to store starch in subsequent seasons (Atkinson, 2011). However, soil does affect wine 
character and quality, and it is extremely difficult to separate it from the geological 
effect emanating from bedrock. The following elements are most frequently assessed in 
terroir: soil chemistry, temperature, texture, depth and water status. 

Topography has both direct and indirect effects on environmental parameters such as 
mesoclimate and soil. However, its great importance in terroir studies is apparent when 
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a relatively small change in topographic conditions can imprint significant change in 
wine specificity (Bryan, 2003). 

Elevation is by far the most influential topographic characteristic in Slovak 
viticulture. Annual air temperatures depend mainly on elevation; and Slovakia has the 
desirable 8°C at less than 200 m elevation required for good grapevines. Production is 
also possible in 9°C average temperature and up to 300 m, and vines can still flourish at 
10°C and up to 350 m. While lower-situated areas are at risk of inversion freezing, 
locations above 350 m are too cold for production (Záruba and Homolová, 1985). 

Slope is important in terroir studies because grape growing is restricted unless certain 
slope conditions are met. Although flat surfaces provide easy work conditions, they are 
prone to freezing in temperature inversion and therefore not the best option. Producers 
report that the most suitable slopes range from 5 to 15%; with 25% the critical value 
precluding best practice (Jones et al., 2004). 

Southern, south-eastern and south-western oriented surfaces in northern hemisphere 
are the most suitable for grape production. Heliophytes, such as grapevines, thrive in 
these orientations when exposed to high irradiation in the vegetation period. Slovakia 
does not have surplus irradiation to cause plant damage; therefore northern, north-
eastern and north-western aspects here are certainly excluded for premier wines, and 
used only for fast-ripening and resistant cultivars (Braun and Vanek, 2003). 

Material and methods 

Study area 

Slovakia is situated in Central Europe with total area of 49,036 km2. The Republic’s 
northern and central parts are mountainous and follow the Carpathian range, while 
important lowland agricultural areas are typical in the south and east. These latter 
localities deliver the entire wine production described in Figure 1. 

The 113.74 km2 study area is approximately 30 kilometers north-east of Bratislava 
and includes the wine settlements of Modra, Dubová, Vištuk, Vinosady and Šenkvice. 
Prevailing south-east relief is formed by the Danube plains which pass into the 
highlands of the Malé Karpaty Mts. in the north-west. Slovak Republic viticulture 
zoning places this rayon in the Small Carpathian Region (Malokarpatská vinohradnícka 
oblasť). 

For the Modra wine rayon are typical cool climate conditions. Table 2 depicts basic 
spatial statistic of local climate which is frequently used for viticultural regions 
assessment. 

 
Table 2. Spatial statistics for climate variables averaged over the mapped agricultural area 

of Modra wine rayon Súľovský (2017) 

Variable Mean Max Min Range 

Growing season average temperature (GST, °C units) 16.33 16.38 16.23 0.15 

Huglin index (HI, °C units) 1895.86 1929.38 1870.89 58.49 

Minimal air temperature in January (°C) -19.38 -20.50 -19.11 1.39 

Mean air temperature in January (°C) -0.65 -1.16 -0.38 0.68 

Growing season precipitation (mm) 407.07 454.10 386.42 67.68 
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The central Modra wine rayon contains significant elevation contrast between the 
Malé Karpaty Mts. and the Danube plain. The lowest 145 m area is near the water 
surface in the southern rayon portion and the 709 m Veľká homoľa hill is in the 
northwest. Slope impact has previously been described, and this 564 m difference in 12 
km affects annual air temperature, rainfall and incoming potential global solar radiation. 
The southern region inclines only 5%, but the rayon slope is more than 20% at the foot 
of the Malé Karpaty Mts. and the greatest slopes are in the mountainous areas where 
watercourses cross the terrain (Fig. 2). In these localities is sum of the potential global 
solar irradiation highest (Fig. 3). 

Biotite granite dominates the central rayon area at the foot of the Malé Karpaty Mts. 
The mountains then provide large areas of proluvial sediments, loamy to sandy gravels 
and alluvial materials; creating the alluvial cones typical of relief in the Modra rayon 
(Fig. 4). Nearby water flows are several fluvial sediment types with unsorted loams, 
sandy sediments and loamy-sands. Meanwhile, the southern rayon contains various 
aeolian and aeolian-delluvial sediments in loess and loess loams. While the prevailing 
soil type here is Cambisol, the lightest sandy and loamy-sandy soils in the central rayon 
are mostly related to granite (Fig. 5). Approximately 50% of the study area has loamy 
soils with 35 to 45% humus horizon fractions less than 0.01 mm. Slightly lighter soils 
with more sand content are in the rayon south-west; mainly in flat areas. The heaviest 
soils are the clay-loams azonally near water flows and surfaces (VÚPOP, 2015) and the 
most skeletal granite soils, at 20-25% in the surface horizon and over 50% sub-surface, 
are only in two small localities on the central rayon eastern and western borders. The 
moderate 20-25% soils are most common in both layers in the entire non-forested area 
at the foot of the Malé Karpaty Mts. Soils with the lowest skeleton content of 5 to 25% 
in the surface horizon and 10 to 25% in the subsurface flank the moderate skeletal soils. 
These granite remnants form a transition from moderate skeletal soils to the non-
skeletal soils present on the Danube plain aeolian sediments in the rayon’s south. 

 

 
Figure 2. Map showing the slope of the Modra wine rayon 
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Figure 3. Map showing the slope and potential global irradiation gradient of the Modra wine 

rayon 

 
 

 
Figure 4. The map showing geological variability in the Modra wine rayon with codes (legend) 

of geological units included in Table 3 (ŠGÚDŠ, 2013) 
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Figure 5. Soil texture in the Modra wine rayon (VÚPOP, 2015) 

 
 
The following three soil types are present between the surface and the 50% skeleton 

content depth: (1) the deepest are at 60 cm in the lowest flat localities on quarternary 
Aeolian sediment; (2) soils at 30 to 60 cm are on alluvium and deluvium cones and (3) 
shallow soils cover some of the rockiest areas (Fig. 6). 

 

 
Figure 6. Soil depth in the Modra wine rayon (VÚPOP, 2015) 
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Analysis of data 

Agricultural land was chosen for Natural Terroir Units (NTU’s) identification 
because forests and built up areas have no current viticulture potential and from this 
reason they were masked out. Elevation, Slope, Potential global solar irradiation in 
vegetation period, Soil texture, Soil skeleton, Soil depth and Geological units were 
selected and logically reclassified (encoded) in regard to qualitatively high grape 
production and its limitations using Spatial Analyst tool Reclassify. This tool assign to 
the initial values new user defined values. All of the new values were ascending ordered 
for purpose of preservation of logical frame for further analyses and practical usage. 
Potential global solar irradiation for the vegetation period and slope were derived from 
digital elevation model (DEM) in ArcGIS 10.1. 

Encoding logic and raster interval selection is discussed below in the text. 
Subsequently, ArcGIS 10.1 spatial analyst tool Combine was used for the final map 
composition, whereby composition of the analytical maps of natural characteristics 
identified potential NTU’s. Raster output was in next stage converted into vector format 
using Raster to Polygon conversion tool in ArcGIS 10.1. Final raster composition 
resulted in over 2,500 created NTU’s of which all polygons smaller than 3 ha were 
removed by clustering with the neighboring NTU’s having largest area. It is important 
to note here, that most of the clustered features were only small sliver polygons which 
were product of raster composition. This step was carried out using Generalization tool 
Eliminate in ArcGIS 10.1. Subsequently it was assigned specific key to every NTU of 
eight digits; with geological conditions comprising the final two digits (Fig. 7). Geology 
affects bouquet and gives the wine a more specific character than the other elements, 
and two code digits were necessary to differentiate over nine classes in the geologically 
complex Modra wine rayon. Figure 8 depicts the NTU map created by overlapping the 
seven independent environmental factors. Physical-geographical data were verified by 
field investigation in an integrative geo-ecological approach in the 2015/16 growing 
seasons (Minár et al., 2001), and vineyard research points were located in individual 
NTU centroids (Fig. 9). 

 
Encoded elevations 

Elevation values correlate strongly with climate characteristics in study area, so it 
was more important to encode elevation information in NTU, rather than some other 
climate aspects. Table 3 has elevation reclassified into the following three intervals; (a) 
less than 200 m is numbered 1 in the first code position, because this has relatively high 
risk of ground frost during vegetation; (b) 200 to 300 m is numbered 2 as it is optimal 
for rainfall, temperature and ground freezing risk and (c) all higher areas are numbered 
3 because higher rainfalls and lower temperatures make these areas least optimal for 
growth (Homolová and Kropáč, 1993; Table 4). 

 
Encoded slopes 

Slope is encoded twice; once in the second position as a discrete characteristic, and 
again as potential global irradiation input. Slope in the former case is subdivided into 4 
classes placed in position 3; (a) flat areas with less than 5% slope are numbered 1 and 
(b) ideal slope 5.1 to 15% is numbered 2 (Jones et al., 2004; Sarmento et al., 2006); and 
these classes led to the delimitation of all intervals (Table 4). 
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Figure 7. Final composition of the coding system for NTU natural characteristics 

 
 

 
Figure 8. The delimited NTUs of the Modra wine rayon and the most suitable NTUs for Green 

Veltliner production 
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Figure 9. Soil pits localization based on NTU map 

 
 
Table 3. The illustration of the NTU attribute table that implies values of individual codes of 

the natural characteristics 

NTU Elevation Slope Irradiation Texture Depth Skeleton Geology 

33723226 3 3 7 2 3 2 26 

32622203 3 2 6 2 2 2 03 

23613226 2 3 6 1 3 2 26 

23623204 2 3 6 2 3 2 04 

22523212 2 2 5 2 3 2 12 

22622222 2 2 6 2 2 2 02 

22622219 2 2 6 2 2 2 19 

22522226 2 2 5 2 2 2 26 

22522222 2 2 5 2 2 2 22 
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Table 4. NTU code system 

Elevation (m) Code Geological unit Code 

Less than 200 1xxxxxxx Biotite granite xxxxxxx1 

201 to 300 2xxxxxxx Tonalite xxxxxxx2 

More than 301 3xxxxxxx Deluvium – mostly loamy and loamy–rocky  xxxxxxx3 

Slope (%) Code Phyllite “Harmonia series” xxxxxxx4 

Less than 5 x1xxxxxx 
Loamy and sandy gravels, sands and gravels in floodplain in 

alluvial cones 
xxxxxxx5 

5.1 to 15 x2xxxxxx 
Loamy to sandy weathered gravels and rocky fragments in 

alluvial cones 
xxxxxxx6 

15.1 to 25 x3xxxxxx 
Loamy to sandy weathered gravels and rocky fragments in 

alluvial cones with loess surface 
xxxxxxx7 

More than 25 x4xxxxxx 
Loamy to sandy weathered gravels and rocky fragments in 

alluvial cones with loess loam surface 
xxxxxxx8 

Potential global 

irradiation 

(kWh/m
2
) 

Code 
Loamy to sandy-loamy gravels with rocky fragments in 

alluvial cones 
xxxxxxx9 

Less than 600 xx1xxxxx 
Loamy to sandy-loamy gravels with rocky fragments in 

alluvial cones with loess loam surface 
xxxxxx10 

(600 to 625> xx2xxxxx 
Loamy to sandy-loamy gravels with rocky fragments in 

alluvial cones with loess surface 
xxxxxx11 

(625 to 650> xx3xxxxx Loamy-rocky deluviums and rubbles xxxxxx12 

(650 to 675> xx4xxxxx Loams, sandy-loams to loamy-sands in dejection cones xxxxxx13 

(675 to 700> xx5xxxxx 
Loams, sandy-loams to loamy gravels with rocky fragments 

in floodplain alluvial cones 
xxxxxx14 

(700 to 725> xx6xxxxx Peat soils xxxxxx15 

More than 725 xx7xxxxx 
Non sorted loams, sandy loams, loamy sands to gravels of 

valley rivers and flows 
xxxxxx16 

Soil texture Code Sandy loams to loamy sands with rocky fragments xxxxxx17 

Sand / loamy sand xxx1xxxx Sandy loams with gravels xxxxxx18 

Loam xxx2xxxx Sandy gravels (alluvial cones) xxxxxx19 

Clay loam xxx3xxxx Loess xxxxxx20 

Sandy loam xxx4xxxx Silts, clays, sands, gravels xxxxxx21 

Soil skeleton Code 
Mostly loamy and sandy gravels, sands and sandy loams with 

rocky fragments in aluvial cones 
xxxxxx22 

Without skeleton xxxx1xxx 
Mostly loamy and sandy gravels, sands and sandy loams with 

rocky fragments in aluvial cones with loess surface 
xxxxxx23 

Slightly skeletal  xxxx2xxx Mostly loamy sediments, non sorted xxxxxx24 

Moderate skeletal xxxx3xxx Resedimented loamy and sandy-loamy gravels of deluviums xxxxxx25 

Highly skeletal  xxxx4xxx Seritic-chloritic silliceous phyllite with biotite xxxxxx26 

Soil depth Code 
Proluvial-deluvial loams, sandy and clay loam with rocky 

fragments 
xxxxxx27 

Deep xxxxx1xx Proluvial-deuvial loams, sandy loams with graels, gravels xxxxxx28 

Moderately deep xxxxx2xx Loess loams with loess and soliflued bedrock sediments xxxxxx29 

Shallow xxxxx3xx Gravels, sands, sandstones, lignits, coal clays xxxxxx30 

 Different rocks on upheavals xxxxxx31 
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Encoded potential global solar irradiation 

In Slovak Republic conditions, it is paramount for grapevines to reach the maximum 
total solar energy during vegetation. Higher solar irradiation in Italy, Spain and Portugal 
can promote leaf-burn, but this is extremely unlikely in Slovakia. Table 3 depicts Modra 
potential global solar irradiation classified in 7 categories; and this element takes the 
third encoded position. Higher irradiation values enhance production. 

 
Encoded soil properties 

Soil has such a strong place in terroir studies that we encoded three soil 
characteristics. From original map legends, we designated (a) texture in the fourth 
encoded position, with four possible categories; (b) skeleton has the fifth position, with 
skeletal lack signified by the number 1 and (c) depth has the sixth position with three 
categories; from deep soils numbered 1 to shallow with 3 (Table 4). 

 
Encoded geological unit 

In the Modra wine rayon there is a very complex geological composition defined by 
31 classes (Table 4). We decided to retain original geologic map legend, because here 
applies the same as in soil mapping dataset of Slovak republic and at any time can be 
these data generalized using by suitable regionalization procedures. Table 3 depicts 
selection from NTU attribute table. 

Results and discussion 

NTU map creation and its strengths 

The final composition of our analytical maps covered 362 discrete areas classified 
into 182 regional types (Fig. 8). These quasi homogenous areas which differ minimally 
in one of the seven coded characteristics are Natural Terroir Units (NTU’s). High 
natural condition complexity in the Modra rayon demanded this number of areas; but 
appropriate encoding enabled easy research use. Our composite NTU maps characterize 
the viticulture area and grape production better than the following individual maps; (a) 
climatic maps provide single information on rainfall, annual temperature and wind 
direction and (b) soil map content is very important; but this product of bedrock, 
climatic conditions, topographic parameters and many other factors has complex 
character in the natural terroir. For example; solar irradiation is an absolute limiting 
threshold in grape production, but it is not directly incorporated in the soil and soil 
properties. These factors led to NTU map construction which provided a complex view 
of the natural conditions in our vineyards. 

The value and strength of our NTU identification methodology primarily lie in its 
easy and effective reproduction in global wine-producing regions. Identification data are 
easy to obtain and comparison between regions is therefore simple. The density and size 
of the created regions reflect overall environmental heterogeneity; where small thick 
regions possess greater natural condition heterogeneity and areas less dense and smaller 
in size signify homogenous natural conditions. Here, we identify and isolate the 
homogenous areas in this complex mosaic because these are the production sites of 
authentic wines with specific sensoric characteristics. 
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Our methodology drafts an innovative approach for complex terroir terrain research 
at the plot level (Fig. 9). The NTU map reveals the homogenous areas forming the 
basic natural elements of complex terroir; both depiction of the natural terroir units 
and solution to “place of origin” identification. However, these NTUs and their 
borders must be subsequently refined and modified in the terrain. Two or more NTU 
are sometimes recognized within a delimited vineyard. These differences should lead 
to different wine styles if the grapes were separately processed by the same 
procedures. The NTU map provides reasonable possibility for further spatial 
reorganization of the vineyard system, and enables dissolution of heterogeneous 
vineyards into homogenous subdivisions. These then become areas for authentic 
wines production with strictly given homogenous natural conditions stored in the 
appellation system; and precisely such areas are planned for development in the 
Slovak Republic to replace German wine classification. Initial geographic information 
used in terroir potential studies is usually reclassified or replaced by ranked values; 
thus limiting combined consideration of the climate, soil and topographic aspects 
(Boyer and Wolf, 1998; Sarmento et al., 2006). 

Our methodology, however, maintains initial landscape information and includes 
more natural elements; and this complexity proves valuable for further use. Terroir-
potential maps of viticulture areas solely classify them into suitable or unsuitable. 
This categorization not only overshadows, but it also hides, most of the complex 
information gathered on the viticultural landscape. Therefore, our method of NTU 
map construction preserves the vast and valuable information for grape growers lost in 
previous methods. While South African research (Carey et al., 2002) was on smaller 
scale, our NTU map contains the most detailed soil, geological and topographical 
available data. This has application advantages including; (a) generalization according 
to user need and (b) the basis for further terrain research where the geographer can 
rapidly detect prospective soil pits as further research localities. In addition to the 
complexity of our NTU map, the spatial data in the specific 8 digit code also provides 
evidence of the importance of our methodology. This code enables creation of 
regional and national databases essential for wine producers intending to plant new 
vineyards. These databases will (a) extract the most influential natural conditions 
affecting production quality; (b) be easily updated and (c) code system extension will 
be continuously ongoing from detailed field terroir research. Thus, producers in touch 
with environmental needs of the desired cultivar will select NTUs with the highest 
production potential. While unselected units may also be suitable, these localities can 
be retained for additional cultivars. We have decided to choose the Green Veltliner 
sample because it is the most widespread cultivar in the Modra wine rayon. Its 
popularity illustrates selection of the most valuable production areas identified in 
natural terroir units. 

 
Green Veltliner encoding 

Ampelographic literature cites that the Green Veltliner cultivar provides the best 
wines on sloping terrain (Pospíšilová et al., 2005a). The following encoding was 
adopted; (a) we chose number 2 in our second slope-code position; ranging from 5.1 
to 15% slope; (b) this variety is resistant to freezing, so we chose 1 and 2 in the first 
code position because it is located in the lowest situated rayon areas often subject to 
spring frost; (c) it prefers sunny locations; so it is in the sunniest 6 and 7 codes in the 
3rd position (d) deep and moderately deep soils are best for this variety, so 1 and 2 
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were selected in the 5th code position. Shallow soils were not considered because 
Kraus (1967) confirms these are absolutely unsuitable for qualitative high Green 
Veltliner production; (e) there is no evidence that skeletal soils are unsuitable for this 
cultivar. Although they are harder to process, uniform nutrient distribution results in 
increased overall quality, and the skeleton ensures very suitable surroundings from the 
thermal and water regime (Kraus, 1967); (f) we retained the last two code digits for 
geological conditions. Here, organic soils were ineligible for selection because 
nutrient distribution and water regime render them unproductive (Kraus, 1967).  

The remaining geological classes have only informal character; with potential 
effect on bouquet and wine character. They qualitatively affect production, but have 
non-assessable production limitation. NTU were subsequently selected from an 
attribute table using SQL code; and 26 of the 362 areas were selected as the most 
valuable for Green Veltliner production. These were verified (Fig. 8) by comparing 
results from decades long-term empirical tests by the globally recognized breeder and 
enologist Dorota Pospíšilová, Ph.D. and colleagues (Pospíšilová et al., 2005b). These 
authors drafted the most bonity vineyards in Modra, and the most valuable varieties 
for each plot. Only the western portion of the Modra wine rayon remains unvalidated 
because this area was not covered in the research. 

Conclusion 

Detailed field research is important in viticulture studies, and this enabled us to 
identify natural terroir spatial characteristics based on NTU delimitation. This 
identification provided the following important findings; (a) the enhanced GIS 
emergence in geographical research; where GIS technology enabled varietal selection in 
our terroir studies through analyzing topographic, topo-climatic, soil and geological 
conditions (b) GIS technology combined, reclassified and verified our spatial 
information; (c) NTU identification delivered important information on the Modra wine 
rayon; with methodology applicable to every viticulture area (d) this latter knowledge 
highlights the advantageous application of similar units with similar conditions in 
further complex terroir research. The high NTU number clearly indicates that Modra 
wine rayon natural conditions are heterogeneous and quite complex. The complexed 
362 unique areas were classified into 182 classes of natural terroir units. Comparison of 
the study results to empirical research conducted in the Modra wine rayon confirmed 
our hypothesis that, there exist selected site units (NTU’s) which provide valuable 
environment for qualitatively high wine production considering to other non-selected 
areas. To identify complex terroir units, it is paramount to know the natural conditions 
which will be registered in the central appellation system; and our NTUs should be 
applied as complex terroir units in further research. Slovakia is working on new terroir-
based classification system. This applied research output can contribute for further 
development of terroir classification of Slovak viticulture. Output natural terroir units 
are able to be processed in the next step using PCA analysis and further clustering in 
order to get homogenous areas in every surveyed area. But our work is aimed to 
uncover basic viticultural spatial units (NTU´s) and therefore they were not used other 
multivariate statistics methods. The authors wished to generate a foundation for future 
terrain including lab analysis of soil samples from NTU’s centroids with aim to create 
management vineyard zonation reflecting its terroir. 
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Abstract. Species distributional data has very important roles in management and conservation of wildlife, 
especially for rare species. In this study, we used the MaxEnt model to predict the potential distribution of 
the grey-shanked douc langur (Pygathrix cinerea Nadler, 1997) which is endemic to Vietnam and listed as 
one of the most endangered primate species in the world. We collected 158 independent localities and 16 
environmental variables from different sources were used for analysis. The projection habitat suitability 
shows that the suitable areas are approximately from 14°N-16°N. The precipitation of driest month (bio14) 
had the highest percentage contribution to the model output with 27.7%. The total suitable area is 
16,680.52 km2. The areas of high and very high suitability account for 19%, and 2% respectively. The 
potential distribution area of the species is not much found in the existing protected area. Priorities for 
conservation and survey efforts should be given to the forested areas in Quang Ngai (Ba To district), Kon 
Tum (Kon Plong district), Binh Dinh (An Lao district), Gia Lai (K ‘Bang district) and Quang Nam 
provinces. Conservation efforts should also be prioritized for areas beyond the boundary of protected areas, 
especially for areas that have been proposed as biodiversity corridors. 
Keywords: douc langur, ecological niche modelling, maximum entropy, species distribution models, 

suitable habitat 

Introduction 

Lacking species distributional data has caused many difficulties in management and 
conservation of wildlife (Nazeri et al., 2012), especially rare species. Understanding the 
most basic requirements of living habitats and distribution of each species is a top 
priority for conservation programs and action plans. Species distribution modelling 
using an ecological niche model is an instrument that can be used to help us understand 
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more about the distribution of species (Phillips et al., 2006; Nazeri et al., 2012). 
However, modelling the potential distribution or suitable habitat of a species requires a 
wide variety of complex data coming from environmental studies, natural resources 
studies, biodiversity assessment and detailed studies of species (Franklin and Miller, 
2009; Sarma et al., 2015). 

Ecological Niche Modelings (ENMs) is a method using occurrence data of species 
associated with environmental data, thereby creating models generate geographic areas 
which match with the ecological requirements of that species. ENMs is often used for 
the following purposes: (1) assessing/ estimating suitable habitat for species; (2) 
assessing changes in species distribution over time based on scenarios of changes in 
environmental conditions; (3) assessing ecological niches or ecological requirements of 
species (Warren and Seifert, 2011). The accuracy of the predicted results depends on a 
number of factors such as the complexity and accuracy of the models, the 
environmental data layers, and the species distribution data (Raxworthy et al., 2007). 
The study area is divided into different grid cells (pixel). Variables are used to generate 
a value of the environment at each grid cells, and algorithms are used to identify the 
degree of suitable or inappropriate of grid cells for the species (Raxworthy et al., 2007; 
Hirzel et al., 2002). 

Grey-shanked douc langur (GSDL; Fig. 1) (Pygathrix cinerea Nadler, 1997) is one 
of three species in the genus Pygathrix that were recorded in Vietnam. P. cinerea was 
first described as a subspecies of P. nemaeus (Nadler, 1997). However, later genetic 
work suggested the divergence at the species level (Roos and Nadler, 2001). The current 
GSDL’s populations are found in fragmented habitat in Central Vietnam, between 
13°30’N and 16°N. It has been recorded in five provinces: Quang Nam, Quang Ngai, 
Kon Tum, Gia Lai and Binh Dinh of Vietnam (Ha, 2000; 2004; Nadler et al., 2003; 
Nguyen et al., 2010; Nadler and Brockman, 2014). Most recently, the population of P. 

cinerea was estimated to be 600-700 individuals (Nadler, 2010). Hunting and habitat 
loss are serious threats to the population of the P. cinerea (Vu et al., 2008; Nguyen et 
al., 2012). 

 

 
Figure 1. Grey-shanked douc langur (Pygathrix cinerea). (Source: Kon Ka Kinh National 

Park) 
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GSDL is listed as “Critically Endangered” in the Vietnam Red Data Book 
(Ministry of Science and Technology and Vietnam Academy of Science and 
Technology, 2007) and the IUCN Red List of Threatened Species since 2008 (Vu et 
al., 2008) because the population was declining at over 80% in the entire distribution 
range due to several threats. The decline is predicted to continue at the same rate or 
slightly higher in the next 30-36 years (approximately three generations) (Vu et al., 
2008). In addition, grey-shanked douc is one of top 25 endangered primate species in 
the world (Schwitzer et al., 2014). 

Few studies of grey-shanked douc langur have been so far conducted. These studies 
focused on investigating the presence (Ha, 2000; Nadler et al., 2003; Minh et al., 2005; 
Nguyen et al., 2010), or surveying for population size, density (Ha, 2003; 2004; 2007; 
Nguyen et al., 2007), and ecological characteristics such as food selection, and 
behavioural ecology (Ha, 2003; 2004; 2007; Nadler et al., 2003; Nguyen et al., 2012). 
These studies have provided useful information on the ecological characteristics of this 
species. Recently, new populations of GSDL are still being discovered (FFI, 2016), 
therefore, investigating the presence of the species in the areas that have not been 
surveyed before is necessary. Bett et al. (2012) modelled the distribution of the three 
species in the Pygathrix genus, however, vegetation and terrain-related variables were 
not used. Variables related to vegetation and terrain have been shown to be important in 
modelling the distribution of mammal species (Cork and Catling, 1996), especially for 
Pygathrix because these species only feeds on plants and move predominately in 
canopy. The terrain in the region where Pygrathrix has been recorded and surrounding 
region is remarkably diverse, the elevation range from 0 m asl up to 2600 m asl (Nadler 
and Brockman, 2014). More importantly, the vegetation also changes significantly with 
the elevation gradient as well as longitudinal and longitudinal gradients. Remarkably, 
vegetation is divided into two forest types, including dry forest and evergreen forest. 
This difference is believed to influence the distribution of the species. Bett et al. (2012) 
did not rank the site with varying suitability that is unusually needed for prioritizing 
sites for conservation activities. A distributional map that is modelled using climactic 
variables together with terrain and vegetation variables will be helpful in guiding the 
survey and conservation efforts for GSDL. 

Materials and methods 

Study area 

The study area ranges from nearly 13°N to 16°N, including parts of South Central 
Coastal region and Central Highland region of Vietnam. This area is separated from 
northern Vietnam by the Hai Van Pass and southern Vietnam by Ba-Da Rang river. The 
topography of this area is very complex. Mount Ngoc Linh on the northwestern Kon 
Tum Massif is the highest peak in the central of Vietnam (2598 m). The coastal 
lowlands and southern part have a drier, semi-arid climate with annual averaged rainfall 
below 750 mm. The climate is less seasonal with averaged temperature ranging from 
24 °C to 29 °C throughout the year. The interior lowlands and foothills are wetter than 
the coastal area, with rainfalls from 1500-2000 mm per year. This area also has two 
distinct seasons including wet and dry seasons. The mountainous area of Annamite 
range is cooler and wetter than the lowland. Rainfall recorded at elevations above 
1000 m is usually more than 2000 mm and increases with altitude. The vegetation and 
habitats of this area are also diverse. Under 800 m, the evergreen broadleaf forest is 
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dominated by tropical plant families such as Fagaceae and Magnoliaceae. As elevation 
increases the climate becomes cooler and wetter, mixed evergreen broadleaf forests and 
coniferous forests become dominated. Semi-evergreen forest and deciduous forest are 
dominating habitats in the south of Kon Tum Plateau (Sterling et al., 2006). 

 
Occurrence data 

We collected a total of 158 independent localities that recorded the occurrence of 
GSDL through previously published studies, including Tran and Hoang (2015); Ha 
(2000; 2003; 2004; 2007); Minh et al. (2005); Nadler (1997); Nadler et al. (2003); 
Nguyen et al. (2010) and aggregated data in Bett et al. (2012). 

 
Environmental variables 

To predict the appropriate distribution of GSDL, we collected and analyzed 25 
environmental variables from different sources (Table 1). They were selected based on 
relationships between the variables and the ecological features of the species. These 
variables are often used in simulating the distribution of many species (Peterson et al., 
2007; Kurmar and Stohlgren, 2009). Of the selected environmental variables, there were 
19 climate variables and 3 topographical variables including altitude, slope, and slope 
direction. Vegetation-related variables included land cover, Normalized Difference 
Vegetation Index (NDVI), and percentage of tree cover. Climate variables consisting of 
19 different map layers were downloaded from Woldclim (www.worldclim.com). These 
included 11 temperature variables and 8 precipitation related variables (Hijmans et al., 
2005). Topographic map which was processed using the signal from The Shuttle Radar 
Topography Mission (SRTM) had 90 m × 90 m resolution (downloaded from 
http://srtm.csi.cgiar.org). Slope and aspect data layer were calculated from the elevation 
map layer on ArcMap 10.1 (ESRI) software. The land cover map that was made using 
data from the MODIS image that was downloaded from 
http://landcover.usgs.gov/global_climatology.php (Broxton et al., 2014). The vegetation 
variable was categorized with assigned values ranging from 1 to 16. The resolution of 
vegetation layer was 500 × 500 m. The normalized difference vegetation index (NDVI) 
for Asia was downloaded from https://earthexplorer.usgs.gov/ with 250 × 250 m 
resolution. All NDVI layers of all months in 2013 were used to calculate the average 
NDVI layer of the year using ArcMap 10.1 software (ESRI). Percentage of tree cover is 
calculated based on canopy coverage. It is extracted from MODIS image with 500 m × 
500 m resolution (downloaded from http://www.iscgm.org/gm/glcnmo.html). In 
addition, the value 254 showed water surface and 255 meant no data area. 

In order to eliminate highly correlated variables, data from 2000 randomly selected 
points in the region was exported to Excel for calculating the correlation coefficient. 
The Pearson correlation coefficient was used to calculate the correlation between pairs 
of variables. With pairs of variables having a coefficient of | r | > 0.85 would retain only 
one variable for subsequent calculations. Finally, we selected 16 variables out of 25 
variables for use in running the final model. The variables used are shown in Table 1. 

 
Prediction of distribution using MaxEnt 

Although there exist a variety of computer programs for modelling species 
distribution, in this study, the MaxEnt model was applied due to the following reasons: 
1) MaxEnt outperforms other methods based on more accurate predictions; 2) The 
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software is easy to use and suitable for small sample sizes (Peterson et al., 2007; 
Baldwin, 2009; Merow et al., 2013). In addition, MaxEnt is free software and can be 
downloaded from: http://biodiversityinformatics.amnh.org/open_source/maxent/ 
(Phillips et al., 2017). 

 
Table 1. Environmental data variables were used in the model. (Bold variables were used in 

the final model prediction.) 

Variables Source Data type 

BIO1 = annual mean temperature 

Worldclim Continuous 

BIO2 = mean diurnal range (mean of monthly = max temp 

- min temp) 

BIO3 = isothermality (BIO2/BIO7) (* 100) 

BIO4 = temperature seasonality (standard deviation *100) 

BIO5 = max temperature of warmest month 

BIO6 = min temperature of coldest month 

BIO7 = temperature annual range (BIO5-BIO6) 

BIO8 = mean temperature of wettest quarter 

BIO9 = mean temperature of driest quarter 

BIO10 = mean temperature of warmest quarter 

BIO11 = mean temperature of coldest quarter 

BIO12 = annual precipitation 

BIO13 = precipitation of wettest month 

BIO14 = precipitation of driest month 

BIO15 = precipitation seasonality (coefficient of variation) 

BIO16 = precipitation of wettest quarter 

BIO17 = precipitation of driest quarter 

BIO18 = precipitation of warmest quarter 

BIO19 = precipitation of coldest quarter 

LcType = land cover landcover.usgs.gov Categorical 

TreeCover = percent tree coverage iscgm.org Categorical 

NDVI earthexplorer.usgs.gov Continuous 

Elevation  srtm.csi.cgiar.org Continuous 

Aspect 
Calculated from SRTM in 

ArcMap 
Continuous 

Slope (%) 
Calculated from SRTM in 

ArcMap 
Continuous 

All data layers of the environmental variables were converted to raster and resampled to a resolution of 
90 × 90 m. Data was then transformed to ASCII data (*.asc) using ArcMap 10.1 (ESRI) 
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MaxEnt is the software that uses predictive methods to simulate the potential 
distribution of species from existing information (Phillips et al., 2006). Species 
occurrence data is used as input (called occurrence data), along with the use of 
environmental condition variables (such as temperature, rainfall, etc.) to interpolate for 
each grid cell. At present, the model is very popular for ecological niche modelling 
(distribution) of species. Several studies have used MaxEnt for distribution modelling of 
mammal species (Syfert et al., 2014) and (Nazeri et al., 2012). Particularly, the model 
have also been used to predict the distribution of primate species, for example: 
Hooclock gibbon (Sarma et al., 2015), Loris species in the genus Nycticebus (Thorn et 
al., 2009), Loris family (Kumara et al., 2009), and Pygathrix genus (Bett et al., 2012). 

In this study, the following indexes were used: percentage of random sample to test = 
20%, regularization multiplier = 0.2, maximum iteration = 1000, convergence threshold 
= 0.001, maximum number of background points = 10,000. These values have also been 
widely used in other studies (Nazeri et al., 2012; Sarma et al., 2015; Onojeghuo et al., 
2015). Of 158 presence data points, 127 points were used as a training sample, and 31 
points as reference data for validation. 

The area under the response curve (AUC), with values ranging from 0 to 1 was used 
under application of the Receiver Operator Characteristic model (ROC) to determine 
model suitability (Phillips, 2006; Nazeri et al., 2012). In this context, AUC values > 
0.75 (larger values meaning higher model suitability) allowed usage of the model for 
species distribution (Elith, 2000; Nazeri et al., 2015). When the AUC = 1, the predictive 
ability of the model is considered perfect. If the AUC < 0.5, the model does not have the 
ability to predict (Phillips, 2006; Bett et al., 2012). 

The background points chosen can strongly affect model outcome because of the 
geographic extent of any MaxEnt model. In this study, to avoid overestimating a lack of 
niche overlap we selected the study area encompassed the entire Indochinese peninsula. 
Running model in this entire area allowed us to determine the other suitable areas of P. 

cinerea extended beyond the current range in Central of Vietnam. 
In order to assess variable importance, the Jacknife method (Pearson et al., 2007) 

was applied, where MaxEnt eliminated unsuitable variables, followed by model creation 
based upon the remaining suitable variables. Therewith, influences of model variables 
upon the general species model is shown (Phillips, 2006). 

MaxEnt generated a map layer showing levels of suitability to GSDL with value 
ranging from 0 to 1 for each pixel, whereas greater pixel values represented higher 
prediction suitability. The files were generated in ASCII (*.asc) format and converted 
into raster format (*.tif) with ArcMap 10.1. In this study, the value of “equal training 
sensitivity and specificity” was used to classify suitable (> 0.2) and unsuitable areas (0-
0.2). Then, suitable habitats were divided into 4 categories: Very high potential (> 0.8), 
High potential (0.6-0.8), Medium potential (0.4-0.6), Low potential (0.2-0.4). 

Results 

Discrimination capacity of the model ranged at AUCtrain = 0.987 and AUCtest = 
0.987. Total area with high suitability was 367.7 km2 and low suitability about 7067.7 
km2 (Figs. 2 and 3). 

Potential distribution area as well as contribution of each environmental variable 
(temp.; precip, etc) were modeled. The biggest contribution (27.7%) resulted from 
precipitation of the driest month (bio14) followed by temperature annual range (bio7) 
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(18.3%). Temperature seasonality (bio4) and land cover (LCtype) ranged at 10.7% and 
9.7%, respectively (Table 2). Percentage contributions of Bio 1, Bio19, slope, NDVI, 
and aspect were small (< 1.0%). 

 
Table 2. Analysis of variable contribution 

 
 
The suitability of each variable for distribution areas of GSDL is shown in response 

curves (Appendix 1). For climatic variables, the results show that the potential 
distribution of GSDL concentrates in the areas where precipitation in the driest month 
ranges from 30 to 35 mm and annual rainfall from 2000 to 2300 mm. The difference 
between the hottest month and the coldest month is best suited at around 16oC and 
average annual temperature at 19-24 °C. Regarding vegetation it was found that GSDL 
preferred evergreen broadleaf forest (LCtype 2) over any other forest types. Suitable 
topographic elevations for GSDL ranged at [500,1400] m asl. Areas most suitable in 
this regard ranged at [1000,1400] m asl. 

The Jackknife test in MaxEnt model shows that precipitation of driest month (bio14) 
and temperature annual range (bio7) are the most important variables if they are 
simulated in isolation to other variables. Omitting of annual precipitation (bio 12) and 
percentage of tree cover (TreeCover) resulted in reduced gain level of the model 
(Appendix 2). 

Discussion 

The map in Figure 2 graphically shows the expansion of suitable distribution area of 
GSDL ranging from 14 to 16° North. The potential distribution lies within the 
boundaries of 5 provinces including Quang Nam, Quang Ngai, Kon Tum, Gia Lai and 
Binh Dinh. This modelling result fits the known distribution of the species (Ha, 2000; 
2004; Nadler et al., 2003; Nguyen et al., 2010; Nadler and Brockman, 2014) and aligns 
with IUCN’s distribution map, which indicates the models reliability. Our finding is 
also consistent with the previous study of Bett et al. (2012). However, Bett et al. (2012) 
only used climate-related variables. In our study, the vegetation-related variables (land 
cover, NDVI, and percentage of tree cover) and topographic variables (elevation, 
aspect, and slope) were added. In fact, these variables affect the predicted range of the 
species, thus increasing model precision through presence of more variables (Wilson et 
al., 2013). Therefore, potential distribution modelled for GSDL is narrowed down and 
becomes more fragmented. 

No Variable 
Percentage 

contribution (%) 
No Variable 

Percentage 

contribution (%) 

1 Bio14 27.7 9 Bio18 3.6 

2 Bio7 18.3 10 TreeCover 2.7 

3 Bio4 10.7 11 Bio2 1.4 

4 LcType 9.7 12 Bio1 0.6 

5 Bio3 8.6 13 Slope 0.1 

6 Bio15 6.1 14 Bio19 0.1 

7 Bio12 6.0 15 NDVI 0.1 

8 Elevation 4.2 16 Aspect 0 
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The model is divided into areas of varying suitability degrees, with suitable area for 
GSDL being mainly concentrated in the intersectional area between the south central 
coast and central highland and in the eastern and southern slope of Kon Tum Mountain 
(Fig. 2). These areas are wetter and receive more rain than western parts (Sterling et al., 
2006). In addition, they still remain good natural broad-leaved forest habitats. Areas of 
highest suitability are mainly concentrated in the borders of Quang Ngai (Ba To 
district), Kon Tum (Kon Plong district), Binh Dinh (An Lao district) and Gia Lai (K 
‘Bang district) provinces; and in Kon Ka Kinh National Park, Kon Cha Rang Nature 
Reserve, An Toan Nature Reserve. Other high suitable areas lie among Nam Tra My, 
Bac Tra My, Hiep Duc, Phuoc Son, and Nam Giang districts of Quang Nam province. 
Thereby, the suitable areas for GSDL are mainly concentrated in the eastern and 
southern slope of Kon Tum Mountain. 

 

 
Figure 2. Prediction of areas potentially suitable for distribution of P. cinerea within protected 

area as well as occurrence data (red dots) 

 
 
The total suitable area for GSDL at 16,680.52 km2. The low suitable areas account 

for about 42% of the total area. Of this, area with medium, high and very high 
suitability account for 37%; 19% and 2% respectively (Fig. 3). The total area of 
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GSDL’s distribution within the boundaries of existing protected area system only ranges 
at 1680.37 km2 (about 10% of the total suitable area as the model predicted). Therefore, 
the current network of Vietnam’s protected area occupies a small part of suitable habitat 
of GSDL, especially regarding areas of high and very high suitability. This result also 
indicates that more survey efforts to further to the north of the current distribution range 
of GSDL need to be considered for discovering new populations. The establishment of 
new protected areas for the conservation of wildlife and habitat protection is very 
important and urgent. 

 

 
Figure 3. Potential distribution area of GSDL with low, medium, high, and very high suitability 

 
 
By now, many species are threatened with extinction and face habitat loss. Habitat 

loss and a number of the individuals remaining are two greatest concerns for species 
conservation (Nazeri et al., 2012). In the case of rare primate species like GSDL, the 
greatest threats are habitat loss and hunting (Vu et al., 2008; Nguyen et al., 2012). The 
GSDL’s potential distribution which is not included in the existing protected areas can 
cause severe impacts to the species population in the future. However, the 
establishments of protected areas only proceeds with long-term the national planning, 
which might interfere with economic development. Conservation outside the protected 
areas is critically important for GSDL. 

The potential distribution area of GSDL is not much found within the existing 
protected areas but coincides with many proposed biodiversity corridors. For example, 
the area between Kon Ka Kinh National Park and Kon Cha Rang Nature Reserve is 
highly suitable for GSDL. It lies within the proposed corridor connecting Kon Ka 
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Kinh NP and Kon Cha Rang Nature Reserve covering an area of about 108,607 km2. 
The objective of this corridor is to support and manage the biodiversity of the 
adjunction area (Breese, 2009). The area also coincides with a biodiversity corridor 
for adaptation and mitigation of climate change proposed by Vu (2014) with a length 
of about 20 km covering an area of about 95,116 km2. In addition, potential 
distribution areas of GSDL are also located in many other proposed biodiversity 
corridors such as Kon Cha Rang-Ngoc Linh, Ngoc Linh-Ngoc Linh, Ngoc Linh-Song 
Thanh, and Song Thanh-Sao La. These areas are quite large. Most of them are natural 
forest which is similar to the habitats found in protected forests. Therefore, the 
feasibility for establishment of biodiversity corridor is very high (Vu, 2014). 
Biodiversity corridor establishment is urgently needed to improve the protection of 
GSDL throughout its entire distribution range. 

Modelling of GSDL’s potential distribution area has been applied based on 
ecological factors including climate, topography, and vegetation related variables in 
connection with occurrence data. In particular, environmental factors have a complex 
impact on the distribution of primates (Kamilar, 2009). Previous studies have also 
shown that the distribution of animals is highly dependent on the environment 
(Zonneveld et al., 2009) and that abiotic factors have different effects on the distribution 
of primates at different regions (Vidal-Garcia and Serio-Silva, 2011). Furthermore, 
climate biology features are also thought to affect the distribution of species in 
Pygathrix ssp. (Bett et al., 2012). The use of climate variables is an effective way of 
identifying geographical distributions of species (Sarmar et al., 2015). In the predictive 
distribution model of GSDL, precipitation of the driest month (bio14) has the highest 
effect of all parameters. This is in line with the findings of (Bett et al., 2012). In the 
South Central and Central Highland regions of Vietnam, climate features vary 
immensely. Differences in climatic conditions are due to a large variation in altitude, 
surrounding terrain and ridge direction (Sterling et al., 2006). In particular, a high 
mountain present between Da Nang city and Thua Thien Hue province creates the 
climatic difference between South-Central Coast and the Northern Central Coast 
regions which might be a major barrier for further expansion of GSDL to the North. 

The high level of impact from climate variables within the model is a hint for future 
impacts of climate change on GSDL populations, potentially causing distribution shifts 
northward shifts distribution, or in areas of higher altitude. Influence upon the future 
distribution can occur eather in trends or shrinks (Root and Schneider, 2002). Therefore, 
more in-depth studies on the future impacts of climate change on species distribution 
are necessary. In addition to direct effects, climate change might indirectly affect the 
distribution of GSDL by influencing growth and distribution of flora consumed by the 
animals (Vidal-Garcia and Serio Silva, 2011; Sarma et al., 2015). The indirect effects of 
climatic factors might be critical as the species do predominately feeds on plants like 
GSDL. Another our study showed that the distribution of grey-shanked douc langur was 
predicted to decrease dramatically under the effects of climate change. Furthermore, the 
projections indicate that a larger suitable area will be disappeared, particularly high and 
very high suitable areas (Tran et al., 2018). 

The influence of vegetation-related variables (land cover, percentage of tree cover, 
NDVI) within the model is not negligible. The predicted distribution shows that GSDL 
tend to be distributed in the evergreen broadleaved forest more than in any other forest 
types. Distribution is mainly limited to areas with percentage of tree cover of 60% or 
higher. This result is consistent with previously published studies on the ecology of 
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GSDL (Ha, 2004; 2009; Nadler, 2014). GSDL prefer forest with high dense canopy 
cover and complex vertical structures that provides many types of fruits and seeds for 
feeding (Ha, 2009; Nguyen et al., 2012). 

The potential distribution map of GSDL will be an important basis for the 
implementation of conservation programs for the species in the Central Highland and 
South Central Coast. Priority should be given to Kon Ka Kinh, Kon Cha Rang, and An 
Toan Nature Reserves, as well as the northern part of Song Thanh Nature Reserve 
because much of highly suitable area lies within these protected areas. Conservation 
outside the protected areas is also very important for GSDL because both modelling and 
field surveys have found the habitat outside the protected areas hold significant 
populations. Additionally, more surveying efforts should also be given to the area on the 
northern part of the distribution range and along the border between Kon Tum, Quang 
Nam, and Quang Ngai provinces. 

Conclusion 

The projection of MaxEnt model shows that the suitable area for GSDL is 
approximately from 14°N-16°N. It lies within the boundaries of 5 provinces including 
Quang Nam, Quang Ngai, Kon Tum, Gia Lai and Binh Dinh. The precipitation of driest 
month (bio14) had the highest impact with 27.7%. Then, the temperature annual range 
(bio7) was the second one with 18.3%. The total suitable area of GSDL is 
16,680.52 km2. The least suitable area accounts for about 42% of the total area. The 
area of medium suitability is about 37%. The areas of high and very high suitability 
account for 19%, and 2%, respectively. The potential distribution area of the species is 
not much found in the existing protected areas. Priorities for conservation and survey 
efforts should be given to the forested areas in Quang Ngai (Ba To district), Kon Tum 
(Kon Plong district), Binh Dinh (An Lao district) and Gia Lai (K ‘Bang district) 
provinces; and in Kon Ka Kinh National Park, Kon Cha Rang Nature Reserve, An Toan 
Nature Reserve. Another important areas lies among Nam Tra My, Bac Tra My, Hiep 
Duc, Phuoc Son, and Nam Giang districts of Quang Nam province. Conservation efforts 
should also be prioritized for areas beyond the boundary of protected areas, especially 
for areas that have been proposed as biodiversity corridor. In the next studies, we need 
to collect more occurrence data of GSDL in the field. In addition, we should add 
environmental variable such as the impacts of human or road systems in the study area 
to run the model. It allows MaxEnt model to increase the accuracy of the distribution. 
Furthermore, we should implement the deep studies about the impact of climate change 
on the distribution of GSDL by using the climate change scenarios in the future. 
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Appendix 1 

Variable response curves for the predictors of Pygathrix cinerea by the MaxEnt 

model 
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Appendix 2 

Results of jackknife test of relative variable importance of predictor variable for 

Pygathix cinerea 
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Abstract. Codling moth (Cydia pomonella L.) is one of the most important apple pests which population 
is steadily growing. The aim of this study, conducted in Eastern Croatia, was to determine the efficiency 
of two biological preparations CpGV and kaolin clay compared with pyrethroids and control treatment. 
The preparations used in treatments were: 1) Cydia pomonella granulovirus (CpGV), 2) deltamethrin, 
beta cyfluthrin and alpha-cipemetrina, 3) kaolin, 4) control treatment, applying in two different methods 
of time control, on the three apple varieties ‘Melrose’, ‘Jonagored’ and ‘Golden Delicious’ clone B. The 
efficiency of the treatment 1 (CpGV) ranged from 78% to 95%, of treatment 2 (pyrethroids) from 96% to 
97%, and treatment 3 (kaolin) – between 21.5 and 57%. There was significant negative correlation 
between yield and damage (r = −07.56). Two methods of determining time control did not differ 
significantly. Variety ‘Melrose’ had the highest number of fruits damage in all three years and ‘Golden 
Delicious’ clon B the lowest number which can be related to the codling moth caterpillar affinity to a 
certain variety. It is very important to make the best choice of preparations in control and at the same time 
be sure of their positive effect on the environment and human health. 
Keywords: CpGV, kaolin, pyrethroid, time of control, variety 

Introduction 

The apple is a fruit species with the highest number of control treatments in the world 
(Blommers, 1994). In Croatia, the total number of apple control treatments are around 15 
and 25 against all diseases and pests, while the number of control treatment of codling 
moth ranges from 6 to 8 treatments during one growing season. Despite ecological 
concern about the harmful pesticides effects on the environment, control of phytophagous 
species is mostly based on the use of chemical control (Choinard et al., 2016; Iraqui and 
Hmimina, 2016; Tamošiūnas et al., 2014). In the orchard with use of insecticides with 
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broad spectrum of action, the result is absence of useful entomofauna diversity (Ismail 
and Albittar, 2016; Blommers et al., 1987) which contributes to the reduction of natural 
phytopagous population with no harmful effects on the environment. Biological control 
incoroporates various aproaches called integrated pest management which combines a 
variety of pest control methods (Mahr et al., 2008). The biological control methods imply 
use of pheromones and mating disruption (Ciglar, 1998; Maceljski, 2002), natural 
predators and parasitoids (Lacey and Unruh, 2005) as well as use of biological control 
agents (CpGV - Cydia pomonella granulovirus and EpNS - entomopatogenic nematodes). 
Cydia pomonella granulovirus (CpGV) was used for 30 years in the most European 
countries (Sauer et al., 2017) while in Croatia it was registered in 2011 when it is 
commercial use started. Microbial agent (CpGV) belongs to genus Granulovirus, family 
Baculoviridae (Crook, 1991). It is highly pathogenic for codling moth and for some 
related moth species (Luque et al., 2001) but harmless for nontarget organisms (Stara and 
Kocourek, 2003). 

The research hypothesis was that biological preparation on the basis of baculovirus 
would provide satisfactory fruit quality (codling moth damage less than 1%) as well as 
more ecologically acceptance than chemical preparations (pyrethroid treatment) while 
kaolin treatment would have less fruit damage than the control treatment. The second 
hypothesis was that monitoring of codling moth life stage in insect cage would be more 
accurate in determing the time control than the flight monitoring on pheromone traps. The 
third hypothesis was existence of codling moth affinity according to certain varieties. 
According to hypothesis the first aim of this study was to examine the efficiency of 
biological products in Eastern Croatia on the basis of CpGV and kaolin clay as well as 
efficiency of plant protection products from group of synthetic pyrethroids compared with 
control treatment. The efficiency of treatment is manifested through two characteristics: 
fruit damage from codling moth (% damage), which is a direct indicator, and fruit yield. 
The second aim of this research was to determine the time of application using two 
methods: monitoring developmental codling moth stages in insect cage and using 
pheromone traps for codling moth and summing the effective temperatures. The third aim 
was to determine the affinity of codling moth to the tested varieties. 

Materials and methods 

Study sites 

The experiment was performed at the orchard of Agricultural Institute Osijek, Eastern 
Croatia (45°31′44,56ʺ N, 18°45′ 44,88ʺ E) during 2012–2014 in four different control 
treatments of codling moth (Cydia pomonella L.). In 2012 climatic conditions were less 
favourable for the apple production, because of period of negative temperatures down to 
−6 °C during the phenological stage of development BBCH 5–59 when apple was in stage 
of floral balloons. Low temperatures caused a decrease in the apple yield for 50% in 
2012. During 2013 and 2014 there were not similar extremes that could negative effect on 
the apple production. Climate data for this research was collected by weather stations 
which was located in the experimental orchard (Figs. 1, 2 and 3). 
 

The treatments 

Treatment 1 was based on biological product baculovirus (Granupom), used in a 
dose of 150 ml/ha/1 m height, with the addition of 300 g sugar. Treatment 2 was based 
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on the group of synthetic pyrethroids- beta-ciflutrin (Beta Baythroid EC 025) in a dose 
of 500 ml ha-1, deltametrin (Rotor 1.25 EC) in dose of 600 ml ha-1 and alfa-cipemetrin 
(Fastac 10 SC) in dose of 250 ml ha-1. Chemical preparations from group of synthetic 
pyrethroids were involved in this research because of expected good results in 
efficiency in codling moth control as well as comparisons with the efficiency of 
biological products. Treatment 3 was based on the kaolin clay (Cutisan) 15 kg ha-1 
according to manufacturer’s recommendations for codling moth control. Treatment 4 
was control or untreated plot. The experiment included three apple varieties ‘Golden 
Delicious’ clone B, ‘Jonagored’ and ‘Melrose’. Growing form of trees was spindly 
bush. Experimental orchard was planted in 2005 on the vegetative rootstock MM106. 
Experimental orchard was on 0.4 ha and divided into four equal parts, which 
represents different codling moths control treatments. Each part, from each other was 
separated with protective zone of three trees. Experimental orchard was also divided 
through the whole length in two equal parts, left and right side with 60 trees in each 
side. Every side of the same control treatment represents different method of time 
control. Every block of four experimental parts in orchard contained 5 experimental 
trees in the row of each variety, in total there were three rows with all three varieties 
with 15 trees per time of control, 30 trees per treatment, 120 trees in all four 
treatments. In the left part of experimental orchard (which contained 60 experimental 
fruit trees per one method of time control), treatments were done on the basis of 
monitoring imago flight by pheromone traps (critical number (threshold) was 3–5 
adults per trap in one day or in several days) and after catching critical number per 
trap started with summarizing effective temperature till sum of 90 °C (which 
represents time of hatching larvae-L1. In the other part of the experimental orchard 
(which contained another 60 experimental fruit trees), the treatments were done on the 
basis of controlling the pest biology in insect cage for first generation combined with 
Wildbolz method (Wildbolz, 1962) for other generations. This method is based on the 
regular summarizing the effective temperature starting from January 1. Caterpillar 
hatching started at sum 90 °C of effective temperatures. At the 100 °C of effective 
temperatures codling moth flight started. The effective sum of 610 °C is necessary for 
ending period of one codling moth generation. During the fruit harvest every 
experimental tree was harvested separately, fruits were placed in labelled boxes and 
100 apples were randomly allocated from each tree according to EPPO standards 
(2004) for visual control of damage. A 1500 apples were examined per time of control 
on three varieties, 3000 fruits were examined per treatment in left and in right side of 
experimental orchard which represents different time of control. In total there were 
examined 12000 apples in all four treatments and in two different methods of time 
control. After visual inspection of 100 apples the damage based on the number of 
incoming and outgoing tunnels and wholes from caterpillars of codling moth was 
determined. 

 
Statistical analysis 

Statistical analysis was performed using R software (R core team, 2013). Anova 
function from car package was used for factorial analysis of variance with four 
sources of variation: time of control, codling moth treatment, variety and replication. 
Agricolae package was used to calculate Tukey´s honest significant difference (HSD) 
test at P < 0.05 level (HSD0.05). 
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Figure 1. The monthly meteorological data for experimental orchard during 2012 

 
 

 
Figure 2. The monthly meteorological data for experimental orchard during 2013 

 
 

 
Figure 3. The monthly meteorological data for experimental orchard during 2014 
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Results 

Analysis of variance (ANOVA) revealed consistent non-significant effects of 
replication, time of control and interactions with time of control over the three years for 
both traits (Table 1). The effects of codling moth treatment and variety were mostly 
highly significant. The only significant interaction in the analysis was detected between 
codling moth treatment and variety for yield in 2013. 

 
Table 1. Results of F-test from ANOVA for fruit yield and damage caused by codling moth 

(transformed data) in a three-factor design experiment conducted in Eastern Croatia over 

three years 

Source of variation df 

Yield 

(kg) 

Damage 

(%-transformed) 

2012 2013 2014 2012 2013 2014 

Replication (R) 4 1.2 2.6 0.2 1.1 0.6 0.2 

Time of control (T) 1 0.1 2.8 0.01 0.6 1.5 3.0 

Codling moth treatment (C) 3 39.1** 3.4* 22.0** 574.9** 1118.0** 318.6** 

Variety (V) 2 4.0* 6.2** 43.5** 5.8** 5.5** 5.7** 

T × C 3 0.7 1.5 2.1 0.01 0.04 0.1 

T × V 2 0.3 2.3 0.1 0.04 0.01 0.4 

C × V 6 1.4 3.9** 1.8 1.5 1.2 1.3 

T × C × V 6 0.8 1.4 0.6 0.1 0.04 0.5 

df – degrees of freedom, ** – significant at the 0.05 and 0.01 probability levels, respectively 
 
 
The separate analysis over three years are shown in Figure 4. demonstrating different 

mean values for fruit yield and damage across the codling moth treatment and variety. 
The pyrethroid treatment performed consistently the best results in comparison with 
baculovirus treatment and kaolin in all three tested years. Moreover, the differences 
between pyrethroid and baculovirus treatments were significant in all three varieties in 
2012 and 2014. The highest yield (71.35 kg) in 2013 and the lowest percentage of fruit 
damage (1%) had variety ‘Golden Delicious’ clone B in the same treatment. 

Combined ANOVA showed that fruit yield and damage differed significantly among 
treatments in all three years. The interactions between three codling moth damages and 
yield were significant in all three years of investigation. There were negative relations 
between the two traits with different association strengths across the three years 
(Fig. 5). The strongest association was in 2012 when the highest mean values for 
damage and the lowest mean values for yield were observed. 

In the three-year field experiment, the highest average efficiency had treatment 2 
with pyrethroids (96.6%), followed by treatment 1 with CpGV (85.86%) and the lowest 
efficiency had treatment 3 with kaolin (45.16%). The efficiency of pyrethroids was 
stable across the years (Table 2). 

Discussion 

Difference in yield between varieties among different treatments was expected 
because fruitfulness is not only result of intensity of pest infestation but genetic 
characteristics of each variety among other different but very important factors, such as 
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fertilization, growth form, pruning, climate condition. In 2012, average yield of all three 
varieties were 19.11 kg which can be explained by the influence of frost and low 
temperatures during beginning of apple flowering in this year (Fig. 4). 

 

 
Figure 4. Mean values for fruit yield (kg) and fruit damage (%-transformed) in three apple 

varieties across three codling moth treatments and control averaged over two methods of time 

control of codling moth. Means with the same letters are not significantly different according to 

the Tukey’s HSD0.05 

 
 
Table 2. Efficiency of applied treatments in the control of codling moth in 2012, 2013 and 

2014 at locality Agricultural institute Osijek in Eastern Croatia 

Treatment 
Efficiency % 

2012 2013 2014 Average 

1 (CpGV) 84.60 95 78 85.86 

2 (pyrethroids) 97 97 96 96.6 

3 (kaolin) 57 21.5 57 45.16 

4 (control) – – – – 
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Figure 5. Relations between fruit yield and codling moth damage across the three years 

including all times of control, moth treatments and varieties. Note: Correlation coefficients (r) 

between the traits are indicated for specific year 

 
 
A research in America showed that differences in annual fruit yield among three 

different production systems were inconsistent (Reganold et al., 2001). In this research 
damage on the apples from the codling moth was different between treatments and in 
the years of study. The higher percentage (more than 1%) of fruit damage in treatment 1 
(CpGV), occurred due to short period of residual control which requires more frequent 
applications because of its sensitivity to solar radiation and its incapability to be 
exposure to UV radiation and extreme high temperatures (Arthurs and Lacey, 2004; 
Lacey and Arthurs, 2005). Baculovirus can persist for long periods in water and in the 
soil when is protected from sunlight and extreme high temperatures (Hajek et al., 2017). 
According to Wearing (1993), this virus has slow action and less efficiency in 
preventing codling moth damage. Results of early field efficiency trials showed that 
applications of CpGV are comparable to applications of chemical insecticides in their 
ability to control codling moth apple damage (Huber and Dickler, 1977; Mantinger et 
al., 1992). The best results with lowest percent of apple damage were in treatment 2 
(pyrethroids). Conventional production in apple orchard results with little damage at 
harvest period (Suckling et al., 1999) but frequent insecticide applications are harmful 
to human health, the environment and beneficial organisams (Pajač et al., 2011). The 
most similar results in fruit damage with control had treatment 3 which included use of 
kaolin clay as shown in Fig. 5. According to Unruh et al. (2000), reduced number of 
codling moth damage was noticed on the apple fruits with kaolin film in compare with 
the control results. Kaolin clay particles do not kill pests but repellent them or act as 
barrier (Glenn, 2016; Glenn et al., 2002; Showler and Sétamou, 2004; Lapointe, 2000). 
Unruh et al. (2000) stressed that film of kaolin clay particles on fruits are very good 
protection against pest but only when their population is very low. 
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In this study, a highly significant negative correlation between yield and fruit damage 
was recorded. A study in the US also showed that fruit damage of codling moth was 
negatively correlated with yields so that in years of low crop damage percentage was 
relatively high, while in years of high yield percentage of damage was relatively low 
(Clark and Gage, 1997). This occurred because the same population of codling moth, in 
the years of smaller yield, had a smaller amount of available food. Combined analysis 
of variance showed highly significant differences between the years of research, 
considering the yield and apple fruit damage from codling moth. Less significance 
occurred in the source variation treatment × time of control × variety. This indicates that 
climate has great impact on the yield and fruit damage, and that the year is the most 
critical factor in production of apples. In the same conditions of apple production, using 
the same treatments, time of control and varieties, characteristic of yield has very low 
repeatability. Correlation between yield and fruit damage was negative and significant 
(P < 0.01), and increasing damage on the apples from codling moth reduces yield. 

Results of conducted research in treatment 1 (CpGV) were similar to the results of 
efficiency from Czech Republic which varied from 75.5 to 96% (Stara and Kocourek, 
2003). In Germany, the efficiency of CpGV was 70% (Kienzle et al., 2002). The reason 
for reduced efficiency could be because of use CpGV preparations for many years 
(Arthurs et al., 2004). 

Treatment 2 (pyrethroids) efficiency varied from 96 to 97% while results of 
cypermethrin efficiency from Serbia varied from 92.2 to 97.6% (Miletić et al., 2011). 
Pyrethroids still have good efficiency but they also have broad spectrum of impact on 
beneficial insect so it is reason of limited number of applications during year season in 
integrated production. 

The efficiency of treatment 3 (kaolin clay), varied between 21.5 and 57%. The 
average efficiency in three years amounted to 45.16%. This preparation is primarily 
used in orchards as protection from strong direct sunlight and to prevent the fruit 
surface sunburn (Glenn et al., 2002). In this study was shown that kaolin have effect on 
minimizing damage on the fruits from codling moth in comparison to control as 
confirmed by other studies (Showler, 2003; Knight et al., 2000; Unruh et al., 2000). Due 
to a low efficiency below 60%, and its main effect in the prevention sunburns, should be 
included in the program of controlling first generation of codling moth (Knight et al., 
2000) as well as additional product in an integrated control production. Statistical 
analysis did not confirm significant difference among different methods of calculating 
time control of Cydia pomonella and yield as well as fruit damage. It seems that both 
methods of calculating time control are based on monitoring of codling moth biology 
getting therefore equal results. The different number of fruit damages between varieties 
within the same treatment gives the conclusion of bigger or less attraction of codling 
moth caterpilar for certain variety The similar conclusion was made according to other 
authors (Hussain et al., 2014;  enninger and Landolt, 2011; Landolt and Gu dot, 
2008). Biological control can be effective, economical and safe and it should be more 
widely used than it is today (Mahret al., 2008). 

Conclusions 

1. The Cydia pomonella granulovirus (CpGV) based preparation had a lower average 
efficiency, 88.86%, compared to the preparations from the group of synthetic 
pyrethroids and was with 4.88% average fruit damage in the treatment. The kaolin 
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preparation had an average efficiency of 45.16% with 17.99% average fruit damage. 
Both preparations should be used in codling moth control program because of their 
positive impact on environment and human health. 2. Efficiency of two methods of 
determing control time did not differ significantly. Both methods showed equally good 
results. 

3. Varieties in the study showed statistically significant differences in yield and fruit 
damage in all years of study. ‘Melrose’ had the highest number of fruits damage in all 
three years which can be related to the codling moth caterpillar affinity to a certain 
variety, than came ‘Jonagored’ and least attracti was ‘Golden Delicious’ clone B. It can 
be concluded that the affinity of codling moth to apple fruit is stronger when fruit 
surface has dominant red coloration and in this case further investigation is required. 

REFERENCES 

[1] Arthurs, S., Lacey, L. A. (2004): Field evaluation of commercial formulations of the 
codling moth granulovirus: persistence of activity and success of seasonal applications 
against natural infestations of codling moth in Pacific Northwest apple orchards. – 
Biological Control 31(3): 388-397. 

[2] Blommers, L. H. M. (1994): Integrated pest management in European apple orchards. – 
Annual Review of Entomology 39: 213-241. 

[3] Blommers, L., Vaal, F., Freriks, J., Helsen, H. (1987): Three years of specific control of 
summer fruit tortix and codling moth on apple in the Netherlands. – Journal of Applied 
Entomology 104: 353-371. 

[4] Chouinard, G., Firlej, A., Cormier, D. (2016): Going beyond sprays and killing agents: 
Exclusion, sterilization and disruption for insect pest control in pome and stone fruit 
orchards. – Scientia Horticulturae 208: 13-27. 

[5] Ciglar, I. (1998): Integrirana zaštita voćnjaka i vinograda - [Integrated Pest Management 
in Orchards and Vineyards]. – Zrinski, Čakovec, Croatia. 

[6] Clark, M. S, Gage, S. H. (1997): Relationship between fruit yield and damage by codling 
moth and plum curculio in a biologically-managed apple orchard. The Great Lakes 
Entomologist 30(4): 161-168. 

[7] Crook, N. E. (1991): Baculoviridae: Subgroup B. Comparative Aspects of Granulosis 
Viruses. – In: Kurstak, E. (ed.) Viruses of Invertebrates, pp. 73-110. Marcel Dekker, New 
York. 

[8] EPPO Standards (2004): Efficacy evaluation of plant protection product – insecticides 
and acaricides. Efficacy evaluation of insecticides. Cydia pomonella. – Bulletin 
OEPP/EPPO Bulletin 3: 4-6. 

[9] Glenn, D. M. (2016): Effect of higly processed calcined kaolin residues on 
appleproductivity and quality. – Scientia Horticulturae 201: 101-108. 

[10] Glenn, D. M., Prado, E., Erez, A., Puterka, G. J. (2002): A refelective, processed – kaolin 
particle film affects fruit temperature, radiation and solar injuri in apple. – Journal of the 
American Society for Horticultural Science 127: 188-193. 

[11] Hajek, A. E., Shapiro-Ilan, D. I. (2017): Ecology of Invertebrate Diseases. – Wiley, New 
York. 

[12] Huber, J., Dickler, E. (1977): Codling moth granulosis virus: Its efficiency in the field in 
comparison with organophosphorus insecticides. – Journal of Economic Entomology 70: 
557-561. 

[13] Hussain, B., Ahmad, B., Bilal, S. (2014): Monitoring and mass trapping of the codling 
moth, Cydia pomonella, by the use of pheromone baited traps in Kargil, Ladakh, India. – 
International Journal of Fruit Science 00: 1-9. 



Tomaš et al.: The efficiency of biological control treatments of codling moth (Cydia pomonella L.) on three different apple varieties 
- 1302 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1293-1303. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_12931303 
 2018, ALÖKI Kft., Budapest, Hungary 

[14] Iraqui, S. E., Hmimina, M. (2016): Assessment of control strategies against Cydia 

pomonella (l.) in Morocco. – Journal of Plant Protection Research 56(1): 82-88. 
[15] Ismail, M., Albitar, L. (2016): Mortality factors affecting immature stages of codling 

moth Cydia pomonella (Lepidoptera; Torticidae), and the impact of parasitoid complex. – 
Biocontrol Science and Technology 26(1): 72-85. 

[16] Kienzle, J., Schulz, C., Zebitz, C. P. W., Huber, J. (2002): Persistence of the biological 
effect of codling moth granulovirus in the orchard preliminary field trials, p. 244. – 10th 
International Conference on Cultivation Technique and Phytopathological Problems in 
Organic Fruit-Growing and Viticulture 2002. Weinsberg, Germany. 

[17] Knight, A. L., Unruh, T. R., Christanson, B. A., Puterka, G. J., Glenn, D. M. (2000): 
Effects of kaolin based particle film on the oblique banded leafroller (Lepidoptera: 
Torticidae). – Journal of Economic Entomology 93(3): 744-749. 

[18] Lacey, L. A., Arthurs, S. P. (2005): New method for testing solar sensitivity of 
commercial formulations of the granulovirus of codling moth (Cydia pomonella, 
Torticidae; Lepidoptera). – Journal of Invertebrate Pathology 90: 85-90. 

[19] Lacey, L. A., Unruh, T. R. (2005): Biological control of codling moth (Cydia pomonella, 
Lepidoptera; Torticidae) and its role in integrated pest management, with emphasis on 
entomopathogens. – Vedalia 12(1): 33-60. 

[20] Landolt, P. J., Gu dot, C. (2008): Field attraction of codling moths (Lepidoptera: 
Torticidae) to apple and pear fruit and quantitation of kairomones from attractive fruit. – 
Annals of the Entomological Society of America 101(3): 675-681. 

[21] Lapointe, S. L. (2000): Particle film deters oviposition by Diaprepes abbreviates 
(Coleoptera): Curculionidae. – Journal of Economic Entomology 93(5): 1459-1463. 

[22] Luque, T., Finch, R., Crook, N., O’Reilly, D. R.,  instanley, D. (2001): The complete 
sequence of the Cydia pomonella granulovirus genome. – Journal of General Virology 
82: 2531-2547. 

[23] Maceljski, M. (1999): Poljoprivredna entomologija [Agricultural Entomology]. – Zrinski, 
Čakovec, Croatia. 

[24] Mahr, D. L., Whitaker, P., Ridgway, N. M. (2008): Biological Control of Insects and 
Mites: An Introduction to Beneficial Natural Enemies and Their Use in Pest 
Management. – Extension Biological Control Programs, University of Wisconsin, 
Madison. 

[25] Mantinger, H., Bosheri, S., Paoli, N. (1992): Bekämpfung des Apfelwicklers mit 
Granulovirus. – Obstbau-Weinbau 9: 253-255. 

[26] Miletić, N., Tamaš, N., Graora, D. (2011): The control of codling moth (Cydia pomonella 
L.) in apple trees. – Zemdirbyste-Agriculture 98(2): 213-218. 

[27] Pajač, I., Pejić, I., Barić, B. (2011): Codling moth, Cydia pomonella (Lepidoptera; 
Torticidae) – Major pest in apple production: an overview of its biology, resistence, 
genetic structure and control strategies. – Agriculturae Conspectus Scientificus 76(2): 87-
92. 

[28] R Core Team. (2012): R: A Language and Environment for Statistical Computing. – R 
Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org/. 

[29] Reganold, J. P., Glover, J. D., Andrews, P. K., Hinman, H. R. (2001): Differences in 
annual fruit yield were inconsistent among the three production systems but cumulative 
yields were similar for all three systems. – Nature 410: 926-930. 

[30] Sauer, A.J., Fritsch, E., Undorf-Spalin, K., Nguyen, P., Marec, F., Heckel, D.G., Jehle, 
J.A. (2017): Novel resistence to Cydia pomonella granulovirus (CpGV) in codling moth 
shows autosomal and dominant inheritance and confers cross-resistance to different 
CpGV genome groups.-PLOS ONE 12(6); e0179157.doi: 10.137/journal pone. 0179157  

[31] Showler, A. T. (2003): Effects of kaolin particle film on beet armyworm, Spodoptera 

exigua (Hubner) (Lepidoptera: Noctuidae), oviposition, larva feeding and development on 
cotton, Gossypium hirsutum L. – Agriculture, Ecosystems and Environment 95: 265-271. 

http://www.r-project.org/


Tomaš et al.: The efficiency of biological control treatments of codling moth (Cydia pomonella L.) on three different apple varieties 
- 1303 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1293-1303. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_12931303 
 2018, ALÖKI Kft., Budapest, Hungary 

[32] Showler, A. T., Sétamou, M. (2004): Effects of kaolin particle film on selected arthropod 
populations in cotton in the lower Rio Grande Valley of Texas. – Southwestern 
Entomologist 29: 137-146. 

[33] Stara, J., Kocourek, F. (2003): Evaluation of efficacy of Cydia pomonella granulovirus 
(CpGV) to control the codling moth (Cydia pomonella L.) in field trials. – Plant 
Protection Science 39(4): 117-125. 

[34] Suckling, D. M., Walker, J. T. S., Wearing, C. H. (1999): Ecological impact of three pest 
management systems in New Zealand apple orchards. – Agriculture, Ecosystems and 
Environment 73(2): 129-140. 

[35] Tamošiu nas, R., Valiuškaité, A., Surviliené, E., Duchovskiené, L., Rasiukevičiu té, N. 
(2014): Variety-specific population density and infestation levels of apple sawfly 
(Hoplocampa testudinea Klug) in two differently managed apple orchards in Lithuania. – 
Zemdirbyste-Agriculture 101(2): 205-214. 

[36] Unruh, T. R., Knight, A. L., Upton, J., Glenn, D. M., Puterka, G. J. (2000): Particle films 
for suppression of the codling moth (Lepidoptera: Torticidae) in apple and pear orchards. 
– Journal of Economic Entomology 93(3): 737-743. 

[37] Wearing, C. H. (1993): Control of codling moth with commercial preparation of codling 
moth granulosis virus, pp. 146-151. – Proceedings of the 46th New Zealand Plant 
Protection Conference. 

[38] Wenninger, E. J., Landolt, P. J. (2011): Apple and sugar feeding in adult codling moths, 
Cydia pomonella: Effects on longevity, fecundity and egg fertlilty. – Journal of Insect 
Science 11(1): 161. 

[39] Wildbolz, T. (1962): Über die Möglichkeit der Prognose und der Befallsüberwachung 
und über Toleranzgrenzen bei der integrierten Schädlingsbekämpfung im Obstbau. – 
Entomophaga 7: 273-278 (in German). 



Arslangündoğdu et al.: First record of Oxycarenus lavaterae (Fabricius, 1787) (Heteroptera, Lygaeidae) in Turkey 
- 1305 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1305-1311. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_13051311 
 2018, ALÖKI Kft., Budapest, Hungary 

FIRST RECORD OF OXYCARENUS LAVATERAE (FABRICIUS, 

1787) (HETEROPTERA, LYGAEIDAE) IN TURKEY 

ARSLANGÜNDOĞDU, Z.*
 – HIZAL, E. – ACER, S. 

Department of Forest Entomology and Protection, Faculty of Forestry, University of Istanbul 

Istanbul, Turkey 

*Corresponding author 

e-mail: zeynel@istanbul.edu.tr 

(Received 7th Nov 2017; accepted 20th Feb 2018) 

Abstract. In autumn of 2017, Oxycarenus lavaterae (Hemiptera: Heteroptera: Oxycarenidae) was 
observed on linden trees (Tilia tomentosa) in a park in Sariyer, Istanbul, northwestern Turkey. This is the 
first record of this species from Turkey. 
Keywords: Hemiptera, Oxycarenidae, Tilia tomentosa, invasive, Istanbul 

Introduction 

Oxycarenus lavaterae (Fabricius, 1787) (Heteroptera: Lygaeidea: Oxycarenidae) is 
widely distributed in Western Mediterranean region of Europe (Péricart, 1998, 2001). It 
occurs from northwest Africa to Portugal, southern Spain, southern France, southern 
Germany, Italy, Slovenia and Croatia (Velimirovic et al., 1992; Kalushkov, 2000; 
Rabitsch and Adlbauer, 2001; Wermelinger et al., 2005). During the last 20 years, O. 

lavaterae continued to spread eastwards into the Balkan Peninsula and northwards to 
the central Europe (Figure 1) (Velimirovic et al., 1992; Kondorosy, 1995; Bianchi and 
Stehlik, 1999; Protic and Stojanovic, 2001; Rabitsch and Adlbauer, 2001; Deckert, 
2004; Wermelinger et al., 2005; Kment, 2009; Kment et al., 2006; Rabitsch, 2008, 
2010; Hebda and Olbrycht, 2016). O. lavaterae spread to the east of Mediterranean area 
and can be found in Saudi-Arabia and Yemen as well as in tropical Africa to South 
Africa (Rabitsch and Adlbauer, 2001). Mass increase of O. lavaterae was previously 
observed and reported from and near Italy. Already in 1906 an exceptional infestation 
took place near the Lago Maggiore, Varese. In the same area, similarly Péricart (1998), 
and Dioli (1993) reported a massive increase of the population of the bug. 

Oxycarenus lavaterae is a phytophagous insect native to the Western Mediterranean. 
The species has several known host plants, most of them belonging to Malvales. The 
species associated are members of plant family Malvaceae and Tiliaceae. Oxycarenus 

lavaterae sucks on green plant parts (e.g. leaves and unhindered shoots). In infested 
areas, most records originate from planted Tilia cordata trees in suburban and urban 
habitats (Rabitsch, 2008). When appearing in abundance, these bugs can cause damage 
in weakening linden trees, hence they are considered as insects with an economic 
importance (Velimirovic et al., 1992; Wachmann et al., 2007). 

Depending on the temperature, multiple generations are produced each year. In their 
natural distribution area in Southern Europe, three to four generations are observed 
(Wermelinger et al., 2005; Kalushkov et al., 2007a; Simov et al., 2012; Nedvěd et al., 
2014). They are encountered frequently on single trees and collect in masses on linden 
trees in autumn and spring (Wermelinger et al., 2005; Kalushkov, 2000). The bug 
winters in the form of larger or smaller agglomerations. They typically take shelter in 



Arslangündoğdu et al.: First record of Oxycarenus lavaterae (Fabricius, 1787) (Heteroptera, Lygaeidae) in Turkey 
- 1306 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1305-1311. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_13051311 
 2018, ALÖKI Kft., Budapest, Hungary 

sun exposed bark creaks on trunk and branches, and overwinter as adult; however, 
rarely few larvae are noticed (Bărbuceanu and Nicolaescu, 2012). Most animals are 
likely to endure winter in the rind of old linden trees, and therefore the mortality rate is 
high due decrease of shelter for the winter. 

 

 
Figure 1. Distribution of O. lavaterae (Fabricius, 1787) 

Material and methods 

Our sampling area was located in “15 Temmuz Hatıra Ormanı” located in Garipce, 
Sariyer Istanbul, (41° 12’ S, 29° 5’ W), northwestern Turkey. The park mostly consists 
of shrubs, pseudo shrubs and Pinus nigra trees. Very recently (May 2017), 250 
sycamore and 82 linden trees (Tilia tomentosa) were planted. These trees were imported 
from Italy and Spain. Several dead linden trees were noticed by the park superintendent. 
Site was visited in September-October 2017. Insect colonies, which consisted of 
nymphs and adult insects, were located on trunks of several linden trees. Samples were 
collected in plastic containers with the help of thin brushes and transferred to laboratory 
for identification. Samples were examined with Leica stereomicroscope and 
photographs were taken. Body lengths were measure from the tip of the anterior to the 
posterior edge of the dorsal plater under the stereomicroscope. Insects were 
identificated using online identification keys and literature (e.g. Péricart, 1998; Costas 
et al., 1997). Representative samples were preserved as biological museum materials in 
the insect collection of the Istanbul University Forest Entomology and Protection. 
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Results and discussion 

The insect was identified as Oxycarenus lavaterae. It was found on in the field 
studies carried out in September-October 2017, the insects were identified on four of the 
trees and they were found to be in adult stage mostly as nymphs (Figure 2). The 
morphological description and size were similar to the reports. Our specimens’ size 
were between 4.5–5.4 mm in adult females, of 4.2–5 mm in males. Nymphen stages 
have monochrome red hind whips. The nymphs can be easily recognized by their black 
head, black wing bads and the red-coloured abdomen. Adult animals show the typical 
red-black drawing on the wings, which is similar to that of the fire bug or the cinnamon 
bug. The front wings are colourless and transparent and reach the top of the abdomen or 
are a little longer. The head, antennae, the throat (Pronotum) and the sign (Scutellum) of 
the bug are coloured black. The hemipedema (hemielytren) are red to reddish brown 
and the wing membrane is bright. 

 

 
Figure 2. Oxycarenus lavaterae a) Top view. b) Bottom view. c) On the linden tree as a group 

 
 
Several plant species were reported as host of the O. lavaterae in which all life stages 

were encountered (Table 1). In the park, we only encountered the insect on Tilia 

tomentosa, a host that is widely reported (Table 1). 
Four species of the genus Oxycarenus Fiber, 1837 in Turkey is known including 

Oxycarenus hyalinipennis (Costa, 1847) (Lodos et al., 1999; Çağatay, 1985; Önder et 
al., 2006; Şerban, 2010; Küçükbasmacı and Kıyak, 2015; Yazıcı et al., 2015); 
Oxycarenus longiceps Wagner, 1954 (Lodos et al., 1999; Çağatay, 1985; Önder et al., 
2006; Küçükbasmacı and Kıyak, 2015); Oxycarenus modestus (Fallén, 1829) (Lodos et 
al., 1999; Önder et al., 2006); and Oxycarenus pallens (Herrich-Schäffer, 1850) (Önder 
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and Adıgüzel, 1979; Lodos et al., 1999; Çağatay, 1985; Kıyak et al., 2004; Önder et al., 
2006; Matocq and Özgen, 2010; Yazıcı et al., 2015; Fent and Dursun, 2016). To our 
knowledge, O. lavaterae was never reported from Turkey. 

 
Table 1. Known host plants of the Oxycarenus lavaterae 

Plants 
References 

Scientific name Common name 

Alcea sp., Alcea rosea Hollyhock 
Stichel, 1958; Péricart, 1998; Wermelinger et al., 2005; 
Kment et al., 2006; Rabitsch, 2008 

Althaea sp.  Velimirovic et al., 1992; Wachmann et al., 2007 
Althaea officinalis Marsh mallow Callot, 2016 
Citrus sp.  Wermelinger et al., 2005 
Citrus sinensis var. 
clemenules 

Sweet orange Ribes et al., 2004 

Corylus sp.  Kalushkov, 2000; Rabitsch and Adlbauer, 2001 

Corylus avellana Corkscrew hazel 
Frey-Gessner, 1863, 1865; Péricart, 1998; Wermelinger 
et al., 2005; Kment et al., 2006; Rabitsch, 2008 

Cynara scolymus Globe artichoke Stichel, 1958; Rabitsch and Adlbauer, 2001 
Geranium sp.  Stichel, 1958; Rabitsch and Adlbauer, 2001 
Geranium sanguineum Bloody cranesbill Otto, 1996 
Geranium sylvaticum Wood cranesbill Otto, 1996 

Gossypium sp.  
Ciampolini and Tremtera, 1987; Ferrer, 1996; Alvorado 
et al., 1998; Wermelinger et al., 2005 

Helianthus annuus Sunflower Kalushkov and Nedvěd, 2010 

Hibiscus sp.  
Stichel, 1958; Velimirovic et al., 1992; Wachmann et al., 
2007; Callot, 2016 

Hibiscus syriacus Rose of Sharon Kalushkov and Nedvěd, 2010 

Lagunaria patersonii Primrose tree 
Péricart, 1998; Wermelinger et al., 2005; Kment et al., 
2006; Rabitsch, 2008; Borges et al., 2013 

Lavatera sp.  
Velimirovic et al., 1992; Kalushkov, 2000; Rabitsch and 
Adlbauer, 2001; Wachmann et al., 2007 

Lavatera cretica Cornish mallow Cuesta Segura et al., 2010 

Lavatera olbia Tree mallow 
Péricart, 1998; Wermelinger et al., 2005; Kment et al., 
2006; Rabitsch, 2008 

Malva sp., Malva sylvestris Common mallow 
Ciampolini and Tremtera, 1987; Ferrer, 1996; Alvorado 
et al., 1998 

Platanus acerifolia London plane Hebda and Olbrycht, 2016 
Populus sp.  Goula et al., 1999; Rabitsch and Adlbauer, 2001 

Prunus sp.  
Ciampolini and Tremtera, 1987; Ferrer, 1996; Alvorado 
et al., 1998; Wermelinger et al., 2005 

Sterculia sp.  Ciampolini and Trematerra, 1986 

Tilia sp.  
Velimirovic et al., 1992; Kalushkov, 2000; Rabitsch and 
Adlbauer, 2001; Wachmann et al., 2007 

Tilia cordata Little-leaf linden 
Velimirovic et al., 1992; Kalushkov et al., 2007a/b; 
Kalushkov and Nedvěd, 2010; Seward et al., 2017; 
Simov et al., 2012 

Tilia platyphyllos Broad-leaved linden Schneider and Dorow, 2016; Seward et al., 2017 
Tilia parvifolia Small-leaved linden Kalushkov et al., 2007a/b 
Tilia rubra Large-leaved linden Kalushkov et al., 2007a/b 
Tilia tomentosa (=Tilia 

argentea) 
Silver linden 

Kalushkov et al., 2007a/b; Kalushkov and Nedvěd, 2010; 
Simov et al., 2012 

Triticum vulgare Wheat Kalushkov and Nedvěd, 2010 

Vitis sp.  
Ciampolini and Tremtera, 1987; Ferrer, 1996; Alvorado 
et al., 1998; Wermelinger et al., 2005 
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O. lavaterae was reported from Bulgaria in 1998 and subsequent spread appears to 
be towards western European countries. Because it was encountered for the first time on 
imported trees, it is highly likely that they have not spread into Turkey. Oxycarenus 

lavaterae are invasive insects (Kalushkov and Nedvěd, 2010; Putchkov, 2013; Nedvěd 
et al., 2014; Hebda and Olbrycht, 2016). In particular, on weakened trees these bugs can 
be found in massive groups and cause the death. The four infested trees died and were 
removed from the park in an effort to eradicate the insects. Even though O. lavaterae is 
not very harmful (Reynaud, 2000; Ribes et al., 2004; Simov et al., 2012), they have the 
potential to spread to many parts of Turkey because linden trees are commonly planted 
in parks and recreational areas in Turkey. 

REFERENCES 

[1] Alvorado, M., Duran, J. M., Serrano, A., de la Rosa, A., Ortiz, E. (1998): Contribucion al 
conocimiento de las chinches (Heteroptera) fitofagas del algodon en Andalucia 
Occidental. – Boletin de Sanidad Vegetal Plagas 28: 817-828. 

[2] Bărbuceanu, D., Nicolaescu, D. P. (2012): Pest of ornamental trees and shrubs in the 
parks of Pitesti and methods of fighting them. – Current Trends in Natural Sciences 1(1): 
2-5. 

[3] Bianchi, Z., Stehlik, J. L. (1999): Oxycarenus lavaterae (Fabricius, 1787) in Slovakia 
(Heteroptera: Lygaeidae). – Acta Musei Moraviae, Scientiae Biologice 84: 203-204. 

[4] Borges, P. A. V., Reut, M., da Ponte, N. B., Quartau, J. A., Fletcher, M., Sousa, A. B., 
Pollet, M., Soares, A. O., Marcelino, J. A. P., Rego, C., Cardoso, P. (2013): New records 
of exotic spiders and insects to the Azores, and new data on recently introduced species. – 
Arquipelago: Life and Marine Sciences 30: 57-70. 

[5] Callot, H. (2016): Quelques observations de pullulations d’Hétéroptères. – Bulletin De La 
Société Entomologique De Mulhouse en Alsace 72(1): 6-14. 

[6] Ciampolini, M., Tremtera, P. (1987): Biological studies on Oxycarenus lavaterae (F.) 
(Heteroptera, Lygaeidae). – Bollettino di Zoologia Agraria e di Bachicoltura, Serie II, 19: 
187-197. 

[7] Costas, M., Vázquez, M. A., López, T. (1997): Sobre las especies del género Oxycarenus 
Fieber, 1837 (Heteroptera, Lygaeidae) de la Península Ibérica. – Zool. baetica 8: 5-17. 

[8] Cuesta Segura, D., Baena Ruiz, M., Mifsud, D. (2010): New records of terrestrial bugs 
from the Maltese Islands with an updated list of Maltese Heteroptera (Insecta: 
Hemiptera). – Bulletin of the Entomological Society of Malta 3: 19-39. 

[9] Çağatay (Aysev), N. (1985): Türkiye Oxycareninae (Heteroptera-Lygaeidae) Alt 
Familyasının Taksonomisi ve Erkek Genital Organının Önemi Üzerine Çalışmalar. – 
Bitki Koruma Bülteni 25(1-2): 18-29. 

[10] Deckert, J. (2004): Zum Vorkommen von Oxycareninae (Heteroptera, Lygaeidae) in 
Berlin und Brandenburg. – Insecta (Berlin) 9: 67-75. 

[11] Dioli, P. (1993): Eterotteri insubrici ed eterotteri xerotermici nei territori perilacustri della 
Lombardia e del Ticino (Hemiptera, Heteroptera). – Memorie Soc. Ticinese Sci. Nat. 4: 
81-86. 

[12] Fent, M., Dursun, A. (2016): Beiträge zur Lygaeidae-Fauna (Hemiptera: Heteroptera) des 
Westlichen Schwarzmeer-Gebietes in der Türkei. – Heteropteron 47: 30-36. 

[13] Ferrer, M. M. (1996): La nueva plaga del melocoton precoz en las Islas canarias: Danos, 
reconocimiento y control. – Phytoma Espana 79: 27-32. 

[14] Frey-Gessner, E. (1863): Zusammenstellung der durch Meyer-Dür im Frühling im Tessin 
und Anfang Sommer 1863 im Ober-Engadin beobachteten und gesammelten Hemiptern 
und Orthoptern. – Mitteilungen der Schweizerischen Entomologischen Gesellschaft 1: 
150-154. 



Arslangündoğdu et al.: First record of Oxycarenus lavaterae (Fabricius, 1787) (Heteroptera, Lygaeidae) in Turkey 
- 1310 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1305-1311. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_13051311 
 2018, ALÖKI Kft., Budapest, Hungary 

[15] Frey-Gessner, E. (1865): Verzeichnis schweizerischer Insekten (Fortsetzung aus Heft 7). 
– Mitteilungen der Schweizerischen Entomologischen Gesellschaft 1: 304-310. 

[16] Goula, M., Espinosa, M., Eritja, R., Aranda, C. 1999: Oxycarenus lavaterae (Fabricius, 
1787) en Cornelia de Llobregat (Barcelona, Espana) (Heteroptera, Lygaeidae). – Bulletin 
de la Société entomologique de France 104(1): 39-43. 

[17] Hebda, G., Olbrycht, T. (2016): Oxycarenus lavaterae (Fabricius, 1787) (Hemiptera: 
Heteroptera: Oxycarenidae) – a new species to the fauna of Poland. – Poznań 
Entomological News 35(3): 133-136. 

[18] Kalushkov, P. (2000): Observations on the biology of Oxycarenus lavaterae (Fabricius) 
(Heteroptera: Lygaeidae), a new Mediterranean species in the Bulgarian fauna. – Acta 
Zoologica Bulgarica 52: 13-15. 

[19] Kalushkov, P., Nedvěd, O. (2010): Suitability of Food Plants for Oxycarenus lavaterae 
(Heteroptera: Lygaeidae), a Mediterranean Bug Invasive in Central and South-East 
Europe. – Comptes rendus de l’Academie bulgare des Sciences Tome 63(2): 271-276. 

[20] Kalushkov, P., Simov, N., Tzankova, R. (2007a): Biology and Acclimatization of 
Oxycarenus lavaterae (Heteroptera: Lygaeidae) a New Invasive Mediterranean Species in 
Bulgarian Fauna. – In: Ninov, N. (ed.) Proceedings of the International Conference ‘Alien 
Arthropods in South East Europe – Crossroad of Three Continents’, pp. 44-47. University 
of Forestry, Sofia. 

[21] Kalushkov P., Simov, N., Tzankova, R. (2007b): Laboratory and field investigation on 
the biology of Oxycarenus lavaterae (Fabricius) (Heteroptera: Lygaeidae) in Bulgaria. – 
Acta Zoologica Bulgarica 59(2): 217-219. 

[22] Kıyak, S., Özsaraç, Ö., Salur, A. (2004): Additional Notes on the Heteroptera fauna of 
Nevşehir province (Turkey). – Gazi Univ J Sci 17: 21-29. 

[23] Kment, P. (2009): Oxycarenus lavaterae, an expansive species new to Romania 
(Hemiptera: Heteroptera: Oxycarenidae). – Acta Musei Moraviae, Scientiae Biologicae 
94: 23-25. 

[24] Kment, P., Vahala, O., Hradil, K. (2006): First records of Oxycarenus lavaterae 
(Fabricius, 1787) (Heteroptera: Oxycarenidae) from the Czech Republic with review of 
its distribution and biology. – Klapalekiana 42: 97-127. 

[25] Kondorosy, E. (1995): Oxycarenus lavaterae a new lygaeid species in the Hungarian bug 
fauna (Heteroptera: Lygaeidaee). – Folia Entomologica Hungarica 56: 237-238 (in 
Hungarian, English abstr.). 

[26] Küçükbasmacı, İ., Kıyak, S. (2015): A study on the fauna of Heteroptera of Ilgaz 
Mountains (Kastamonu, Çankırı) with a new record for Turkey. – Nevşehir Bilim ve 
Teknoloji Dergisi 4(1): 1-33. 

[27] Lodos, N., Önder, F., Pehlivan, E., Atalay, R., Erkin, E., Karsavuran, Y., Tezcan, S., 
Aksoy, S. (1999): Faunistic studies on Lygaeidae (Heteroptera) of Western Black Sea, 
Central Anatolia and Mediterrannean regions of Turkey, pp. ix + 58. – Ege University, 
İzmir. 

[28] Matocq, A., Özgen, İ. (2010): Preliminary list of Heteroptera collected in Mardin and 
Siirt Provinces from South-Eastern Anatolia of Turkey (Hemiptera). – Mun. Ent. Zool. 5: 
1011-1019. 

[29] Nedvěd, O., Chehlarov E., Kalushkov P. (2014): Life history of the invasive bug 
Oxycarenus lavaterae (Heteroptera: Oxycarenidae) in Bulgaria. – Acta Zoologica 
Bulgarica 66(2): 203-208. 

[30] Otto, A. (1996): Die Wanzenfauna montaner Magerwiesen und Grünbrachen im Kanton 
Tessin (Insecta: Heteroptera). Eine faunistisch-ökologische Untersuchung. – Diss. ETH 
Zurich, Nr. 11457. 

[31] Önder, F., Adıgüzel, N. (1979): Some Heteroptera collected by light trap in Diyarbakır 
(Turkey). – Türkiye Bitki Koruma Dergisi 3(1): 25-34. 

[32] Önder, F., Karsavuran, Y., Tezcan, S., Fent, M. (2006): Türkiye Heteroptera (Insecta) 
Kataloğu. (Heteroptera (Insecta) Catalogue of Turkey). – Meta Basım Matbaacılık, İzmir. 



Arslangündoğdu et al.: First record of Oxycarenus lavaterae (Fabricius, 1787) (Heteroptera, Lygaeidae) in Turkey 
- 1311 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1305-1311. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_13051311 
 2018, ALÖKI Kft., Budapest, Hungary 

[33] Péricart, J. (1998): Hémiptères Lygaeidae euro-méditerranéens. Vol. 2. Faune de France, 
84B, i-iii. – FFSSN, Paris. 

[34] Péricart J. (2001): Family Lygaeidae Schilling, 1829 – Seed Bugs. – In: Aukema B, 
Rieger, C (eds.) Catalogue of the Heteroptera of the Palaearctic Region, pp. 35-220. The 
Netherlands Entomological Society, Wageningen. 

[35] Protic, L., Stojanovic, A. (2001): Oxycarenus lavaterae (Fabricius, 1787) (Heteroptera: 
Lygaeidae) another new species in the entomofauna of Serbia. – Protection of Nature 
(Beograd) 52: 61-63 (in Serbian, English summary). 

[36] Putchkov, P. V. (2013): Invasive true bugs (Heteroptera) established in Europe. – 
Український Ентомологічний Журнал (Ukrainian Entomological Magazine) 2(7): 11-
28. 

[37] Rabitsch, W. (2008): Alien true bugs of Europe (Insecta: Hemiptera: Heteroptera). – 
Zootaxa 1827: 1-44. 

[38] Rabitsch, W. (2010): True Bugs (Hemiptera, Heteroptera). – In: Roques, A., Kenis, M., 
Lees, D., Lopez-Vaamonde, C., Rabitsch, W., Rasplus, J. Y., Roy D. (eds). Alien 
Terrestrial Arthropods of Europe, pp. 407-433, Chapter 9.1. BioRisk 4. Pensoft 
Publishers, Sofia. 

[39] Rabitsch, W., Adlbauer, K. (2001): Erstnachweis und bekannte Verbreitung von 
Oxycarenus lavaterae (Fabricius, 1787) in Österreich (Heteroptera: Lygaeidae). – 
Beiträge zur Entomofauna 2: 49-54. 

[40] Reynaud, P. (2000): Bug Oxycarenus lavaterae responsible for extraordinary infestations 
in Paris. – Phytoma, La défense des végétaux 528: 30-33 (in French). 

[41] Ribes, J., Piñol, J., Espadaler, X., Cañellas, N. (2004): Heterópteros de un cultivo 
ecológico de cítricos de Tarragona (Cataluña, NE España) (Hemiptera: Heteroptera). – 
Orsis 19: 21-35. 

[42] Schneider, A., Dorow, W. H. O. (2016): Erstnachweis von Oxycarenus lavaterae 
(Fabricius, 1787) für Hessen. – Heteropteron 45: 23-24. 

[43] Seward, E. A., Votýpka, J., Kment, P., Lukeš, J., Kelly, S. (2017): Description of 
Phytomonas oxycareni n. sp. from the Salivary Glands of Oxycarenus lavaterae. – Protist 
168: 71-79. 

[44] Simov, N., Langourov, M., Grozeva, S., Gradinarov, D. (2012): New and interesting 
records of alien and native true bugs (Hemiptera: Heteroptera) from Bulgaria. – Acta 
Zoologica Bulgarica 64(3): 241-252. 

[45] Stichel, W. (1958): Illustrierte Bestimmungstabelle der Wanzen. II. Europa, pp. 97-224. 
Hemiptera-Heteroptera Europae 4. – Stichel, Berlin-Hermsdorf. 

[46] Şerban, C. (2010): Faunistic data on some true bugs species (Insecta: Heteroptera) from 
West Turkey. [Results of the “Taurus”–2005 and “Focida”–2006 expeditions]. – Travaux 
du Muséum National d’Histoire Naturelle (Grigore Antipa) 53: 171-180. 

[47] Velimirovic, V., Durovic, Z., Raicevic, M. (1992): Bug Oxycarenus lavaterae Fabricius 
(Lygaeidae, Heteroptera) new pest on lindens in Southern part of Montenegro. – Zastita 
Bilja 43: 69-72. 

[48] Wachman, E., Melber, A., Deckert, J. (2007): Wanzen. Band 3. Pentatomomorpha I. 
Aradida, Lygaeidae, Piesmatidae, Berytidae, Pyrrhocoridae, Alydidae, Coreidae, 
Rhopalidae, Stenocephalidae. Die Tierwelt Deutschlands, 78. Teil. – Goecke & Evers, 
Keltern. 

[49] Wermelinger, B., Wyniger, D., Forster, B. (2005): Massenauftreten und erster Nachweis 
von Oxycarenus lavaterae (F.) (Heteroptera: Lygaeidae) auf der Schweizer 
Alpennordseite. – Mitteilungen der Schweizerischen Entomologischen Gesellschaft 78: 
311-316. 

[50] Yazıcı, G., Yıldırım, E., Moulet, P. (2015): Contribution to the knowledge of the 
Lygaeoidea (Hemiptera, Heteroptera) fauna of Turkey. – Linzer boil. Beitr. 47(1): 969-
990. 



Zabihi et al.: Horizontal flux of suspended particles sampling by Big Spring Number Eight (BSNE) sampler in Lake Urmia area 
- 1313 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1313-1327. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_13131327 
 2018, ALÖKI Kft., Budapest, Hungary 

HORIZONTAL FLUX OF SUSPENDED PARTICLES SAMPLING 

BY BIG SPRING NUMBER EIGHT (BSNE) SAMPLER IN LAKE 

URMIA AREA 

ZABIHI, F.1 – ESFANDIARI, M.1 – DALALIAN, M. R.2*
 – MOEINI, A.1 

1
Department of Soil, Science and Research Branch, Islamic Azad University 

Tehran, Iran 

(phone: +98-914-104-5508; +98-912-947-6853; fax: +98-21-2240-3348) 

2
Department of Soil Science, Tabriz Branch, Islamic Azad University 

Tabriz, Iran 

*Corresponding author 

e-mail: mdalalian@iaut.ac.ir; phone: +98-912-520-2818 

(Received 14th Aug 2017; accepted 15th Jan 2018) 

Abstract. Lake Urmia has become one of the key dust sources in northwestern of Iran due to a sharp drop 
in its water level that caused an increasing dried land around the lake area. There has not been any studied 
concerning of how much dust is emitted and transported in this area. The aim of this research study was 
to measure the amount of dust suspended particles flux in the lake area. To implement this objective, 56 
aeolian dust samplers were mounted at 0.15, 0.5, 1 and 2 m heights in 14 different poles and the 
suspended particles flux was measured during one year period. The data showed that the flux in March, 
June, and October accounted for 53% of the annual total. The suspended particles flux decrease rapidly 
with increasing height of soil surface. The obtained data showed that the suspended particles flux is 
strongly correlated with the amount of monthly precipitation and mean wind velocity but there was no 
significant relationship between monthly suspended particles flux and speed of the strongest wind.The 
result also showed that the wind direction did not influence flux. Different heights of the soil surface, 
sampling times and sampling sites had significant (P ≤ 0.01) effects on flux. 
Keywords: dust center, height of soil surface, sampling site, sampling time, wind erosion, wind speed 

Introduction 

According to FAO report, approximately 430 million ha of drylands, which comprise 
40% of earth’s surface are susceptible to wind erosion. Many studies have estimated the 
amount of global wind erosion and dust transport. However, because the wind not only 
mobilizes dust but also transport coarser soil particles (sand), therefore the estimation of 
the total amount of wind erosion especially amount of dust is uncertain. The rate of 
global dust emission is reported in a range of 5 × 1011 to 33.2 × 1011 kg.yr-1. The studies 
of dust sources that were concluded by global-scale high-resolution satellite imagery, 
showed that natural dust sources do account for about 75% of dust emission and the 
remaining 25% of emission were attributed to anthropogenic sources. The fraction of 
dust sources is highly variable (FAO, 2015). 

The Lake Urmia which is located in northwestern of Iran is one of the main sources 
of aeolian dust in Iran. This lake has shown a sharp drop in water level due to 
decreasing in rainfall precipitation and excessive water intake, especially for 
agricultural consumption. The human factors such as the construction of numerous 
dams on the rivers that lead to the lake and the drill of multiple unauthorized wells are 
considered for water decline. According to the reports, during the last 20 years (1995 to 
2015), the water level of the Lake Urmia has fallen by 8 meters (Tajrishi, 2016). The 
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area of Lake Urmia is 5822 km2. According to official reports, more than 80% of it was 
dried in 2013. This means that about 4657 km2 area is converted into drylands (Asghai 
Zamani, 2013). Unfortunately, the trend has been continued and this area is highly 
exposed to wind erosion and susceptible to generate dust particles with a diameter less 
than 0.1 mm. Therefore, the Lake Urmia is considered to be a key source area for dust 
storms in N.W. of Iran. 

The strong dust transport that occurs during dust storms often creates a serious 
hazard for human (Dong et al., 2010). If the dust transportation continues and after 
passing some distance and settles into the ground surfaces, the salinity of these particles 
may cause to increase the salinity of agricultural lands in the region. The results of the 
chemical soil test in the area showed that the salinity of the investigated soil was very 
high (EC = 143.1 Ds.m-1 and SAR = 80.5). 

On the other hand, drying of the Lake Urmia caused the reflection of solar radiation 
to increase. The Albedo coefficient of drylands around the lake was 5.2 times more 
from 2007 to 2013. The diseases that caused by frequent exposure to ultraviolet 
radiation include cancer, eye injuries (black eyes, cataracts, burns, blindness, and 
luminosity) and dermatological injuries (Tajrishi, 2016). Also, it has been reported that 
if the amount of suspended particles in the air exceeds the limit of (15 × 10-8kg.m-3), it 
will cause respiratory illnesses. These factors threaten the lives of more than 7 million 
people in the region. 

Even though, many types of research have designated to transform and provide 
guidance to water level restoration, but there is no information on the amount of 
suspended particle caused by wind erosion in the drylands area of the Lake Urmia. 
Government officials especially Urmia Lake Restoration Program just paying attention 
to restore the water level to this lake. 

In studies of aeolian dust, the most important parameter is the amount of dust 
transported in the air (i.e., the horizontal dust flux) (Dong et al., 2010). Hence in order 
to provide suggestions and solutions for dealing with wind erosion especially suspended 
particles in the air, we need to know the amount of suspended particle flux and their 
transportation mechanism of how it is changing at different heights of soil surface at 
different sampling times and different sampling distance sites. 

To support such goals, we need to accurately install the instrument to trap the 
suspended particles. The wind tunnels designed to study wind erosion limit the 
maximum height of studied particles (normally the height of particles being tested 
should not exceed ¼ to 1/3 the height of the tunnel). Thus, to translate wind tunnel soil 
losses to equivalent losses from a field is difficult. Also, wind tunnels do not study 
erosion events for long-term (Fryrear et al., 1988). 

Using the samplers to study the suspended particles has started since 1957 and has 
been changed a lot to increase the efficiency of samplers. The last and most advanced 
sampler for suspended particles gathering is BSNE (Big Spring Number Eight) sampler 
that was made by Donald Fryrear in Big Spring-Texas for the first time in 1986. More 
important properties of this sampler include (a) its ability to orientate into erosive 
winds; (b) the possibility to collect samples from different heights at the same location; 
(c) the least need to servicing and controlling for long collection periods; (d) its ability 
to earn data of vertical and horizontal distribution; (e) its construction is simple and it is 
durable (Fryrear, 1986). Studies that compare this sampler with other samplers have 
shown that this sampler is the most efficient and recommended sampler for field 
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measurements (Goossens and Offer, 2000; Shannak et al., 2014; Goossens and Buck, 
2012; Dong et al., 2010). 

The objective of this research study was to investigate and presents results for the 
amount of horizontal suspended particles flux and its variation with different heights, 
sampling time and sampling site based on continuous sample collection and detail 
observation from March 2016 until February 2017 for assessing wind erosion in the 
studied area. 

Materials and methods 

Location 

In this study, one of the dust centers that located in the southeastern zone of Lake 
Urmia was selected (Fig. 1 C). This area was exposed to wind erosion and it was a 
suitable place to study wind erosion and the flux of suspended particles. Lack of 
insignificance of earth’s slope gradient, shortage of plant cover and having high wind 
speed and low rainfall (the average 11 years of meteorological information of a studied 
region in duration from 2000 to 2011 that were obtained from Tabriz weather station 
has been shown in Table 1) are parameters used to select location sites. 

 

 

Figure 1. Plan of dust centers around Lake Urmia (recognized by BTD methods - one of the 

recognition methods based on Brightness temperature difference) (Tajrishi, 2016) 

 
 
Table 1. The average 11 years of meteorological information of studied zone (from 2000 to 

2011) 

Dec. Nov. Oct. Sep. Aug. Jul. Jun. May Apr. Mar. Feb. Jan. Months 

0.95 1.52 1.81 1.54 3.96 5.11 5.03 2.44 2.7 5.17 1.89 0.99 
Mean wind 

velocity (m.s-1) 

25 30 40 80 45 28 38 30 25 45 30 30 
Speed of strongest 

wind (m.s-1) 

23.9 20.55 12 27.06 2.19 2.41 1.86 27.29 53.41 3.9 20.95 24.21 
Total amount of 

rainfall (mm) 
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Geographical location of the studied region was 45° 51 0.771 eastern longitude and 
37° 47 0.675 northern latitude with semi-arid and cold climate. This zone was located 
at 30 km distance from the Tabriz-Azarshahr road and western south of East-
Azarbayjan province- Khasselou village. Topsoil samples that were taken from the 
zoned area had 28% sand, 40% silt, and 32% clay. The bulk density of soil was 
1.34 gr.cm-3 and soil texture was clay loam (Table 2). 

 
Table 2. Results of chemical and physical analysis of the initial soil 

SAR %OC %T.N.V pH 
ECe 

(dS.m
-1

) 

ρb 

(gr.cm
-3

) 

Soil 

texture 
Clay% Silt% Sand% 

Depth 

(cm) 

80.5 0.45 16.25 7.84 143.1 1.34 C-L 32 40 28 0-10 

79.5 0.4 16.21 7.95 142.1 1.35 C-L 33 42 25 10-20 

79 0.39 16.22 8 140 1.32 C-L 35 45 20 20-30 

 
 

Field instrument 

In this study, the modified BSNE samplers with opening 20 mm wide and 50 mm 
height were used. The 18 mesh stainless screen in the opening of sampler for dust 
entering and the 120 mesh stainless steel screen on the top of the sampler was used 
which allowed the air to exit while the airborne material remained in the sampler tray. 4 
samplers were installed on the same mounting pole (a ½" steel pipe with an outside 
diameter of 1.8 cm) at 0.15, 0.5, 1 and 2 m heights of the soil surface (Fryrear et al., 
1991). An 18 × 20 cm sheet provided as sampler tail that accompanied by a rubber 
retainer in lower of each sampler that allowed to rotate and orient according to wind 
direction (Figs. 2 and 3). 14 poles were installed in a circular pattern (Fig. 4) inside 3.2 
ha area. This pattern permitted field erosion data collection regardless of the wind 
direction and provided a range of field lengths with a minimum number of sampler 
locations (Fryrear et al., 1991). 

 
Samples gathering and analytical methods 

Totally, 56 samplers were installed in the above-mentioned pattern. After 30 days of 
installing, the tray of each sampler was evacuated and gathered particles were dried at 
105°C and transported to the laboratory for physical testing. This gathering was 
continued monthly in 12 interval periods (from March 2016 until February 2017). 

 

 
Figure 2. BSNE sampler- (all dimensions are in mm) 
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Figure 3. Samplers that were made and installed 

 
 

 
Figure 4. The installation pattern of 14 poles 

 
 
To determine the horizontal flux of suspension particles, sample weight of suspended 

gathered particles calculated via particle size distribution curve (particles were sieved 
via series with 18, 30, 60, 100, 200, 270 and 400 meshes that corresponds to 1, 0.595, 
0.25, 0.149, 0.074, 0.053 and 0.037 mm in diameters respectively). Horizontal flux was 
calculated by the formula in Equation 1 (Wang et al., 2004): 

 

 
.

W
F

S T
  (Eq.1) 
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where F = horizontal flux of suspension particles (kg. m-2. mon-1), W = weight of 
suspension particles sampled by sampler (kg), S = area of sampler opening (m2) and 
T = time (mon). 

According to Goossens and Buck (2012) findings, there was no relation between the 
efficiency of BSNE sampler and wind velocity. Therefore the sampling efficiency of the 
sampler was supposed to be constant of wind velocity and they used Equation 2 for 
efficiency estimating of suspended particles. 

 
 20.0047 1.2145 6.1302y x x     (Eq.2) 
 
This equation showed that there was a strong relationship between the sampling 

efficiency (y in percent) with the particles diameter (x in micron); (r2 = 0.9969). 
This equation was constant for particles larger than 10-4 m (0.1 mm) (the upper 

boundary of suspended particles). In this study the equation 2 for efficiency estimating 
of made samplers was used. 

To study the effect of sampling time (during the research period from March 2016 
until February 2017) and height of soil surfaces (0.15, 0.5, 1 and 2 m) on suspended 
particles flux, the data of calculated flux in different times and different heights of soil 
surface were analyzed. Factorial experiment on the basis of completely randomized 
design with 14 replication was carried out. Also, to study the effect of sampling time 
and sampler’s distance from each other (14 sites of installation of the poles) on 
suspended particles flux, the data of calculated flux in different times and different sites 
were analyzed. Factorial experiment on the basis of completely randomized design with 
4 replication was carried out. Comparison of means by Duncan multiple range test at 
1% probability level was carried out. Before data analyzing, the normality test of 
variables was carried out. Data analysis was done using SPSS-16 software and the 
graphs and tables were drew by Excel software. 

The data of meteorological information of studied zone during research period were 
obtained from Tabriz weather station (Table 3). As seen in the table the range of mean 
wind velocity varied from 3.3 to 8.1 m.s-1.The maximum speed of strongest wind was 
20 m.s-1 in November. The minimum horizontal vision varied from 0.02 km in January 
2017 to 7 km in August 2016. The highest rainfall was 68.6 mm in April 2017, and the 
lowest was 0 mm in August 2016. This report showed that the highest and lowest 
amount of rainfall in the months exactly corresponds to the average 11 years of 
meteorological data gathering (Table 2). 

Results and discussion 

Variation in horizontal flux with height 

The variation of horizontal suspended particle’s flux with a height of soil surface (the 
flux profile) is expressed by a power law (Eq. 3). 

 
 ( ) b

f z az  (Eq.3) 
 

where f(z) is the horizontal suspended particle’s flux (kg.m-2.mon-1) at height z (m) and 
a, b are regression coefficients. 
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Table 3. Meteorological information of studied zone during research period (March 2016-

February 2017) 

Date 

Minimum 

surface 

temperature 

(°C) 

Air temperature 

(°C) 

Relative air 

moisture (%) 

Mean 

wind 

velocity 

(m.s
-1

) 

Speed of 

strongest 

wind 

(m.s
-1

) 

Direction 

of 

strongest 

wind 

Total 

of 

rainfall 

(mm) 

Maximum 

of daily 

rainfall 

(mm) 

Horizontal 

vision 

(km) 

Min Max Mean Min Max Mean Min Max 

Mar-16 -1.2 -3.2 19.2 7.9 21 97 57.5 8.7 15 360 1.5 10 2.5 25 

Apr-16 0.1 -3.8 20.4 9.1 20 98 62.5 4.4 19 330 46.6 23.3 0.3 30 

May-16 5.1 2.4 28.6 16.2 13 96 54 6.8 16 340 26.1 18.7 2.3 30 

Jun-16 9.21 10 32.2 20.5 11 94 44.5 7.5 19 210 1.1 12.8 2 25 

Jul-16 16.1 15.6 38.4 26.2 8 84 38.8 5.6 16 070 3.3 2.5 5 25 

Aug-16 18.5 17 39.4 28.6 7 68 31.8 6.1 13 060 1.8 – 7 20 

Sep-16 12.6 11 37.4 24.5 8 80 34.8 7.1 17 350 1.7 4.1 4 27 

Oct-16 3.7 1.8 28.8 16 9 90 39.9 7.7 18 350 1.3 0.7 2.5 35 

Nov-16 -0.4 -4.2 20.8 8.6 21 97 61.8 5.4 10 230 26.4 8.4 0.5 30 

Dec-16 -8.9 -14.4 11.6 -0.6 17 96 61.2 4.8 6 350 23 10.5 0.15 30 

Jan-17 -13.8 -18 5.4 -5.5 50 97 76.3 3.3 6 300 24.6 8.1 0.02 12 

Feb-17 -9 -16 6.7 -3.2 38 95 67.8 4.3 12 150 22.4 2.1 0.3 30 

 

 

Figure 5 shows the variation in horizontal flux collected by the BSNE sampler as a 
function of the height of soil surface for every month during the duration of the research 
period. In all cases, the horizontal suspended particle’s flux decreases with increasing 
height of soil surface.  

 

 
Figure 5. Vertical profile of suspended particles flux (from Mar. 2016 until Feb. 2017) 

 
 
Previous researchers had shown the variation in Aeolian sediment flux as a function 

of height that were focused on saltation. The Aeolian saltation flux decayed with height 
exponentially, but Dong and et al. (2010) and Fryrear and Saleh (1993) based on 
another author's reports explained that power function could better describe this 
variation. They noticed that the flux of suspended sediments decayed relatively gently 
with height compared with the saltation flux. Fryrear (1987) and Zobeck and Fryrear 
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(1986) used a power function for Aeolian sediment flux at height as low as 0.15 m. 
Vories and Fryrear (1988) recommended only applying a power function to the height 
of 0.5 m and above because more of the particles below 0.5 m were saltation. Dong and 
et al. (2010) concluded that the Aeolian sediment flux at height below 5 m decays more 
rapidly than above 5 m with increasing height of soil surface, also the flux data above 5 
m showed wider scattering than those at lower heights, but the overall variation with 
height can nonetheless be reasonably well explained using a power function. 

By summing up the monthly suspended particles flux for each height reveals that the 
variation of the annual flux as a function of height can also be explained well by using a 
power function (r2 = 0.9981) (Eq. 4 and Fig. 6). 

 
   2.523   447.5F z z

  (Eq.4) 

 
where F (z) is the annual sediment flux (kg.m-2.mon-1) at height z (m). 

 

 

Figure 6. Variation in annual suspended particle’s flux), F(z), as a function of height (z) 
 
 
Results of the regression analysis between the fluxes of suspended particles as a 

function of the height of soil surface had been shown in Table 4. 
 
Table 4. Results of the regression analysis between the flux of suspended particles as a 

function of height 

Month a b r
2 

Mar. 2016 8.2427 -1.852 0.9812 
Apr. 2016 0.2555 -0.887 0.8282 
May 2016 0.8287 -3.207 0.9952 
June 2016 1.5311 -2.595 0.9535 
July 2016 0.137 -10.15 0.7465 
Aug. 2016 0.8835 -8.737 0.9241 
Sept. 2016 1.2509 -3.317 0.94 
Oct. 2016 1.0936 -2.055 0.989 
Nov. 2016 0.099 -2.288 0.9475 
Dec. 2016 0.1177 -2.288 0.9475 
Jan. 2017 0.1072 -2.288 0.9475 

Feb. 2017 0.1786 -2.288 0.9475 
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The cumulative percentage of the annual suspended particles flux as a function of the 
height of soil surface (Fig. 7) derived from Equation 4 shows that 80% of flux was 
transported below 80 cm and 90% below 120 cm of the surface. This suggests that the 
majority of suspended particles flux moves below 1 m height of soil surface and will 
settle back to the ground in a short distance and that only a small fraction will be 
transported over long distances. These results are according to Dong et al. (2010). 

 

 

Figure 7. Plot of cumulative percentage of the annual flux of suspended particles as a function 

of height 

 
 

Variation in monthly suspended particles flux 

If the variation in suspended particles flux with height for a given month can be 
established, the monthly total suspended particles flux can be calculated as follows 
(Eq. 5): 

 

  
0

i iF f z dz



   (Eq.5) 

 
where Fi is the total suspended particles flux passing through a unit width in a month I 
and fi (z) is the function for month i. In theory, fi (z) can be considered as equivalent to 
the regression function in Equation 3 that we obtained earlier. The annual suspended 
particles flux fitted Equation 4 with smaller errors. Dong et al. (2010) concluded that 
the monthly total suspended particles flux can be estimated by Equation 6. 

 

  
0

iob
i

ob

F
F F z dz

F



   (Eq.6) 

 
where Fiob is the observes total suspended particles flux in the month I that is obtained 
by summing the monthly suspended particles flux collected at all 4 heights, and Fob is 
the observed annual total suspended particles flux obtained by summing the annual 
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suspended particles flux at all 4 heights. F(z) is the function of the variation in annual 
suspended particles with height (Eq. 4). Hence Equation 7 can be used to estimate the 
monthly total suspended particles flux. 

 

   2.523 1.523

0 0

  447.5 293.83

z

iob iob iob
i

ob ob ob

F F F
F F z dz z dz z

F F F


       (Eq.7) 

 
Figure 8 shows the relationship between the total monthly suspended particles flux 

and the main meteorological parameters at the study site during research period (from 
Mar. 2016 until Feb. 2017). Correlation coefficients between monthly suspended 
particles flux (F) and monthly precipitation (P), speed of the strongest wind (SW) and 
monthly mean wind velocity (MW) showed that the monthly suspended particles flux is 
strongly correlated with the monthly precipitation and monthly mean wind velocity, but 
there was no significant relationship between monthly suspended particles flux and 
speed of the strongest wind (Table 5). This can be explained by the fact that when the 
monthly precipitation is low, the soil surface is arid and prone to the emission of 
suspended particles into the air. 

 

 

Figure 8. Variation of monthly suspended particles flux (grey bars) and its relationship with the 

main meteorological parameters at the studysite 

 
 
Table 5. Correlation coefficients between monthly suspended particles flux and main 

meteorological parameters during research period 

P SW MW F  

-0.779**
 0.516ns

 0.609*
 1 F 

-0.698*
 0.818**

 1  MW 

-0.509ns
 1   SW 

1    P 

ns, * and ** are insignificant, significant at P ≤ 0.05 and P ≤ 0.01 
 
 
Aeolian transport mainly occurs in March, June, and October in the Lake Urmia area. 

These months account for 53% of the total annual suspended particles flux (Fig. 9). 
March has the greatest Aeolian transport. 
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The comparison between suspended particles flux and the average 11 years of 
meteorological data (from 2000 until 2011) at the studied area (Fig. 10 and Table 6) 
shows that there is a correlation between the monthly precipitation and monthly 
suspended particles flux, too. 

 

Figure 9. Share of each month of the total annual suspended particles flux 

 
 

 
Figure 10. Variation of monthly suspended particles flux (grey bars) and  

its relationship with the average 11 years of meteorological data  

(from 2000 until 2011) in the studied area 

 
 
Table 6. Correlation coefficients between monthly suspended particles flux and the average 

11 years of meteorological data (from 2000 until 2011) 

P SW MW F  

-0.608*
 0.349ns

 0.581*
 1 F 

-0.44ns
 0.024ns

 1  MW 

-0.153ns
 1   SW 

1    P 

ns, * and ** are insignificant, significant at P ≤ 0.05 and P ≤ 0.01 
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The effects of height of soil surface, sampling time and sampling site on the 

suspended particle’s flux 

To study the effects of sampling time during research period (from March 2016 until 
February 2017) and height of soil surfaces (0.15, 0.5, 1 and 2 m) on suspended particles 
flux, the data of suspended particles flux in different times and heights were analyzed. 
The results of variance analysis (mean and corresponding effects) (Table 7) showed that 
corresponding effect of sampling time and height of soil surface on suspended particles 
flux were significant (P ≤ 0.01). 

 
Table 7. Mean squares of sampling time and height of soil surface effects on suspended 

particles flux 

Source Df Mean squares 

The height of soil surface 3 0.265**
 

Sampling time 11 0.377**
 

Height of soil surface × sampling time 33 0.035**
 

Error 624 0.007 

CV%  45.42 

ns, * and ** are insignificant, significant at P ≤ 0.05 and P ≤ 0.01 
 
 
The mean comparison results of the corresponding effect of sampling time and 

height of soil surface on suspended particles flux (Fig. 11) showed that when the height 
of soil surface increased, the suspended particles flux decreased. This was accordance 
with results of Dong et al. (2010) and Zobeck and Fryrear (1986) studies. 

 

 
Figure 11. Mean comparison of the corresponding effect of sampling time and sampling height 

of soil surface on suspended particles flux 

 
 
To study the effects of sampling time during research period (from March 2016 until 

February 2017) and sampling site (sampler’s distance from each other by 14 poles that 
were installed in different sites) on suspended particles flux, data of calculated flux in 
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different times and sites were analyzed. The results of variance analysis (Table 8) 
showed that the mean effects of sampling time and sampling site on suspended particles 
flux were significant (P ≤ 0.01), but the corresponding effect of sampling time and 
sampling site was insignificant. 

 
Table 8. Mean squares of sampling time and sampling site effects on suspended particles 

flux 

Mean squares df Source 

0.378**
 11 Sampling time 

0.019**
 13 Sampling site 

0.01ns
 143 Sampling site × sampling time 

0.009 504 Error 

45.65  CV% 

ns, * and ** are insignificant, significant at P ≤ 0.05 and P ≤ 0.01 
 
 
The mean comparison result of the main effect of sampling time on suspended 

particles flux (Fig. 12) showed that there was a significant difference (P ≤ 0.01) 
between different times of sampling. The greatest mean of suspended particles flux was 
in March 2016. According to (Fig. 8), the amount of precipitation was low and wind 
velocity was high in this month. Actually, there was an inverse correlation between 
suspended particles flux and total monthly rainfall. 

 

 
Figure12. Mean comparison of the main effect of sampling time on suspended particles flux 

 
 
The mean comparison result of the main effect of sampling site on suspended 

particles flux (Fig. 13) showed that there was significant difference (P ≤ 0.01) between 
different sampling sites, but just in one site (I-pole), differences were significant 
compared to other sites, and it was ignored, suggesting that the sampling site did not 
influence flux. Therefore, the 14 poles were installed in a circular pattern in different 
directions (Fig. 4). This can be inferred as the wind direction did not influence on 
suspended particles flux. 
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Figure13. Mean comparison of the main effect of sampling site on suspended particles flux 

Conclusions 

In this research study, we measured the horizontal flux of suspended particles for the 
one-year duration in surrounding dry lands of lake Urmia which is one of the main 
aeolian dust deposit in N.W.of Iran. The results of our study showed that the strongest 
aeolian transport dust occurs in March, June, and October. These months had the lowest 
amount of precipitation. 

The horizontal suspended particles flux showed that it had a strong correlation with 
the amount of monthly precipitation and monthly mean wind velocity but there was no 
significant relationship between monthly suspended particles flux and speed of the 
strongest wind during the time of the study. The result also showed that the wind 
direction did not influence on suspended particles flux. Hence, due to a shortage of 
rainfall and the lack of soil surface covering in March, the amount of suspended 
particles flux was greatest in this month. Parameters such as different hight of the soil 
surface, different sampling times and different sampling sites had a significant effect 
(P ≤ 0.01) on suspended particles flux. 

Several authors have proposed a power decay law to describe the variation in 
suspended flux with height, and we used that approach to provide a good fit for the 
observed data in this study. 

Finally, our finding showed that the majority of suspended flux transported below 1 m 
height of soil surface will settle back to the ground in a short distance. This finding can 
help us in implementing the prevention programs such as windbreaker building. The 
design of the height and distance of windbreakers are important for their efficiency usage. 

To confront wind erosion by mechanical means, the windbreaker is one of the direct 
methods of prevention. Other mechanical methods are mulching and plowing the land in 
opposite direction of the dominant slope. Indirect methods are planting the native plant 
vegetation that grows in the region. Usually, these are the halophytic vegetation. 
Protecting grassland from degradation and rehabilitating the dried-up terminal lake will 
be important steps in reducing and preventing future dust storm. 

For future studies, we suggest that the suspended particles flux be examined as toxin 
materials in surrounding lake Urmia area. We recommend that trace toxic elements and 
other elements such as Na, Ca, K, Mg, Al and heavy metals such as Fe, Mn, Si be 
measured for purpose of health considerations, because the area is designated as one of 
the locations that are susceptible to hazards of dust pollution. 
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Abstract. The adverse effects of migration on eating habits are well documented. Accessing healthy, 
culturally appropriate food is essential for achieving food security and overall health. However, less is 
known about the factors that affect post-immigration dietary choices. This scoping review assesses 
current findings regarding factors determining dietary choices. Electronic databases of papers published 
between 2005 and 2015 were used to retrieve and review papers for this review. Titles were reviewed by 
three reviewers to select papers that met the inclusion criterion set for this paper. A total of 50 papers 
were eventually selected and included in the review. Based on the work done in South Africa and 
internationally, various factors that affect dietary choices of immigrants were identified and include: 
climate change related factors, socio-economic factors, difficulty in navigating the new shopping 
environment, immigrant’s perceptions towards host country’s food, language barriers, failure to access 
traditional ingredients, safety of food sold in the ethnic markets, pressure from children to adopt host 
country’s food and role of religion in determining immigrant’s food choices in host countries. Findings of 
this study demonstrate that there are major research gaps on dietary patterns of sub-Saharan African 
immigrants, and identifies research priorities in this field. 
Keywords: ethnic food markets, traditional food ingredients, food safety, food insecurity, food 

accessibility 

Introduction 

According to the 1996 World Food Summit “Food security is a condition that exists 
when all people, at all times, have physical and economic access to sufficient, safe, and 
nutritious food to meet their dietary needs and food preferences for an active and 
healthy life” (FAO, 2006). This therefore means that accessing healthy, culturally 
appropriate food is essential for food security to be realized by any immigrant (Jacobus 
and Jalali, 2011; Vahabi and Damba, 2013) hence migrating into a new country with 
different food culture, poses dietary challenges. 

Loss of food products and food consumption patterns is one of the major challenges 
faced by immigrants upon resettlement in host countries (Njomo, 2013). This is 
attributed to the fact that apart from its nutritious role, food has religious, cultural and 
social roles among native people. As a result, in different countries, there are distinct 
variations in what is considered edible (Hadley et al., 2010; Dharod et al., 2011; 
Garnweidner et al., 2012; Mannion et al., 2014). 

The challenges encountered often result in adopting unhealthy eating habits and 
subsequent decline in nutritional health of the immigrants (Renzaho and Burns, 2006; 
Satia, 2010; Kiptinness and Dharod, 2011; Okafor et al., 2014; Terragni et al., 2014). 
The unhealthy eating habits are known to lead to the loss of what is known as “Healthy 
Immigrant Effect” (HIE) (Sanou et al., 2014), a term that refers to a phenomenon in 
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which immigrants are habitually healthier than the natives of the host country. This is 
because immigrants are forced to undergo high dietary acculturation; whereby they 
adopt eating habits of their host country. The result, is a rapid decline in the HIE upon 
settlement in the host countries. Several authors have shown that acculturation 
whenever it occurs, is associated with adopting unhealthy eating habits (Renzaho and 
Burns, 2006; Satia, 2010; Kiptinness and Dharod, 2011; Okafor et al., 2014; Terragni et 
al., 2014). This is because the resulting dietary changes are habitually associated with 
high intake of fat, salt and refined cereals (Dharod et al., 2011). This places immigrants 
at an increased risk of developing chronic diseases of the lifestyle (Deng et al., 2013; 
Sanou et al., 2014). 

While dietary acculturation among immigrants upon resettlement in host countries is 
common, generally immigrants prefer to maintain their original food culture (Kiptinness 
and Dharod, 2011; Vue et al., 2011; Garnweidner et al., 2012; Lesser et al., 2014; 
Lindsay et al., 2014). As a result, majority of immigrants tend to develop bicultural 
eating patterns (Vue et al., 2011; Garnweidner et al., 2012). 

Given the issues raised in the paragraph above, it is evident that immigrants moving 
to new countries do face unique dietary challenges which have potential to impact on 
their health and wellbeing while in their new home. In light of this, the question that 
arises is what determines immigrants’ dietary choices upon settlement, and what dietary 
related challenges do they encounter in the host countries? 

Recent immigration trends indicate that majority of African international migration 
takes place within the continent. It is reported that about 70% of all international 
migrations are intra-regional (Ratha and Shaw, 2007; Adepoju, 2008; Njomo, 2012). 
The number of immigrants from Sub-Saharan Africa to South Africa has been on the 
increase due to unstable economic conditions, soaring ethnic conflicts, and volatile 
political situations in most African countries (Adepoju, 2008; Njomo, 2013; Statistics 
South Africa, 2013). Besides war and harsh economic conditions prevailing in a number 
of African countries, climate change, which results into environmental effects such as 
loss of arable land, negative impact on the ecosystem and loss of natural environments, 
which, societies depend on, plays an important role in migration of people from one 
country to another (McMichael, 2012). 

Official reports based on the 2011 census, suggested that there are approximately 2.2 
million recorded immigrants in South Africa (Wilkinson, 2015; Chiumia, 2016); 
however this number could be more due to illegal immigrants and the fact that figures 
suggest that the number of permits that are issued are increasing every year (Statistics 
South Africa, 2014b). A major part (70%) of these immigrants are from African 
countries (Wilkinson, 2015). Immigrants living in South Africa are predominantly from 
Zimbabwe (42.6%), the Democratic Republic of Congo (12.9%), Nigeria (10.3%), and 
Lesotho (4.7%). The remaining 29.5% are from Rwanda, Burundi, Cameroon, Kenya, 
Tanzania, Uganda, Eritrea, Ethiopia, Somalia, Cote D’Ivoire, Gabon, Ghana, Niger, 
Sierra Leone, Togo, Angola, Botswana, Lesotho, Malawi, Mozambique, Namibia and 
Zambia (South African Press Association, 2014). According to Njomo (2013): these 
immigrants come to South Africa in search of better living conditions. 

Despite these statistics, little is known about sub-Saharan African intra-regional 
immigrant dietary patterns, challenges and nutritional health. Therefore, the aim of 
this review was to highlight challenges faced by immigrants in accessing healthy, 
culturally appropriate food, and the possible impact this may have on the immigrants’ 
dietary patterns upon resettlement in host countries. This review also identified 
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knowledge gaps and research priorities related to sub-Saharan African immigrant’s 
dietary patterns who have migrated within the continent. Although this paper covers 
factors affecting a range of immigrants, a special emphasis is placed on sub-Saharan 
immigrants. Furthermore research gaps and priorities identified are specific to sub-
Saharan immigrants in South Africa. 

Methodology 

A scoping review was undertaken to explore studies that had been undertaken on 
food related challenges experienced by immigrants upon resettlement in their host 
countries. In line with the objectives of a scoping review discussed by Arksey and 
O’Malley (2005) there was no consideration to study designs or quality of the studies. 
This review was undertaken to evaluate the type and extent of the research that has been 
undertaken, to summarize research findings and identify research gaps. 

Different sources such as electronic databases and reference lists were utilised to 
identify relevant studies. Only studies published from January 2005 to April 2015 were 
included in this review. Research conducted prior to this date was deemed unlikely to 
reflect current research trends. Secondly, only studies published in English were 
considered due to costs involved in translation. The first step involved identification of 
all relevant articles using key words. This process yielded a large number of irrelevant 
articles. An initial screening yielded 2,720 articles. Papers that did not meet the 
inclusion criterion were discarded. An inclusion criterion was then refined to narrow 
down the number of articles. This inclusion criterion included papers related to factors 
determining dietary choices of sub-Saharan immigrants. 

Titles were screened by three reviewers for relevance and those titles that did not fit 
the criterion were discarded. Copies of full articles that appeared to meet the set criteria 
were downloaded and saved in Mendeley. Copies of full articles that were not 
accessible were also excluded. After reviewing titles only 108 articles were retained. 
The abstracts for these papers were then reviewed, and out of the 105 articles that were 
retrieved from the electronic searches, 24 papers were selected for the review. From the 
24 articles that were identified, reference lists were then utilised to identify further 
studies. Furthermore, papers citing any of the selected papers were also reviewed for 
relevance. Although the main focus of the review was sub-Saharan immigrants, at this 
stage in cases whereby there was paucity of studies; relevant citing papers including 
other immigrant groups were also included. From this process, 11 articles from the 
references and 15 citing articles were selected for inclusion. In total 50 papers were 
retrieved and included in the review. The process and results of the retrieval are 
summarized in Figure 1. 

Each article was reviewed extensively and relevant information was recorded using 
Microsoft Excel. This included information on the study population, sample size, study 
area, and major findings (Appendix). The information was then analysed by the three 
authors using a narrative synthesis. The information was then organised thematically 
into eight factors affecting dietary choices. These factors include climate change 
barriers, socio-economic status, difficulty in navigating the environment, perceptions 
towards the host country’s food, language barriers, accessibility of traditional food 
ingredients, safety of the food from the ethnic markets, pressure from children to adopt 
host country’s food culture, and religious factors. 



Dweba et al.: Challenges to accessing ethnic foods by immigrants 
- 1332 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1329-1351. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_13291351 
 2018, ALÖKI Kft., Budapest, Hungary 

 

2,720 articles retrieved from the 

initial screening20 articles 

retrieved from the innital 

screening 

105 articles meeting the criterion 

identified 

24 selected for review 
 

15 selected from the 

citing articles 

11 articles 

selected from the 

reference list 

A total of 50 articles included in the review 

 
Figure 1. The methodological framework of how literature used in this paper was selected 

Climate change related barriers 

Apart from being the causal effect of migration, climate change can also be the driver 
of many food related challenges that immigrants encounter in host countries or 
destinations (McMichael et al., 2012; McMichael, 2015). Climate change driven 
migration is usually abrupt, therefore its aftermaths are comparable to those of refugees, 
as the affected usually have limited choice of their destination; with some ending up in 
developing countries that have limited resources (McMichael et al., 2012). In cases 
where climate change related migration results in large-scale population displacements, 
people often end up in settlements that are crowded, poorly ventilated, and with poor 
sanitation, resulting in adverse food related challenges (McMichael et al., 2012; 
Pendleton et al., 2014). 

Firstly, as mentioned above, overpopulation that results from climate change driven 
migration leads to loss of arable land and natural environments that societies depend on 
for their well-being, thus affecting agricultural productivity not only for the immigrants 
but for native communities as well (McMichael et al., 2012). As the population grows; 
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forests, swamps, lakes and other habitats are cleared for residential areas, causing loss 
of biodiversity thus affecting lives and livelihoods of those that are directly dependent 
on healthy ecosystems (Berjak et al., 2011). Inadequate arable land combined with loss 
of biodiversity in turn forces immigrants who mostly originate from rural areas to 
depend mainly on shops for access of food, making them vulnerable to price 
fluctuations. 

Secondly, conditions alluded to in the previous section can result into outbreaks of 
disease such as cholera, typhoid hepatitis A, measles, respiratory diseases, diarrheal 
diseases and malaria (McMichael et al., 2012). Apart from putting pressure on the 
health system that is already under siege due to overcrowding, such diseases decrease 
productivity and earning capacity thus negatively affecting economic resources for 
accessing food (WHO, 2013). 

Socio-economic causes 

According to Hadley et al. (2010) and Sanou et al. (2014), socio-economic status of 
immigrants is major mediating factor to food insecurity. This is associated with lower 
incomes and low employment levels (Hadley et al., 2010; Vahabi and Damba, 2013; 
Anderson et al., 2014). This phenomenon is even higher amongst refugees as they are 
characterized with lack of formal education, language barriers, and lower employment 
levels (Hadley et al., 2010; Kiptinness and Dharod, 2011; Anderson et al., 2014). Lack 
of education makes it difficult for immigrants to find employment thus limiting their 
financial resources and hence the vulnerability to food insecurity (Kiptinness and 
Dharod, 2011; Vahabi and Damba, 2013; Anderson et al., 2014). For example in a study 
by Kiptiness and Dharod (2010) conducted in United States amongst Bhutanese 
refugees, about 64% (n = 9) of the participants had no formal education. As a result 
only 14% (n = 2) of them were able to get part-time or fulltime employment. Hadley et 
al. (2010) who studied Somali refugees also found similar results. The majority of the 
households of the Somali refugees that participated in their study had lower monthly 
household incomes. Vahabi and Damba (2013) also came to the same conclusion, 
stating that the majority of Latin American immigrants in their study had low income 
due to difficulties in finding decent jobs. Anderson et al. (2014) observed that about 
71% (n = 35) who had experienced food insecurity were of a low education and income 
status. The latter study by Anderson et al. (2014) was conducted amongst Sudanese 
refugees. In study done in Ghana, more than half of the Liberian refugees (51.9%; n 
=124) based in Buduburam, were not employed (Ross, 2016). 

In literature low employment levels of immigrants has been associated with inability 
to speak the host country’s official language (Shackelford, 2010; Vahabi and Damba, 
2013; Anderson et al., 2014). It is reported that those that have language difficulties face 
increased and long-term disadvantages due to limited employment prospects. This is 
despite their education level (Shackelford, 2010). According to Vahambi and Damba 
(2013), language difficulties were a major hindrance to employment amongst Latin 
American immigrants. This is despite the fact that majority were well educated and had 
extensive work experience. Majority of these immigrants were either unemployed or 
holding low-paying or seasonal jobs. This phenomenon is consistent with findings of a 
study by Anderson et al. (2014), which showed that language barriers had a bearing on 
low employment levels among immigrants. It is reported that the low employment 



Dweba et al.: Challenges to accessing ethnic foods by immigrants 
- 1334 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1329-1351. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_13291351 
 2018, ALÖKI Kft., Budapest, Hungary 

levels is aggravated by the imposed employment restrictions on foreign nationals 
(Shackelford, 2010). 

Several authors suggest that food insecurity is highly prevalent amongst immigrants 
especially sub-Saharan immigrants (Dharod et al., 2011; Jacobus and Jalali, 2011; 
Anderson et al., 2014). The situation is worse for the newly settled immigrants and 
refugees (Hadley et al., 2010). In a study conducted in Midwestern United States 
amongst refugees by Hadley et al. (2010), 78% (n = 218) of the respondents revealed 
that they had experienced food insecurity. The refugees in the study by Hadley et al. 
(2010) came from countries like Sierra Leone, Liberia, Somali, Ghana, Somali, Togo 
and Meskhetian Turk. Dharod et al. (2011) also confirmed these results in a pilot study 
conducted amongst Somali refugees living in United States. These authors reported that 
72% (n = 25) of the study population were food insecure. Another study conducted 
amongst African Immigrants in Lewiston also revealed major challenges with regards to 
food access (Jacobus and Jalali, 2011). According to Vahambi and Damba (2013) a low 
socio-economic status impacts on a household’s ability to access adequate food by 
altering quality and quantity of food purchases (Vahabi and Damba, 2013). 

Furthermore, several researchers (Dharod et al., 2013; Anderson et al., 2014; Sanou 
et al., 2014) show that households of low socio-economic status tend to adopt unhealthy 
dietary transitions. An illustrated example is the observation by Anderson et al. (2014) 
on Sudanese in United States who replaced high-cost and micro-nutrient dense food 
items with cheaper energy-dense, processed food and snacks. This form of dietary 
change is unhealthy because it lacks dietary diversity and results in excessive 
consumption of energy and unhealthy fats. These inappropriate dietary changes are 
associated with weight gain, development of type 2 diabetes, cardiovascular diseases 
and other nutrition related problems (Schönfeldt and Hall, 2012). 

Studies indicate that due to the high levels of food insecurity within the immigrant 
communities, majority of immigrants end up depending on social support programmes 
(Dharod et al., 2011, 2013; Jacobus and Jalali, 2011; Anderson et al., 2014). These food 
assistance programs vary from one area to the other. Some offer money to unemployed 
immigrants, while others offer food items (Vahabi et al., 2011). However, it has been 
shown that social support programmes are not able to solve the problem of food 
insecurity among immigrants (Dharod et al., 2011; Vahabi et al., 2011; Anderson et al., 
2014). For example, Dharod et al. (2011) showed that 55% (n = 19) of the households 
that received social support once a month, reported that the benefit lasted for less than a 
month, which renders them vulnerable to food insecurity. Vahambi and Damba (2013), 
who showed that the majority of respondents who received money from the state 
welfare programme could not meet their household food costs, confirmed this. 
Furthermore, Anderson et al. (2014) reported that social support programmes were 
insufficient, by noting that recipients were unable to cover their food and housing costs. 
In fact, according to some authors, the prevalence of food insecurity tends to be higher 
among the beneficiaries of social support programmes (Dharod et al., 2011; Vahabi et 
al., 2011; Vahabi and Damba, 2013). 

Studies that have been conducted in United States and Canada indicate that, food 
assistance programs lack cultural sensitivity (Jacobus and Jalali, 2011; Vahabi et al., 
2011; Vahabi and Damba, 2013). This lack of cultural sensitivity often leads to food 
banks and shelters supplying immigrants with limited and culturally inappropriate foods 
(Vahabi et al., 2011). For example, research has shown that immigrants often 
complained that food banks supplied them with unfamiliar foods (Vahabi et al., 2011; 
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Vahabi and Damba, 2013). These unfamiliar foods included canned and dried foods 
which immigrants were unable to prepare, as opposed to fresh foods to which 
immigrants are accustomed. Provision of culturally inappropriate food was also reported 
in shelters and soup kitchens (Jacobus and Jalali, 2011; Vahabi et al., 2011). As a result, 
majority of these programs failed to alleviate food insecurity amongst immigrants 
(Vahabi et al., 2011). 

The findings presented here are strong evidence that socio-economic status of 
immigrants, which steadily decreases upon settlement in host countries, does negatively 
affect their food security status. The number of sub-Saharan immigrants in South Africa 
has been increasing over the years (Statistics South Africa, 2014a). For example, the 
2011 census revealed that, 5.7% of the South African born population is foreign-born 
(Statistics South Africa, 2013). In addition to this, 6,801 permanent residence permits 
were approved in 2013, compared to 1,283 that were approved in 2012. Although the 
number for temporal residence has been fluctuating, over 100,000 permits per year were 
approved in 2011, 2012 and 2013 (Statistics South Africa, 2014b). This 
notwithstanding, there is no evidence of studies that have assessed the socio-economic 
and food security status of the growing population of immigrants in South Africa. 

Although there is paucity of studies on sub-Saharan immigrants’ socio-economic 
status in South Africa, studies conducted in other parts of the world suggest that the 
general trend is for immigrants to be of a low socio-economic status. Results of similar 
studies conducted on the African continent seem to suggest the same socio-economic 
trends. For example, Liberian immigrants residing in Ghana were unemployed and fell 
into the category of low or middle income earners (Ross et al., 2016). In South Africa, 
apart from the negative impact of the low economic status of immigrants on their food 
security status the situation could also negatively affect the health of immigrants. This 
could in turn place tremendous pressure on the South African public health system. To 
help mitigate this emerging burden, evidence based studies are required. 

Difficulty in navigating the new food environment 

Several challenges in navigating the new food environment have been widely 
documented in the literature as risk factors to food insecurity and unhealthy eating 
habits among immigrants (Hadley et al., 2010; Kiptinness et al., 2011; Dharod et al., 
2011; Mannion et al., 2014; Terragni et al., 2014). The challenges of navigating the new 
food environment that have been recorded in various literature include unfamiliar food 
purchasing environment, unfamiliar food items, and cooking practices. This group of 
factors that are classified as non-income related factors, aggravate food insecurity 
among immigrants who by virtue of low household incomes are prone to food insecurity 
(Hadley et al., 2010; Dharod et al., 2011; Mannion et al., 2014; Terragni et al., 2014). 

Unfamiliar shopping environment has also been identified as one of the causes of 
shopping difficulties amongst immigrants upon resettlement. Large supermarkets are 
reportedly one of the most prominent overwhelming features that immigrants are 
confronted with upon immigration (Hadley et al., 2010; Kiptinness et al., 2011; 
Terragni et al., 2014; Wilson and Renzaho, 2014). This is attributed to the fact that most 
immigrants are accustomed to small shops and open markets back in their countries of 
origin. In such environments, immigrants find it difficult to locate and identify items 
thus curtailing their shopping capabilities (Hadley et al., 2010; Njomo, 2012; Terragni 
et al., 2014). 
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Furthermore, most large supermarkets sell mainly frozen and processed foods, as 
opposed to fresh foods that most immigrants are familiar with (Hadley et al., 2010; 
Terragni et al., 2014). This becomes a challenge because most immigrants do not know 
how to incorporate these foods in their meals. Additionally supermarkets found in host 
countries are characterised by food that is packaged and wrapped, which makes it 
difficult to identify the food items (Terragni et al., 2014; Wilson and Renzaho, 2014). 
This coupled with language barriers, leads to most food items being excluded as it 
forces immigrants to stick to their traditional foods and thus restricting the variety of 
food being consumed (Hadley et al., 2010). 

Some researchers (Hadley et al., 2010; Kiptinness and Dharod, 2011; Dharod et al., 
2013; Terragni et al., 2014; Wilson and Renzaho, 2014) argue that even in countries 
where the large supermarkets do stock ethnic foods, majority of immigrants still prefer 
to buy from the small ethnic retailers. This is could be due to the overwhelming 
environment in the supermarkets or due to cultural familiarity, familiarity with the 
language and trust as small ethnic shops are usually owned by fellow countrymen 
(Dharod et al., 2013). Additionally the ethnic shops offer more than just ethnic foods, 
they act as social centres where immigrants can meet friends and socialize, cultural 
consultants, and information sharing centres (Jacobus and Jalali, 2011; Njomo, 2013). 
However, this is contrary to what was observed in South Africa, where Njomo (2013) 
observed that majority of sub-Saharan African immigrants who participated preferred to 
buy their ethnic foods from the mainstream supermarkets. In fact, these respondents 
indicated that they regularly patronise major supermarket chains such as Shoprite, Pick 
n Pay, Checkers, Spar and Woolworths to source food. The above observation is 
attributed to the belief that supermarkets tend to sell cheaper, offer a wide variety and 
good quality products. Given that this observation was made in only study that was 
limited in scope, the view that immigrants prefer mainstream supermarkets over ethnic 
food retailers deserves further investigation to ascertain if it is the general trend. 

Unfamiliar food items have also been identified as further barriers to accessing 
adequate food amongst immigrants in host countries. The problem here is lack of 
knowledge on how to prepare and include these new foods in their diets (Hadley et al., 
2010; Mannion et al., 2014; Sanou et al., 2014; Terragni et al., 2014). For example, in 
South Africa it has been reported that sub-Saharan immigrants often complain that food 
sold in the large supermarkets is not familiar and is new especially to those that have 
just relocated (Njomo, 2012). Of the 281 immigrants surveyed by Hadley et al. (2010); 
40% (n = 111) indicated that they were not familiar with food sold in the shops, and 
63% (n = 169) indicated they did not know how to prepare it. This is complicated by the 
fact that in most cases immigrant women associate the term “safe” food with known 
foods (Mannion et al., 2014). Based on the experiences of Sudanese refugee women, 
navigating a new food environment, Mannion et al. (2014) suggests that immigrant 
women are often reluctant to try new foods due to lack of trust, knowledge, and not 
knowing how these foods are prepared. In the study by Mannion et al. (2014), a 
nutrition resource that was developed to assist Sudanese women with the selection of 
healthy foods, failed because apart from using a foreign language it also contained 
mainly food items that were unfamiliar to the group. This suggests that generally new 
foods create distrust and uncertainty about safety of foods. This uncertainty and mistrust 
reduces the number of food items available to immigrants especially when familiar food 
is not available (Terragni et al., 2014). 
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Immigrant’s perceptions towards host country’s food 

Immigrants’ perceptions towards host country’s food culture has been observed to 
play a major role in determining the adoption of the food culture of the host country. 
According to Garnweidner at al. (2012), immigrants tend to compare their original food 
culture to that of the host country and make clear differentiation between them. 
Consequently terms such as “our food” when referring to their original food and “their 
food” when referring to host country’s food are often used. Based on their cultural and 
religious beliefs they then decide if the food is culturally appropriate or inappropriate. 
From available literature it seems that reasons for negative perceptions vary from one 
person to the other. In previous studies by Garnweidner et al. (2012) and Vahabi and 
Damba (2013), negative perceptions were caused by differences in taste while 
according to Mannion (2014), they were caused by distrust of the new food. However, 
despite the reasons, negative perceptions lead to rejection of the host country’s food 
culture (Vahabi and Damba, 2013; Garnweidner et al., 2012). 

A typical example of this is illustrated by a study that was conducted amongst 
Hmong women residing in United State that reported that most immigrants’ mothers 
perceived host country’s food to be unhealthy and less filling (Vue et al., 2011). A study 
conducted in Norway amongst African and Asian immigrants also showed that the 
immigrants had negative perceptions of the host country’s food culture. The study 
showed that the host country’s food was perceived as tasteless, not filling and lacking 
nutrients. Because of these negative perceptions, the host country’s food was sometimes 
not considered as food by immigrants but as snack (Vue et al., 2011; Garnweidner et al., 
2012). The negative perceptions were also observed by Vahabi and Damba (2013), in a 
study that was conducted in Canada amongst Spanish/Portuguese immigrants who 
indicated that the quality, taste and smell was different from what they were used to. 
Furthermore, immigrants in the study by Vahabi and Damba (2013) believed that 
Canadian food posed health hazards especially to children. They also complained of the 
poor nutritional value, high fat and salt content of the food. As a result, Canadian food 
was deemed culturally inappropriate. Based on these findings it is apparent that, how 
immigrants perceive the host nation’s food is one of the major barriers to food 
acquisition amongst immigrants. Therefore, in the absence of original food ingredients, 
this has the potential to impact on the food security of the immigrant community. 

Mannion et al. (2014) also observed the same phenomenon in their study, and 
indicated that Sudanese refugees residing in Canada excluded most food items from 
their diets because they associated host country’s food with obesity due to its 
perceived high fat content. Probably unbeknown to them, the fear of obesity has a 
scientific basis related to the fact that it is associated with the development of non-
communicable diseases (NDCs) such as cancers, cardiovascular diseases, chronic 
respiratory diseases and diabetes. NCDs increase health care costs, depletes household 
resources, slows down poverty reduction initiatives (Schönfeldt and Hall, 2012; 
WHO, 2014) and results into premature deaths (WHO, 2014). In 1990, NCDs were 
responsible for 27% of the total death rate. This rate is expected to escalate to 50% in 
developing countries by 2020 (Schönfeldt and Hall, 2012). It is further reported that 
NCDs were the leading cause of deaths globally, accounting for 68% of the world’s 
56 million deaths in 2012 (WHO, 2014). 

Apart from social assistance programs lacking in cultural sensitivity as discussed 
earlier, negative perceptions to these programmes also affect nutrition education and 
health promotion programs (Garnweidner et al., 2012). For example, as was alluded 
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to in the previous section; a nutrition resource, which was meant to be a nutrition 
education resource tool for immigrants proved ineffective. One of the reasons for the 
failure of this nutrition resource tool was the fact that Canadian foods that were used 
as examples were considered to be unhealthy by immigrants. Vue et al. (2011) and 
Garnweidner et al. (2012) argue that nutrition messages become ineffective when 
they are not customized and are culturally insensitive. Cultural sensitivity is 
described as the ability to acknowledge the differences that exist within cultures by 
tailoring and respecting these when encountering diverse groups and individuals 
(Garnweidner et al., 2012). 

Therefore, negative perceptions could have serious implications on immigrants being 
food secure especially where there is scarcity or difficulty in accessing their original 
food in the host countries. This emerged in a study that was conducted amongst 
Sudanese refugees residing in United States, whereby a large proportion of those that 
experienced higher levels of household food insecurity preferred traditional food 
(Anderson et al., 2014). This means that health practitioners need to be cognisant of 
immigrant’s food culture and incorporate this knowledge when designing and 
implementing nutrition programs. This will enable health care professionals to design 
tailor made communication messages that take into account background, religious 
beliefs and context (Garnweidner et al., 2012). In countries like South Africa where 
immigrant’s dietary patterns have not been established (Njomo, 2012), future studies on 
immigrant’s food culture are necessary. Such studies should look at immigrant’s 
perceptions towards host country’s food culture. In addition to learning the immigrant’s 
perspectives; ethnic food markets and restaurants can be used as case studies to learn 
and understand immigrants’ food culture. 

Language barrier 

Inability to speak the host country’s official language has been associated with food 
insecurity amongst immigrants in previous studies (Hadley et al., 2010; Vahabi et al., 
2011; Vahabi and Damba, 2013; Anderson et al., 2014). Studies show that, immigrants 
that experience language barrier experience high levels of food insecurity (Hadley et al., 
2010; Vahabi and Damba, 2013). Studies also reveal that language difficulties directly 
affect immigrant’s ability to access food by restricting shopping choices (Vahabi and 
Damba, 2013), their ability to read labels (Hadley et al., 2010) and benefit from 
promotional information such as discounts and coupons (Vahabi et al., 2011; Vahabi 
and Damba, 2013). 

According to (Vahabi and Damba, 2013) not being proficiency in English restricted 
the number of shops immigrants utilised to buy their groceries. Results of the study by 
Vahabi and Damba (2013) indicated that respondents avoided small convenience stores 
due to language difficulties. Instead, they preferred large chain stores where they could 
search for food items independently without seeking assistance from shopkeepers. This 
could have negative implications for food security in cases where chain stores are 
located far away from residential areas. This is because proximity to the food source is a 
major determinant to food access (Jacobus and Jalali, 2011). In fact long distances to 
grocery shops is known to increase transportation costs and in this way negatively 
impacts on immigrants ability to access food (Vahabi and Damba, 2013). 

Language barrier also results inability to read food items, nutritional labels, and 
selection of appropriate food to purchase (Hadley et al., 2010; Vahabi et al., 2011; 



Dweba et al.: Challenges to accessing ethnic foods by immigrants 
- 1339 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1329-1351. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_13291351 
 2018, ALÖKI Kft., Budapest, Hungary 

Vahabi and Damba, 2013). For example, studies conducted amongst Latin Americans in 
Toronto, Canada, found that they struggled to understand ingredients and nutritional 
composition of foods, making it difficult to make healthy choices. The result could be 
restricted food choices and a decrease in the variety of foods consumed especially when 
access to traditional foods is limited. A similar study conducted in Canada amongst 
Sudanese women, confirmed these findings, revealing that difficulties in language 
impeded on their ability to recognise food (Mannion et al., 2014). This was further 
confirmed in a study conducted in Norway where women from South Asian, African, 
and Middle Eastern Countries found it difficult to read packaging information or ask for 
help from shop assistants (Terragni et al., 2014). 

Failure to access traditional ingredients in the host countries 

Available evidence suggests most immigrants prefer to maintain their traditional 
diets. However, they are unable to do so due to unavailability and inaccessibility of 
traditional ingredients (Renzaho and Burns, 2006; Garnweidner et al., 2012; Njomo, 
2013; Vahabi and Damba, 2013; Sanou et al., 2014; Terragni et al., 2014). This in 
addition to the factors mentioned above has the potential to negatively affect the food 
security and nutritional status of immigrants. It forces them to replace their diets with 
unhealthy food items (Kiptinness and Dharod, 2011). 

The unavailability of immigrant’s food especially from the mainstream supermarkets 
has been reported in several host countries including South Africa, Canada, and North 
America (Deng et al., 2013; Dharod et al., 2013; Njomo, 2013; Vahabi and Damba, 
2013). In South Africa, the unavailability of ethnic food ingredients has led to the 
emergence of ethnic shops and restaurants in main city centres around the country. 
However, these ethnic food shops are unable to stock sufficient amounts and a variety 
of foods (Njomo, 2013). 

In South Africa, information on ethnic markets is scanty. Only one study could be 
sourced, and the study in question was limited in scope as it considered only immigrants 
in Cape Town. In view of this, studies in other provinces especially Gauteng which is 
home to the largest number of sub-Saharan immigrants in South Africa are needed. The 
authors are of view that such studies should assess the availability and accessibility of 
ethnic foods for the sub-Saharan immigrant community that is resident in South Africa. 

Accessibility of traditional food ingredients is further exacerbated by the high 
prices of these foods in the host countries (Jacobus and Jalali, 2011; Deng et al., 2013; 
Njomo, 2013; Popovic-Lipovac and Strasser, 2015). The majority of immigrants, who 
participated in the study by Njomo (2013), indicated that ethnic foods for sub-Saharan 
immigrants living in South Africa are very expensive as compared to countries like 
Canada and America. The cause of the high prices is the unavailability of these 
traditional food ingredients from the major grocery stores (Njomo, 2013; Vahabi and 
Damba, 2013) and high export prices (Jacobus and Jalali, 2011; Njomo, 2012). This is 
a serious problem when one considers the fact that the majority of immigrants are 
often characterized by low incomes due to low employment levels. As a result the 
majority of immigrants tend to resort to consumptions of high-calorie, low-nutrient 
dense food (Kiptinness and Dharod, 2011; Vahabi and Damba, 2013).This trend is 
associated with weight gain and development of chronic diseases of the lifestyle 
(Kiptinness and Dharod, 2011; Popovic-Lipovac and Strasser, 2015). In view of this, 
there is a need to increase the availability and accessibility of immigrant’s original 
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food ingredients in host countries. However, to achieve maximum availability and 
accessibility of food by immigrants in question, there is a need for clear understanding 
of the food culture of immigrants. This will help stakeholders understand food 
preferences immigrants and how they would like to see the foods presented. This can 
be achieved through encouraging ethnic food business owners to form cooperatives or 
groups so that they can have greater buying power and be able to negotiate with the 
big suppliers (Jacobus and Jalali, 2011). Through cooperative buying these small 
businesses can also buy in bulk and pull resources together to curb transportation 
costs. They can also though cooperatives negotiate with local farmers to produce some 
of their food in the host country. 

Safety of food sold in the ethnic markets 

Food safety refers to a series of activities that are undertaken to prevent foodborne 
illnesses by ensuring safe handling, preparation and storage of food. Worldwide failure 
to comply with acceptable food safety standards is reportedly responsible for an 
estimated 2.2 million deaths annually especially within the poor communities (WHO, 
2013). Furtherance to this, the effects of foodborne illnesses do not only threaten the life 
of individuals concerned, but also have adverse economic consequences on 
communities, businesses and countries. They negatively affect the health care systems, 
tourism, productivity and livelihood (WHO, 2013; Grace et al., 2015a). 

Review of literature indicates that food safety is a growing concern within the ethnic 
food industry (Rudder, 2006; Roberts et al., 2011; Njomo, 2012, 2013; Stenger et al., 
2014). In United Stated and Europe alone the outbreaks related to ethnic food increased 
from 3% to 11% between 1990 to 2000 (Quinlan, 2013). This is attributed to poor 
hygienic practices (Grace et al., 2015b; Harris et al., 2015); poor quality of food 
(Rudder, 2006; Njomo, 2012, 2013), and failure to comply with food safety regulations 
(Roberts et al., 2011; Harris et al., 2015). 

Good employee hygienic food handling practices are critical in preventing cross 
contamination of food, equipment and utensils (Harris et al., 2015). However, many 
studies show that employees in the ethnic food restaurants (Rudder, 2006; Roberts et al., 
2011; Grace et al., 2015b; Harris et al., 2015) tend not follow critical good hygienic 
practices. For example a study conducted in Greater Manchester by Rudder (2006), 
found that majority of ethnic retailers failed to meet the minimum standard of food 
hygiene and lacked the necessary knowledge required to implement effective food 
safety measures. In fact, majority of ethnic retailers that were studied were considered a 
high risk and therefore suspected to be the cause for food borne illnesses such as 
Escherichia Coli. Roberts et al. (2011) also observed that a number of violations in the 
ethnic food restaurants were directly related to poor employee hygienic practices. 

According to Quinlan (2013), dirty floors, work surfaces, equipment; and lack of 
disinfectants were among the top hygienic concerns within the ethnic food restaurants in 
a study that was conducted in the UK. Poor hygienic practices have been associated 
with cultural food handling methods and beliefs, which are often in contrary with the 
food safety guidelines. This is due to lack of knowledge and skills to implement 
effective monitoring systems for personal hygiene and food handling practices (Harris, 
2015). Grace et al. (2015b) are of the view that ethnic food restaurant operators and 
employees often lack information with regards to good hygiene practices and basic 
resources such as tap water, power supply and waste disposal facilities. 
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The quality of food sold by ethnic retailers has been identified as being of poor 
quality from a food safety perspective (Rudder, 2006; Njomo, 2012, 2013). For 
example, food safety has been mentioned as being problematic amongst Hispanic 
families residing in United States. It has also, been shown that immigrants who attempt 
to maintain their original food culture experience a high number of food borne illnesses 
incidences (Stenger et al., 2014). This has been shown to be true especially where the 
majority of these immigrants preferred and obtained their food from ethnic food 
retailers even where ethnic foods are available in the mainstream supermarkets. 

In South Africa majority (55%; n = 225) of sub-Saharan immigrants that participated 
in a study that was conducted in the Western Cape, complained about the poor quality 
of food sold by ethnic retailers (Njomo, 2012). Njomo (2013) goes on to suggest that 
food at these shops was often decomposed, smelt and taste bad. Ethnic retailers 
interviewed by Njomo (2013) in Cape Town attributed the poor quality of food to poor 
preservation methods used to preserve the food in question, the duration it takes, lack of 
skills and resources to transport ethnic foods from supplying countries to South Africa. 
This could also be because the value chain within the ethnic food retailers in South 
Africa is already complex and extended. It is known that complex value chains make 
food vulnerable to contamination (Oguttu et al., 2014). This coupled with poor 
resources that are a characteristic of the informal sector like ethnic markets, could 
compromise food quality even further. Of noteworthy though, is that there is paucity of 
studies that have assessed the microbiological quality of foods in the ethnic markets and 
restaurants (Roberts et al., 2011) especially in South Africa. 

Available research suggests that majority of the ethnic food markets, and restaurants 
fail to comply with food safety regulations (Rudder, 2006; Roberts et al., 2011; Harris et 
al., 2015). For example in a study by Rudder (2006), a number of the ethnic retailers 
failed to meet the minimum standards of food legislation which stated that food 
premises should have soap, proper drying methods and a basin. In addition, majority of 
the structures in which these businesses operated were in breach of the legislation for 
structures selling food. They had damaged equipment, poor ventilation, broken floors 
and ceiling. 

Failure to adhere to regulatory requirements was observed in studies conducted in the 
United States by Roberts et al. (2011) and Harris et al. (2015), which analysed 
inspection health reports. Even within the ethnic markets, variations in adherence to 
regulatory requirements have been observed. For example, Roberts (2011) observed that 
independent ethnic markets had more critical and non-critical violations recorded, as 
compared to chain-ethnic restaurants and non-ethnic restaurants. Moreover, Harris et al. 
(2015) concluded that failure by ethnic restaurants to comply with the food legislation 
as stipulated by the United States’ Food and Drug Administration is a national issue. 
Non-compliance was attributed to cultural differences, and inability of restaurant 
operators to comprehend government regulations (Roberts et al., 2011; Harris et al., 
2015). Poor communication of food safety regulations due to language barriers has also 
been blamed for non-compliance of ethnic food markets and restaurants (Rudder, 2006; 
Roberts et al., 2011). Language barriers makes it difficult to train the actors within the 
sector (Rudder, 2006). These findings suggest that there is a need for cultural 
appropriate training material (Harris et al., 2015). Moreover, to address the language 
barrier the training material should be made available in the native language of the 
owner of the ethnic restaurant (Roberts et al., 2011). 
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Based on the preceding section, it is clear that food safety is a major problem within 
the ethnic food markets. However, since food safety concerns associated with ethnic 
markets have not been documented, studies to ascertain if there are any food safety 
concerns in the ethnic retail industry, especially in a country like South Africa where 
this industry is still in its infancy and remains the only source of ethnic foods for sub-
Saharan immigrants are needed. Furthermore, a study that looks at food safety within 
the ethnic retail sector would act as a preventative measure of food borne illnesses 
within this growing section of the South African population. This could thus reduce the 
resources that would be required to treat the outbreak of illnesses if the matter is not 
given the attention. Moreover, future research on food safety knowledge amongst the 
ethnic restaurant and ethnic food markets managers will enable the authorities to 
develop appropriate training manuals. 

Pressure from children to adopt host country’s food 

Pressure from children to adopt host country’s food has been described as one of the 
challenges immigrant mothers experience upon resettlement. This is because, when 
children of immigrants get exposed to the host country’s food culture during the school 
going age, they tend to adopt the eating habits of the host country (Vue et al., 2011; 
Mannion et al., 2014; Terragni et al., 2014; Wilson and Renzaho, 2014). According to 
Vue et al. (2011) and Dharod et al. (2013) children are usually easily acculturated than 
their parents due to peer pressure, media and environment. The result is that most 
children immigrants tend to prefer the host country’s food over the traditional food of 
the countries their parents came from (Vue et al., 2011; Dharod et al., 2013; Mannion et 
al., 2014). This causes frustration amongst mothers who lack knowledge and do not 
trust the food culture of the host country. 

Terragni et al. (2014) observed that the cause of the easy acculturation among 
children of immigrants, is children become reluctant to take food to school that is 
different from what the rest of the children bring in their lunch boxes. This is a 
problematic, because as mentioned above the immigrant mothers lack knowledge and 
do not trust host country’s food culture. Subsequently most mothers are often conflicted 
between the desires to indulge children’s preferences versus that of wanting to uphold 
traditional eating patterns (Mannion et al., 2014). 

The other problem associated with the pressure from children to adopt the host 
country’s food is related to convenience. For example, in the study done in Australia by 
Wilson and Renzaho (2014), the refusal of children to eat their traditional food was 
associated with the inconvenience of carrying the food to school that required reheating. 
The problem that arises from this, is that parents often choose unhealthy foods as a 
response to the demands of their children (Vue et al., 2011). This could be associated 
with not being familiar with the host country’s food culture discussed in earlier sections 
in this paper. Dharod et al. (2013) supports this view by noting that such children tend 
to prefer fast foods as opposed to the traditional ethnic foods that the parents want them 
to eat or take to school. This could have dire consequences for dietary changes and 
malnutrition. In view of this, there is a need to investigate whether this is true for the 
immigrants from sub-Saharan Africa living in South Africa. 
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Role of religion in determining immigrant’s food choices in host countries 

Religious beliefs play a major role in shaping the dietary patterns of people. Certain 
religious affiliations often result into what is known as food avoidance, a situation 
whereby members are prohibited from consuming certain foods. Generally, food 
avoidances are either temporal or permanent. However, those that are due to religious 
affiliations tend to be permanent because the foods in question are regarded as being 
impure or hold a sentimental value. The two most known religions that endorse 
permanent food prohibitions are Muslims and Hindus (Hartog, 2006). Fundamentally, 
food avoidances define what food is and what is acceptable to consume. According to 
Jacobus and Jalali (2011) food avoidances are the reason why immigrants could 
experience food insecurity despite the availability of the traditional ingredients in host 
countries (Jacobus and Jalali, 2011). 

For example, in the case of Muslims who have to eat halal food, they are frequently 
not sure if the food they are buying is actually halal or not, which forces them to restrict 
their food baskets to fewer food items (Garnweidner et al., 2012; Terragni et al., 2014). 
This lack of trust causes Muslim immigrants to exclude all foods affected by religious 
rules from their diets (Garnweidner et al., 2012; Terragni et al., 2014). This 
phenomenon of religiously “safe” food was also highlighted in a study that was 
conducted amongst the African immigrant population residing in Lewiston. Due to 
issues related to trust, most respondents in the study preferred small ethnic markets run 
by fellow compatriots. Apart from exclusion of pork, meat for Muslims has to be 
slaughtered in a certain manner by trained Muslim men (Jacobus and Jalali, 2011; 
Harrow, 2013). Furthermore separate utensils have to be used for Halal otherwise if 
contaminated it becomes Haram (Harrow, 2013). Haram refers to all the food that is 
forbidden according Islamic food laws and customs. However, the availability of these 
special personnel is usually a problem in host countries. As a result, halal products have 
to be imported from abroad. This in turn inflates the costs of such foods thus limiting 
the availability and access of halal products due to imports costs and lack of 
competition. Additionally, it has been reported that most Muslims also prefer to source 
imported products such as rice, spices, dried fruits and condiments from these halal 
speciality shops just to ensure that they are not haram (Jacobus and Jalali, 2011). 

Similar to Islamic religion, Hindus have numerous permanent food avoidances 
(Hartog et al., 2006; Harrow, 2013). However contrary to Islamic belief, Hindus avoid 
certain food not because they are considered unclean but due to respect (Hartog et al., 
2006; Harrow, 2013). A typical example of this is a cow which is highly respected in 
Hindu culture. Therefore, Hindus do not kill cows for food and they avoid all beef or 
beef products (Hartog et al., 2006; Harrow, 2013). Other food avoidances include 
alcohol and all animal products including rennet, eggs or gelatine of animal origin. 
Furthermore, due to the avoidance of beef and beef related products prevention of cross 
contamination during food preparation, cooking utensils becomes very crucial. 
Therefore any such any food suspected of having been contaminated is completely 
avoided. Similarly like when preparing food for Muslims, separate utensils and food 
preparation areas should be used when cooking food for Hindus. Consequently, fear of 
cross-contamination has been cited as a the main reason why majority of Hindus avoid 
eating from public places. Furthermore, there are certain rituals that need to be adhered 
to when preparing, cooking and serving food to Hindus (Harrow, 2013). Therefore 
cynicism alluded to in the preceding section could result especially when food is sold by 
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people outside this religious group. Consequently, this could have food inaccessibility 
implications and adverse effect food security. 

Based on this review it is apparent that religious beliefs are one of the barriers to 
accessing sufficient food amongst immigrants especially if religious beliefs of the host 
country differ vastly from their own country of origin. In South Africa for example 
majority (85, 5%) of the population are Christians, with only 2% and 1% of the 
population affiliated to Muslims and Hindus religions respectively (Statistics South 
Africa, 2014a). This could have a negative impact on the availability and accessibility 
of appropriate food for people belonging to these groups. Consequently, it could have 
adverse implications on the health of immigrants belonging to these religious groups as 
it limits food choices resulting into monotonous diets. The most notable fact about this 
is the exclusion of meat by most immigrant’s due to the fear of eating food that is 
religiously unacceptable (Terragni et al., 2014). Consuming a limited variety of food is 
associated with malnutrition. Exclusion of meat without proper replacement could result 
into nutrient deficiencies such as protein, iron and vitamin A deficiencies (Schönfeldt 
and Hall, 2012). In South Africa, there is a need for studies that assess the impact of 
religious reasons on immigrant’s ability to access food, in particular how pre-migration 
religious beliefs influence food choices among immigrants upon resettlement. 

Conclusion and recommendations 

This review highlights several factors that limit dietary choices of immigrants upon 
resettlement in new countries. These include climate change, socio-economic status, 
new shopping environment, negative perceptions towards host country’s food, 
acculturation with ease by their children to the host country’s food, and language 
barriers. This review also identifies several factors that impede access to culturally 
acceptable foods by immigrants. These factors include inaccessibility, and poor quality 
of ethnic foods and religious factors. These are unique factors that play a major role in 
determining the household food security of immigrants upon resettlement. Limited 
understanding of these factors by the host country’s authorities hampers efforts to 
protect immigrants from food insecurity, and places immigrants at the risk of 
developing lifestyle diseases, which in turn could put tremendous pressure on the public 
health systems of the host countries. This could also jeopardize global efforts to contain 
Non Communicable Diseases (NCD) by 2025, as stipulated in the Global Status Report 
on Non Communicable Diseases of 2014 (WHO, 2014). 

The present study revealed that there is scantiness of dietary related studies on Sub-
Saharan African immigrants migrating within the continent. This is despite the fact that 
majority of migration in Sub-Saharan Africa takes place within the continent. Available 
Studies have been limited to countries like Canada and United States. 

Moreover, statistics indicate that the number of Sub-Saharan immigrants living in 
South Africa is on the increase. In view of this, research is needed to establish dietary 
patterns of these immigrants and the challenges they face in terms of accessing their 
foods. An understanding of immigrant’s dietary patterns and challenges could assist the 
health professionals and policy makers to design tailor made nutrition programs and 
provide maximum nutritional health equity. This will not only improve their health 
status, but also has potential to reduce the burden on the health care system that could 
ensue if this matter is was left unattended. Available evidence suggests that though 
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ethnic markets are the only source of ethnic foods for Sub-Saharan immigrants living in 
South Africa, there is paucity of studies on ethnic food markets. 

Despite diverse food patterns within the sub-Saharan region, ethnic food preferences, 
and the availability and accessibility of ethnic food to immigrants within the continent 
has not been fully investigated. Therefore, further studies are also required to establish 
availability and accessibility of immigrant’s ethnic / traditional food in South Africa. 

Additionally, studies to verify the prevalence of food related challenges and factors 
that impede on sub-Saharan immigrants accessing their traditional food in South Africa 
are needed. These studies should also establish the relationship between these factors 
and food insecurity within the immigrant population. In South Africa, though food 
insecurity studies have not traditionally been tracked by citizenship status, there is an 
urgent need for evidence-based research on prevalence, causes and potential 
consequences of food insecurity among all sectors of the South African population 
including immigrants. 

Further research on food safety from the ethnic food markets is another area that 
merits consideration and further research. 
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APPENDIX 
 
Appendix 1. Summary of sample size and study areas of studies included in the review 

Article  Study population Sample size Study area 

1. Adepoju, 2008 

Sub-Saharan immigrants: 
This is not a research article, 
but a review of the migration 
trends in sub-Saharan Africa 

Not applicable Not applicable 

2. Anderson et al., 
2014 

Sudanese 49 Atlanta, United States 

3. Arksey and 
O’Malley, 2005 

Article about the 
methodology on scoping 
studies 

Not applicable Not applicable 

4. Berjak et al., 2011 
Review article about studies 
conducted on conservation of 
plant genetic diversity  

Not applicable South Africa 

5. Deng et al., 2013 Chinese immigrants  North America 

6. Dharod et al., 2011 Somali refugees 35 United States 

7. Dharod et al., 2013 
Refugees (country of origin 
not specified) 

13 United States 

8. FAO, 2006    

9. Garnweigner et al., 
2012 

African and Asian immigrants 21 Oslo, Norway 

10. Grace et al., 2015a 
Introduction to a book about 
informal markets 

Not applicable 
Studies conducted in 
sub-Saharan African 
countries 

11. Grace et al., 2015b 
A chapter in a book on 
informal markets 

Not applicable 
Studies conducted in 
sub-Saharan African 
countries 

12. Hadley et al., 2012 

Refugees including countries/ 
ethnicities such as Sierra 
Leone, Liberia, Ghana, 
Somalia, Togo, and 
Meskhetian Turk 

281 United States 

13. Harris et al., 2015 

Reviewed data on number of 
inspections and violations at 
ethnic and non-ethnic 
restaurants 

34,259 restaurants United States 

14. Harrow, 2013 
Not a research article but a handbook that assisted in 
defining some of the terminologies used in the 
manuscript 

United Kingdom 

15.  Hartog et al., 2006 
Not a research article but a handbook that assisted in 
defining some of the terminologies used in the 
manuscript 

 

16. Jacobus and Jalali, 
2011 

African immigrants 9 (in depth interviews) Lewiston 

17. Kiptinness and 
Dharod, 2011 

Bhutanese refugees 14 United states 

18. Lesser et al., 2014 South Asian immigrants 207 Canada 

19. Lindsay et al., 2014 Nigerian pregnant women 52 Dublin, Ireland 

20. Mannion et al., 2014 Sudanese refugee women 8 Calgary, Canada  
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21. McMichael et al., 
2012 

Review of previous studies on 
refugees, people on 
resettlement schemes and 
those who migrate to urban 
areas 

Not applicable Not specified. 

22. McMichael C., 2015 Review Not applicable 

Drawing examples 
from Bangladesh, 
China, the Horn of 
Africa and the Greater 
Mekong Sub region 

23. Njomo, 2012 Sub-Saharan immigrants 409 
Cape Town, South 
Africa 

24. Njomo, 2013 Sub-Saharan immigrants 409 
Cape Town, South 
Africa 

25.  Oguttu et al., 2014 Informal food markets 100 food samples 
Tshwane Metropole, 
South Africa 

26. Okafor et al., 2014 African immigrants 763 United States 

27. Pendleton et al., 
2014 

Rural-urban immigrants 144 Windhoek, Namibia 

28. Popovic-Lipovac et 
al., 2015 

Review article 179 articles 

Studies conducted in 
Canada, USA, UK, 
Sweden, Germany and 
Netherlands 

29. Quinlan, 2013 

Review article on food safety 
risks for minority and low 
socioeconomic status 
population 

Not specified 
Studies conducted in 
United States and 
Europe 

30. Ratha and Shaw, 
2007 

South-South Migration  
Data from 167.6 
million immigrants 
across the globe 

Global trends 

31. Renzaho and Burns, 
2006 

Sub-Saharan African migrants 139 households Victoria 

32. Roberts et al., 2011 
Ethnic and non-ethnic 
restaurants 

924 restaurants Kansas, United States 

33. Ross et al., 2016 
Liberian refugees and 
Ghanians 

480 Buduburam, Ghana 

34. Rudder, 2006 Ethnic restaurants 40 ethnic restaurants 
Borough of Bolton, 
Greater Manchester. 

35. Sanou et al., 2014 A review 49 articles Canada 

36. Satia, 2010 A review 28 articles North America 

37. Schönfeldt and Hall, 
2012 

A book on Red Meat in 
Nutrition and Health 

Not applicable South Africa 

38. Shackleford, 2010 Policy brief not a research article United States 

39. Statistics South 
Africa, 2013 

Discussion document 
Documented immigrants 

Not applicable South Africa 

40. Statistics South 
Africa, 2014a 

General Household Survey Not applicable South Africa 

41. Statistics South 
Africa, 2014b 

Discussion document 
Documented immigrants 

Not applicable South Africa 

42. Stenger et al., 2014 Hispanic families 52 Midwestern state 
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43. Terragni et al., 2014 
Women from South Asia, 
African, and Middle East 

21 Norway 

44. Vahabi and Damba, 
2013 

Latin American immigrants 70 Toronto 

45. Vahabi et al., 2011 Latin American immigrants 70 Toronto 

46. Vue et al., 2011 Hmong women 15 California 

47. WHO, 2013 
Not a research article but a 
strategic plan about advancing 
food safety initiatives 

Not applicable Not applicable 

48. WHO, 2014 
Not a research article but a 
global status on the 
Noncommunicable diseases 

Not applicable Not applicable 

49. Wilkinson, 2015 
Newspaper article based on immigrants, living South Africa 
Johannesburg 

50. Wilson and 
Renzaho, 2014 

Horn of Africa immigrants 40 Melbourne, Australia 
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Abstract. In order to protect ecosystem functions and structures, it is essential to identify areas with high 
conservation potentials. The present study investigates the use of Multi-Criteria Evaluation (MCE) 
Models and effects of trade-off levels on the results of land conservation capability in the Pelasjan sub-
basin, western part of the Gavkhooni watershed and Gavkhooni wetland water source in central Iran. 
Delphi survey method was used to gather, condense and use experts’ knowledge in determining and 
ranking the evaluation criteria. Analytic Hierarchy Process (AHP) was then used to estimate the criteria 
weights. Subsequently, to create a single ranked map of potential conservation area, a weighted linear 
combination (WLC) model and ordered weighted averaging (OWA) model with medium risk and trade-
off were used. Conservation capability maps, were then classified into 6 classes based on conservation 
capability values ranges. The comparison analysis has shown that designed OWA model with lower 
trade-off level leads to relate areas as very high and high capability classes. Models accuracy assessments 
have shown that OWA model was more accurate and realistic, but with regard to Plasjan’s importance as 
a habitat for fauna and flora, producing water, and high quality soil and biodiversity, it is highly necessary 
to consider WLC results. 
Keywords: AHP, fuzzy, Gavkhooni wetland, OWA, Plasjan sub-basin, trade-off, WLC 

Introduction 

For effective land conservation, suitable areas should be determined by considering 
multiple factors including ecological and natural systems, social and economic criteria 
and existing land uses (Bryan et al., 2009; Alexander and Sahotra, 2006; Mousavi et al., 
2015; Farrashi et al., 2016). This complexity has triggered considerable interest in 
applying quantitative methods such as Multi-criteria decision-making (MCDM) 
techniques to these problems (Ananda and Herath, 2009; Chen et al., 2010; Mosadeghi, 
2013). 

mailto:v.rahdary@gmail.com
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MCDM techniques combined with GIS have been successfully applied in a number 
of land capability analyses, environmental planning and management studies. Using 
spatial MCDM techniques can improve the transparency and analytic rigor of the land 
capability analysis including land conservation allocation (Jiang and Eastman, 2000; 
Malczewski, 2006b; Mosadeghi et al., 2015; Villacreses et al., 2017). Multi-criteria 
evaluation (MCE) is a subdivision of MCDM, which can use and combine different 
criteria to evaluate land capabilities for each land use. In MCE models, the weights and 
relative importance of different criteria are considered unequal. Different MCE 
techniques use different algorithms to assign weight at either the cardinal or ordinal 
level of measurement (Hajkowicz and Collins, 2007; Mosadeghi, 2013). For the 
purpose of this study, Analytical Hierarchical Process (AHP) is used to rank the 
importance of each capability criterion. The AHP was used due to the following 
benefits: (1) it is well-known and well-reviewed in the literature; (2) it includes an 
efficient criterion weighting process of pair-wise comparison; (3) it incorporates 
hierarchical description of criterion which keeps the number pair-wised comparison 
manageable; and (4) its use is facilitated by available software (Satty, 1994; Norris and 
Marshal, 1995; Kristof, 2005; Chakhar and Mousseau, 2008; Ho, 2008; Drobne and 
Lisec, 2009; Moeinaddini et al., 2010; Hajehforooshnia et al., 2011; Mosadeghi, 2013; 
Sánchez et al., 2013; Mosadeghi et al., 2015; Farashi et al., 2016; Allaouia et al., 2018). 

The study also explores the use of two different MCE operators, weighted linear 
combination (WLC) and ordered weighted averaging (OWA) in producing the final 
suitability maps. 

In MCE model, a criterion with a higher weight can compensate for the weakness of 
other criteria with lower weights in a spatial position. In MCE process, trade-off is 
related to capability of compensating for the weakness of a criterion with other criteria. 
With increasing amount of trade-off in MCE model, more areas will be considered as 
high capability areas whose amounts of risk and trade-off would be determined by 
decision-makers. Weighted linear combination (WLC) and ordered weighted averaging 
(OWA) are two useful methods for land capability evaluation (Seok, 2008; Chen and 
Paydar, 2012; Mokarram and Hojati, 2017; Villacreses et al., 2017). OWA is a 
combined technique in which users can control risk and trade-off levels by considering 
objects and land condition (Parhizkar, 2011; Mousavia et al., 2014). OWA uses a class 
of multi-criteria operators and involves two sets of weights: Original criteria weights 
and ordered weights (Malcezewski, 2006; Makropoulos; 2006; Boroushaki and 
Malczewski, 2008; Chen and Paydar, 2012; Chen et al.,2013; Sánchez et al., 2013; 
Zavadskas et al., 2015; Mokarram and Hojati, 2017; Villacreses et al., 2017). The 
former are assigned to a given criterion for all locations in a study area to indicate their 
relative importance (Seok, 2008; Ali Yahyai et al., 2012; Chen and Paydar, 2012; 
Allaouia et al., 2018). For calculating the ordered weights, at first layers would be 
ordered by paying attention to their original weights in an increasing trend and then 
ordered weights would be assigned with values between (1) and (0). If (1) is assigned to 
the first criterion with the lowest original weight and (0) is assigned to other layers, the 
model has no risk and trade-off; and if 1 is assigned to the last criterion with the highest 
original weight and 0 is assigned to other layers, the model has the highest risk and no 
trade-off. When numbers between (0) and (1) are assigned to all criteria, the model has 
a range of risk and trade-off (Malcezewski, 2006; Sánchez-Lozano et al., 2013; 
Mokarram and Hojati, 2017). 
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Therefore, it is possible to control the risk and trade-off in OWA model through a set 
of ordered weights for each criterion at every location (pixel) (Malcezewski, 2006b; 
Ahn, 2008; Boroushaki and Malczewski, 2008; Chen and Paydar, 2012; Chen et al., 
2013; Mosavi and Yazdani, 2014; Allaouia et al., 2018; Mokarram and Hojati, 2017). 
Decision area is triangular, which in fact, any assignment of ordered weights results in a 
decision rule that falls somewhere in a triangular decision strategy space defined by the 
dimensions of risk and trade-off (Drobne and Lisec, 2009; Mokarram and Hojati, 2017). 
WLC is an MCE method with the highest trade-off and medium risk (Malcezewski, 
2006b; Ahn, 2008; Boroushaki and Malczewski, 2008; Drobne and Lisec, 2009; 
Moeinaddini et al., 2010; Ali Yahyai et al., 2012; Allaouia et al., 2018; Mokarram and 
Hojati, 2017). Figure 1 shows decision area triangles. 

 

 
Figure 1. Decision area, risk and trade-off (Mokarram and Hojati, 2017) 

 
 
In most studies, effects of trade-off were not considered and also were mostly 

focused on ecological parameters. In this study, for producing proper conservation 
capability models, we considered a set of ecological, social and economic criteria. The 
objective of this study is to produce land conservation capability models with WLC and 
OWA methods and to investigate trade-off effects on multi-criteria land evaluation 
results. In this case, we used different levels of trade-off using WLC and OWA models 
to produce conservation capability models for Gavkhooni wetland water source 
(Pelasjan sub-basin). 

Materials and methods 

The study area 

The study area was Pelasjan sub-basin including the western part of the Gavkhooni 
watershed located in central Iran covering approximately 412,999 ha. The 
Zayandehrood is the major river in Gavkhooni watershed to which Pelasjan sub-basin 
gives the highest portion of water. The Gavkhooni wetland is located in the eastern part 
of Gavkhooni watershed and is the terminal basin of the Zayandehrood River. Pelasjan 
sub-basin’s average temperature is 8-13 °C with 400-1250 mm precipitation. 
Agricultural activities and animal husbandry are the main activities of people living in 
these areas. Figure 2 shows the location of the Zayanderood River Basin and Pelasjan 
sub-basin in the western part of the Gavkhooni wetland in Iran. 
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Figure 2. Pelasjan sub-basin located in the western part of Gavkhooni wetland 

 
 

Data selection 

For data selection, at first, literatures about different aspects of conservation were 
reviewed. Then, with 21 questionnaires, expert opinions were given using Delphi 
method in 3 steps, and appropriate data were determined. Experts were selected based 
on their experience and knowledge in biodiversity, hydrology and soil. For producing 
an LULC map, Landsat 8 and OLI sensor images for June 2016 were prepared. Other 
layers were selected from the Isfahan University of Technology archives produced in 
2016. With regard to the literature review and expert’s knowledge, a study’s hierarchy 
scheme was designed (Fig. 3). 

 

 
Figure 3. Hierarchical system designed for study 
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Field sampling 

According to the phenology of natural vegetation in rangelands and agricultural 
crops, plant field sampling was conducted in June 2016, and 210 samples of LULC 
were recorded using GPS. The collected samples were used for producing LULC maps 
and accuracy assessment. 

 
Data pre-processing 

Atmospheric and radiometric corrections were performed on satellite images with 
FLASH method. All criteria geo-referencing was controlled using 25 control points 
with the nearest neighbor method. 

 
Developing LULC maps 

To produce an LULC map, OLI sensor images were classified using the hybrid 
classification method (Estman, 2001) on each image. The LULC map was produced in 8 
classes. Conservation area borders were added as the eighth class. The accuracy of 
LULC map was determined by calculating the kappa index and overall accuracy. Then, 
the layers of LULC map were utilized in capability models evaluation. 

 
Criteria standardization 

By paying attention to literature review and expert knowledge, all criteria were 
standardized between zero and 255, and constraints were standardized using the 
Boolean method (Malczewski, 2004; Mirghaed et al., 2014). Appropriate Fuzzy 
functions and their thresholds were determined for each criterion with literature review 
and expert knowledge. 

 
Criteria

, 
s weights calculating 

AHP method was applied to calculate the criteria weights. For this purpose, criteria, 
sub-criteria and indices were compared in a pairwise method provided by experts in the 
research questionnaire, and the final weights were calculated according to a hierarchical 
structure in expert choice softer version 11 (Fig. 3). In this way, the accuracy of 
pairwise comparisons was determined by calculating the coefficient of consistency, and 
questionnaires that had more than 0.1 errors were returned to the interviewers to be 
improved. Finally, the weights of all considered criteria, sub-criteria, indices and sub-
indices were calculated. 

 
Layers combination using WLC and OWA methods 

To combine the individual suitability layers for each criterion, two combination 
operators, WLC and OWA methods, were used according to Figure 3. The layers, from 
the lowest branches were combined by applying their weights in each branch based on 
Equation 1 (Malcezewski, 2006b; Ahn, 2008; Boroushaki and Malczewski, 2008; 
Dorbne and Lisec, 2009; Koravand, 2015; Farashi et al., 2016; Mokarram and Hojati, 
2017): 

 
 1     

i i i
S i to nW X C    (Eq.1) 
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S = capability degree 
Wi = each criterion, weight 
Xi = fuzzy value of i parameter 
∏ = multiplication sign 
Ci = Boolean constraint 

 
In OWA model, layers were ordered by considering their original weights in an 

increasing trend. Ordered weights were calculated as Equation 2 according to risk and 
trade-off level (Dorbne and Lisec, 2009; Mokarram and Hojati, 2017). 

 

 
1

     Wi
n

   
 

 (Eq.2) 

 
The layers, from the lowest branches were combined by applying their weights in 

each branch based on Equation 3 (Malczewski, 2006b; Dorbne and Lisec, 2009; 
Parhizkar, 2011; Mokarram and Hojati, 2017). 
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 (Eq.3) 

 
Vj = ordered criterion weight 
Wi = ordinary criterion weight 
Zij = sorted criteria 
 
According to the input data (criterion weights and criterion map layers), the OWA 

combination operator associates with the i-th location (e.g., raster or point) a set of 
ordered weights. α risk and trade-off level, n rank of each criterion and α = 0.5 
(Moosavi and Yazdani, 2014; Morshedi and Kooravand, 2015). In the WLC and OWA 
models, all standardized Boolean constraints were done. 

In this study, decision area is a right triangle on the left of the main decision-making 
triangle, which designed OWA decision area, is Trapezius in WLC decision area, and 
the area of designed OWA model in the study is less than the WLC model. 

Figure 4 shows the decision area in this study. 
 

 
Figure 4. Decision area in this study 
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Conservation capability model classification 

Each model was classified into 6 classes with calculating standard deviation and its 
average according to Table 1. 

 
Table 1. Definition capability class range 

Range 
Conservation 

capability’s class Range 
Conservation 

capability’s class 

X  - Sx < X < X  
With medium 

capability 
0 Without capability 

X  < X < X  + Sx With high capability 0 < X < X  - 1.5 * (Sx) 
With very low 

capability 

X  + Sx < X < X  + 1.5 Sx 
With very high 

capability X  - 1.5 * (Sx) < x < X  - Sx 
With low 
capability 

X  = Average, Sx = standard deviation 
 
 

Models accuracy assessment 

For models accuracy assessment, it is supposed that the criterion conservation 
capability with the highest weigh should have more correlation with the final model result. 
Therefore, the ecosystems characterizing a criterion which has the highest weight among 
all criteria was selected, and because it is produced via combination of two sub-criteria, 
fauna distribution with the highest weight was selected for the assessment of WLC and 
OWA criterion models. Fauna distribution was divided into 6 class-like models, and in 
each class, samples were selected and were comprised with final WLC and OWA 
conservation capability models in IDRISI-Terset software, and total accuracy coefficient 
was calculated in sampled areas with 125400 (30 × 30) pixels from conservation capability 
classes for conservation capability models via Equation 4 (Estma, 2001). 

 

 
Accurated classified pixels

Overall accuracy = 
Total pixels

 (Eq.4) 

Results 

LULC map of the area was prepared using Landsat satellite images, OLI sensor, and by 
applying a hybrid image classification method with overall accuracy of 92% and the kappa 
coefficient of 0.88 in 8 classes plus conservation area border (Fig. 5). All layers were 
standardized using proper Fuzzy functions between 0 and 255. Criteria’s weights were 
calculated using the AHP method. Table 2 shows all used layers’ weights and Fuzzy 
functions. 

After calculating original and ordered weights, all layers were combined by applying 
WLC and OWA models. Figures 6 and 7 show the classified conservation capability maps 
produced with WLC and OWA methods, respectively, in Table 1. Table 3 presents the 
area of each conservation capability class as hectare and a percentage of the study area. 

In model’s results, each class of current LULC in very high and high conservation 
capability was determined. Figures 8 and 9 show the conversion capability of LULC with 
very high and high conservation capability classes, respectively. 
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Table 2. Conservation layers’ weights and fuzzy functions 

 
Criteria 

weighting 

Sub-

criteria 

Sub-

criteria 

weight 

Indices 
Indices 

weights 

Sub-

indices 

Sub-

indices 

weights 

Appropriate 

fuzzy 

function 

Ecosystems 
characteristics 

0.33 

Biotic 
elements 

0.55 

Flora 0.41 

Vegetation 
types 

0.67 

User defined Cover 
crown 

percentage 
0.33 

Fauna 
distribution 

0.59 

Panther 0.27 

Decreasing 
sigmoid 

Brown 
bear 

0.32 

Wild 
sheep 

0.21 

Wild goat 0.2 

Abiotic 
elements 

0.45 

Rivers 0.33  

Decreasing 
sigmoid 

Lakes 0.29  

Plains 0.13  

Mountains 0.25  

Human 
activities 
distance 

0.16 

Mining 0.21  

Increasing 
sigmoid 

Roads 0.14  

Cities 0.23  

Drainage 
agriculture 

0.12  

Rain-fed 
agriculture 

0.1  

Nature 
sensitivities 

0.31 

Slope 
>70% 

0.38  User defined 

Areas 
with high 

soil 
erosion 

0.32  User defined 

Snow 
reservoirs 

0.1  
Decreasing 

sigmoid 

Areas 
with low 
soil depth 

0.2  User defined 

Under 
conservation 

area 
0.2  

Decreasing 
sigmoid 

 
 
Table 3. Conservation capability area with MCE methods (hectare) 

OWA percentage OWA area WLC percentage WLC area 
Conservation 

capability class 
 

2.39 9772 3.52 14722 Very high 1 

14.87 60686 19.11 79871 High 2 

38.73 157976 48.89 204296 Moderate 3 

34.87 142297 20.34 85011 Low 4 

1.03 4188 0.22 919 Very low 5 

8.11 33105 7.92 33105 Without capability 6 



Rahdari et al.: A multi-objective approach for land conservation capability evaluation using multi-criterion evaluation models 
- 1361 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1353-1367. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_13531367 
 2018, ALÖKI Kft., Budapest, Hungary 

 
Figure 5. LULC map using OLI image in 2015 

 
 

 
Figure 6. Land capability map with WLC 
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Figure 7. Land capability map with OWA 

 
 

 
Figure 8. LULC in very high and high conservation capability classes in WLC 
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Figure 9. LULC in very high and high conservation capability classes in OWA 

 

 

Table 4 shows the results of overlaying map of LULC on the conservation capability 
maps with very high and high classes. In this table, the elements of column represent 
each LULC class area with very high and high conservation capability with different 
methods. In this table, LULC classes areas are shown by conservation region and 
without conservation region. In this case, it becomes clear which LULC are in 
conservation region. 

Table 4 shows which LULCs are proper for selecting as new conservation areas or 
completing current under conservation areas. 

Accuracy assessment of WLC and OWA models has shown that OWA model with 
an overall accuracy of 0.85 has more accuracy than WLC model with a total accuracy of 
0.72. 

Discussion 

In most studies on conservation capability evaluation, researchers have focused on 
biodiversity elements; and as a result, they have considered a few aspects of 
conservation (Allahyari et al., 2010). In this study, because of valuable habitats for 
terrestrial and aquatic animals and the importance of Pelasjan sub-basin in Gavkhooni 
watershed, as the main source of water for international Gavkhooni wetland, different 
aspects of conservation such as dispersion of endangered animals like brown bear, 
panther, wild goat and sheep, flora, and areas with high precipitation were considered in 
an attempt to prevent from any change in their natural conditions. Moreover, land 
conservation capability was evaluated by using WLC and OWA combination methods. 
By considering the same risk level in two models, the effects of trade-off levels were 
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investigated on evaluation results (Malcezewski, 2006b; Boroushaki and Malczewski, 
2008; Chen and Paydar, 2012; Chen et al., 2013; Sánchez et al., 2013; Zavadskas et al., 
2015; Mokarram and Hojati, 2017; Villacreses et al., 2017). Layers weights were 
prepared using AHP method making it possible to compare relative layers’ importance 
and consistency of pairwise comparison, which made the accuracy of pairwise 
comparisons possible (Jayanath and Herath, 2009; Hasanzadeh et al., 2013; Maddahi et 
al., 2014). Table 3 and Figures 6 and 7 show that higher conservation capability areas 
are in the WLC model because of the higher trade-off level compared to designing 
OWA model. 

 
Table 4. LULC area and overlaying on land capability map results area (hectare) 

 
Conservation 

area 

Dense 

range 

land 

Sparse 

range 

land 

Forest 
Irrigated 

agriculture 

Rain-fed 

agriculture 

Residential 

area 

Water 

body 

Snow 

reservoir 

LULC class 
without 

conservation 
areas  

0 48830 256291 11102 58029 25684 4269 2654 0 

LULC class 
with 

conservation 
areas  

41661 44788 225185 10345 56096 24626 4155 0 6114 

WLC with 
very high 
capability 

8905 1240 2354 3750 0 63 0 2654 5520 

WLC with 
high 

capability 
28176 10169 29306 9238 0 1392 0 0 594 

OWA with 
very high 
capability 

4037 391 3546 1470 0 94 0 2234 4890 

OWA with 
high 

capability 
25194 7902 20806 5773 0 1245 0 220 1224 

 

 

Some similarity was expected between categories of a criteria’s conservation 
capability and final conservation capability maps because by decreasing the original 
weights, the effects of trade-off increase. In order to assess the conservation capability 
maps, fauna sub-criterion with the highest weight in the ecosystem criterion, which has 
the highest weight among all criteria, was selected (Feizizadeha et al., 2014; Morshedi 
and Koravand, 2015). 

Comparisons between fauna distribution sub-criterion and the final map of 
conservation capability produced by medium risk and trade-off in OWA and high trade-
off in WLC models, have shown that because of lower trade-off level in OWA, its result 
is more similar to the real conditions (fauna distribution). On the other hand, OWA 
model has considered less area in the first two classes with the highest conservation 
capability in comparison to WLC results (Table 3). (Malczewski, 2006a; 
Hajehforooshnia et, al., 2011; Farashi and Shariatic, 2013; Sánchez et al., 2013; 
Feizizadeha et al., 2014; Morshedi and Koravand, 2015; Farashi et al., 2016). 

In Table 4, because some criteria such as irrigated agriculture and residential area 
(Urban) were constraints and they were used with Boolean logic on land capability 
maps, they had no capability for conservation. 
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Table 4 and Figures 8 and 9 show that some parts of the current conservation areas 
do not have very high and high capability for conserving due to their proximity to urban 
areas, mines, or irrigated and rain-fed agriculture. 

Accuracy assessment results have shown that designed OWA model in this study 
with medium risk and trade-off is more accurate than WLC model with the highest risk 
and trade-off model. Therefore, more trade-off level in WLC models led to lower 
conservation value in fauna distribution criterion in a pixel to compensate via other 
criteria, which have more conservation value in that pixel. 

Conclusion 

The results of this research indicate that applications of MCE in GIS are 
multifunctional and can incorporate different levels of complexity of the decision 
problem. In this case, the choice of ordinary and ranked weights has played a crucial 
role. It is obvious that decision-makers with a preference for a subjective scale may not 
arrive at the same weights for the factor criteria. Therefore, experts and stakeholders 
must be selected carefully. This may lead to different results for suitability maps and 
can affect the final decision with regard to the overall objective. In AHP method, this 
can be reduced using calculating consistency coefficient. However, it must be noted that 
the presented methods are only tools to aid decision-makers; they are not the decisions 
themselves. For the final point, although OWA model is more similar to each main 
criterion conservation capability classes, it is suggested that in sensitive areas, 
especially in watershed water resources like Plasjan sub-basin, because of their 
important functions in a watershed, there is an increase the risk and trade-off to consider 
more areas as proper conservation areas. Then, WLC conservation capability evaluation 
model was suggested in these sensitive areas. As a water reservoir and biodiversity 
conservation, Pelasjan sub-basin has a very important role in the Gavekhooni basin in 
the center of Iran. Then, it is highly necessary to consider more areas for conserving its 
functions and structures; in this research, WLC model results with more trade-off level 
are more acceptable. 

For future studies, we recommend that the effects of weights’ uncertainty on land 
capability evaluation be analyzed. 
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Abstract. The objective of study was to assess genetic variations among tassel and ear traits of Turkish 
local maize (Zea mays L.) genotypes. Seventy-nine maize germplasms consisting of three races (flint, 
pop and dent) from northern part of Turkey were evaluated for 16 traits (6-ear and 10-tassel) by using 
multivariate analysis. ANOVA revealed significant differences in ear and tassel traits. The highest 
positive correlations were observed between ear length and number of kernels per ear (r = 0.75, 
p < 0.01); between tassel length and number of kernels per ear (r = 0.75, p < 0.01). The highest 
negative correlations were observed between mean node distance and tassel diameter (r  = -0.30, p < 
0.01). Six ear traits revealed that number of ears and ear diameter multivariate correlations covered 
91.6% and ear diameter, alone, 47.6% of total variation among accessions. Eight tassel traits were 
revealed that tassel length and tassel diameter multivariate correlation covered 88.8% and tassel 
diameter alone 85.1% of total variation. Totally, sixteen ear and tassel traits revealed that tassel 
diameter and number of flowers per main branch multivariate correlation covered 94.8% and number 
of flowers per main branch alone 86.8% of total variation. The races are separated into the groups, 
densely. Although tassel traits displayed low eigenvalue accounting for 56.8% of total variance 
between races, ear traits displayed very high eigenvalue accounting for 94.6% of total variance. 
Combined ear and tassel traits had higher eigenvalue accounting for 74.6% of total variance. Results 
indicated that the first and the second principal component were belonging to ear and tassel traits for 
Turkish maize races, respectively. The broad trait variation in maize germplasm implies large 
opportunities for genetic improvement of northern Turkish maize accessions.  
Keywords: corn accessions, morphological traits, diversity, kernel, correlation 

Introduction 

Traditional cultivars and primitive landraces of maize (Zea mays L.) are invaluable 
treasure for humankind (Kumari et al., 2016). Turkish maize germplasm was broadly 
collected by Harlan (1951) in 1948. Ilarslan et al. (2001, 2002) studied these germplasm 
and classified their races using isozyme and multivariate analysis on agronomic and 
morphologic traits. They studied on three races as pop, flint and dent maize collected 
within the period of 1948-1952 from the whole Turkey and used 25 characters as leaf, 
ear, tassel and kernel traits for classification. With the study of 19 isozyme systems, 
they indicated that there were large genetic variation among these accessions and races 
without any specific clustering pattern (Ilarslan et al., 2001). In the same accessions, 
genetic variability was identified using multivariate analysis. Discriminant analysis 
showed a high eigenvalue accounting for 66.59% of total variance between races in the 
first canonical variable and 33.41% of total variance between races in the second 
canonical variable (Ilarslan et al., 2002). In most studies, it has been emphasized that 
phenotypic and phenological information based on morphological descriptors continues 
to be the first step to increase their use in corn breeding for the evaluation, identification 
and classification of germplasm collections (Sharma et al., 2010; Kumar et al., 2015; 



Öner: Assessment of genetic variation in Turkish local maize genotypes using multivariate discriminant analysis 
- 1370 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1369-1380. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_13691380 
 2018, ALÖKI Kft., Budapest, Hungary 

Asare et al., 2016; N’Da et al., 2015; Twumasi et al., 2017). Morphological traits and 
ear properties can need for future breeding progress (Badu-Apraku et al. 2014). The 
most commonly used parameters in the genetic diversity of corn plant are related to 
tassel characteristics, ear and grain characteristics (Rahman et al., 2015). The 
assessment of morphological characters in germplasm is important for an accurate 
measurement of the differences between populations for their breeding potential (Orr 
and Sundberg, 1994). Ear morphology also was suggested to be very useful descriptor 
for race classification with high heritability (Ortiz and Sevilla, 1997; Brandolini and 
Brandolini, 2001; Abu-Alrub et al., 2004; Sofi, 2007; Iqbal et al., 2015). Ear diameter 
and ratio of ear length to diameter are the most useful descriptors for maize races (Abu-
Alrub et al., 2004). The classification of maize accessions is a useful approach with 
good descriptors for maize breeding. 

Northern part of Turkey, particularly, Black Sea region carries 56% of corn 
plantation of Turkey. Mostly, flint type maize is cultivated for animal and human 
consumption. The germplasm collected from the northern part of Turkey also needs a 
classification in terms of pop, flint and dent maize races. It was suggested that in 
Turkey, like other crop species, maize has a heterogeneous mixture which were studied 
by Anderson and Brown (1953) and Ilarslan et al. (2001, 2002). The cultivation of 
maize probably originated in Central America and spread to Europe via Spain, Portugal 
trade routes through the Ottoman traders to central Europe and the Balkans (Pavlicic 
and Trifunovic, 1967; Abu-Alrub et al., 2004). The spread of maize has been rapid from 
European regions of the Ottoman Empire by Turkish traders after its introduction in 
Europe (Kün, 1994; Brandolini and Brandolini, 2001). The introduction of maize to 
Turkey was around 1600s through Egypt and Syria. On the other hand, large-scale 
introduction of maize accessions was done by Turkish Agricultural Institutes after 
1920s (Kün, 1994). However, there are no studies investigating the genetic variations 
among the maize accessions and races of the northern part of Turkey. 

The objective of this research was; firstly, to assess genetic variation in tassel and ear 
traits as a descriptor among flint, dent and pop maize races collected from the northern 
part of Turkish maize varieties and second, to assess the separate effects of traits for 
classification in these accessions using multivariate analysis. 

Material and methods 

Plant material 

Maize 

Maize or corn is an annual outcrossing cereal in the Poaceae (Gramineae) family, 
reproducing excessively by seed. It is considered as one of the most productive crop 
species, and also the most studied and characterized crop plant. Maize is a monoecious 
plant growing up 4 m tall and forms a seasonal root systems bearing a single erect stem 
or stalk, made up of nodes and internodes. The leaves are arranged in two opposing 
rows along the stalk. The mature plant can have up to approximately 30 leaves, each 
consists of a sheath surrounding the stalk and an expanded blade. The corn plant 
produces a branched inflorescence of male flowers, the tassel and an axillary female 
inflorescences forming a cylindrical cob, the ears. The cobs have 16-30 rows of 
spikelets which develop into “kernels” when the seeds mature and long protruding 
styles, the corn silks. Mature kernels are typically white or yellow, but may also range 
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in color from red to purple. Maize is one of the major source of starch worldwide and 
the kernel texture, shape and size is dependent on sugar and starch content, which 
differs with each variety. 

Several maize types can be discerned on the basis of kernel and endosperm structure 
and composition. The general characteristics of the maize varieties used in this study are 
given below. 

Dent corn: It has a large notch or depression in the kernel, when mature. Dent corn is 
the most commonly grown for grain and silage. Hard endosperm is present on the sides 
and base of the kernel, with the remainder of the kernel filled with soft starch. When the 
kernel starts drying, the soft starch at the top of the kernel shrinks, forming the 
depression or notch which it is named. 

Flint corn (crusty corn): Flint corn kernels, with a very tough crust, are characterized 
by their hard endosperm around a small soft center. Flint maize is predominantly grown 
for food use. 

Popcorn: It is characterized by a high proportion of hard endosperm, which is much 
higher than in any other kernel. The explosive capacity of the kernel, when subjected to 
heat, is a distinctive attribute of popcorn as well. Popcorn, produced on a small scale 
compared to other types, is used for making popcorn and consumed as a snack-food. 

 
Samples 

Seventy-nine maize accessions (59 flint, 16 pop and 4 dent race accessions) were 
collected from different locations and altitudes of northern part of Turkey (41.21°N, 
36.11°S; Fig. 1) between the years 2010-2014. Characteristics of samples are given in 
Table 1. 

 

 
Figure 1. Origin of the accessions used in this study 

 
 
Collected maize accessions were evaluated in the field during summer of 2015 at 

the Faculty Farm of Ordu University, Ordu-Turkey (elevation: 24 m). The accessions 
were planted on May 15 as single-row-plots (30 plants per row in a randomized block 
design). The measurements were done on randomly selected 6 individuals from each 
row with the exception of the edge rows. Rows spacing was 0.70 m and on-row plant 
spacing was 0.20 m. Variety classification was carried out for sixteen traits by the 
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most heritable and discriminate agronomic and morphologic variables reported by 
several researchers (Twumasi et al., 2017; Suryanarayana et al., 2017; Sofi, 2007; 
Sanchez-Gonzales et al., 1992; Revilla and Tray, 1995). These variables were utilized 
also by Ilarslan et al. (2002) in 32 Turkish accessions. The traits were expressed in 
millimeters and numbers (Table 2). The data were standardized by calculating means 
and standard deviations for each trait across 79 accessions in accordance with Sneath 
and Sokal (1973). 

 
Statistical analysis l 

Mean values and standard errors were calculated and standardized for either tassel 
and ear traits or both of them to compare the effect of analysis. Data correlation matrix 
was constructed from the mean values and used in the multivariate discriminant 
function analysis to classify 65 Turkish maize accessions. Principal components were 
calculated from the matrix of correlations. The grouping in the collection, the clustering 
by un-weighted pair group method of arithmetic average (UPMGA) was computed 
using Euclidean dissimilarity (Table 1). The multivariate discriminant function analysis 
was performed using the statistical software Numerical Taxonomy and Multivariate 
Analysis System Version 2.1 (NTSYS-pc, Rohlf, 1993). 

 
Table 1. Accession number, location of accessions, kernel type, and altitude of maize 

accessions 

No. 
Access. 

no. 

Location of 

accessions 

Kernel 

type 
Altitude No. 

Access. 

no. 

Location of 

accessions 

Kernel 

type 
Altitude 

 
Black Sea 

        
Region 

1 3 Samsun F 32 45 70 Samsun F 46 

2 4 Samsun F 45 46 71 Samsun F 47 

3 8 Samsun F 30 47 72 Samsun F 51 

4 12 Samsun F 48 48 73 Samsun F 52 

5 16 Samsun F 23 49 74 Samsun F 55 

6 17 Samsun F 55 50 75 Ordu F 234 

7 29 Tokat F 520 51 76 Samsun D 55 

8 28 Tokat F 618 52 77 Ordu D 229 

9 27 Tokat F 581 53 78 Ordu D 244 

10 25 Trabzon F 420 54 79 Samsun D 50 

11 23 Trabzon F 250 55 80 Zonguldak F 500 

12 22 Rize F 280 56 81 Zonguldak F 521 

13 20 Samsun F 35 57 84 Artvin F 1500 

14 21 Rize F 678 58 54 Samsun F 55 

15 19 Samsun F 39 59 48 Giresun F 1000 

16 31 Çorum F 467 60 53 Trabzon F 155 

17 32 Ordu F 125 61 82 Karabük P 800 

18 41 Karabük F 345 62 83 Karabük P 800 

19 86 Samsun F 605 63 6 Samsun P 67 

20 87 Giresun F 818 64 11 Samsun P 56 

21 88 Samsun F 35 65 14 Samsun P 34 

22 89 Samsun F 35 66 15 Samsun P 34 
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23 90 Samsun F 35 67 26 Tokat P 903 

24 43 Artvin F 1210 68 24 Trabzon P 874 

25 46 Ordu F 365 69 30 Çorum P 250 

26 49 Samsun F 68 70 47 Trabzon P 200 

27 50 Karabük F 350  Marmara    

28 51 Samsun F 35  Region    

29 52 Samsun F 44 71 35 Çanakkale F 600 

30 55 Trabzon F 235 72 36 Çanakkale F 600 

31 56 Ordu F 130 73 39 Çanakkale P 600 

32 57 Samsun F 46 74 40 Çanakkale F 345 

33 58 Samsun Samsun F 43 75 37 Çanakkale P 600 

34 59 Samsun F 120 76 38 Çanakkale P 600 

35 60 Trabzon F 112 77 42 Bursa P 450 

36 61 Trabzon Samsun F 150 78 34 Çanakkale P 678 

37 62 Trabzon F 165  East    

38 63 Samsun F 29  Anatolia    

39 64 Samsun F 163  Region    

40 65 Samsun F 45 79 85 Bingöl P 800 

41 66 Ordu F 54      

42 67 Samsun F 47      

43 68  F 243      

44 69  F 39      

 
 
Table 2. Ear and tassel trait means and standard deviation for maize races; flint, pop and 

dent 

Trait/Varieties 
Flint(59) 

mean±SD 

Pop(16) 

mean±SD 

Dent(4) 

mean±SD 
F

1
 

Ear Traits     
Ear number (number) EN 1.13±0.21 1.10±0.10 1.12±0.19 ** 

Ear diameter (cm) ED 20.79±3.10 18.01±2.30 20.24±3.09 ** 
Ear length (cm) EL 16.10±3.77 14.25±2.55 18.00±3.55 * 

Ear row number (number) ER 11.11±2.82 14.37±2.55 11.79±3.01 ** 
Ear kernel number (number) EK 29.61±7.41 33.31±8.70 30.63±7.90 - 

Ear height (cm) EH 88.71±35.60 81.87±29.31 131.25±27.8 ** 
Tassel Traits     

Tassel length (cm) TL 38.457±7.518 36.00±4.83 46.75±4.72 ** 
Number of branch (number) NB 14.64±4.59 17.06±5.01 15.29±4.67 - 

Tassel weight (g) TW 16.52±9.26 16.96±7.72 17.01±9.40 - 
Number of flower (number) NF 720±371.05 848.6±228.3 751.2±343.7 ** 

Tassel diameter (cm) TD 4.66±0.68 4.63±0.84 4.69±0.71 ** 
Main branch flower number (number) NBFM 131.55±42.47 165.43±54.0 138.02±45.8 ** 

Branch length (cm) BL 19.14±4.54 17.44±2.88 18.90±4.29 ** 
Number of flower per branch NFB 48.50±11.40 52.87±10.46 49.11±11.50 ** 
First branch angle (degree) FNA 64.57±9.70 62.62±6.90 64.24±9.14 ** 

Mean distance between nodes MDB 0.79±0.20 0.71±0.18 0.77±0.21 * 

*p < 0.05, **p < 0.01 
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Results and discussion 

Analysis of maize races 

The ear and tassel traits of maize races, except for number of kernels per ear, tassel 
weight and number of branch per tassel, revealed significant relationships. Particularly, 
studied traits showed significantly different values in different races (Table 2). 

Some results were related to Turkish accessions collected from the whole Turkey 
studied by Ilarslan et al. (2002), because they are highly heritable traits (Sanchez-
Gonzales, 1989; Sanchez-Gonzales et al., 1993; Revilla and Tracy, 1995; Iqbal et al., 
2015). The high variance within varieties indicates that accessions have already been 
utilized by farmers for many years. Most of the accessions came from the coastal 
regions where growing seasons are longer than inland regions. The preference of flint 
and pop maize races comes from the intense use of them for either human or animal 
food in the coastal region and timely-earning for other alternative plants for winter. 

The correlation between inter and intra-ear and tassel traits was significant. For 
example, positive correlations were observed among number of ear, ear diameter, 
number of kernels per ear, ear height, tassel length, number of flower per tassel, tassel 
diameter, number of flower per main branch, branch angel. The highest positive 
correlations were observed between ear length and number of kernels per ear; between 
tassel length and number of ears. The highest negative correlations were observed 
between mean node distance and tassel diameter (Table 3). 

 
Table 3. Correlation coefficients between ear and tassel traits 

 EN ED EL ER EK EH TL NB TW NF TD NBFM BL NFB  FNA 

ED 0.42** 1.00              

EL -0.12 0.24* 1.00             

ER 0.44** 0.41** 0.11 1.00            

EK -0.07 0.08 0.75** 0.24* 1.00           

EH 0.35** 0.27** 0.36** 0.06 0.21* 1.00          

TL 0.75** 0.47** 0.11 0.37** 0.02 0.53** 1.00         

NB 0.11 -0.07 -0.01 0.08 0.11 0.06 0.01 1.00        

TW 0.13 -0.12 -0.04 -0.09 0.08 0.36** 0.21* 0.15 1.00       

NF 0.49** 0.24* 0.06 0.33** 0.11 0.22* 0.50** 0.32** 0.43** 1.00      

TD -0.25* 0.10 0.31** -0.04 0.22* 0.10 -0.09 0.23* -0.15 -0.06 1.00     

NBFM 0.24* 0.43** 0.24* 0.20* -0.01 0.36** 0.46** -0.07 -0.08 0.14 0.35** 1.00    

BL 0.52** 0.13 -0.28** 0.22* -0.08 0.07 0.36** 0.01 0.26** 0.47** -0.38** -0.11 1.00   

NFB 0.06 0.09 -0.53 0.12 -0.05 -0.16 -0.02 0.03 0.00 0.22* -0.10 -0.14 0.21* 1.00  

FNA 0.56** 0.35** 0.12 0.39** 0.17 0.25* 0.56** 0.03 0.25* 0.46** -0.16 0.13 0.34** 0.26** 1.00 

MDB -0.03 -0.08 -0.09 -0.44 0.04 -0.20* -0.22* -0.04 -0.08 -0.18 -0.28* -0.30** 0.01 -0.16 0.05 

*p < 0.05, **p < 0.01 
 
 
Turkish farmers usually grow the plants with the seeds selected from previous 

plants with better growth forms, morphologic and agronomic characteristics. Used 
seeds by farmers in the following year are limited to randomly bulked seed collections 
of previous year. Maize is an out-breeder and there is no isolation distance for maize 
plantations. Flint and pop maize plants are grown as mixed in the same fields in most 
of the farms. 
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On the other hand, exchange of seeds between villages is limited with the easy and 
cheap facilities within the village. The seeds used in this study were collected from 
high and low altitude farms. However, low altitude farm owners prefer hybrid plants 
which can allow gene flow between growth plantations until 200 m in plain areas 
(Luna et al., 2001). 

The Fisher’s linear discriminant functions and Classification Function Coefficients 
showed that the most important ear traits were number of ears, ear diameter, number of 
kernels per ear and ear height while tassel traits were tassel length, tassel diameter, 
number of flowers per main branch, branch angel, and mean node distance, respectively 
(Table 4). The most preferable traits were found to be number of ears and tassel length. 

 
Table 4. Eigenvalue, multivariate correlation of ear and tassel traits for races 

Function 
Eigenvalue 

(ear) 

% of 

variance 

Cumulative 

% 

Canonical 

correlation 

Eigenvalue 

(tassel) 

% of 

variance 

Cumulative 

% 

Canonical 

correlation 

1 5.179 94.6 94.6 0.916 3.444 56.8 56.8 0.880 

2 0.294 5.4 100.0 0.476 2.617 43.2 100.0 0.851 

 
 
Six ear traits revealed that first two multivariate correlations covered 91.6% and 

second, 47.6% of total variation, and eight tassel traits were revealed that first two 
multivariate correlations covered 88.8% and second, 85.1% of total variation among 
accessions. 

The first multivariate discriminant function (Fig. 2a and b) had high eigenvalue with 
94.6% of total variance between varieties for ear trait and 56.8% of total variance 
between varieties for tassel trait belonged to flint and pop maize accessions while the 
second multivariate variable belonged to flint and dent maize accessions for ear traits 
(Table 5). 

 
Table 5. Classification of function coefficients for ear traits 

Ear traits 
Races 

Tassel traits 
Races 

1 2 3 1 2 3 

EN 0.071 0.124 0.122 TL 0.062 0.095 0.092 

ED 0.064 0.076 0.091 TD 0.062 0.046 0.070 

EK 0.071 0.096 0.095 NBFM 0.023 0.019 0.107 

EH 0.024 0.018 0.045 FNA 0.080 0.105 0.097 

- - - - NBF 0.030 0.044 -0.006 

(Constant) -59.488 -117.143 -137.964 (Constant) -75.475 -111.050 -153.13 

 
 
These results showed that north Turkish maize accessions were classified for their 

racial characteristics which were grouped as flint, pop and dent maize accessions from 
the angle of race with tassel and ear traits by multivariate discriminant function 
analysis. In previous studies, it was revealed (Ilarslan et al., 2002) that the results were 
quite similar each other for classification of maize varieties. On the other hand, 
significant relationships were not observed between pop and flint maize varieties 
studied by enzyme polymorphism (Ilarslan et al., 2001) but, the same study suggested 
that there can be a gene flow between flint and pop maize varieties. Grobman et al. 
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(1961) and Iqbal et al. (2015) studied maize accessions assigned to the races on the 
basis of ear traits as descriptor. In both study, tassel and ear traits were used as a 
descriptor of maize accessions. 

The cross sections of centroid of multivariate discriminant function in Figure 2a and 

b showed the center of accessions that display a good value for races. In Figure 2a, the 
distribution of accessions for ear traits showed a grouping but not dense, whereas tassel 
traits showed more clear distributions of accessions (Fig. 2b). 

Figure 2a gives information on the classification of accessions that seem to be 
mixture of different races between dent and pop type maize accessions analyzed by ear 
traits. Whereas Figure 2b looks like that there was a mixture of between flint and pop 
maize varieties. These two results explain that the importance of trait used in the 
analysis was not because of pollen exchanges. 
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Figure 2. The grouping of Turkish maize accessions based on multivariate discriminant 

function analysis for (a) ear and (b) tassel traits. Maize varieties were displayed as F(1), P(2), 

and D(3) 

 
 

Classification of germplasms 

The Fisher’s linear discriminant functions and Classification Function Coefficients 
showed that the most important traits in the classification were tassel diameter, number 
of flowers per main branch, branch angel, number of ears and number of kernels per 
ear, respectively. Their Classification Function Coefficients are given based on races in 
Table 6. The most preferable trait was found to be tassel diameter for further studies. 

 
Table 6. Classification of function coefficients for ear and tassel traits 

 
Races 

1 2 3 

TD 0.048 0.025 0.050 

NBFM 0.063 0.083 0.175 

FNA 0.103 0.140 0.133 

NBF 0.023 0.034 -0.014 

EN 0.098 0.159 0.177 

ER 0.092 0.137 0.127 

(Constant) -112.232 -203.531 -263.767 
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Totally, sixteen ear and tassel traits were subjected to multivariate discriminant 
function analysis and the results revealed that first two multivariate correlations covered 
94.8% and second, 86.8% of total variation among accessions. The first multivariate 
discriminant function (Fig. 2) had high eigenvalue (74.6% of total variance between 
varieties) belonged to flint and pop maize accessions while the second multivariate 
variable belonged to flint and dent maize accessions (Table 7). 

 
Table 7. Eigenvalue, multivariate correlation of ear and tassel traits for races 

Function Eigenvalue % of variance Cumulative % Canonical correlation 

1 8.795 74.6 74.6 0.948 

2 2.992 25.4 100.0 0.866 

 
 
These results showed that north Turkish maize accessions can be classified for their 

racial characteristics grouping as flint, pop and dent maize accessions from the angle of 
seed collection and ear traits by multivariate discriminant function analysis. The cross 
sections of centroid of multivariate discriminant function are shown in Figure 3. 
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Figure 3. The grouping of Turkish maize accessions based on multivariate discriminant 

function analysis for ear and tassel traits. Maize varieties were displayed as F(1), P(2) and 

D(3) 

 
 
Previous studies revealed that the results were quite similar each other for 

classification of maize varieties (Ilarslan et al., 2002). On the other hand, any 
relationships were not observed between pop and flint maize varieties studied by 
enzyme polymorphism and the accessions were not classified in cluster analysis with 
respect to location, many small clusters formed (Ilarslan et al., 2001) but, the same 
study suggested that there can be a gene flow between flint and pop maize varieties. In 
this study, there was a good clustering between accessions for maize races. It was 
observed that the selection and amount of descriptor were important for classification of 
germplasm. The dendogram classified the accessions based on their races as seen in 
Figure 4. 
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The clustering did not show any grouping for location. The classification of 
accessions implies that the accessions were conserved by the farmers in the growth 
plantations. It should be kept in mind that most of the accessions belonged to flint type. 

Tassel traits with high heritability can be used as descriptors (Ortiz et al., 1997; Iqbal 
et al., 2015). Also, ear traits are important for classification and characterization of 
germplasms. The study showed that maize accessions collected from north of Turkey in 
2010-2014 maintain considerable genetic variation in ear and tassel traits at the level of 
either varieties. Turkish seed collections are available in NCRPIS, Ames, USA 
collected in 1948-1952, which is set up test plantations to increase the seeds and 
maintain the genetic resources for further exploration in maize breeding programs. 
Ilarslan et al. (2002) studied on these accessions (32 accessions) for the genetic 
composition of maize genetic resources of Turkey. When Turkish accessions between 
1948-1952 and 2015 were compared, it seems that there was a higher variation between 
research years (68% for 1948-1952 and 74.6% for 2015). The reason of this may come 
from the study area which is the northern part of Turkey and most of the genotypes 
belonged to flint type accessions (59). In addition to this suggestion, introduction of 
high yield genetic lines may increase the genetic variation. 

 

 
Figure 4. The clustering by unweighted pair group method of arithmetic average showing the 

clusters of Turkish accessions of maize collected the north of Turkey 
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Conclusions 

This study displays an informative knowledge of populations between years and 
preferable traits for selection to understand the background of accessions of following 
generations with high adaptive capacity for the region and selection effect of farmers for 
conservation of maize genetic resources. However, the application of analysis showed a 
value related to the number of trait. The increasing number of heritable traits gives more 
effective classification of genotypes. As seen in Figure 3, the races were separated into 
the groups, densely. In conclusion, ear traits are the best descriptors for classification of 
germplasms and tassel traits are not reliable descriptors alone. Likewise, there were not 
any overlapping accessions among the races. It was considered that the selection and 
amount of descriptor are important for classification of germplasm. The broad trait 
variation in the maize germplasm implies large opportunities for genetic improvement 
of northern Turkish maize accessions. 
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Abstract. The study of boundaries between patches allows us to understand the complexity of landscape 
interactions, especially those involved in the anthropic use of natural resources, which is a common 
source of environmental problems when harnessing landscape services. The study of the relationships 
between those two elements makes it possible to identify distinct homogeneous environmental areas in 
which the same ecological interactions occur. These areas are the mosaics that make up a landscape. This 
paper presents a GIS-based procedure to identify and quantify the boundaries of land use/cover patches 
and to record those data in matrices of patches by boundaries. These matrices, by means of a multivariate 
analysis, allow us to recognize landscape mosaics. This semi-automated procedure contributes to making 
the concept of landscape mosaics operative and enabling its application to landscape management. To 
exemplify its possibilities, we tested three alternatives for quantifying boundary measures: 
presence/absence, frequency and length. They each describe interactions with different details and 
provide different nuances in interpretations of landscape organization. In the study case, the frequency 
data provided a more easily understandable interpretation of the mosaic identification and 
characterization of landscape heterogeneity because these data are less conditioned by the spatial 
distribution, size or length of rare boundaries. Irrespective of the boundary measure used, a large central 
mosaic is always identified, highlighting the influence of landscape homogeneity and fragmentation on 
mosaic identification and the robustness of the tested procedure. 
Keywords: landscape ecology, landscape evaluation, landscape model, land use and cover, spatial 

analysis 

Introduction 

Landscape ecology provides a suitable set of concepts and knowledge for studying 
the ecological functioning of landscape pattern and its relationship with human society 
(Wiens et al., 2007; Kirchhoff et al., 2013; Bastian et al., 2015). Landscape pattern is 
the central topic in landscape ecology, as it is both consequence and cause of 
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ecological functioning (Forman and Godron, 1981; Turner, 1989) on which the supply 
of environmental services is based (MEA, 2005; TEEB, 2010). The study of landscape 
pattern, being directly related to functioning, is therefore crucial in ecosystem services 
conservation planning and management (Forman, 1990; De Groot et al., 2010; Frank 
et al., 2012; Maes et al., 2013; Martín de Agar et al., 2016). 

Landscape pattern is usually studied as spatial distributions of patches and 
boundaries (Forman and Godron, 1981; Urban et al., 1987). The relationships between 
the two allow us to understand and interpret the ecological functioning of landscapes 
(Turner, 1989; Forman, 1990; Cantwell and Forman, 1993; Cadenasso et al., 2003; 
Roldán et al., 2003; Hersperger, 2006). Landscape spatial heterogeneity based on the 
joint spatial pattern of these elements is referred to as landscape mosaics (Forman, 
1995; Roldán et al., 2003; Hersperger, 2006). This is a central issue in ecology and 
has special scientific relevance because it permits understandings of how patches and 
boundaries interact with each other to define zones with similar ecological 
interactions. These zones are the basis of ecological planning and service assessments 
(Martín de Agar et al., 2016). 

Mosaics are defined as sets of patches with a similar pattern of boundaries (Roldán 
et al., 2003). Accordingly, a landscape comprises different mosaics (Roldán et al., 
2006; De Pablo et al., 2012), on which patches have homogeneous ecological 
functioning, and the boundaries denote places where this functioning change, 
including the type, direction and magnitude of interactions taking place among the 
former (Margalef, 1979; Wiens et al., 1985; Gosz, 1991; Wiens, 2002; Cadenasso et 
al., 2003; Peters et al., 2006). Such mosaic-based studies of landscape integrate 
information provided by patches, boundaries and the relationships between them 
(Roldán et al., 2003; Peters et al., 2006). The usefulness of this approach has been 
demonstrated from both academic (Roldán et al., 2006; De Pablo et al., 2010) and 
applied perspectives (Hardt et al., 2013; Bertolo et al., 2015; Martín de Agar et al., 
2016). Studies have been undertaken on the complexity of interactions between 
natural resources and anthropic uses in the Atlantic Forest in São Paulo, Brazil (Hardt 
et al., 2013; Bertolo et al., 2015), and in a traditional mountainous agrarian, livestock 
and forestry cultural landscape in Madrid, Spain (Roldán et al., 2006; De Pablo et al., 
2010; Martín de Agar et al., 2016). Numerous techniques have been developed to 
identify boundaries from spatial data (Jacquez et al., 2000, 2008; Fagan et al., 2003; 
Fortin and Dale, 2005; Banerjee et al., 2015). At present, many landscape studies, 
especially those with applied objectives, are based on land cover or land use maps. On 
those maps, it is easy to recognize the boundaries from the edges between patches 
(Rescia et al., 1997; Metzger and Müller, 1996; Roldán et al., 2003). However, to 
identify and map a mosaic as a set of patches with similar boundaries, additional 
techniques are needed to determine the spatial interactions between the two. It is also 
necessary to build a matrix of patches by boundaries in order to collect the spatial 
relationships between both, on which mosaics recognition is based. 

The goal of this paper is to develop a Geographical Information System (GIS) 
procedure for identifying and recording boundaries of individual landscape patches and 
for building matrices of patches × boundaries. This paper details this GIS procedure 
coupled to the multivariate analysis needed to identify and map landscape mosaics that 
synthesize the spatial heterogeneity. A case study in an Atlantic Forest area is used to 
illustrate the results obtained in each procedure stage. The procedure is based on that of 
Roldán et al. (2003) that worked with a non-automated technique and was applied by 
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Hardt et al. (2013) to landscape management. The novelty of this paper is the semi-
automatic recording of boundary measures (presence/absence, frequencies and lengths) 
for each patch obtained from raster or vector land use/cover maps. 

It is primarily a technical issue, but the developed tool provides a basis for 
facilitating the use of current techniques for mosaic recognition in landscape studies. 
It is an innovative application of a remote sensing methodology to tackle a common 
Brazilian environmental problem: the increase in tropical forest interaction complexity 
with anthropic uses. This understanding aids, for example, in the conservation, 
planning and management of natural resources in regions that face complex 
environmental issues. 

Although the procedure described above has already been applied in some studies 
(Hardt et al., 2013; Bertolo et al., 2015; Martín de Agar et al., 2016), this is the first 
time that the unpublished developed procedure is presented step by step for easy 
application to other landscapes, thus allowing the landscape mosaic identification 
technique to be well known by scientists, planners and managers involved in nature 
conservancy. 

Materials and methods 

The case study 

The methodological procedure was originally developed for a case study in an 
Atlantic Forest landscape in Serra do Japi, State of São Paulo, Brazil (Appendix A). The 
mountainous area is covered by a semi-deciduous forest, Red-Yellow Latosols (Oxisols) 
predominate, and the climate is seasonal, with a hot and rainy season and a dry and cold 
season (Morelatto, 1992). 
 
Methodological procedure 

The procedure developed for identifying and mapping boundaries and mosaics 
consists of three stages that are described in detail in the next subsections. 
 
Stage 1 – Identifying boundaries 

Boundaries were recognized using ArcGIS on a land use/cover map created by 
photointerpretation of orthophotos from 2005 (scale 1:25,000). The procedure consists 
of identifying the common edges between adjoining patches. Different pairs of adjacent 
land use/cover identify the differing boundaries, which are each stored in separate 
layers. Using the land use/cover layers in a polygon vector format as inputs, the layers 
of the patch edges are generated by just dilating the polygons of land use/cover (Fig. 1-

I; Tables 1A-I and B-I). 
There are two alternatives depending on whether these layers will be stored in raster 

or vector format. For the former, the layers of the edges are converted to raster format 
and are then reclassified as prime numbers (Fig. 1-II; Table 1A-II). Subsequently, all 
possible pairs of layers that represent the different land uses/covers are multiplied (Fig. 

1-III; Table 1A-III). Because these are codified as prime numbers, the result of each 
multiplication is unique, and each multiplication represents a single type of boundary 
among the existing uses in the study area. All layers obtained by multiplication are then 
added to generate a raster layer with all boundaries. 
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To draw a boundary map in vector format, the boundary layers of all possible pairs 
of land uses/covers, as obtained in Table 1B-II, are directly overlaid. The 
denomination of the boundaries is then included, and the data are merged into a single 
file (Table 1B-III). 
 
Stage 2 – Drawing up patches × boundaries matrices 

In this stage, the types of boundaries for each patch of land use/cover are identified 
and organized in a matrix using the same procedure for both raster and vector formats. 
Boundary type is recorded as i) presence-absence, which represents whether a boundary 
type is or is not present, ii) frequency, which is the number of segments of a boundary 
type and iii) length, which is the sum of the segment lengths of a boundary type. 
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Figure 1. Boundary detection for land use/cover layers in raster format 
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Table 1. Stage i) Identification and characterization of boundaries using ArcGis® 10.3 

A) For boundary mapping in raster format 

Action Commands 

I. Create layers of patch edges for each land 
use/cover type using polygon internal and 
external dilation (Fig. 1.I Buffer Wizard). This 
action allows adjacent patches to be superposed 
in the next step. 
 

 in ArcMap: Customize > Commands > 
Categories: Tools > Commands: Buffer wizard 
[select a “use type layer” > Next > Distance units 
are: meters > At a specific distance: 1 meters > 
Next > Dissolve barriers between buffers: No > 
Create buffer so they are inside and outside the 
polygon(s) > In a new layer, specify output 
shapefile > Finish] 
 Repeat this procedure for all use types1 

II. Identification of edge types between patches 
using codes classify of layers into prime numbers 
(Fig. 1.II Reclassify).2 

 in ArcToolbox: Spatial Analyst Tools > 
Reclass > Reclassify [select a “buffer output” as 
Input raster > Reclass field: select Value > 
Classify > New values: input the new number and 
0 to NoData > Name the Output raster > OK] 
 Repeat this procedure for all use types1 

III. Multiplication of pairs of layers reclassified 
by superposition and the sum of all the resulting 
layers (Fig. 1.III Raster Calculator). The 
calculation allows the type of boundary between 
patches to be described because the multiplication 
of prime numbers always results in unique 
combinations.  

 in ArcToolbox: Spatial Analyst Tools Map 
Algebra > Raster Calculator [create an 
expression like this ([layer_use1] * [ layer_use2]) 
+ ([layer_use1] * [layer_use3]) +…+ ([layer_use 
n-1] * [layer_use n]) > Name output raster as 
“boundary map” > Evaluate] 

 Exclude the combinations that are different 
from expected 

B) For boundary mapping in vector format  

Action  Commands 

I. Same as for the raster technique (Fig. 1.I). Same as for the raster technique 

II. Superposition of all pairs of boundary layers 
between land use/cover patches generated in the 
previous stage for the identification of 
boundaries. 
 
Ex. of land use/cover combinations: 

uses urban field  forest 

urban - urb-fie urb-for 
field - - fie-for 
forest - - - 

 

 in ArcToolbox: Analysis Tools > Overlay > 
Intersect [Input features: add 2 types of “buffer 

output” > Name the output feature class > OK] 
  Repeat this tool for all combinations of buffer 
layers1 

III. Denomination of boundary types for each 
resulting layer in the previous step to merge them 
in a single file.  

 in ArcMap: Open Attribute Table of a “buffer 

intersect output” > Table Options > Add Field 

[Name the new field as “boundary” > Type: text] 
> Editor > Start Editing > Attribute table 
[include the boundary type in the new field > 
Explode Multi-part feature > Save edits] 
 Repeat this procedure for all boundary types1 
 In ArcToolbox: Data Management Tools > 
General > Merge [Input as Dataset all “buffer 

intersect output” > name the output dataset as 
“boundary map” > Field map: keep the new field 
only > OK] 

1Batch automation or the “Line Window” command can be used to speed up the repetition process 
2It precedes the conversion of original vector buffer layers into raster format 
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The proceeding starts by including in each layer the fields in which the boundary 
presence-absence, frequency or length will be registered (Table 2-I). The new file must 
be superposed with the land use/cover map, and the boundaries can be identified 
(Table 2-II). Attention should be given to deleting any superposition that exceeds a two-
by-two combination. 

In the next step, the matrix of patches × boundaries is reorganized (Table 2-III) to 
calculate the presence-absence, frequency or length of all the boundaries of each patch 
(Table 2-IV). 

 
Stage 3 – Identifying and mapping mosaics 

This stage begins by using the multivariate analysis of the patches × boundaries 
matrix to identify the landscape mosaics. The matrix is exported to statistical software 
such as SPSS (Table 3-I) and submitted to multivariate ordination and clustering 
analyses (Table 3-II) based on the method developed by Roldán et al. (2003, 2006). 

 

Table 2. Stage ii) Development of patch × boundary matrices using ArcGis® 10.3 

Action  Commands 

I. Preparation of boundary layers for subsequent boundary 
measure registration. 
 

 in ArcMap: Open Attribute Table of 
“boundary map” > Table Options > Add 

Field [Name the new field > Type: long 
integer] > Editor > Start Editing > 
Attribute table [ 
a) For the presence/absence frequency: 
attribute value (1) for the new field 
created as “count”; 
b) For the length: right click on the new 
field created as “length” < Field 
Calculator > “length” = [Area]/2 
> Save edits] 

II. Superposition of the land use/cover map with the 
boundary map for the identification of the boundary types 
× land use/cover patch. 
 
Example of a table created in this stage: 

ID use boundary join count length 

1 urban URB-FIE 1 10 

1 urban URB-FOR 1 22 

1 urban URB-LAK 1 9 

n ...    
 

 in ArcToolbox: Analysis Tools > 
Overlay > Spatial Join [Target features: 
“use map” > Join features: “boundary 

map” > Name the output feature class > 
Join operation: join one to many > Field 
map of join features: “use map” (ID, use 
type); “boundary map” (boundary, count, 
length) > OK] 
 In ArcMap - correction of 
superposition errors: Start Editing > 
Selection > Select by Attributes [Layer: 
“spatial join output” > Method: Create a 
new selection > “use type” = “use1” > 
Ok] > Selection > Select by Attributes 

[Layer: “spatial join output” > Method: 
Remove from current selection > 
(“boundary” = “boundary1” OR 
“boundary” = “boundary2” … 
“boundary” = all combinations types for 
“use1”)] > Press Delete 
 Repeat this correction for all use 
types* 
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III. Reorganization of the boundaries table by land 
use/cover patches. 
 
Example of tables created in this step: 
a) For the presence/absence and frequency 

ID use boundary 
join 

count 

URB-

FIE 

URB-

FOR 

URB-

LAK 
... 

1 urban URB-FIE 1 1 0 0  

1 urban URB-FOR 1 0 1 0  

1 urban URB-LAK 1 0 0 1  

n ...       
 

b) For the length 

ID use boundary length 
URB-

FIE 

URB-

FOR 

URB-

LAK 
... 

1 urban URB-FIE 10 10 0 0  

1 urban URB-FOR 22 0 22 0  

1 urban URB-LAK 9 0 0 9  

n ...       
 

 in ArcToolbox: Data Management 
Tools > Table > Pivot Table [Input 
table: “spatial join output” > Input fields: 
all attribute fields > Pivot field: 
“boundary” > Value field: 
 
a) For the presence/absence and 
frequency: select the “count” field; 
 
b) For the length: select the “length” field 
 
> Name the output table > OK]  

IV. Summary of boundary attributes by patch ID. 
 
Examples of patch × boundary matrices: 
a) For presence/absence 

ID use MAX URB-FIE MAX URB-FOR ... 

1 urban 1 1  

2 field 1 0  

3 forest 0 1  

n ...    
 
b) For frequency 

ID use SUM URB-FIE SUM URB-FOR ... 

1 urban 5 3  

2 field 1 0  

3 forest 0 11  

n ...    
 

c) For length 

ID use SUM URB-FIE SUM URB-FOR ... 

1 urban 10 22  

2 field 18 0  

3 forest 0 4  

n ...    
 

 in ArcToolbox: Analysis tools > 
Statistics > Summary Statistics [Input 
table: select a “pivot table output” > 

Name the output table > Statistics 
field(s): include all boundary types) > 
Statistic type: 
 
a) For presence/absence: MAX - for 
value field (1) > Case field: ID 
 
b) For frequency: SUM - for value field 
(1) > Case field: ID 
 
c) For length: SUM - for value field 
“length” > Case field: ID 

 
> OK] 

 
 
Patches with similar coordinates on the ordination axes have similar boundary 

pattern and consequently may be regarded as belonging to the same mosaic. To better 
identify these groups, patches are also clustered according to their coordinates on the 
ordination axes (Roldán et al., 2003). Each of the identified clusters corresponds to a 
mosaic. The mosaic to which each patch corresponds is recorded in a table. The table is 
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incorporated into ArcGis® to map the mosaics (Table 3-III). This step is performed by 
joining the table with the land use/cover map in accordance with the patch number 
register (ID). This allows the mosaics to be mapped, as presented in Hardt et al. (2013). 

 
Table 3. Stage iii) Identification and mapping of landscape mosaics 

Action Commands 

I. Export the table of patches × boundaries from 
ArcGIS® to statistical software. 

 in any Statistical software: Open the *.dbf 
corresponding to the output table obtained in the 
last step of stage ii). 
For example, SPSS software opens directly the 
*.dbf file generated by ArcGis® 10.3. 

II. Mosaics identification: 
a) DCA analysis of the patches × 

boundaries table; 
b) Cluster analysis of the patches according 

to their scores on the DCA axes. 

 in the statistical software selected: Start from 
one of the boundary measures recorded in the 

output table and subject the selection (patches 
selected boundary measure) to the DCA and 
cluster analysis. See Roldán et al. (2003, 2006) for 
details. 
The final step is to build a table of patches × 
cluster number. This new table contains the 
number of the cluster or mosaic corresponding to 
each patch. 

III. Mosaic mapping in ArcGIS® by joining the 
land use/cover map with the cluster table created 
in the last step, followed by a new representation 
of the patches using cluster numbers that identify 
the mosaics. 

 in ArcMap: Insert the new table of patches × 
cluster number > Add Data [ “new table” > Add 
> Save] > mosaic mapping by right clicking on 
the land use/cover map > Joins and Relates > 

Join [Join attributes from a table > Field layer 
join based on: “ID” > Table to join: “new table” > 
Field table join on: “ID” > OK] > attribute the 
mosaic’s symbology by right clicking on the land 

use/cover map > Properties > Symbology 

[Categories > Value Field: “cluster number” > 
Add all values > OK]. 

 
 
The instructions shown in Tables 1 and 2 refer to ArcGis®, but the sequence of 

operations may also be implemented in another GIS using the tools corresponding to 
each of the operations described in detail. 

Example of the methodological procedure 

The validity of the method for the three types of boundary measures was tested for a 
case study in Serra do Japi (São Paulo, Brazil) by comparing the mosaics’ complexity 
results with the local reality aided by the statistical analysis described below. This study 
case used part of a database developed to describe the utility of landscape mosaics for 
decision making for Atlantic Forest conservation. Additional details of this analysis can 
be found in Hardt et al. (2013). 

The land use/cover map (Appendix A) shows the spatial distribution of 3,979 patches 
corresponding to ten land uses/covers (Appendix B) that have 30,057 boundaries of 37 
distinct types. Three matrices of patches × boundaries were calculated using of 
presence/absence, frequency or length boundary data for each patch. 
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Each matrix was subjected to a Detrended Correspondence Analysis (DCA; Hill, 
1981) using PC-Ord® 4.0 software. The scattergrams of the boundaries and patches 
according to axes 1-2 and 2-3 of the three DCA are shown in Fig. 2. The patches were 
then clustered according to their coordinates on the first three axes of the DCA using a 
free trial version of XlStat®. The clustering was performed by applying Ward’s 
method as the amalgamation algorithm and Euclidean distance as the measure of 
similarity (Fig. 3). 

The group similarity cut-off level in the dendrograms was standardized at 95%. 
The clusters were characterized according to their boundaries by means of Chi-square 
analyses for the presence/absence data and Student’s t-test for the frequency and 
length data. Finally, the patch clusters were incorporated into the ArcGis® database 
for mapping the mosaics. Thus, three landscape mosaic maps of the Serra do Japi were 
drawn (Fig. 3). 

The distribution of boundaries and patches in the ordination scattergrams indicates 
that boundary frequency is the boundary measure that most clearly displays the 
boundary distribution variability in the sets of patches (Fig. 2c). For the 
presence/absence (Fig. 2a) and length (Fig. 2d) data, the distribution of these two 
elements was strongly conditioned by a single type of boundary (between outcrop – 
AFL – and forest – BOS – represented by the AFL-BOS code) with a small number of 
occurrences in the landscape. This makes the scattering of data in the space defined by 
the first ordination axis more compact (Figs. 2a and d), with many of the patches 
having very similar coordinates. This hinders the interpretation of the variability of 
boundaries and the recognition of groups of patches, on which the identification of the 
mosaics is based (Roldán et al., 2003, 2006). It does not occur when frequencies are 
studied because the frequencies of this boundary do not greatly limit the dispersion of 
data (Fig. 2c). 

To corroborate this result, new scattergrams were drawn by removing the patches 
with higher coordinates on axis 1, that is, those with positions that were highly 
dependent on the AFL-BOS boundary. A wider distribution of patches and boundaries 
was obtained for the presence/absence data (Fig. 2b), but most of them continued to 
have very close coordinates. 

The scattergram of the length matrix (Fig. 2e) shows sets of patches arranged in 
rows. This indicates that these sets responded to variations in the lengths of one or a few 
boundaries, which is related to the particular structure of the study area, in which there 
are large forest patches that are located at high altitudes and are surrounded by small 
fragments of other anthropic uses (Appendix A). Therefore, the forest patches have more 
variable perimeter lengths than other land uses/covers. This increases the possibility that 
forest patches will have boundaries with varied lengths, from very short to very long. 

Boundaries that characterize the selected clusters, i.e., the identified mosaics, are also 
included in the dendrograms obtained from patch clustering (Fig. 3). Both the 
presence/absence (Fig. 3a) and length (Fig. 3c) data produced dendrograms with a 
cluster that remained undivided from the first division. In these cases, this cluster is 
characterized by the AFL-BOS boundary. The dendrogram obtained from the frequency 
data (Fig. 3b) had a better organized set and sub-set structure because no clusters 
remained undivided from the first division. These results agree with those obtained from 
the ordination scattergrams because the boundary frequency data provided a more easily 
understandable interpretation and did not uniquely depend on the spatial distribution or 
length of just one boundary. 
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Figure 2. Results of the DCA ordination of patch × boundary matrices. Scattergrams for axes 1 

and 2 and axes 2 and 3 of a) the presence/absence matrix, b) the presence/absence matrix 

without outliers, c) the frequency matrix, d) the length matrix, and e) the length matrix without 

outliers. Patches are represented by crosses, and boundaries are represented by abbreviations 

of the land use/cover codes, which are presented in Appendix B 
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Figure 3. Clustering results of patches in mosaics (I) and the corresponding mosaic map (II) 

obtained from data on boundary presence/absence (a), frequency (b) and length (c) 

 
 
A large central mosaic and a more heterogeneous peripheral landscape is identified 

in all the mosaic maps, irrespective of the boundary measure used (Fig. 3). These 
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results agree with that reported by Hardt et al. (2013) on the landscape spatial 
structure in the same study area. This indicates that the differences in the results 
obtained using the three boundary measures depend on the different landscape details 
highlighted by each measure. 

In summary, in this example, boundary frequency is the boundary measure that 
most clearly allows us to identify mosaic-patch sets with a similar boundary pattern 
(Figs. 2c and 3b). The frequency distribution of boundaries did not seem to be highly 
conditioned by the low frequencies of some of them, which were present only in some 
patches, as seemed to be case for the presence/absence measure. In addition, the sizes 
of the patches were less important for the frequency measure because that variable had 
a lower variation rank than the length measure. 

Discussion 

Building matrices of patches × boundaries has been the constraining factor in 
landscape mosaic mapping. Methodological procedures like the one described, which 
is the only one known by the authors, allows these matrices to be easily drawn up, 
thus contributing to operationalizing the concept of landscape mosaics and making its 
application in landscape management possible (Hardt et al., 2013; Bertolo et al., 2015; 
Martín de Agar et al., 2016). The procedure has also the advantage of using standard 
GIS and statistical software. 

The procedure developed permits input land use/cover maps in both raster and 
vector formats to be used. It works practically without limitation to large datasets, 
depending only on the software used and on the available memory and system cache 
of the user’s computer. The implementation of this concept has previously been 
limited by the difficulty when working with large territories, which probably explains 
the small number of studies on the complexity of landscape interactions based on 
mosaics (Cantwell and Forman, 1993; Roldán-Martín et al., 2003, 2006; Hersperger, 
2006) and their use in environmental planning and management (Hardt et al., 2013; 
Bertolo et al., 2013). 

Each boundary measure provides a particular interpretation of landscape 
organization, and researchers must therefore evaluate the measures that best meet their 
objectives. In the example, the mosaics identified using boundary presence/absence was 
not the most revealing of the landscape variability. The qualitative aspect seems to be a 
large constraint, as the occurrence of a low presence boundary conditioned the results 
by impeding the easy observation of other patterns. 

In our example, when mosaics are characterized by boundary length, the information 
provided was apparently influenced in both qualitative aspects as related to very low 
frequency boundaries (Fig. 2d) and patch size (Fig. 2e). This is the case of large forest 
patches having boundaries of all lengths. They condition the patch arrangement “in 
lines” (Fig. 2e), depending mainly on the differences in the lengths of the boundaries 
and less on their natures. The large forest patches conditioned the dispersion of the 
others in the DCA, primarily because of they may have boundaries of different lengths, 
which condition the identification of mosaics. 

Boundary identification is closely related to the degree of landscape fragmentation 
and connectivity (Metzger and Muller, 1996; Rescia et al., 1997; Collinge and Forman, 
1998; Trani and Giles, 1999; Zeng and Ben Wu, 2005). However, when a landscape 
becomes more fragmented, the boundary frequencies tends to provide information about 
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the fragmentation pattern that cannot be derived from length (Zeng and Ben Wu, 2005). 
Boundary frequency enable reporting stages prior to the rupture of the landscape based 
on the identification of patch perforations (Forman, 1995). Because of that ability, 
mosaics identified by frequency boundaries are apparently important in assessing the 
history of fragmentation pressures, understanding rupture dynamics over time and even 
indicating probable future scenarios (Hardt et al., 2013). 

In our example, the relative similarities among the three mosaic maps (Fig. 3) could 
have been due to landscape homogeneity (Corbacho et al., 2000) explained by the small 
fragmentation in the central area and the large fragmentation in the peripheral areas. 

Measures of boundaries such as frequency and length respond to spatial pattern in 
landscape heterogeneity (Metzger and Muller, 1996) and are particularly sensitive to 
environmental changes (Fortin et al., 2000). In that sense, mosaic landscape 
organization models should reflect depth spatial heterogeneity in such a way that they 
clearly show patterns of ecological interactions and landscape complexity (Lovett et al., 
2005; Roldán-Martín et al., 2006; Hardt et al., 2013). 

There are other models that describe the influences of spatial pattern on ecological 
processes and their changes over time, including the well-known patch-corridor-matrix 
model (Forman, 1995). However, that model is limited in its ability to detect landscape 
spatial heterogeneity, which can lead to errors in decision-making for landscape 
management (Hardt et al., 2013) 

The described method has many possible practical outputs that could assist decision 
making in landscape management, for example, comparisons between mosaics built 
from historical maps, which record landscape changes, highlight driving forces and 
change vectors. These affect land cover/use and boundaries. New mosaics can appear as 
the result of changes in boundaries as well as land cover/uses, as reported by Hardt et al. 
(2013). For that reason, this analysis permits future scenarios to be proposed for nature 
conservation that have different degrees of human interference, keeping in mind that in 
landscapes with less complex spatial interactions and mosaics with simpler boundary 
structures, management is easier. Mosaics can also be used to identify priority areas for 
conservation according to the types and complexities of neighborhood spatial 
relationships, including the definition of appropriate management actions in accordance 
with them. 

Due to their capabilities, mosaics can be used as units of landscape organization 
(Wiens, 1999; Hersperger, 2006) to identify territories that differ in structure, function, 
and forest conservation status (Hardt et al., 2013). In this way, mosaics can be a key 
tool to identify action zones for environmental planning and management, where 
planners and decision makers need to analyze the consequences on ecosystem service 
provision, especially in regions that face complex environmental issues and where 
natural resources share space with anthropic uses. 

Conclusions 

The methodological procedure contributes to making the concept of landscape 
mosaics more operative and applicable for environmental planners. 

The procedure works with any size area, with large data sets and in automated 
processes. However, the usefulness of the different boundary measures should be 
assessed in accordance with landscape characteristics and study purpose. 
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The case study highlights the influence of landscape homogeneity and fragmentation 
on the similarities among mosaics that are obtained by different boundary attributes. It 
also differentiated boundary frequency as the attribute that can be used to more easily 
identify and interpret mosaics due to its capacity to interpret the dynamics of landscape 
rupture patterns. 
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APPENDIX 

Appendix A. Land use/cover map of Serra do Japi, Brazil. Created in ArcGIS
®

 by 

visual interpretation of aerial orthophotos from 2005. Land uses/covers are 

described in Appendix B 
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Appendix B. Description and codes of the land use/cover categories identified in 

Serra do Japi, Brazil 

Category Code Criterion of classification 

Rocky outcrop AFL Natural open habitat with low vegetation cover 

Agriculture AGR Annual or perennial croplands 

Human-altered field CAM 
Pasturelands, abandoned areas (old areas of agriculture and 
silviculture), yards, lawns, and wasteland or unused lands 

Bare soil EXP Rural or urban areas without vegetation 

Forest BOS Semi-deciduous seasonal forests 

Lake LAG Natural lakes and reservoirs 

Net road VIA Trails, tracks and roads 

Reforestation PLAN Plantations of Eucalyptus spp., Pinus spp. or Araucaria spp. 

Grouping of trees/shrub STE 
Patches and corridors of trees and shrubs, natural or human-
modified, without forest structure  

Urban OCU 
Urban nuclei and isolated residential, commercial or 
industrial buildings 
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Abstract. Present study was aimed to select the suitable seedling raising method with high seedling 
quality for the machine-transplanted rice. The seeds of two rice cultivars i.e., Xiangyaxiangzhan and 
Wufengyou 615 were grown under four different seedling-raising methods i.e., the traditional seedling-
raising method (TWSM), the dry seedbed nursery raising method (DSBM), the wet seedbed raising 
method (WSBM), and the substrate seedbed nursery raising method (SSBM). Results showed that the 
highest seed germination and seedling establishment rates were recorded in SSBM followed by DSBM, 
and TWSM. Rice seedlings grown in SSBM have maximum seedling length, longer leaves and leaf 
sheath as well as dry biomass than other establishment methods. Further, number of roots, root length, 
root surface area and root diameter were also found significantly (P ≤ 0.05) higher than those seedlings 
which were established by normal farmer practice (TWSM). Additionally, higher proline, protein and 
soluble sugars contents and SPAD values (an indicator of chlorophyll contents) were also recorded in 
SSBM. Hence, SSBM would result in improved rice seedlings, compared to those under traditional 
nursery, dry bed nurse and wet bed nursery. 
Keywords: physiological character, root growth, rice nursery, seed germination, seedling-raising 

methods 

Introduction 

Rice (Oryza sativa) is the most important cereal crop that feeds more than half 
of the world’s population (Ruiz-Sánchez et al., 2010; Abid et al., 2015; Kargbo et 
al., 2016). Rice ranks first among the cereal crops in China and it has been 
cultivated for more than 7000 years ago, feeding more than 65% of the population 
of China as a staple food (Ivanic and Martin, 2008). In China, rice covers an area 
of 30.14 million hectare with an annual production of 204.24 million tons. Hence, 
rice production in China contributes to food security not only for China but also 
for the rest of the world (Yao et al., 2007; Ashraf et al., 2015). 

Seedling transplanting has many advantages over direct seeding; however, 
manual transplantation of rice nursery is time consuming and slow process 
(Ehsanullah et al., 2014) as compared with mechanical transplantation. The 

mailto:tangxr@scau.edu.cn
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development of modern, large-scale, professional and commercial production of 
rice through mechanized planting plays a critical role to ensure efficient 
transplanting and maintaining rice productivity (Zhu et al. , 2007). Presently, 
mechanized rice transplanting technology has been successfully adopted in Europe, 
America, Japan and many other developed countries, whilst in China, the 
mechanized transplanting is still not widely adopted. Recently, a report stated that 
mechanized rice transplantation was about 34% at the end of 2014 in China (Yang 
et al., 2003; Li, 2015). 

Healthy and well-nourished seedlings with uniform growth (grown on PVC 
trays to load to the machine for transplanting) are the prerequisites for uniform 
transplantation in the field and these seedlings must meet certain technical 
standards in the system of mechanical transplanting of rice seedlings (Biswas et 
al., 2000). To develop standard seedlings, as required by the mechanized 
transplantation, the compatibility among seedlings cultivation/growing method, 
machine operational system, quality of the rice seedlings must be considered 
(Zhang and Gong, 2014). Conventional nursery raising is often practiced in paddy 
soils which is often silty in nature (Mishra and Salokhe, 2008; Li et al., 2014) 
which makes the manual transplantation difficult.  Thus, rather growing rice 
nursery in the fields, nursery raising in PVC trays and/or in nursery mat is 
conducive for machine transplanting. Hence, for mechanized transplanting rice 
technology, indoor seedling/nursery raising on artificial media can also be 
practiced other than outdoor nursery (that may be threatened by environmental 
extremities). For indoor nursery raising, seedling growing medium may largely 
affect the growth and development of rice seedlings. Present study thus focused to 
test the effect of different nursery management methods on germination, 
morphological growth and physiological characters of rice seedlings with the aim 
to determine the best possible nursery raising method for machine-transplanted 
rice seedlings. 

Materials and methods 

Experimental site 

The seedlings were raised in green house located at Experimental Research Farm, 
College of Agriculture, South China Agricultural University, Guangzhou, China 
(23°09’ N, 113°22’ E and 11 m above the sea level) during 2015. The region has 
subtropical monsoonal type of climate normally with yearly average temperature 
ranges ranged from 21 to 29 °C and 70-80% relative humidity and high rainfall 
during May-July (Li et al., 2016; Mo et al., 2016). Moreover, the average 
temperature, rainfall, and relative humidity for experimental period was remained 
28 °C, 19.17 mm and 79.60%, respectively. 

 
Plant material and treatment description 

Seeds of two local and widely cultivated rice cultivars i.e., Xiangyaxiangzhan and 
Wufengyou 615, were collected from the College of Agriculture, South China 
Agricultural University, Guangzhou, China. Prior to sowing, seeds of both rice 
cultivars were soaked in water for 48 h in dark chamber at room temperature.  Seeds 
were sown in four different methods i.e., (i) traditional seedling-raising method in 
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which the seeds were directly sowed on the wet seedbed (TWSM) (taken as control), 
(ii) the dry seedbed raising method in which the seeds were sown in PVC trays 
covered with air dried soil collected from paddy fields, and applied with distilled 
water (DSBM), (iii) the wet seedbed raising method in which the seeds were sown in 
PVC trays covered with well cultivated puddled soil, collected from paddy fields 
(WSBM), and (iv) the substrate seedbed raising method in which seeds were sown in 
PVC trays covered with a substrate (agricultural organic waste product including 
rice husk, obtained from Lianyungang Heroda Fertilizer Technology Co., Ltd, 
China) and sprayed with distilled water (SSBM). The dimensions of PVC trays used 
for nursery rising was 58.5 cm × 28.5 cm. The seeding density of both 
Xiangyaxiangzhan and Wufengyou 615 were 10000-12000 per m2. 

 
Determination of seed germination rate and seedling establishment percentage  

To determine seed germination rate and seedling establishment percentage, 
seedlings from an area of 15 cm × 15 cm area from each establishment method were 
carefully uprooted (about 60 seedlings) at 15 days after sowing (DAS), washed 
thoroughly with tap water and then with distilled water and the seedlings were 
graded in to: a) full mature seedlings, and b) young seedlings (one-half of the height 
of the full mature seedlings). The number of full mature seedlings, young seedlings 
and non-germinated seeds were counted. The seed germination rate and seedling 
establishment percentage was recorded as: 

 
Rice germination rate (%) = (number of full mature seedlings + number of young 
seedlings) / (total germinated and un-germinated seeds) × 100 

 
Percentage of seedling establishment (%) = (Number of full mature seedlings  / total 
number of germinated and un-germinated seeds) × 100 

 
Morpho-physiological characteristics of rice seedlings 

The seedlings of both rice cultivars at 10, 15 and 20 DAS were sampled for 
morpho-physiological parameters while for the estimation of physio-biochemical 
traits, the seedlings were separated into roots and shoots and stored at −80 °C. 

Seedling length, first leaf sheath length, length of first and second leaves was 
measured with a measuring ruler. Seedling fresh and dry biomass (seedlings were 
placed in oven at 80 °C till constant weight) per 100 seedlings were recorded by an 
electric balance (Sartorious, Japan). The number of primary and secondary roots was 
counted manually whereas root length, root surface area and root diameter of 4 well 
mature seedlings were recorded by a root scanner (WinRHIZO, ProLA2400, 
Canada) according to Oršanić et al. (2011). 

 
SPAD values of seeding 

SPAD values characterized as chlorophyll contents, were recorded from 10 
seedlings of each treatment with a SPAD meter ‘SPAD-502’ (Konica Minolta, 
Japan) according Asai et al. (2009) which provided a precise, rapid and non-
destructive estimation of leaf chlorophyll contents. 
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Estimation of proline, protein and soluble sugar 

The proline content was determined according to Celik and Atak (2012). Fresh leaf 
samples (0.3 g) were homogenized with 4 mL of 3% sulfosalicylic acid and heated at 
100 °C for 10 min. After cooling, 2 mL of filtrate, 2 mL of acid ninhydrin, and 2 mL of 
glacial acetic acid was taken in a test tube and boiled in water bath at 100 °C for 30 min. 
The reaction was terminated on ice, and the reaction mixture was then extracted with 
4 mL of toluene. The solution was vortex mixed and 3 mL of the upper toluene extract 
was centrifuged at 4000 g for 5 min. The absorbance was read at 520 nm. Protein 
content was assayed using the coomassie brilliant blue G-250 (CBB-G) method as 
described by Aminian et al. (2013) and the absorbance was read at 595 nm. The soluble 
sugar contents of the rice leaves were estimated by the method of Karim et al. (2012) 
with minor modifications. Leaves (0.2 g) were ground with liquid nitrogen to a fine 
powder and then added 15 mL of distilled water to heat at 100 °C for 20 min. After 
cooling, 0.1 mL of filtrate and 5 mL of enthrone sulfuric acid solution were mixed and 
then heated at 100 °C for 10 min and the absorbance was recorded at 620 nm. 

 
Experimental design and data analysis 

Treatments were arranged according to completely randomized design (CRD) with 
three replications. The data were analyzed by an analysis of variance (ANOVA) 
technique with statistical software Statistix 8.0 (Analytical, Tallahassee, Florida, USA) 
while the differences among means were separated by least significant difference (LSD) 
test at the 5% significance level. The Sigma Plot 12.5 (Systat Software Inc., San Jose, 
CA, USA) was used to make the figures. 

Results 

Germination and seedling establishment 

The highest germination rate and the percentage of seedling establishment were 
observed in SSBM treatment for both cultivars (Fig. 1). DSBM and SSBM significantly 
increased germination rate for Xiangyaxiangzhan by 9.69% and 10.53%, respectively, 
and for Wufengyou 615 by 3.66% and 3.85%, respectively. However, WSBM treatment 
obviously reduced germination rate by 4.40% and 3.77% for Xiangyaxiangzhan and 
Wufengyou 615, respectively (Fig. 1 A, B). Seedling establishment was substantially 
increased in SSBM by 23.66% and 13.52% for Xiangyaxiangzhan and Wufengyou615, 
respectively. For Xiangyaxiangzhan, DSBM treatment significantly increased seedling 
establishment percentage but WSBM treatment show opposite trend. For Wufengyou 

615, DSBM and WSBM did not affect the seedling establishment percentage 
significantly (Fig. 1 C, D). 

 
Morphological growth 

Different seedling establishment methods substantially affected morphological 
characters of both rice cultivars. For Xiangyaxiangzhan, seedling length, length of first 
leaf sheet, length of first and second leaf as well as dry biomass were recorded 
maximum in SSBM and the values were 0.40, 22.01, 66.81, 27.93, 45.37% and 14.49, 
13.65, 77.37, 28.41, 26.00%, and 5.64, 0.72, 65.96, 19.77, 12.39%, higher than TWSM 
at 10 15 and 20 DAS, respectively (Tables 1 and 2). 



Cheng et al.: Different seedling raising methods affect seed germination, early growth and physiological characteristics of rice 
seedlings for machine-transplanted rice  

- 1403 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1399-1412. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_13991412 
 2018, ALÖKI Kft., Budapest, Hungary 

Table 1. The seedling length and shoot dry weight of rice seedlings in response to different 

seedling raising methods 

Cultivar Treatment 
Seedling length (cm) Shoot dry weight (mg) 

10 DAS 15 DAS 20 DAS 10 DAS 15 DAS 20 DAS 

Xiangyaxiangzhan 

TWSM 17.37 a 19.67 ab 21.82 a 10.80b 15.00b 23.40bc 
DSBM 16.52 a 19.76 ab 22.67 a 11.90b 21.00a 21.80c 
WSBM 17.39 a 18.03 b 19.36 b 10.90b 13.40b 25.20ab 
SSBM 17.44 a 22.52 a 23.05 a 15.70a 18.90a 26.30a 

Wufengyou 615 

TWSM 23.23 a 24.07 a 29.42 a 22.00a 26.90a 47.30a 
DSBM 18.96 b 19.99 b 23.30 c 13.70b 18.00b 33.10b 
WSBM 18.58 b 19.94 b 22.70 c 12.40b 17.00b 32.10b 
SSBM 19.06 b 23.24 a 25.03 b 20.00a 27.00a 47.40a 

Different lowercase letters followed by the mean of different treatments in the same column within one 
variety indicate significant difference at P < 0.05 level. TWSM: traditional seedling-raising method, 
DSBM: dry seedbed nursery raising method, WSBM: wet seedbed raising method, and SSBM: 
substrate seedbed nursery raising method 

 
 

Table 2. Effects of different seedling raising methods on leaf and leaf sheath length 

Cultivar Treatment 
First leaf sheath length (cm) First leaf length (cm) Second leaf length (cm) 

10 DAS 15 DAS 20 DAS 10 DAS 15 DAS 20 DAS 10 DAS 15 DAS 20 DAS 

Xiangyaxiangzhan 

TWSM 3.18 b 3.59 b 4.19 a 2.35b 2.43b 2.82b 9.20b 9.47c 10.42c 

DSBM 3.62 a 4.08 a 4.13 a 3.23ab 3.33ab 3.68ab 9.47b 11.23ab 11.64ab 

WSBM 3.22 b 3.36 b 3.58 a 3.06ab 3.22b 3.51ab 10.53ab 10.53bc 11.17bc 

SSBM 3.88 a 3.90 ab 4.16 a 3.92a 4.31a 4.68a 11.77a 12.16a 12.48a 

Wufengyou 615 

TWSM 3.43 a 3.72 a 4.34 a 2.70a 2.88ab 3.57b 7.43b 9.83ab 10.28b 

DSBM 3.33 ab 3.72 a 4.16 ab 2.66a 2.91ab 3.40b 9.00a 9.18b 10.34b 

WSBM 2.94 b 3.34 a 3.58 b 2.31b 2.43b 2.76b 6.06c 9.00b 9.44c 

SSBM 3.09 ab 3.66 a 4.35 a 2.72a 3.01a 4.43a 8.39ab 10.81a 13.61a 

Different lowercase letters follow by the mean of different treatments in the same column within one 
variety indicate significant difference at P<0.05 level. TWSM: traditional seedling-raising method, 
DSBM: dry seedbed nursery raising method, WSBM: wet seedbed raising method, and SSBM: 
substrate seedbed nursery raising method 

 
 

For Wufengyou 615, seedling length was considerably reduced under all seedling 
establishment methods at all sampling intervals, compared with TWSM. Moreover, 
SSBM was found statistically at par (P ˃ 0.05) with TWSM and/or higher than other 
seedling establishment methods regarding length of first leaf sheet (at all sampling 
intervals), first leave length (at 10 and 15 DAS). The second leaf length were recorded 
maximum in DSBM at 10 DAS while at 15 and 20 DAS, the second leaf length was 
highest in SSBM. The dry biomass were also remained maximum in SSBM (higher than 
other two seedling establishment methods) but statistically similar (P ˃ 0.05) with 
TWSM at 10, 15 and 20 DAS. Overall, the morphological parameters were increased 
with an increase in seedling age (from 10 to 20 DAS) in both Xiangyaxiangzhan and 
Wufengyou 615. 
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Figure 1. The seed germination rate and percentage of seedling establishment in response to 

the different seedling raising methods for Xiangyaxiangzhan (A, C) and Wufengyou 615 (B, 

D). Different lowercase letters followed by the mean of different treatments within one variety 

indicate significant difference at P < 0.05 level. TWSM: traditional seedling-raising method, 

DSBM: dry seedbed nursery raising method, WSBM: wet seedbed raising method, and SSBM: 

substrate seedbed nursery raising method 

 
 
Furthermore, differential responses of both rice cultivars regarding root 

morphological characters were noted under different seedling establishment methods. 
For example, root numbers, root length, root surface area and root diameter were higher 
in modified seedling establishment methods than TWSM whilst SSBM proved better 
than other methods (Table 3). For Xiangyaxiangzhan 44.41, 36.42, 19.81, 18.75 and 
3.37, 13.52, 19.01, 33.33%, and 19.15, 23.24, 13.94, 85.71% higher root numbers, root 
length, root surface area and root diameter were recorded in SSBM at 10, 15 and 20 
DAS, respectively. Similarly, for Wufengyou 615, 42.51, and 18.63, 19.81 % higher root 
numbers 31.95, 32.26, and 23.25% higher root length, 44.33, 45.99 and 40.83% higher 
root surface area, 9.68, 112.00 and 65.43% higher root diameter were recorded at 10, 15 
and 20 DAS, respectively. 

 
Table 3. Effects of different seedling raising methods on the morphological indexes of root 

Cultivar Treatment 

Number of root Number of the white root Root length(cm) Diameter (mm) 

10 DAS 15 DAS 20 DAS 10 DAS 15 DAS 20 DAS 10 DAS 15 DAS 20 DAS 10 DAS 15 DAS 20 DAS 

X
ia

ng
ya

xi
an

gz
ha

n TWSM 9.12c 14.83a 14.83b 1.86b 2.84c 2.77c 64.55b 84.00b 157.21b 0.32a 0.33a 0.42b 

DSBM 11.81ab 14.19ab 14.50b 10.37a 11.28b 11.90b 73.79b 93.06ab 178.42ab 0.32a 0.38a 0.47b 

WSBM 11.07bc 12.50b 13.00b 1.93b 2.89c 2.45c 69.59b 92.13ab 178.8ab 0.31a 0.35a 0.62ab 

SSBM 13.17a 15.33a 17.67a 11.89a 13.73a 15.38a 88.06a 95.36a 193.75a 0.38a 0.44a 0.78a 
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TWSM 12.28b 15.67bc 16.00bc 2.67c 3.31c 3.82b 61.29b 74.05c 184.53c 0.31a 0.25b 0.81c 

DSBM 13.06b 16.33b 17.00b 11.84b 12.44b 15.25a 82.45a 83.95b 207.48ab 0.33a 0.46a 1.16b 

WSBM 13.33b 13.77c 15.00c 2.84c 3.29c 4.33b 71.05ab 91.14ab 203.09bc 0.30a 0.51a 1.16b 

SSBM 17.50a 18.59a 19.17a 13.48a 16.23a 16.27a 80.87a 97.94a 227.43a 0.34a 0.53a 1.34a 

Different lowercase letters follow by the mean of different treatments in the same column within one 
variety indicate significant difference at P<0.05 level. TWSM: traditional seedling-raising method, 
DSBM: dry seedbed nursery raising method, WSBM: wet seedbed raising method, and SSBM: 
substrate seedbed nursery raising method 

 
 
Physiological characters and SPAD values 

Seedling raising methods variably affected physiological characters i.e., leaf proline, 
protein and soluble sugar contents as well as leaf chlorophyll contents (in terms of 
SPAD) values of both rice cultivars. Leaf proline contents were improved significantly 
(P < 0.05) in rice seedlings raised by SSBM method (except at 15 DAS in 
Xiangyaxiangzhan) than other raising method including TWSM at all sampling stages in 
both rice cultivars (Fig. 2).  
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Figure 2. Effects of different seedling raising methods on proline content in leaves of 

seedlings for two cultivars (A: Xiangyaxiangzhan; B: Wufengyou 615). Different lowercase 

letters followed by the mean of different treatments within one variety indicate significant 

difference at P < 0.05 level. TWSM: traditional seedling-raising method, DSBM: dry 

seedbed nursery raising method, WSBM: wet seedbed raising method, and SSBM: substrate 

seedbed nursery raising method 

 
 

The leaf protein contents were remained highest in the seedlings raised by SSBM 
method which was remained statistically similar (P ˃ 0.05) with WSBM and TWSM 
and minimum were recorded in DSBM at 10 DAS. At 15 DAS, maximum protein 
contents were recorded in the leaves of Wufengyou 615 established by DSBM followed 
by TWSM, SSBM while minimum in WSBM (Fig. 3). Further, at 20 DAS, the leaf 
proline contents were remained statistically similar (P ˃ 0.05) for all seedling 
establishment methods. The SSBM resulted in higher soluble sugar contents for both 
rice cultivars at 10 and 15 DAS, however, at 20 DAS; the maximum soluble sugars 
were recorded in TWSM whilst minimum in WSBM and DSBM in Xiangyaxiangzhan 



Cheng et al.: Different seedling raising methods affect seed germination, early growth and physiological characteristics of rice 
seedlings for machine-transplanted rice  

- 1406 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1399-1412. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_13991412 
 2018, ALÖKI Kft., Budapest, Hungary 

and Wufengyou 615, respectively (Fig. 4). Overall, the soluble sugar contents were 
increased with increase in seedling age from 10 to 20 DAS for Xiangyaxiangzhan, and 
increased from 10 to 15 DAS and then reduced to 20 DAS in Wufengyou 615. 
Furthermore, all seedling raising methods remained statistically similar (P ˃ 0.05) for 
leaf protein contents for Xiangyaxiangzhan at all sampling stages, while affected 
differently at 10 and 15 DAS for Wufengyou 615 (Fig. 3). Regarding SPAD values, 
maximum values were recorded at SSBM at all sampling stages and the values of 
percentage increase were 15.21, 17.56, and 24.12% in Xiangyaxiangzhan at 10, 15 and 
20 DAS (Fig. 5). For Wufengyou 615, highest SPAD values were recorded in the 
seedlings raised by SSBM method at all sampling stages and the values were 
significantly higher than other seedling raising methods and TWSM. 
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Figure 3. Effects of different seedling raising methods on soluble protein content in leaves of 

seedlings for two cultivars (A: Xiangyaxiangzhan; B: Wufengyou 615). Different lowercase 

letters followed by the mean of different treatments in the same column within one variety 

indicate significant difference at P < 0.05 level. TWSM: traditional seedling-raising method, 

DSBM: dry seedbed nursery raising method, WSBM: wet seedbed raising method, and SSBM: 

substrate seedbed nursery raising method 
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Figure 4. Effects of different seedling raising methods on soluble sugar content of 

seeding for two cultivars (A: Xiangyaxiangzhan; B: Wufengyou 615). Different 

lowercase letters followed by the mean of different treatments within one variety 

indicate significant difference at P < 0.05 level . TWSM: traditional seedling-raising 

method, DSBM: dry seedbed nursery raising method, WSBM: wet seedbed raising 

method, and SSBM: substrate seedbed nursery raising method 
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Figure 5. Effects of different seedling raising methods on SPAD values of seeding for two 

cultivars (A: Xiangyaxiangzhan; B: Wufengyou 615). Different lowercase letters followed 

by the mean of different treatments within one variety indicate significant difference at  P 

< 0.05 level. TWSM: traditional seedling-raising method, DSBM: dry seedbed nursery 

raising method, WSBM: wet seedbed raising method, and SSBM: substrate seedbed 

nursery raising method 

 
 

Correlation analysis 

There was no significant correlation between shoot dry weight at 10 DAS and 
seedling establishment for Wufengyou 615 (Fig. 6 A). Only Xiangyaxianzhan 
presented a high positive correlation between shoot dry weight at 10 DAS and 
seedling establishment (r = 0.6686, P < 0.05), indicating same effects of different 
seedling raising methods on the shoot dry weight and seedling establishment for 
this variety. There was however a high (P < 0.05) positive correlation between 
shoot dry weight at 15 DAS and seedling establishment for both cultivars (Fig. 6 

B) where the correlation coefficients (r) are 0.5792 (P < 0.05) for Wufengyou 615 

and 0.7849 (P < 0.01) for Xiangyaxiangzhan. This result suggests that the 
increased percentage of seedling establishment is closely linked to shoot dry 
weight. Further, shoot dry weight at 15 DAS was positively associated with leaf 
sheath length at all sampling dates, but the significance was only recorded for 
Wufengyou 615 and 20 DAS in Xiangyaxiangzhan (Fig. 6 C, D, E). In addition, the 
positive associations were also recorded for the percentage of seedling 
establishment with germination rate, SPAD values at 15 DAS, number of roots and 
white roots at all dates for the two cultivars (Fig. 7). 

Discussion 

Rice seed germination and seedling growth is affected by the seed viability and 
vigour, nature of the growing medium, water application and the various other 
external factors. These external factors might be promoting or inhibitory and the 
effects of these factors on the rice nursery and/or seedling growth vary overtime. 
In this study, highest germination rate and seedling establishment in SSBM may 
possibly due to fertile growing medium of amorphous nature (non-compacted) with 
significant amount of organic matter. Our results are in concomitant with the 
findings of Mishra and Salokhe (2008), who found in reduced soil environments 
(under aerobic conditions), the coleoptile of the rice seeds were poorly developed 
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than flooded soil. Further, type of growing media and growing environments 
determine the quality of the seedlings growing in it for nursery raising (Wilson, 
2001; Agbo and Omaliko, 2006), which have significant impacts on its later 
growth and performance in the field after transplanting (Baiyeri, 2006). Hence, 
higher seed germination and seedling establishment in SSBM indicates their 
relations with the type of growing medium. 
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Figure 6. Correlation analyses between (A) shoot dry weight at 10 DAS and percentage of 

seedling establishment, (B) percentage of seedling establishment and shoot dry weight at 15 

DAS, (C) shoot dry weight at 15 DAS and leaf sheath at 10 DAS, (D) shoot dry weight at 15 

DAS and leaf sheath length at 15 DAS, (E) shoot dry weight at 15 DAS and leaf sheath length at 

20 DAS, (F) shoot dry weight at 15 DAS and SPAD values at 15 DAS for Xiangyaxiangzhan and 

Wufengyou 615, respectively. ns: non-significant at P < 0.05 level; *: significant at P < 0.05 

levels; **: significant at P < 0.01 levels 
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Figure 7. Correlation analyses between (A) percentage of seedling establishment and 

germination rate, (B) percentage of seedling establishment and SPAD values at 15 DAS, (C) 

percentage of seedling establishment and the No. of roots at 15 DAS, (D) percentage of seedling 

establishment and No. of roots at 20 DAS, (E) percentage of seedling establishment and the No. 

of white roots at 10 DAS, (F) percentage of seedling establishment and the No. of white roots at 

15 DAS, and (G) percentage of seedling establishment and the No. of white roots at 20 DAS for 

Xiangyaxiangzhan and Wufengyou 615, respectively. ns: non-significant at P < 0.05 level; **: 

significant at P < 0.01 levels 
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Different seedling establishment methods substantially affected morphological 
characters of both rice cultivars. Development of shoot and leaves along with the growth 
of roots is prerequisite or transitory phase for rice seeds from heterotrophic to autotrophic 
level (Sasaki, 2004). Our results revealed that nursery management practices and type of 
nursery growing medium influenced growth and development of rice seedlings. Better 
root growth with higher root surface area in SSBM mimics in shoot growth with seedling 
length, leaf length and dry biomass. Ros et al. (2003) argued that rice seedlings 
establishment and their consequent growth not only related to above-ground 
morphological characters but also on the root growth and development. Raising healthy 
and well-established seedlings with well-flourished and healthy root system or simply, the 
morphogenesis of rice seedlings might have strong associations with nature and type of 
seedbed and/or growing media, number of seeds per area and soil conditions (Yamauchi 
and Biswas, 1997). Hence, root elongation under modified nursery raising methods, 
especially SSBM, showed that use of substrate (organic in nature) of rice seedlings favors 
root formation and seedling development. Furthermore, Subedi et al. (2013) also stated 
that nursery management practices considerably influence seedling characteristics of low 
land rice, whereas Panda et al. (1991) reported that seedlings raised in nutritious seed-bed 
would result in healthy and vigorous seedlings and performs better in the field conditions. 

Moreover, seedling raising methods variably affected physiological characters i.e., leaf 
proline, protein and soluble sugar contents and leaf chlorophyll contents (in terms of 
SPAD) values of both rice cultivars. Overall, seedlings grown by substrate method also 
performed physiologically better than other nursery establishment methods, while all 
other modified seedling raising methods also proved better than TWSM (normally 
practiced by the farmers). Previously, Thakur et al. (2010) also reported rice 
establishment method induced regulations in physiological characters of rice seedlings. 
Higher chlorophyll contents in the leaves would lead to increased photosynthesis, hence 
improved seedling growth. Dark green leaves with higher SPAD values were observed in 
modified seedling establishment methods than TWSM. These findings are in accordance 
with Harper et al. (2004) and Thakur et al. (2010). Overall, the results of this study 
depicted that improved seedling establishment methods with better growing medium may 
induce multiple, positive and significant changes in morphogenesis, phenotype and 
growth of rice seedlings, however, evoking these changes and responses of rice nursery to 
the specific seed establishment methods yet need to be studied and their performance in 
the field conditions as well. Hence, keeping in view this point, field based evaluation of 
rice nursery managed by different rice nursery establishment methods would thus be 
focused in our subsequent experiments to draw a most comprehensive inference. 

Conclusion 

In sum, different seedling raising methods significantly affect rice seedling growth and 
seedling establishment. Among modified rice seedling raising methods, SSBM proved 
better for both Xiangyaxiangzhan and Wufengyou 615 rice cultivars. Along with 
morphological growth, significant improvements were also observed in physiological 
characteristics of the seedlings of both rice cultivars. Hence, addition of organic manure 
contained material in the growing media of rice nursery may improve morph-
physiological features of rice seedlings for the purpose of better stand establishment in the 
paddy fields. 
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Abstract. The paper presents the study of the floristic composition of weeds and weed infestation in 
winter wheat in long-term crop rotations at the experimental station near Novi Sad (Serbia). During the 
study period, a total of 48 weed species were determined, out of which 33 were determined in each study 
year. In two study years, there were 18 common species, while 15 species determined in 1991 were not 
found 19 years later. On the other hand, the study in 2010 recorded 15 new species that had not been 
previously found. The greatest floristic diversity (20 species) was found on fertilized four-year rotation in 
1991 and unfertilized two-year rotation in 2010. The lowest diversity was recorded in 2010 on fertilized 
four-year rotation (9 species) and fertilized three-year rotation (10 species). The highest weed infestation 
was recorded in 1991 on unfertilized two-year rotation (2963 plants m-2) and unfertilized three-year 
rotation (2126 plants m-2), which is statistically significant compared to other variants. The lowest 
average weed infestation was observed in 2010 on fertilized three-year rotation (40 plants m-2) and 
fertilized four-year rotation (53 plants m-2). Long-term crop rotations have a significant effect on the 
floristic composition and structure of weeds in winter wheat. 
Keywords: weed, invasive plants, winter wheat, crop rotation 

Introduction 

Weeds, as highly adaptable plants, impede the implementation of planned cultivation 
practices in agricultural production. Therefore, finding adequate measures of weed 
control is a complex problem that requires a holistic approach (Avola et al., 2008). 
Weed control is a continuous process which includes a number of interrelated activities, 
the duration of which exceeds a single vegetation period. Preceding crops and the 
timing of tillage significantly affect the presence of weeds. In addition to common 
cultivation practices and applying agricultural chemicals, crop rotation has an important 
role in agricultural production because alternation of different crops has a beneficial 
effect on reducing weeds and establishing balance within an agroecosystem (Barberi et 
al., 1997; Suarez et al., 2001; Derksen et al., 2002; Anderson, 2005; Wozniak and 
Soroka, 2015). Balance in agroecosystems and in biodiversity directly affects 
sustainability of their structures and function (Oljača et al., 2014), which is one of the 
most important goals of contemporary agriculture. 

In order to provide the necessary “biological minimum” for achieving high and 
stable yields in crop production, it is very important to ensure proper alternation of 
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crops, taking into account self-tolerance and mutual tolerance of crops. Crop rotation is 
therefore given a great importance, also because it reduces the occurrence of plant 
diseases, pests and weeds (Molnar, 2003). 

Due to significant effects of the year of growing (temporal effect) and the cultivation 
practice, it is very difficult to determine the cumulative contribution of crop rotation in 
weed control. Also, since in multi-year crop rotations phenological phases of cultivated 
crops and weeds overlap, these rotations reduce weed seedbank in the soil, which is 
particularly reflected in weed reduction in a subsequent period (Andersson and 
Milbereg, 1998; Teasdale et al., 2004). 

In a long-term period, properly set crop rotations may have positive environmental 
impact on biodiversity conservation of the weed flora, as agricultural land is a typical 
habitat for certain segetal weeds, the survival of which is becoming more endangered, 
due to intensive agricultural practices (Hulina, 2005; Šilc, 2005). In order to identify the 
changes in weed flora, it is essential to study long-term crop rotations. Therefore, this 
research was based on the data obtained from the experiments established 70-40 years 
ago, in which we could determine the cumulative effects of crop rotation. The aim of 
this paper was to analyze the floristic composition and the intensity of weed infestation 
in winter wheat grown in different crop rotation and fertilization treatments over a 
period of nineteen years. The obtained results can be as a good basis for monitoring 
biodiversity of weeds in different crop rotations, but can also indicate the most 
favorable crop rotation treatment for weed reduction. 

Materials and methods 

Weed survey and data collection 

In order to study long-term effects of different crop rotation and fertilization 
treatments on weed infestation of winter wheat crops, floristic surveys were conducted 
in 1991 and 2010 in field trials “Plodoredi” of the Institute of Field and Vegetable 
Crops in Novi Sad (Serbia) at the experimental station Rimski Šančevi (45.19°N, 
19.50°E). 

The weed flora was studied on the following variants of the experiment: unfertilized 
two-year and three-year rotations (MW and MWSo), established in 1946/47, two-year, 
three-year and four-year rotations with application of mineral fertilizers (MW-N, 
MWSo-N and MWSoSb-N), established in 1969/70, four-year rotation with application 
of mineral fertilizers (MWFW), established in 1950/51, and monoculture of wheat with 
applied mineral fertilizers (W-N), established in 1969/70. 

The study was conducted on the Chernozem soil, which belongs to automorphic soil 
types, class A-C (humus-accumulative soils, the subtype of chernozem on loess and 
loess-like sediments, the carbonate chernozem variety, medium depth) (Škorić et al., 
1986). The basic chemical soil properties are shown in Table 1. The method used for the 
analysis of organic matter content in soil samples is Tyrin’s titrimetric method, in which 
a soil sample is oxidised with 0.2M potassium dichromate with sulphuric acid and 
heated to the boiling point for 5 minutes DM 8/1-3-017. Soil pH reaction was 
determined in a suspension with H2O and 1 M KCl (ratio of 1:2.5, w/v), using a Metrel 
MA3657 pH-meter, while the content of CaCO3 was determined volumetrically, by 
Scheibler’s calcimeter; (Soil Survey Staff, 1993). Total nitrogen contents were 
determined with a CHNS analyzer (Elementar Vario EL, Germany). Determination of 
readily available phosphorus was performed by AL method (extraction with ammonium 
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lactate) with spectrophotometric determination. Determination of readily available 
potassium was performed by AL method (extraction with ammonium lactate) followed 
by flame photometric determination. 

The meteorological conditions, i.e. medium monthly temperatures and precipitations 
in two investigated years (1990/91 and 2009/10), according to meteorological station 
Rimski Šančevi, are shown in Figure 1. 

The intensity of weed infestation was determined by the quantitative method of 
squares, i.e. by counting the number of weeds per 1 m2. 

Weed sampling was done in relation to the phenological development of winter 
wheat according to decimal BBCH (Biologische Bundesanstalt, Bundessortenamt und 
Chemische Industrie) scale. The plants in all treatments of crop rotation were counted 
three times during the winter wheat growing season at beginnings of the development 
stages BBCH 30, BBCH 53, BBCH 85, with 3 replications. 

 Weed species were determined according to Josifović (1970-1986) and Tutin et 
al. (1964-1980). The data were statistically accessed using the statistical software 
Statistica 12. 

 
Table 1. Basic chemical soil properties on the experimental field (mean values± SD) 

Year 
pH CaCO 

% 

Organic matter 

% 

Total N 

% 

Al-P2O5 

mg/100g 

Al-K2O 

mg/100g in KCl in H2O 

1991 7.42±0.06 7.91±0.07 3.5±1.91 2.52±0.28 0.17±0.02 61.01±46.18 38.83±15.98 

2010 7.52±0.10 8.1±0.12 5.64±4.23 2.7±0.38 0.2±0.02 65.93±61.50 37.56±12.98 

 
 

 
Figure 1. Medium monthly temperatures and precipitations in two production years (1990/91 

and 2009/10) 

 
 

Treatments in the experiment 

The study included the following treatments: fertilized monoculture (100% winter 
wheat) – W-N, fertilized two-year crop rotation (50% maize and 50% winter wheat) – 
MW-N, fertilized three-year crop rotation (33.33% maize, 33.33% soybean and 33.33% 
winter wheat) – MWSo-N, fertilized four-year crop rotation (25% maize, 50% winter 
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wheat and 25% field peas) – MWFW-N, fertilized four-year crop rotation (33.33% 
maize, 33.33% winter wheat, 16.16% soybean and 16.16% sugar beet) – MWSoSb-N, 
unfertilized two-year crop rotation (50% maize and 50% winter wheat) – MW and 
unfertilized three-year rotation (33.33% maize, 33.33% soybean and 33.33% winter 
wheat) – MWSo. The fertilized treatments included mineral nitrogen (N) fertilizers at 
100 kg ha-1 rate for winter wheat (50 kg ha-1 in autumn and 50 kg ha-1 in spring). 
Phosphorus (P) and potassium (K) fertilization was based on soil analyses and was 
applied in autumn. Unfertilized two-year rotation (MW) and three-year rotation 
(MWSo) had not received any fertilization since 1946-1947, while crop residue 
incorporation started in 1986-1987. Cultivation of winter wheat was based on 
conventional tillage including moldboard plowing and seed bed preparation with a 
Kongskilde germinator. The sowing took place in October at a seeding rate of 
250 kg ha-1. Weed control in winter wheat started in 2000 with active matter 2.4D and 
iodosulfuron-methyl-sodium + amidosulfuron. Control of Sorghum halepense (L.) Pers. 
and other grass weeds was carried out by gliphosate each year in August after winter 
wheat harvest. 

Results 

Composition of weed species 

The floristic composition of weeds and the intensity of weed infestation in winter 
wheat in different crop rotation treatments on the experimental field of the Institute of 
Field and Vegetable Crops (Serbia) in 1991 and 2010 are presented in Table 2. 

In the floristic composition of the cropping systems in two study years there were a 
total of 48 plant species, out of which 33 species were determined in each study year. In 
two study years, 18 common species were identified, while 15 species were present only 
in the first study year and were not found 19 years later (marked with * in the table). On 
the other hand, the study in 2010 recorded 15 new species that had not been previously 
found (marked with ** in the table) (Table 2). 

In all crop rotation treatments in 1991, the following weed species were constantly 
present: Polygonum convolvulus, Convolvulus arvensis, Lamium purpureum, 
Polygonum aviculare, Polygonum lapathifolium and Stellaria media. On the other hand, 
in the more recent study conducted in 2010, which included all wheat-based cropping 
systems, only three weed species were determined: Polygonum convolvulus, Consolida 

regalis and Veronica hederifolia. The species which was continuously present in both 
study years in all crop rotation treatments is Polygonum convolvulus (Table 2). 

This paper analyzes floristic composition of weeds in different winter wheat systems 
of crop rotation and fertilization. The greatest floristic diversity (20 species) was found 
on fertilized four-year crop rotation (MWSoSb-N) in 1991 and unfertilized two-year 
rotation (MW) in 2010. Although floristic diversity in these two crop rotations was 
higher, it had no significant impact on the intensity of weed infestation in these crop 
rotations, which was 102 and 125 plants m-2, respectively. The floristic diversity was 
the lowest in 2010 on fertilized four-year rotation - MWSoSb-N (9 species), on which 
the intensity of weed infestation was also low, and on fertilized three-year rotation – 
MWSo-N (10 species), which had the lowest intensity of weed infestation (Table 2; 

Fig. 2 and 3). Accordingly, it can be concluded that in all experiment wheat-based 
treatments, with the exception of unfertilized two-year rotation, there was a trend of a 
moderate decrease of floristic diversity over the period of 19 years (Table 2; Fig. 2).
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Table 2. Average infestation in wheat in different treatments of crop rotation 1991 and 2010 (no. ind. m
-2

) 

EPPO 

Code 
Plant species 

Crop rotation 

W-N MW-N MW MWSo-N MWSo MWFW-N MWSoSb-N 

1991 2010 1991 2010 1991 2010 1991 2010 1991 2010 1991 2010 1991 2010 

ADOAE Adonis aestivalis L.**  0.44            0.44 

AGRRE Agropyrum repens (L.) Beauv.*   1.67            

AMBEL Ambrosia artemisiifolia L.      29.55    77.77 0.11 2.66 0.08  

ANGRV Anagallis arvensis L.   0.67  809.33 0.44   708    0.33  

ANGCO Anagallis femina Mill.**      0.44         

POLCO Polygonum convolvulus (L.)Dum. 40 59.11 98.67 25.66 310.33 2.22 33 5.33 109 2.22 42.66 15 30.42 6.21 

CAPBP Capsella bursa-pastoris (L.)Med.  31.11 1 0.44  0.44   18  0.11 1.77 0.08  

CUCLA Caucalis daucoides L.* 1  1            

CENCY• Centaurea cyanus L.  1.77  0.88       1.66    

CHEAL Chenopodium album L. 10.33 0.44 9.33   0.44 50.33 4.88   13.11 10.21 26.58 9.33 

CHEHY Chenopodium hybridum L.**  0.44  1.33    1.77    3.1  0.44 

CIRAR Cirsium arvense (l.) Scop. 0.33     2.22       0.08  

CNSRE• Consolida regalis S.F. Gray.   110.64 3 45.77 66.67 3.10  15.99  0.44  11.55  8.44 

CONAR Convolvulus arvensis L.  8.67  4.33  24  1 0.44 45.33  8.89  8.08  

DATST Datura stramonium L.**        0.88      2.66 

EQUAR Equisetum arvense L.*   0.33  45.33      0.22    

ERICA Erigeron canadensis L.*     274.67    108    2.25  

EPHCY Euphorbia cyparissias L.*   0.33            

EPHHE Euphorbia helioscopia L.**      11.55    12.44     

FUMOF• Fumaria officinalis L.  16  0.33 0.44     6.66  4.78  0.08  

GAETE Galeopsis tetrahit L.  0.11  0.44 376    213.33      

GALAP Galium aparine L. 8.33 13.77 3.67 17.33  4     0.11  0.17  

HELTU Helianthus tuberosus L.**        4.88    3.11   
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LAMAM• Lamium amplexicaule L.**  0.44  1.33        2.66   

LAMPU Lamium purpureum L.* 4.67  0.33  20  0.33  188.66  9  0.33  

LTHTU• Lathyrus tuberosus L.**    1.33  1.33    1.77     

LITAR Lithospermum arvense (L.) Vahl.  1.33 0.88 1.67 0.88 210.67       0.44 0.33  

MEDLU Medicago lupulina L.**      1.33         

OXAST Oxalis stricta L.**      7.1         

PAPRH • Papaver rhoeas L. **  14.88  1.33           

POAAN Poa annua L.*         2.66      

POLAV Polygonum aviculare L.  13.33  8.67  28.67 2.66 1.33  58 5.33 0.11  12.58 0.88 

POLLA Polygonum lapathifolium L.* 7.75  13.67  19.67  1.33  19  23.78  8.33  

RANAR • Ranunculus arvensis L.**      0.64         

RHIAG Rhinanthus major Ehrh.*         122.66      

SAMEB Sambucus ebulus L.*       2.66      0.33  

SETVI Setaria viridis (L.) Beauv.*     148    124      

SINAR Sinapis arvensis L.  0.44   5.33 44   16 72.74  9.77   

SOLNI Solanum nigrum L.**    0.88  1.77  0.44  1.33     

SONOL Sonchus oleraceus (L.) Gou.*     5.33          

SORHA Sorghum halepense (L.) Pers.**      10.22  3.55  7.55    0.44 

STAAN Stachys annua L.**          1.33     

STEME Stellaria media (L.) Vill. 30  33.67  320 0.88 5.33  156.66 15.55 85.44  8.42  

TAROF Taraxacum officinale Weber.* 3.33    32  17.66  130.66    2.83  

TRFRE Trifolium repens L.*     85.33    8    0.42  

VERHE Veronica hederifolia L. 0.33 256  87.55  0.44  1.77  0.44 3.11 40.88  23.99 

VICVI Vicia vilosa Roth.*     178.67  0.33  91.33  0.66  0.08  

VIOAR • Viola arvensis Murr. 14  1.67 0.44 2.67  1.66      0.33  

Total number of plant species
 

15 14 18 15 19 20 12 10 18 12 15 11 20 9 

Average number of ind. m
-2

 159 491 184 186 2963 125 115 40 2126 199 194 101 102 53 
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Figure 2. Number of weed species in different treatments of crop rotation 

 
 

Weed infestation in winter wheat 

With regard to the intensity of infestation, extremely high weed infestation was 
recorded in 1991 on unfertilized two-year and three-year rotations – 2963 and 2126 
plants m-2, respectively. The difference between weed infestation in these two 
treatments and other crop rotation treatments is statistically significant or highly 
significant (Tables 2 and 3; Fig. 3). Such high levels of weed infestation on unfertilized 
rotations could be accounted for by a high number of weeds in the seedling stage in the 
very first stages of wheat vegetative growth, by the preceding crop (maize, soybean), 
which was favorable for weed infestation, and by the absence of fertilization, which in 
these treatments provided for better competitiveness of weeds compared to winter 
wheat. The lowest average weed infestation in winter wheat crops was recorded in the 
second study year, 19 later, on fertilized three-year rotation and four-year rotation 
(MWSoSb-N), on which there were 40 and 53 plants m-2, respectively (Table 2; Fig. 3). 
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Figure 3. Weed infestation in winter wheat in different treatments of crop rotation (no. ind. m
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Trends in changes of weed infestation 

Table 4 shows the changes in the average weed infestation observed over time 
between certain crop rotation systems. It can be observed that over the period of 19 
years in winter wheat monoculture there was a prominent trend of increasing weed 
infestation by even 68%, while on fertilized two-year rotation there was a relatively 
unchanged level of weed infestation with only a minor increase of 1%, which could be 
accounted for by the cumulative effect of crop rotation on the number of weeds. 
However, in other crop rotation treatments there was a prominent trend of reducing 
weed infestation after the period of 19 years. 

 
Weed species significant for biodiversity 

This study determined the presence of a number of invasive species, including 
Ambrosia artemisiifolia, Helianthus tuberosus, Datura stramonium, Erigeron 

canadensis and Sorghum halepense (Table 2). These species were more prominent 
only in the treatments of unfertilized two-year and three-year crop rotations, which 
could be affected also by the preceding crop, among which these weeds usually 
proliferate. Ambrosia artemisiifolia is of particular interest as it is invasive both at the 
local and global level (DAISIE – Delivering Alien Invasive Species Inventories for 
Europe, EPPO – European and Mediterranean Plant Protection Organization, GISD – 
Global Invasive Species Database), while Helianthus tuberosus is invasive at the 
European level (DAISIE, EPPO). The other three species (D. stramonium, E. 

canadensis and S. halepense) are on the list of invasive weeds in Serbia (Lazarevic et 
al., 2012). It is encouraging that the invasive species in the studied crop rotations were 
not too numerous and did not contribute substantially to the overall weed infestation 
of winter wheat in the study period, with the exception of E. canadensis in 1991 on 
unfertilized two-year rotation (274.67 plants m-2) and unfertilized three-year rotation 
(108 plants m-2) and A. artemisifolia (77.77 plants m-2) only in 2010 on unfertilized 
three-year rotation. 

With regard to biodiversity conservation, on the other hand, it is necessary to stress 
the presence of threatened weeds according to Hulina (2005) (Table 2, marked with •). 
From the category of endangered weed species, there was F. officinalis, which in the 
studied crop rotation treatments decreased in number in the second study year by 80%. 
From the category of vulnerable weed species, there were seven species, three of which 
(C. cyanus, C. regalis and V. arvensis) were present in both study periods, while four 
species (L. amplexicaule, L. tuberosus, P. rhoeas and R. arvensis) appeared only in 
2010. The presence of V. arvensis from the category of vulnerable species also declined 
by 80% over the peiod of 19 years. The treatment of fertilized two-year rotation proved 
to be favorable for survival of the endangered species F. officinalis and the vulnerable 
species V. arvensis. 

Discussion 

The composition of weed flora in a certain crop is determined by the existing 
environmental conditions as well as applied cultural practices. This study was 
conducted in the winter wheat to determine the presence of different weed species in the 
same treatments of crop rotation for two study periods. Based on the comparative 
analysis of the soil properties from 1991 and 2010 (Table 1), the most significant 
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change was recorded for the organic matter content (Seremesic et al., 2017). This 
change can be accounted for by introduction of more productive varieties and hybrids 
and by plowing in of plant residues. The cumulative effect of crop rotation had an 
impact on the observed soil properties, which indirectly had an impact also on the 
floristic composition and structure of the weeds. Despite certain differences between the 
studied years in terms of meteorological indicators (Fig. 1) and application of herbicides 
in the entire studied area (from 2000), the presence of different species, i.e. 
disappearance of certain species and appearance of new ones could be attributed to the 
effects of crop rotation on weed flora diversity, which is consistent with the results of 
previous research (Andersson and Milbereg, 1998; Suarez et al., 2001; Derksen et al., 
2002; Moss et al., 2004; Anderson, 2005; Kovačević et al., 2007; De Mol et al., 2015). 

In the first study year, seven species were constantly present in all treatments of crop 
rotation (Polygonum convolvulus, Convolvulus arvensis, Lamium purpureum, 

Polygonum aviculare, Polygonum lapathifolium and Stellaria media), while 19 years 
later only three weed species were constantly present in all crop rotations (Polygonum 

convolvulus, Consolida regalis and Veronica hederifolia). The only constantly present 
species in both study years in all crop rotations was Polygonum convolvulus (Table 2). 
These weed species were found to have the greatest impact on the increasing intensity 
of weed infestation in certain experiment treatments. All these species, except for 
Convolvulus arvensis which belongs to geophytes, are therophytes, the predominance of 
which in cropland indicates instability of the weed community because of applied 
agricultural practices (Kovačević, 2007; Milošev et al., 2009; Nikolić et al., 2012). 

Biodiversity of an ecosystem is a reflection of the existing conditions in it and its 
balance. Although contemporary crop production leads to uniformity of agroecosystems 
at all levels, it should be noted that different crop production systems do not equally 
affect the level of biodiversity. There is an increasing trend of using crop production 
systems that favor increasing biodiversity as a necessary prerequisite in raising 
productivity and protecting agroecosystems, while special role in these systems is given 
to crop rotation, through which biodiversity is increased over time (Oljača, 2013). The 
system of crop rotation generates special environmental conditions that do not aim to 
reduce weed flora diversity, but rather to prevent excessive occurrence of certain weed 
species that could cause considerable yield loss to a particular crop (Barberi et al., 1997; 
Wozniak and Soroka, 2015). Accordingly, this paper analyzes also the floristic 
composition of weeds in winter wheat cultivated in different systems of crop rotation 
and fertilization. The greatest floristic diversity (20 species) was found on fertilized 
four-year crop rotation (MWSoSb-N) in 1991 and unfertilized two-year rotation (MW) 
in 2010 (Table 2). Although these two crop rotation treatments had higher floristic 
diversity, it had no significant impact on the intensity of weed infestation of these crop 
rotations, which was 102 and 125 plants m-2, respectively, according to the results of 
previous research (Nikolić et al., 2016). 

It can be concluded that in our agroecological conditions, three-year crop rotation 
with the use mineral fertilizers proved to be the most beneficial for reduction of 
weeds. Milošev et al. (2014) identified three-year wheat-based rotation as the most 
favorable also in terms of the optimal use of production conditions and the lowest 
negative impact on the environment. The analysis of weed infestation in two study 
years indicates that the differences were statistically highly significant (p = 0.00**), 
which also demonstrates the positive effects of long-term crop rotation on weed 
reduction in winter wheat. 
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Table 3. The significance of differences in the number of weed individuals per m
2 
between different treatments of crop rotation 

 
W-N MW-N MW MWSo-N MWSo MWFW-N MWSoSb-N 

 1991 2010 1991 2010 1991 2010 1991 2010 1991 2010 1991 2010 1991 2010 

W-N 
1991     0.0068**   0.0413* 0.0138*      
2010     0.0207*          

MW-N 
1991     0.0075**    0.0156*      
2010     0.0076**    0.0157*      

MW 
1991 0.0068** 0.0207* 0.0075** 0.0076**  0.0062** 0.0061** 0.0048**  0.0079** 0.0077** 0.0058** 0.0058** 0.005** 
2010     0.0062**    0.0123*      

MWSo-N 
1991     0.0061**    0.0119*      
2010 0.0413*    0.0048**    0.009**      

MWSo 
1991 0.0138*  0.0156* 0.0157*  0.0123* 0.0119* 0.009**  0.0165* 0.016* 0.0113* 0.0113* 0.0094** 
2010     0.0165*          

MWFW 
1991     0.0077**    0.016*      
2010     0.0058**    0.0113*      

MWSoSb-N 
1991     0.0058**    0.0113*      
2010     0.0050**    0.0094**      

Legend: Values marked with asterisks are significantly at p < 0.05(*) and p< 0.01(**) levels, empty – non significant 
 
 
Table 4. Review of weed infestation of wheat and trend of changes 

Crop rotation 

Year 
Trend of changes 

(no. ind. m
-2

) 

Trend of changes 

(%) 
1991 2010 

Average (no. ind. m
-2

) Average (no. ind. m
-2) 

W-N 159 491 + 332 + 68 

MW-N 184 186 + 2 + 1 

MW 2963 125 - 2838 - 96 

MWSo-N 115 40 - 75 - 65 

MWSo 2126 199 - 1927 - 91 

MWFW 194 101 - 93 - 48 

MWSoSb-N 102 53 - 49 - 48 
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In all other crop rotations (except for the monoculture and fertilized two-year 
rotation) during the 19-year period there was a strong trend of weed reduction, which is 
in accordance with a number of other studies (Andersson and Milbereg, 1998; Smith 
and Gross, 2007). The results show that the intensity of weed infestation was reduced 
by 48% on fertilized four-year rotation (MWSoSb-N) and fertilized four-year rotation 
(MWFW –N), by 65% on fertilized three-year rotation and even by 91% on unfertilized 
three-year rotation and 96% on unfertilized two-year rotation (Table 4). 

The presence of invasive species in a certain area indicates the onset of secondary 
succession influenced by various factors, including ecological factors (climatic, edaphic, 
etc.), applied cultivation practices, the type of crops, the preceding crop, the historical 
factor, etc. (Czárán and Bartha, 1990; Pickett et al., 2001). Studying the interaction 
between individual factors and occurrence of invasive species is very complex and it is 
not included in this research, which is only to determine the presence of these species. In 
the contemporary floristic research of agroecosystems, it is of great importance to monitor 
occurrence and expansion of invasive plant species (Ziska et al., 2011; Chikuruwo et al., 
2017). Although invasive plant species were not present in large numbers in the second 
study period, it is necessary to monitor their presence and abundance because of potential 
threats to biodiversity and functioning of ecosystems in case of their unexpected 
spreading (Chytrý et al., 2005; Pink and Pal, 2009; Kenis et al., 2012). 

Due to the application of total herbicides after the winter wheat harvest, most of the 
invasive weeds were successfully controlled, and it can be assumed that the presence of 
maize and soyabean in the unfertilized treatments had greater impact than the presence 
of winter wheat on the number of weeds. In drier years the number of invasive weeds 
can be expected to increase. The study years in this research, on the other hand, were 
considered as normal production years in terms of temperature and precipitation. When 
assessing the occurrence of certain weed species, however, the priority should be given 
to environmental factors (geographical location, climate and soil type), then to crop 
management factors, and only then to the factor of “the year” (Hallgren et al., 1999; De 
Mol et al., 2015). 

On the other hand, besides monitoring the presence of invasive weed species because 
of their importance for biodiversity conservation of agroecosystems according to the 
action plan (The 2001 Biodiversity Action Plan for Agriculture /COM/2001/0162), it is 
important also to determine the presence of the weed species (Table 2, marked with •) 
that, according to Hulina (2005), are already categorized as endangered or vulnerable in 
the neighboring region of Croatia, according to the categories of IUCN Red List (Walter 
and Giller, 1998). 

Although one endangered species (F. officinalis) and one vulnerable species (V. 

arvensis) showed a decreasing trend, after the 19-year period no species from these 
categories disappeared. Moreover, after the period of 19 years four new species from 
the category of vulnerable species appeared (L. amplexicaule, L. tuberosus, P. rhoeas 
and R. arvensis). It can be concluded that the wheat crop grown in crop rotations 
provides for the survival of these weed species, which in very similar neighboring 
agroecosystems have already been identified as endangered and vulnerable, as survival 
of these species is the most certain in conditions of the agroecosystems. 

In the long term, diversity of crops in crop rotations without external chemical inputs 
results in changes of soil properties (Van Eerd et al., 2013) that do not lead to increasing 
of weeds, nor to the development of weed communities that are difficult to control 
(Smith and Gross, 2007). Use of crop rotation is also justified in terms of environmental 
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protection and sustainability of agroecosystems, since it leads to reduced use of 
chemical substances. Intensive application of pesticides has resulted in high levels of 
pesticide residues in the soil and groundwater and has reduced beneficial insects and 
fauna. People have become concerned about pesticide residues entering food chains and 
affecting human health. Short rotations, especially monocultures, have increased soil 
erosion and reduced biological diversity (Molnar, 2003). 

Conclusions 

Based on the results obtained in this study carried out over the period of 19 years, it 
can be concluded that cultivation of winter wheat in long-term crop rotations has a 
significant effect on the floristic composition and structure of weeds, without causing 
significant development of invasive plant species (Table 2). Also, there was a marked 
trend of decreasing wheat infestation in crop rotations (Table 4), which is of particular 
importance from the aspect of sustainable and environmentally friendly agriculture. A 
good indicator of this trend is the treatment of wheat monoculture, where despite the 
application of herbicides, after nineteen years there was a marked trend of increasing 
weed infestation compared to other treatments of crop rotation in the same 
agroecological conditions. 

In the continuation of the research, it is planned to further analyze the ecological 
indices of weed species taking into account the meteorological and soil conditions of the 
studied area, in order to provide a more comprehensive understanding of the trend of 
succession changes of the weed flora in the conditions of long-term crop rotation. 
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Abstract. Nitrate contamination in irrigation groundwater is a serious worldwide problem. The aim of 
this paper is to focus on the mathematical modeling of the water flow and the reactive solute in porous 
media. In this approach, a mathematical model based on a single flow equation is developed; which can 
be used for both unsaturated and saturated zones regarded as a single continuum. The model is based on 
the finite element method using the Freefem++ code and generates a solution for two-dimensional water 
flow and solute transport equations. The self-adaptive meshing capability of the code has confirmed that 
the capillary fringe is a zone with complicated physical processes. The nitrogen transformations in the 
soil were simplified using parameters that can be calculated from easily measured chemical soil 
properties or obtained from the literature. This study shows the interest of modeling various chemical, 
physical and biological processes that influence the fate of nitrogen in the agricultural soils for evaluating 
the groundwater contamination by nitrates. The nitrogen simulation shows that in the saturated zone, the 
flow is mostly loaded by the nitrate and the ammonium nitrogen has an insignificant effect on the solute 
transport in the aquifer. The validity of the model is proved by a good-fit between computed and observed 
data measurements in the laboratory-scale physical model. In general, the numerical model constitutes a 
rapid tool to predict with an excellent precision the water flow and the reactive solute evolution in 
groundwater. 
Keywords: FreeFem++, mesh adaptation, nitrate, pollution, porous media, simulation, water 

Introduction 

Groundwater contamination by nitrates in Mnasra aquifer has generated widespread 
interest in the last few years (Saâdi et al., 1999; Ibnoussina et al., 2006), due to concerns 
raised by the increasing level of degradation of water quality and the related 
toxicological consequences of nitrates for human health (Bryan, 2011). With the 
intensification and modernization of agriculture, the amounts of nitrogen fertilizers are 
constantly increasing (Manzoni and Porporato, 2009; Shekofteh et al., 2013). 
Contamination of groundwater and surface water by excess nitrates resulting from 
increasing urbanization and intensified agricultural activities is a global concern (Deb et 
al., 2016). The Gharb water table, whose concentrations exceed the 200 mg/l in many 
wells, is beyond the allowed limit of 50 mg/l established by the World Health 
Organization (Saâdi and Maslouhi, 2003). Indeed, the massive use of nitrogen fertilizers 
has been implicated in the release of greenhouse gases into the atmosphere. In France 
(large agriculture producer), the average values of agricultural nitrogen balances show 
an excess of 1.5 to 2 million tons of nitrogen. 

If nitrogen migrates to bodies of water or lakes, it can cause algal blooms, oxygen 
deprivation for many species of fish in aquatic systems. In Italy, agriculture accounts for 
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68% of the nitrogen supply in the Po river. Lake Victoria has experienced increased 
eutrophication over the last 50 years, at which high concentrations of nitrate is 
considered a major contributing factor (Bryan, 2011). Wastewater infiltration basins in 
the Reedy Creek Improvement District present a significant risk of aquifer 
contamination due to the nitrate concentration of the water applied to the basin. 

Excessive concentrations of nitrate in drinking water cause methaemoglobinaemia, a 
blood disorder that mainly affects infants under 6 months of age (“blue baby” 
syndrome). Consumption of nitrate-polluted water has also been implicated 
circumstantially in the increased risk of gastrointestinal cancer in adults. The potential 
impact of contamination by fertilizers and pesticides on water supply led to the 
development of models to simulate the soil and plant system. 

Saâdi and Maslouhi (2003) developed a mechanistic model to predict the water run-
off and transformations of nitrogen in the unsaturated soil in the agricultural area of 
Mnasra. Therefore, the knowledge of the hydraulic soil properties is essential for the 
assessment of the hydrological processes (Bagarello and Iovino, 2012; Moret-Fernández 
et al., 2015). 

Water flow and nitrogen transport in a porous unsaturated-saturated medium 
constitute a difficult phenomena to study (i.e. Nonlinear Differential Equations). 
Conventional models often use the coupled unsaturated–saturated flow process. 
Groundwater flow in the saturated zone is described by a horizontal flow, whereas the 
flow in the unsaturated zone is considered vertical. The unknown, a priori, position of 
the water table makes the coupled problem difficult to solve (Maslouhi et al., 2009). 
Study of water flow and solute transport in the unsaturated and saturated zones has 
often been carried out by using distinct mathematical models, which are applied 
separately in each zone (Dupuy et al., 1997; Lindström et al., 2010). This kind of 
approach is based on a technique of artificial coupling, connecting the two zones, which 
often generates numerical disturbances at the unsaturated–saturated interface (i.e. the 
water table). 

Diaw et al. (2001) performed a study of one-dimensional water flow through the 
unsaturated-saturated zone. However, Vachaud et al. (1973) first investigated the two-
dimensional steady state flow through the unsaturated–saturated zones. In this approach, 
a mathematical model based on a single flow equation was developed. It can be used for 
both unsaturated and saturated zones, regarded as a single continuum. The purpose of 
this study is to calibrate and verify the developed model with the measurements 
obtained from soil tank experiment; and to simulate the water flow and nitrogen 
transport in the porous medium. This numerical simulation studies the unsteady-state 
pressure distributions and nitrogen concentrations for variably-saturated soil. 

The transport of mineral substances like nitrate nitrogen NO3
-˗˗N and ammonia 

nitrogen NH4
+˗˗N, is described by the convection-dispersion equation (Saâdi et al., 

1999; Filipović et al., 2014). Several mathematical models with different degree of 
nonlinearity and different level of complexity describe the process of mineralization that 
occurs at the soil surface, affected by physical and biological interaction (Maggi et al., 
2008; Manzoni and Porporato, 2009). The process of mineralization and nitrification in 
the unsaturated zone are described here by a simplified first order kinetics (Butturini et 
al., 2000; Saâdi and Maslouhi, 2003). The Hénin-Dupuis model allows the description 
of the process of mineralization. It is a mono-compartmental model with the benefit of 
using a simple formula (ordinary differential equation). Its parameters are affected by 
climatic conditions, soil characteristics and management practices (Ibnoussina et al., 
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2006). The adsorption of ammonium NH4
+ ions in the soil is described by a linear 

isothermal equilibrium and the contribution of fertilizer is described by a condition of 
mass flow at the surface (Bechtold et al., 2006; Deb et al., 2016). In this case, the used 
models have the advantage of using a reduced number of parameters for the model 
calibration. Furthermore, the parameters are calculated from easily measured chemical 
soil properties or obtained from the literature. Riparian areas can reduce nitrogen inputs 
to aquatic systems through plant uptake and microbial denitrification. For example, 
denitrification “hot spots” can be found along root canals where moisture and organic 
matter content are high or in anaerobic locations. In a field case, the nitrate 
concentration would not be well simulated by the model in riparian zones or areas with 
high denitrification (Maggi et al., 2008). Indeed, this process can lead to a real 
transformation of nitrogen to gaseous forms (up to 5%). In laboratory experiment, 
denitrification was assumed negligible. 

The model also presents the flexibility to integrate other physico-chemical processes. 
Numerical modeling is based on a finite element computer Freefem++ code (Hecht, 
2012). This code was adapted to the equations used in this study, namely: the Richards 
equation to study the water flow in the unsaturated-saturated domain and the transport 
equation, of the advection-diffusion type for the study of nitrogen transfer in two 
compartments of the porous media. The advantage of using this code is the self-adaptive 
mesh generation; it improves the accuracy of the automatically refined domain 
(Belhamadia et al., 2014). Therefore, the information in the vicinity of the singular areas 
is more accurate (infiltration area, free surface, capillary fringe) while saving on 
computation and simulation time. The memory and space gain is significant when the 
simulations are realized on a large scale domain (Hecht, 2012). Freefem++ also takes 
advantage of the multi-core processor structure and parallel computing. The numerical 
model was validated using experimental data performed at the scale model, and allowed 
to predict with high accuracy the position of the free surface of the water table and the 
advancement of a reactive solute in the two compartments. The results of this study can 
be helpful to prevent the nitrogen pollution, ensure the safety of water table supply, the 
sustainability of water resources and an auxiliary instrument for decision making in 
water management. 

Materials and methods 

Study domain 

In the laboratory experiments, a slab of soil with a length of 600 cm, 200 cm of depth 
and 30 cm of width was used. A rainfall simulator was designed as a source of flow in 
an infiltration band of 100 cm. To impose a constant hydraulic head in the outlet, a 
reservoir was attached to the slab. In the xOz coordinate system, the Ox axis correspond 
to the surface of the ground, the Oz axis being vertically downward and the origin O 
being in the infiltration band center. The problem is assumed as a plane one with a 
symmetry about the Oz axis; the problems of transfers can be studied only in the half of 
the system. Assuming a horizontal water table established on a thickness e above an 
impermeable bottom at a depth of e0. A constant infiltration flow of q0 is applied to the 
surface of the ground. Furthermore, the reservoir is assumed between two parallel 
trenches of the same length as the slab, where the piezometric level is maintained at a 
constant depth e0. A Marriotte bottle system was used to keep a constant inlet flux and 
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an electric pump to maintain water table level in the outlet. Figure 1 shows the 
geometry of the studied system. The flow domain boundaries are: 

 A portion of the upper horizontal surface (ground surface) on which is applied 
a constant flux q0 = 15 cm/h, causing infiltration. The infiltration band will 
simulate a canal of irrigation or an artificial catchment basin. The value of q0 is 
chosen to be smaller than the saturated hydraulic conductivity of this soil. 

 A nozzle rainfall simulator is used. It is delimited by a steel rectangle of 5 cm 
height. The water table level in the outlet is imposed to H0. 

 

 
Figure 1. Schematic representation of the flow domain 

 
 
The sample soil was taken from a field in the Mnasra zone. The soil used is a fine 

sand of fairly regular grain-size distribution. Soil hydraulic characteristics and 
properties are listed in Table 1. In order to avoid nitrogen contamination, the chosen 
field has not been fertilized or manured for at least 12 months. 

Two approaches can be used for in situ hydrodynamic soil characterization. The 
direct method based on experimental measures combined with infiltration models or the 
inverse method that identifies the hydrodynamic parameters from measurements. The 
inverse method is not covered by this study. In the direct method, several experimental 
techniques are required to determine the parameters. As part of this experiment, a disk 
infiltrometer is used to measure the soil hydraulic properties near saturation. Its 
advantage lies in its in situ use, its rapid implementation and the numerous studies on it 
(Moret-Fernández et al., 2015; Rezaei et al., 2016). It allows a potential range between 
[0-200 mm], the potential range, although reduced, integrates the possible flow 
configurations between the relative water content and saturated water content. It gives a 
specific advantage compared to other devices for soil hydraulic conductivity 
measurements, such as the Guelph Permeameter and Compact Constant Head 
Permeameter CCHP (Cheng et al., 2011; Reynolds and Jeffrey, 2012). 
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Hydrodynamic characterization 

Several empirical models are used to relate the water content, pressure head and 
hydraulic conductivity; their parameters specify different types of soils. The most 
common of these forms are the Brooks–Corey (1964) and Genuchten (1980), although 
many more have been presented in the literature over the past two decades. 

The Mualem (1976) and Genuchten (1980) model is widely used to describe the 
relationship between the pressure head and water content, as shown in Equation 1: 
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θ is the volumetric water content (L3

L
-3), h is the pressure head (L), θs is the saturation 

water content scale parameter, which is called the volumetric water content at natural 
saturation (L3

L
-3). θr is the residual water content (L3

L
-3). α(L-1), n(-), m(-) are shape 

parameters related to the pore size distribution. They are subjected to the constraint of 
m = 1-km/n, where km is an integer value initially introduced by van Genuchten to 
calculate closed-form analytical expressions for the hydraulic conductivity function 
when substituted in the predictive conductivity model of Mualem. 

The Brooks-Corey hydraulic model is also widely accepted, the unsaturated 
hydraulic conductivity function is based on Equation 2: 
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with: 2 3   . 
K is the hydraulic conductivity (LT-1), he is the air entry pressure and λ is a positive pore 
size distribution index, being small for clay soils and large for sandy soils. 

According to Bagarello and Iovino (2012), only the combination of van Genuchten 
water retention equation (Eq. 1) h(θ), based on Burdine theory (i.e. km = 2) together with 
the Brooks and Corey conductivity equation (Eq. 2) stays valid for a large type of soils 
encountered in practice without becoming inconsistent with the general water 
infiltration theory. This is due to the rather limiting constraint which exists for the shape 
parameter m when using Mualem theory (i.e. km = 1): 0.15 ≤ m ≤ 10. 

Moreover, to get the curves K(h) and θ(h), the models of van Genuchten and Brooks-
Corey are adjusted on the points of experimental measures. To minimize the error 
between the simulated and observed values, the adjustment is performed according to 
the Levenberg-Marquardt algorithm (Rezaei et al., 2016). The Levenberg-Marquardt 
method is a standard technique for solving nonlinear least squares problems. Equation 3 
is the appropriate form of the objective function Φ: 
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where θmes and θfit are the measured and predicted water content, Kmes and Kfit are the 
measured and predicted hydraulic conductivity, σs

2 are variations of the measured data 
and r is the number of observations. 

Thus, by undertaking several tests at different pressure heads, the h(θ) and K(h) 
curves were obtained (Fig. 2). 

 

 
Figure 2. Suction and hydraulic conductivity curves for the studied soil 

 
 
The combination of van Genuchten and Brooks-Corey models give excellent 

agreement between measured and calculated (fitted) values with R2 = 0.94 for K(h) and 
R

2 = 0.91 for h(θ). 
 

Water flow in unsaturated-saturated porous media 

The 2D equation of flow in the case of the unsaturated zone is obtained by 
combining the generalized Darcy equation, which expresses the law of flows 
proportionality, to the mass balance equation. The unsaturated and saturated zones can 
be considered as a single continuum domain. Equation 4 is used in the two zones has 
the form of the Richards equation: 
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with C(h) = ∂θ/∂h is the specific moisture capacity (L

-1
), t is the time (T), S is a 

sink/source term (T-1
) and z is the depth (L). 

-In the case of the vadose zone: 
The sink term does not apply, so the classical Richards equation for the unsaturated 

zone becomes (Eq. 5): 
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-In the case of the saturated zone: 
C = Ss is the specific storativity of a porous medium and K(h) = Ks is the saturated 

hydraulic conductivity (LT
-1

). 
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Thus, the diffusivity equation characterizing the transient state flow in a saturated 
zone as described in Equation 6: 
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with: s

s

S
S

K
  the total storativity of the porous medium. 

At the soil surface, Equation 5 can be subject either to a flux boundary condition 
(Neumann, Eq. 7) or a pressure head boundary condition (Dirichlet, Eq. 8): 
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where: q1 and h1 are respectively the Darcian water flux or water flux density (LT

-1
) and 

the pressure head at the soil surface. At natural field conditions, they can have either 
positive or negative values. q1 is given by Equation 9: 
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where: P is rainfall and/or irrigation (L), during the time increment ∆t (T). 

 
Nitrogen transport equation 

The transport of mineral nitrogen in unsaturated soil is described by the 2D 
convection-dispersion equation in its most general form (Filipović et al., 2014) as 
shown in Equation 10: 
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where Ci(ML

-3
) and Si(MM

-1
) are the concentrations of the element (i) associated with 

liquid and solid phases respectively, ρd is the density of the dry soil (ML
-3

), Ti,j  is the 
rate of loss or creation of the element (i)(ML

-3
T

-1
), the index (j) is associated to the 

various reactions which the element (i) in the soil can undergo, Dap is the apparent 
diffusion-dispersion coefficient of the element (i)(L2

T
-1

) with Dap = ξiQ / θ + D0,i where 
ξi and D0,i are respectively the dispersivity (L) and molecular diffusion (L

-2
T

-1
) of the 

element (i) in the soil. Qx and Qz are the Darcy flow (MT
-1

) to x and z directions 
respectively. Knowledge of water content, and water flux density is obtained from 
solutions of the Richards equation. When dealing with nitrogen transport and 
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transformations in an unsaturated soil, the chemical species (i) are the nitrate nitrogen 
NO3

- and ammonium nitrogen NH4
+
 (Hanson et al., 2006). 

Nitrification and soil organic nitrogen mineralization processes are modeled using 
first-order rate kinetics as described by Saâdi et al. (1999) and Maggi et al. (2008). The 
latter process is described by the Hénin-Dupuis’s simple model in Equation 11 (Saâdi 
and Maslouhi, 2003): 

 

  org
min org

dN
k N N

dt
    (Eq.11)  

 
where Norg is the instantaneous soil organic nitrogen (ML

-2
), N∞ is the organic nitrogen 

supplied to the ploughed layer such as roots and straw. kmin is the first order rate 
conditional constant (T-1

) which is specific to the climate and crops developed in each 
region. 

The nitrification process is modeled as stated by several authors (e.g. Butturini et al., 
2000; Shekofteh et al., 2013) in Equation 12: 
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where knit is the first order rate conditional constant (T-1

), which can easily be found in 
literature (Ibnoussina et al., 2006). 

The ammonium nitrogen NH4
+ adsorption by negatively charged clay particles and 

organic colloids in the soil is described by a linear equilibrium isotherm Equation 13 
(Deb et al., 2016): 
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where: Kd is the partitioning coefficient between soil solid and liquid phases (L3

M
-1

). A 
good approximation for the Kd is gotten, using the cation exchange capacity (CEC) as 
the unique input parameter (Lindström et al., 2010). The parameters kmin, Kd, knit, λ are 
taken, as described in Table 1. 

 
Equation of nitrogen transport in the water table 

The water table is characterized by saturated water content θs and a saturated 
hydraulic conductivity Ks. The NO3

- ions will behave as tracers and will be easily led to 
the water table. The strong absorption and rapid nitrification of ions NH4

+ to ions NO3
- 

make their probability to reach the water table insignificant. Given all these conditions, 
the nitrate nitrogen transport equation in the water table is given by Equation 14: 
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where: CNO3
- and CNH4

+ are the nitrate nitrogen and ammonium nitrogen concentrations. 
At the lower boundary condition (x = Xmax) and (z = Zmax) no boundary flux condition 

was used, wich is equivalent to Equation 15: 
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 (Eq.15) 

 
Table 1. Soil hydraulic and transport parameters of the study domain 

Parameters description Value 

Saturated hydraulic conductivity Ks (cm
2
/s) 0.00874 

Pressure head scale parameter α(m-1) -36 

Saturated volumetric water content s (m
3
m

-3) 0.4 

Shape parameter m (-) 0.827 

Shape parameter  (-) 6.2 

Specific storage Ss(cm
-1) 4.6 × 10-5 

Effective porosity ω(-) 0.38 

Molecular diffusion in the soil D0 (m2
d

-1
) 6.24 × 10-5 

Soil dispersivity λ (cm) 2 

Mineralization potential rate kmin (d-1
) 3.32 × 10-4 

Nitrification potential rate knit (d-1
) 0.24 

Cation exchange capacity CEC (g
-1

) 100 

Solid/liquid partitioning coefficient Kd (m3 
kg

-1
) 6 × 10-3 

 
 

Numerical model 

The flow and reactive transport equations, subject to their initial and boundary 
conditions, were solved by applying the finite element method. The Freefem++ code 
was adapted to the problem needs (Hecht, 2012), namely: Richards equation to study 
the water flow in the unsaturated zone (Eqs. 5 and 6), the diffusivity equation for the 
groundwater flow and the transport equation of advection–dispersion type to study the 
nitrogen transfer in the unsaturated–saturated zone (Eq. 10). The nodes are placed to the 
basin boundary at regular intervals (e.g. 20 nodes for a boundary of 200 cm). The finite 
element grid is then automatically obtained, based on the Delaunay-Voronoi algorithm. 
The UMFPACK solver is used. The generated mesh can be automatically adapted to 
sensitive zones like infiltration band and the capillary fringe. A polynomial space of 0-
degrees for the flux and 1-degrees for the pressure, hydraulic head and concentration are 
used. The simulation was run with a time step of 2 min with a total time of 120 h. Once 
the pressure head h is computed in the unsaturated zone, θ and q are calculated. The 
water content θ is used to calculate the rates of the biochemical nitrogen kinetics. 
Subsequently, the systems of equations describing the mass transport of NH4

+and NO3
- 

are composed and the amounts of mineralization and nitrification rates are evaluated to 
the NH4

+ system. Finally, the NH4
+ transport system for the ammonium concentrations 

and the NO3
- transport system are solved. 
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Results 

Model validation 

For the validation, the numerical simulations of the water table profiles are compared 
with experimental measurements obtained from a laboratory scale with piezometers for 
different times of recharge. The model was also validated using experimental data taken 
from the Vachaud’s experiment (Vachaud et al., 1973). The above calculations were 
performed using the mean Ks-value (Fig. 2). Figure 3 shows a rather good agreement 
between the positions of measured and calculated water table profiles during the 
recharge periods at 3 h and 8 h. 

 

 
Figure 3. Comparison between computed and observed water table position at 3 h and 8 h 

(steady state condition) 

 
 
When the wet front from the surface soil reaches the water table, the free surface 

starts rising. From that moment, the water table stabilizes over time to a maximum 
position. The aquifer is hydrostatically balanced and therefore the flow entering through 
the infiltration band becomes equal to that exiting through the outlet of the aquifer. 

There is an important flow in the saturated portion of the soil above the free surface 
with values identical to those obtained under the free surface. It is interesting to note 
that capillary flow induces a significant vertical upward flow component in the 
unsaturated zone located above the free surface. The deformation of the flow lines has 
substantially a vertical component within the band of horizontal infiltration and below 
the free surface. 

The model was validated on measures of nitrate concentrations drained by leaching 
at the outlet of the aquifer (Fig. 4). The experimental measurement and model 
simulation have a good agreement. 

 
Mesh adaptation 

Using Freefem++ code allows the resolution of equations characterizing transport 
phenomenon in a variably-saturated soils. The mesh refinement is carried out 
automatically during the recharge in areas that may be considered to be mathematical 
singularities such as: the infiltration band and the capillary fringe. This procedure 
improves significantly the quality of the results (Hecht, 2012). Figure 5 shows the areas 
affected by the auto-adaptive mesh refinement after the refinement procedure. 
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Figure 4. Measured and calculated quantities of leached nitrate at the outlet of the aquifer 

 
 

 
Figure 5. Self-adaptive mesh generated at the wet front and the capillary fringe at 3 h and 8 h 

(the steady state) 

 
 
Classically, the numerical solution is checked with the exact analytical solution. 

However, in this case the gain for using the anisotropic mesh adaptation technique is 
evaluated by comparing numerical solutions denoted by Vm

h, with the reference 
solution, Vm

ref at steady state (Belhamadia et al., 2014), the following error is presented 
in Equations 16 and 17: 

 

 2
2

2

h ref

m m

ref

m

V V
E

V


  (Eq.16) 

 
with: 

 

  
1

2 22 , ,

12

mh ref h i ref i

m m m mi
V V h V V


    (Eq.17) 

 
Mesh adaptation has the ability to capture much more detail with more accuracy and 

a high order of convergence. It allows the generation of the optimum mesh size for a 
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given accuracy with gains in CPU time, memory and storage space. An extremely fine 
mesh is chosen as a referential mesh. The errors are in the L2 norm. The results in the 
uniform and adaptive mesh are described in Table 2. 

 
Table 2. Comparison of the error E2 at t = 8 h, number of dof (degrees of freedom) and 

number of triangles obtained with standard meshes and the adapted meshes (Freefem++) 

 Standard meshes Adapted ff++ meshes 

Meshes (a) (b) (c) (d) 

Nb of dof 426 10028 39220 1238 

Nb of triangles 770 19654 77638 2348 

Error 0.674 0.163 0.096 0.114 

Total CPU time 25.527 s 303.178 s 1014.16 s 47.639 s 

 
 
It takes nearly 20 times for a very fine structured mesh to reach an error equal to that 

of the adapted mesh. On the other hand, a low structured mesh has a substantial error. 
The small error reflects the advantage of using the mesh adaptation. As can be seen, the 
adapted mesh has a reasonable CPU time and a low computational cost. Even that the 
structured mesh (b) takes more time and computation, it is not as close to observations 
as the adapted mesh (d). 

Discussion 

Accuracy-uncertainty 

The accuracy of the model was evaluated by calculating the root mean squared error 
(RMSE; Hill and Tiedeman, 2007). To construct the RMSE, we first need to determine 
the residuals. The residuals are the difference between the measured water table profiles 
and the predicted values at steady state and then use the RMSE as a measure of the 
spread of the Z values about the predicted Z value. Low RMSE values indicate little 
difference between the predicted and observed variables, and thus indicate a more 
accurate model. 

The RMSE of the model was then normalized (NRMSE) to the range of the parameter 
measurements. Normalizing the RMSE provided a context for the accuracy of the model 
given these ranges. NRMSE was on a scale of 0–1, and gives the overall error of the 
model. 

The statistical methods also included a calculation of the index of agreement (Skill). 
A skill parameter developed by Willmott and recently used in different modeling 
studies (Moriasi et al., 2007), was also considered to estimate the accuracy of the 
model. This parameter allows to take into account modeled and observed deviations 
around the observed mean to estimate the performance of the simulation. The value of 
(Skill) reflects the degree to which the calculated variation accurately estimates the 
measured variation. Perfect agreement between model and observations corresponds to 
a skill parameter of 1. MS Excel was used for statistical calculations. Equations 18, 19 

and 20 present respectively the statistical indicators (RMSE), (NRMSE) and (Skill) 
defined as follows: 
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 (Eq.20) 

 
where Zmeas,i is the measured value and Zpred,i is the calculated value of water table level 
at x. Z¯meas is the mean measured by the water table level and p number of measures. 

As listed in Table 3, the RMSE values (2.78 and 3.28 cm) indicate the low 
discrepancy between observed and calculated values. The skill indicator close to 1 
shows the good performance of the model. The uncertainty of the model prediction has 
been estimated, the results demonstrate the good performance of the model and 
confirms the water table level prediction. 

 
Table 3. Statistical indicators of the hydrodynamic model performance 

Statistical indicators RMSE (cm) NRMSE (-) Skill (-) 

Validation (at 3 h) 2.78 0.02 0.98 

Validation (at 8 h) 3.28 0.03 0.97 

 
 

Sensitivity analysis 

Mathematical models are developed to approximate engineering, physical, 
environmental, social, and economic phenomena of various complexities. Sensitivity 
analyses (SA) determine parameters that are most influential on the model output. In this 
case, a sensitivity analysis was performed with respect to the soil shape parameters (m 
and η) and scale parameters (θs, α and Ks). These parameters were varied by P0 - δ × P0 
and P0 + δ × P0, where P0 = (m, η, θs, α and Ks), δ = 20%, compared to their 
experimental values. The deviation of the simulated water table level relative to the 
measured is then quantified. Figure 6a, b shows the results of the sensitivity analysis for 
the water table. It can be shown that the model is more sensitive to the hydraulic 
conductivity Ks than all other parameters (see Fig. 6). 

This result shows that the hydraulic conductivity Ks must be measured with the most 
precise way possible. A small error in Ks can lead to a great water table level error as 
demonstrated in the sensitivity analysis. Figure 6c, d shows the simulated kmin and Norg 
sensitivity for different times. 

The variation of α and n is not enough significant, so the three curves (simulated, 
+20% and -20%) are matching. The parameters kmin and Norg has a little effect (only near 
the surface) on the sensitivity of the results. However, for an agricultural field with a 
higher soil organic nitrogen the results will probably be more sensitive to kmin changes. 
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Figure 6. Sensitivity analysis of the water table position relative to Ks and θs; kmin and Norg 

mineralization sensitivity 

 
 

Nitrate transport simulation 

In Hénin-Dupuis model, kmin can take different values depending on the climate of 
the study area and the type of culture that is practiced. In the case of this study, the 
nitrate transport was tested in a laboratory scale model under controlled conditions (low 
organic matter and constant temperature). 

Figure 7 shows the spatial distribution of simulated nitrate concentration CNO3
- at 

different times. The transport simulation was run with a time step of 2 min with a total 
time of 120 h. The leaching of nitrate is done with a relative delay to the flow, because 
of the flux imposed on the infiltration band during the recharge of the groundwater. The 
nitrate concentrations are important in the soil near the surface because of the 
application of nitrogen on the surface 10 mg/l. These concentrations decrease with 
depth and their presence in the root zone is very important due to the mineralization of 
organic nitrogen in this layer and the rapid nitrification of NH4

+ ions. These 
concentrations continue to decrease in the saturated zone and to be driven by the 
movement of the aquifer from the surface of soil to the outlet. The NO3

- ions which 
behave as tracers are very mobile. They move easily in soil and appear in all depths of 
the basin with different concentrations, in accordance with literature (e.g., see Allred et 
al., 2007; Shekofteh et al., 2013). 

 
Nitrogen dynamics 

In this study, the effect of denitrification was omitted. Denitrification in soils 
requires a large population of denitrifying bacteria, electron donor compounds and 
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anaerobic condition. Riparian areas can reduce nitrogen inputs to aquatic systems 
through plant uptake and microbial denitrification. For example, denitrification can be 
found along root canals where moisture and organic matter content are high or in 
anaerobic locations (Bechtold et al., 2006). In a field case, the nitrate concentration 
would not be well simulated by the model in riparian zones or areas with high 
denitrification. Indeed, this process can lead to a real transformation of nitrogen to 
gaseous forms (Maggi et al., 2008). 

 

 

Figure 7. Spatial distribution of nitrate CNO3
-
 concentrations(mg/l) at 11 h and 27 h 

 
 
It is well established that bacterial activity controls the turnover rates of nitrogen 

mineralization. Indeed, several studies have shown that the mineralization of nitrogen 
varies linearly with temperature and soil pH, two parameters that directly influence 
bacterial activity and population. Differences in mineralization dynamics between soils 
with identical characteristics suggest a difference in the microbial communities that 
populate them (Bechtold et al., 2006; Manzoni and Porporato, 2009). Soils containing 
high organic matter and bacterial activity generate a strong mineralization that does not 
affect the model but only the kinetics of transformation. The transport models require a 
global vision to fully evaluate the role of microbes in nitrogen dynamics. 

Ammonification and nitrification were the primary processes affecting nitrogen in 
the unsaturated zone. Nitrification decrease in the unsaturated zone. In agreement with 
the experience of Hanson and Šimůnek in 2006 and its conclusion, the ammonium 
remained concentrated in the surface due to rapid nitrification. Ammonium was limited 
to upper place of the unsaturated zone with almost no presence near the water table. In 
contrast to ammonium, nitrate spread continuously downwards during the 5-day 
simulation period, as nitrate is not adsorbed and denitrification is negligible (Hanson et 
al., 2006). Thus, more than 97% of the nitrogen load discharged in effluent was 
transported to the water table, mostly as nitrate, due to the low level of organic matter in 
the soil and the small scale of our basin (Filipović et al., 2014; Maggi et al., 2008). 
However, as shown by Sâadi et al. (2003), The ammonium peaks at the soil surface 
disappear completely for depths far from the surface. Their probability of reaching the 
aquifer is nil. The high adsorption and rapid nitrification of NH4

+ ions near the surface 
are the main reasons for this. Hence, at agriculture sites constrained to similar 
conditions as in this study, most of the nitrate mass that leaches under the root zone will 
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eventually reach groundwater. These results, obtained with the single-compartment 
model (Hénin-Dupuis), coincides with the results of the multi-compartment models 
(Manzoni and Porporato, 2009). 

Different parameters can influence nitrate transport. The distribution coefficient Kd is 
a constant that relates the sorbed nitrate concentration to the aqueous concentration. Kd 

is strongly dependent on the amount of organic matter. Thus, an increase in Kd will 
increase the amount of nitrate sorbed to the soil, resulting in less concentration reaching 
the groundwater. The experience of Ibnoussina et al. (2006) shows that the clay soil is 
characterized by a low nitrate transport. The nitrification rate constants were lower for 
the clay column than for the sand column. 

 Other Results of this study suggest that saturated hydraulic conductivity Ks (related 
to pore size) may partly account for higher nitrate concentrations (Shekofteh et al., 
2013). The thickness of the unsaturated zone also influence the nitrate transport. The 
deeper is the water table, the less is the nitrate contamination. The dispersion Dap also 
decreased with increasing water content, it suggest a more significant transport effect on 
the unsaturated zone than the saturated zone. 

Conclusion 

The present study focused on: (1) The development of a new mathematical 
formulation for water flow and nitrate transport prediction in unsaturated-saturated 
zones which are regarded as a single continuum, (2) A numerical model (i.e. 
Freefem++ code) was used to study the water flow and nitrogen dynamics in the porous 
media. The self-adaptive mesh generation gives the numerical approach the capacity 
and efficiency to study singular areas with reduced CPU from ~303 s to ~47 s. In 
addition, the advantage of the numerical model required a few variables, making the 
parameterization simpler. The obtained results from the model show a good-fit with 
laboratory observations data. On the other hand, the statistical indicators confirm the 
model accuracy. The sensitivity test shows that the hydraulic conductivity is more 
sensitive than water content (i.e. In hydraulic model); for transport model the kmin and 
Norg parameters are sensitive in the root zone (0-50 cm). 

Finally, It can be concluded that the developed model is a rigorous, practical and a 
useful forecasting tool, which can be used to simulate the transport of nitrogen in 
groundwater systems. It can also be used to design remedial systems such as 
bioremediation trenches. The approach used is simple and adaptable and thus can be 
applied to a real landscape scale situation. This implies that in a next step the model 
should be extended to a large field with seasonal periods and variably irrigation cycles. 
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Abstract. In this study, models for the tree total height have been developed for brutian pine (Pinus 

brutia Ten.) stands in southwestern Turkey. For this purpose, 52 sample plots were measured. A total of 
36 models that estimate the relationship between height and diameter in terms of stand variables (i.e. 
basal area, quadratic mean diameter, maximum diameter, dominant diameter, dominant height, arithmetic 
mean height, age, number of trees per hectare and site index), were fitted to correspond to 766 trees for 
non-linear regression procedures. Comparison of the models was carried out by using mean absolute error 
(MAE), maximum absolute error (MaxAE), root mean square error (RMSE), correlation coefficients (R), 
mean error (Bias) and the Akaike’s information criterion (AIC). The most successful model among the 36 
height-diameter models used was the Cox IIa model. This model was followed by Cox IIb and Sharma & 
Parton, respectively. As a result, the suggested model improves the accuracy of height prediction, ensures 
compatibility among the various estimates in a growth and yield model, and maintains projections within 
reasonable biological limits. Examples of applications of the selected generalized diameter-height models 
to the forest management are presented, namely how to use it to complete missing information from 
forest inventory and also showing how such an equation can be incorporated in a stand-level decision 
support system that aims to optimize the forest management for the maximization of wood volume 
production in southwestern Turkey brutian pine stands. 
Keywords: generalized height-diameter models, stand age, stand density, site index 

Introduction 

All models are an abstraction of reality that attempt to conceptualize key 
relationships of a system. Models can be both quantitative and conceptual in nature, but 
all models are integrators of multiple fields of knowledge. Forest growth and yield 
models are no different (Weiskittel et al., 2011). Total height is less frequently used in 
the development of forest models than diameter, as it is difficult and costly to measure, 
and consequently inaccurate measurements are often made (Sharma and Parton, 2007). 
When actual height measurements are not available, height-diameter functions can also 
be used to indirectly predict height growth (Larsen and Hann, 1987). 

The relationship between tree height and diameter is one of the most important 
elements of forest structure. Many growth and yield models require height and 
diameter as basic input variables, with all or part of the tree height predicted from 
measured diameters (Wykoff et al., 1982; Huang et al., 2000). 

Height-diameter relationships are applied to even-aged stands and can be fitted to 
linear functions, such as second-order polynomial equations, or more usually, to non-
linear models (Colbert et al., 2002; Soares and Tomé, 2002; Castedo Dorado et a l., 
2006; Lootens et al., 2007). Model selecting a functional form for the height–diameter 
relationship, the following mathematical properties should be considered: (i) 
monotonic ascent, (ii) inflection point and (iii) horizontal asymptote (Lei and Parresol, 

https://link.springer.com/article/10.1007/s10342-004-0020-z#CR25
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2001). The number of parameters and their biological interpretation (e.g., asymptote, 
maximum or minimum growth rate) and satisfactory predictions of the height-
diameter relationships are also important features (Peng, 1999). 

A generalized height-diameter function estimates the specific relationship between 
individual tree heights and diameters using stand variables such as basal area per 
hectare, quadratic mean diameter, stands age, number of trees. The reason for using 
them is to avoid having to establish individual height-diameter relationships for every 
stand (Curtis, 1967). A wide variety of both local and generalized height-diameter 
models are available in the forestry literature (Huang et al., 2000; Soares and Tomé, 
2002; Lόpez Sánchez et al., 2003; Temesgen and Gadow, 2004). Because of different 
geographical conditions in Turkey, the variety of tree species, habitat and stand 
structures is very high. However, equations reveal height-diameter relations for a 
limited number of different tree species and natural stands have been developed in 
Turkey (Sönmez, 2008; Mısır, 2010; Çatal, 2012; Diamantopoulou and Özçelik, 2012; 
Özçelik and Çapar, 2014). Generalized diameter-height models should be created to 
deal with pure brutian pine (Pinus brutia Ten.) plantation which was established 50 
years ago. However, height-diameter models for brutian pine plantations are not yet 
available in Turkey. 

Ecologically and economically, it is one of the most important forest tree species in 
Turkey. Brutian pine accounts for 25.1% of Turkey’s total forest area, where it covers 
5.6 million hectares. The species is considered fast growing and drought-tolerant with 
desirable wood characteristics. It is also widely used in reforestation and afforestation in 
Turkey (Anonymous, 2015). The aim of this study is to find an equation from selected 
generalized height-diameter models that could be used to predict the diameter-height 
relationship in artificial brutian pine stands in southwestern Turkey, by considering a 
number of stand variables (e.g., dominant diameter, dominant height, age, density, site 
index, etc.). The models divided into three groups and compare the models in three 
groups. These groups were the following i) diameter measurements, knowledge of 
stand age and number of trees per hectare, ii) measurements of diameter and height of 
sample trees, and ii) addition of measurements of stand age to the second group. 

Materials and methods 

Data used 

Brutian pine is a characteristic species of the eastern Mediterranean and commonly 
found in fire-related ecosystems of the eastern Mediterranean region. It usually grows in 
pure stands and is valuable for its timber products as well as for soil stabilization and 
wildlife habitats. In Turkey, brutian pine forms extensive forests, especially in regions 
where the Mediterranean climate prevails. 

This research was carried out in the region of southwestern Turkey, located, 50 km to 
the east of Burdur (Fig. 1). 

The 650 ha study area is situated at 37°38’06’’ N lat., 30°32’37’’ E long., average 
slope 15°, predominantly north-facing aspect, 1,150 m asl. The soil is generally shallow 
or medium-deep, and stony, with a predominantly clay texture. Brutian pine plantations 
were established in 1974 using a spacing of 3 × 2 m. 

Tree heights and diameters were measured in 52 sample plots established in pure 
and, even-aged artificial brutian pine stands in southwestern Turkey region. The plots 
were square or rectangular with areas varying between 400 and 1600 m2. The number of 
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trees per plot ranges between 32 and 115 depending on stocking. The sample plots were 
installed in order to provide the greatest variety of combinations of stand age, stand 
density degree and site index. In each sample plot, diameters at breast height of all trees 
were crosswise measured, using Haglöf calipers, to the nearest millimetre. Heights were 
measured using a Silva hypsometer to the nearest 0.1 m. In each sample plot 10-20 
sample trees with different diameters and heights were chosen. Sample trees should not 
have any crown or stem damage. 

 

 
Figure 1. Location of sample plots in Turkey 

 
 
In addition the following stand variables were calculated based on the data collected 

in the plots: stand basal area, quadratic mean diameter, maximum diameter, dominant 
diameter, dominant height, stand mean height, stand age (it was calculated from the 
year of planting), stand density and site index, defined as stand dominant height at 30 
years of age and determined from the site index curves available for this species in the 
region (Usta, 1991). 

 
Models analysed 

A large number of generalized height-diameter models have been discussed in the 
forestry literature, many of which been developed for modelling the relationship 
between tree height and diameter at breast height by additional stand and site variables. 
In the present study, we have considered the most commonly used 36 generalized 
height-diameter equations (Table 1). 



Çatal ‒ Carus: A height-diameter model for brutian pine (Pinus brutia Ten.) plantations in southwestern Turkey 
- 1448 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1445-1459. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_14451459 
 2018, ALÖKI Kft., Budapest, Hungary 

Table 1. Generalized height-diameter models evaluated 
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The terminology used in the up models is as follows: d = diameter at breast height over bark (cm), t = age of stand, 
dg = quadratic mean diameter of stand (cm), G = basal area of stand (m2/ha), Dmax = maximum diameter of stand 
(cm), Do = dominant diameter of stand (cm), Hm = mean height of stand (m), Ho = dominant height of stand (m), N 
= number of trees in stand (stems/ha), SI = site index (m), log = common logarithm (base 10), ln = natural 
logarithm (base e = 2,718), a0, a1… = regression coefficients 
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The models were classified in three groups according to the sampling effort (Sanchez 
et al., 2003). These groups; i) low sampling effort models; including measurements of 
diameter and knowledge of stand age, ii) medium sampling effort models, including 
measurements of diameter and heights of sample tree, iii) high sampling effort models, 
including knowledge or measurements of stand age as well. 

 
Statistical analysis 

In this study the models described above are non-linear; therefore model fitting was 
carried out with non-linear regression (NLIN) procedure of SPSS statistical analysis 
software package. The initial values of parameters were obtained by starting the 
iterative procedure also used by other authors in similar studies (Castedo Dorado et al., 
2006; Özçelik and Çapar, 2014; Ahmadi et al., 2016). 

Comparison of estimation of models was based on graphical and numerical analysis 
of residuals and six goodness of fit statistics: mean absolute error (MAE), which 
expresses the average of absolute errors between forecast and actual value; maximum 
absolute error (MaxAE), which maximum absolute value for prediction values; root 
mean square error (RMSE), which analyses the precision of estimations; correlation 
coefficients (R), which reflect the total variability that is explained by the model 
considering the total number of parameters to be estimated; mean error (Bias), which 
average error for estimated values, and the Akaike’s information criterion (AIC), which 
is an index that is used to select the best model. These evaluation statistics are defined 
as (Eqs. 1-6): 
Mean absolute error: 
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Mean error: 
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Akaike’s information criterion: 

 
  * 2*AIC n ln RMSE p   (Eq.6) 

 

where hi = observed height, 
îh redicted height, ih ean of observed heights, n = number of 

observations in dataset and k = number of estimated parameters. 

Results and discussion 

Data summary 

Approximately 80% (42 sample plots) of sample plots data were used to develop 
model and remaining 20% (10 sample plots) were used to test developed models. The 
dataset for test of developed models was intended to obtain a measure of the adequacy 
of the calibration from different sampling stands. Since the data set is large enough, this 
proportions used is unlikely to reduce the precision of the parameter estimates 
compared with those obtained with the model built from the entire dataset in forestry 
research or data mining (Soares and Tomé, 2002; Castedo Dorado et al., 2006). The 
mean, minimum and maximum values and standard deviations of stand variables are 
shown in Table 2. 

 
Table 2. Characteristics of the fitting and evaluation data set 

Variables 

Fitting data set (n = 794) Evaluation data set (n = 241) 

Mean Minimum Maximum 
Standard 

deviation 
Mean Minimum Maximum 

Standard 

deviation 

d (cm) 21.2 12.1 34.7 3.2 21.5 11.0 33.5 3.6 

h (m) 9.9 5.9 19.0 1.8 10.5 5.5 16.0 2.0 

A (yr) 36 32 41 2.5 37 32 41 2.8 

dg (cm) 20.9 18.1 25.3 1.6 21.3 18.0 26.3 2.0 

G (m2 ha-1) 27.6 17.1 42.5 4.6 28.7 20.6 46.4 6.0 

N (trees ha-1) 814 448 1136 136 805 624 1104 140.8 

Ho (m) 10.6 8.0 17.2 1.6 11.6 9.4 15.3 2.0 

Do (cm) 25.1 21.9 30.9 1.9 25.6 21.0 31.2 2.4 

Dmax (cm) 27.3 23.7 34.7 2.3 27.3 22.3 34.6 2.9 

Hm (m) 9.8 7.5 15.3 1.4 10.5 8.4 13.5 1.5 

SI (m) 9.5 7.5 15.7 1.4 10.3 8.9 13.6 1.7 

The terminology used in the table is as follows: d = diameter at breast height over bark (cm), A = age of 
stand (yr), dg = quadratic mean diameter of stand (cm), G = basal area of stand (m2/ha), Dmax = 
maximum diameter of stand (cm), Do = dominant diameter of stand (cm), h = height of trees (m), Hm = 
mean height of stand (m), Ho = dominant height of stand (m), N = number of trees in stand (trees/ha), SI 
= site index (m), n = number of sampling trees 
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Relationship between height and diameter for data fitting model, validation model 
and all data are shown in Figure 2. 

 

 
Figure 2. Relationship between diameter and height for data fitting model (a), data validation 

model (b) and all data (c) 

Model fitting 

Modelling for biological systems sense is an important tool. Modelling is the process 
of defining a system’s change with equations (Weiskittel et al., 2011). It is therefore 
important to accurately determine the components of system during modelling and to 
select the correct equation to describe this system. In our study, it was tried to explain 
the change of tree height in relation with diameter at breast height according to the 
regression models in southwestern Turkey. The parameter values for all equations are 
included in Table 3. 

The model parameters for all the tested models were found to be significant at the 
significance level of 0.001. In order to find out which model was more successful in 
explaining height-diameter relation, a ranking was made for all models according to the 
specified criteria and the results were shown below. In this ranking method, numerical 
values were given starting from the smallest MAE, MaxAE, RMSE, ME, AIC ones and 
for the R value, starting with the highest one. When the ranking values obtained for 
each model were collected, the model with the smallest value was considered as the best 
one (Table 4). 

In this study were found to be similar with the model results of the previous studies 
(Sanchez et al., 2003; Castedo Dorado et al., 2006). In terms of group averages, the 
third group of equations was found to be more successful. But, the most successful 
model among the 36 height-diameter models used was the Cox IIa model, followed by 
Cox IIb and Sharma and Parton, respectively. Curtis, Gaffrey & Sharma and Zhang 
models have been not suitable for this region. 

The results of fitting and cross-validation for the models of group 1 were the poorest. 
In this respect, a number of studies showed that adding stand variables to the height-
diameter equation and using the generalized height-diameter models increased the 
precision (Sharma and Parton, 2007; Krisnawati et al., 2010; Temesgen et al., 2014). 
These stand variables mentioned in the literature are dominant height, stand basal area, 
maximum diameter, stand age, number of trees per hectare, stand density. The statistics 
and coefficients according to the studied model were found to be similar to the results of 
the previous model studies (Larsen and Hann, 1987; Colbert et al., 2002). The inclusion 
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of basal area and dg into the base height-diameter function increased the accuracy of 
prediction (Temesgen and Gadow, 2004). 

 
Table 3. Parameters of non-linear regression models 

Model no 
Parameters 

a0 a1 a2 a3 a4 a5 a6 a7 a8 

1 1.716443 -5.306083 -15.181403 -0.022643 - - - - - 

2 -4.159129 0.960891 0.338363 0.275196 - - - - - 

3 3.834179 -41.321130 -19.480656 207.082437 1.393833 - - - - 

4 1.846925 - - - - - - - - 

5 0.526950 - - - - - - - - 

6 -0.048474 - - - - - - - - 

7 -0.053122 - - - - - - - - 

8 1.924790 - - - - - - - - 

9 -0.005893 10.695102 - - - - - - - 

10 0.283957 - - - - - - - - 

11 -353.995785 7.157280 5.451819 0.129807 0.000621 - - - - 

12 -1.851475 -0.989978 - - - - - - - 

13 0.106958 1.500000 0.468510 - - - - - - 

14 0.966326 -0.051939 0.037236 - - - - - - 

15 1.165160 2.226022 1.982192 - - - - - - 

16 1.298927 1.668149 1.167713 - - - - - - 

17 -22.383484 -6.374520 - - - - - - - 

18 6.314068 -0.311706 0.424369 0.074948 - - - - - 

19 7.913832 1.473407 0.358958 -13.137764 - - - - - 

20 2.261735 -0.016805 1.239617 -11.641012 - - - - - 

21 15.323304 2.724760 0.677738 -5.761236 - - - - - 

22 0.468122 -0.045892 0.929943 0.025909 0.471646 - - - - 

23 15.386189 2.750300 0.674077 -0.015238 5.759656 - - - - 

24 1.651100 1.043897 0.073152 -5.834839 -0.000625 -0.001224 - - - 

25 -122.918442 0.975019 -0.790733 121.929973 0.001889 5x10-9 6.477289 0.813999 0.894380 

26 3.178352 0.562636 0.115088 -0.223862  - - - - 

27 1.122581 0.988632 0.026346 -0.374752 1.972110 - - - - 

28 1.072885 1.031935 1.141993 -0.850653 1.487636 - - - - 

29 0.016350 0.770381 -3.156851 -0.121544 -0.001077 - - - - 

30 -0.000691 0.114182 - - - - - - - 

31 -2.608873 -0.804187 0.196157 0.037243  - - - - 

32 2.494066 0.060584 0.101072 -13.008971 -10.368192 - - - - 

33 0.073700 33.485427 -3.034925 -11.024664 -0.154562 - - - - 

34 1.224536 0.926236 0.319181 -7.179243 29.976501 - - - - 

35 0.542895 0.804716 13.096415 1.259923 -162.752624 -14.715665 - - - 

36 1.150484 0.893337 -0.206565 0.188713 0.415724 -11.460517 - - - 

a0, a1… = regression coefficients 

 
 
The values of statistics of the models included in group model 2 show that the 

second modification of Cox IIa is the equation that most accurately estimates height. 
The best equation was found in the second group because of a low variation in stand 
age. When the stand age variation was high, the group model 2 was more successful 
than group model 3. 
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The models of Cox IIb and Sharma & Parton also fit well to the data in Table 4. 
The advantage of these models was that they were functions of simple equation, 
although the bias and MSE were slightly higher than those of the modified versions of 
the Cox IIa model. 

 
Table 4. Performance criteria for generalized height-diameter models for the fitting data 

Model 

no 

Performance criteria 

MAE MaxAE RMSE R ME AIC Rank 

1 1.23352 (36) 4.70653 (35) 1.54613 (36) 0.51256 (36) -0.91648 (36) 353.990 (36) 36 

2 0.90645 (34) 3.97724 (33) 1.15783 (33) 0.76586 (33) 0.00338 (16) 124.359 (33) 30 

3 0.86868 (32) 5.37752 (36) 1.16102 (34) 0.76472 (34) 0.00182 (14) 128.543 (35) 32 

4 0.61337 (17) 2.90029 (19) 0.78395 (15) 0.89985 (15) 0.08043 (29) -191.270 (13) 20 

5 0.61940 (21) 2.94987 (24) 0.79151 (19) 0.89780 (20) 0.09082 (35) -183.647 (17) 24 

6 0.63727 (26) 2.98865 (26) 0.81630 (25) 0.89090 (25) 0.15062 (31) -159.161 (24) 27 

7 0.61708 (19) 2.90005 (18) 0.78865 (17) 0.89858 (17) 0.08608 (30) -186.522 (15) 21 

8 0.61260 (15) 2.91290 (22) 0.78312 (14) 0.90007 (14) 0.07878 (28) -192.109 (12) 17 

9 0.89279 (33) 3.73911 (30) 1.11244 (32) 0.78572 (32) -0.07513 (34) 88.605 (32) 35 

10 0.85097 (31) 3.96399 (32) 1.09746 (31) 0.79191 (31) -0.53040 (33) 75.841 (31) 33 

11 0.68984 (28) 3.03966 (28) 0.88701 (28) 0.87043 (27) 0.05039 (25) -85.200 (28) 28 

12 0.56765 (3) 2.65307 (9) 0.71431 (2) 0.91773 (3) 0.05888 (26) -263.132 (2) 6 

13 0.63052 (23) 2.79037 (16) 0.80420 (22) 0.89458 (22) -0.00365 (17) -167.018 (22) 23 

14 0.73644 (30) 3.66945 (29) 0.94454 (29) 0.85117 (29) 0.00550 (19) -39.304 (30) 29 

15 0.61041 (13) 2.75054 (12) 0.78863 (16) 0.89886 (16) 0.02120 (24) -182.542 (18) 14 

16 0.60687 (11) 2.93672 (23) 0.77907 (11) 0.90143 (11) 0.01516 (23) -192.226 (10) 12 

17 0.73333 (29) 4.35856 (34) 0.94479 (30) 0.85088 (30) 0.44719 (32) -41.093 (29) 31 

18 0.68532 (27) 2.88025 (17) 0.88680 (27) 0.87032 (28) -0.00723 (20) -87.388 (27) 26 

19 0.59900 (6) 2.58431 (5) 0.77400 (7) 0.90290 (7) 0.00023 (3) -195.410 (5) 4 

20 0.62974 (22) 2.69422 (10) 0.80497 (23) 0.89451 (23) 0.00021 (1) -164.259 (23) 15 

21 0.59904 (7) 2.62233 (8) 0.77492 (8) 0.90266 (9) -0.00045 (6) -194.466 (8) 7 

22 0.57292 (4) 2.60799 (7) 0.72224 (4) 0.91615 (4) 0.00141 (13) -248.366 (3) 5 

23 0.59916 (8) 2.60273 (6) 0.77526 (9) 0.90270 (8) -0.00046 (7) -192.118 (11) 8 

24 0.56047 (1) 2.36446 (1) 0.70628 (1) 0.92008 (1) -0.00044 (5) -264.108 (1) 1 

25 0.56484 (2) 2.49484 (2) 0.71598 (3) 0.91810 (2) -0.00281 (15) -247.278 (4) 2 

26 0.91127 (35) 3.89076 (31) 1.16327 (35) 0.76332 (35) 0.00788 (21) 128.081 (34) 34 

27 0.59885 (5) 2.55334 (4) 0.77289 (5) 0.70332 (5) 0.00037 (4) -194.549 (6) 3 

28 0.60058 (9) 2.95984 (25) 0.77290 (6) 0.90332 (6) -0.00022 (2) -194.539 (7) 9 

29 0.63466 (24) 2.73507 (11) 0.80966 (24) 0.89335 (24) 0.00127 (11) -157.646 (25) 22 

30 0.60831 (12) 2.90991 (21) 0.78097 (12) 0.90079 (12) 0.01201 (22) -192.292 (9) 11 

31 0.61129 (14) 2.90111 (20) 0.78283 (13) 0.90055 (13) 0.06951 (27) -186.403 (16) 16 

32 0.63609 (25) 3.01366 (27) 0.81981 (26) 0.89049 (26) -0.00138 (12) -147.754 (26) 25 

33 0.61363 (18) 2.78609 (15) 0.79100 (18) 0.89848 (18) -0.00409 (18) -176.159 (19) 19 

34 0.61299 (16) 2.75859 (13) 0.79161 (20) 0.89832 (19) 0.00094 (9) -175.547 (20) 13 

35 0.61730 (20) 2.78036 (14) 0.79496 (21) 0.89754 (21) 0.00069 (8) -170.194 (21) 18 

36 0.60169 (10) 2.50238 (3) 0.77717 (10) 0.90232 (10) 0.00118 (10) -188.160 (14) 10 

MAE = mean absolute error, MaxAE = maximum absolute error, RMSE = root mean square error, R = 
correlation coefficients, Bias = mean error, AIC = Akaike’s information criterion and rank = numerical 
values in ranking method 
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Errors of actual heights versus heights predicted in the fitting phase of the Cox 
IIa, Cox IIb and Sharma & Parton models are shown in Figure 3. There was no 
reason to reject the hypotheses of normality, homogeneity of variance and 
independence of residuals. 

 
 

 
Figure 3. Errors actual heights versus predicted values in the fitting phase for the of Cox IIa, 

Cox IIb, Sharma & Parton models 

 
 
In general, it was found that the error amounts show an increase in successful models 

due to the increase in height values (Ahmadi et al., 2013; Özçelik and Çapar, 2014). The 
amount of error in our work did not increase, but decreased because this forest is 
plantation and trees have got similar height. It can be said that the variation with respect 
to the error distributions obtained with the generalized height-diameter models is 
relatively constant (from -2 m to +2 m). 

In this study, when it was decided whether a model is successful, it is required that 
the amount of error was small, and that it has a certain and constant variance in the 
errors were obtained. Tree height changed from 5.9 to 19.0 m in this study (in Table 2). 
In predicted of a tree height error about 2 meter was small. Cox IIa, Cox IIb, and 
Sharma & Parton models were found successful in this respect. 

In describing the diameter-height relationship, group 3 models including the stand 
age was more successful (Sánchez et al., 2003). However, results of group 2 models 
were found as the best models because of data were taken from artificial stands in 
this study. 

Cox IIa, Cox IIb, and Sharma & Parton models could offer a balance between the 
accuracy of model and sampling effort, because the value of stand age was not 
including for plantation in Group 2 models. 

Observed heights versus the predicted heights in the cross-validation of this model 
are shown in Figure 4. The performance criterion to evaluate the behaviour of model 
was the determination coefficient of the straight line fitted between the observed and 
predicted heights. Figure 4 shows no tendency toward the overestimation or 
underestimation of height values. 

For the tested models, the results obtained using the independent data set is given in 
Figure 4. The most similar results of Cox IIa, Cox IIb and Sharma & Parton models are 
shown in Figure 4. Relatively similar results were obtained for same models (Sánchez 
et al., 2003). The overlap ratio of the predicted height values with the measured height 
values does not increase as the height value increases. 
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Figure 4. Observed heights versus predicted heights in the cross-validation for the Cox IIa, Cox 

IIb and Sharma & Parton models 

 
 
As can be seen from Table 5, the tested height-diameter models were not very 

different from the model development data. 
 
Table 5. Criterion values for successful models with independent data set 

Model 

no 

Performance criteria 

MAE MaxAE RMSE R ME AIC Rank 

24 0.68882 (3) 3.00290 (5) 0.87938 (2) 0.89799 (3) -0.04821 (1) -18.9777 (2) 2 

25 0.67832 (1) 2.99999 (4) 0.00113 (3) 0.89895 (2) -0.05729 (3) -12.4986 (4) 3 

27 0.71003 (5) 2.73425 (2) 0.91893 (5) 0.88752 (5) -0.19489 (5) -10.3754 (5) 5 

19 0.70434 (4) 2.66425 (1) 0.90841 (4) 0.88974 (4) -0.19010 (4) -15.1503 (3) 4 

22 0.68160 (2) 2.93107 (3) 0.87081 (1) 0.89963 (1) -0.05696 (2) -23.3373 (1) 1 

MAE = mean absolute error, MaxAE = maximum absolute error, RMSE = root mean square error, R = 
correlation coefficients, Bias = mean error, AIC = Akaike’s information criterion and rank = numerical 
values in ranking method 

 
 
Finally, the most successful models were used for all sample plot data. 

Regression coefficients and statistics of these models are shown in Table 6. These 
parameters can use to estimate of diameter-height relationship for artificial brutian 
pine in southwestern Turkey. 

 
Table 6. Regression coefficients and statistics obtained for the d-h models using the entire 

data set 

Model 

no 

Parameters 

a0 a1 a2 a3 a4 a5 a6 a7 a8 

24 4.527680 1.217846 -0.178316 -9.800583 -0.003507 -0.000524 - - - 

25 -122.56039 0.983721 -0.711003 121.203832 0.002021 4.8x10-51 42.055083 0.903834 0.812250 

27 1.426453 0.909989 0.028413 -0.304526 1.710843 - - - - 

19 8.405537 1.393674 0.322209 -13.749983 1.970000 - - - - 

22 0.431054 -0.045442 0.957580 0.025728 0.006561 - - - - 

a0, a1… = regression coefficients 
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Conclusions 

In this study, 36 height-diameter models were calibrated and tested for brutian pine 
plantations in southwestern Turkey. The best predictions of height were obtained by the 
Cox IIa model, which used diameter (d), quadratic mean diameter (dg), and stand mean 
height (Hm) as independent variables. In this model, provides little effort has been made 
to model the height-diameter relationship in uneven-aged stands with generalized 
height-diameter functions. In addition, group 2 models should be used instead of group 
3 models in the artificial stands. 

The inclusion of stand mean height or of stand dominant height as an independent 
variable in the height-diameter equations seems to be necessary in order to achieve 
acceptable predictions. This requires the measurement of at least one sample of heights 
for the practical application of the equation. The inclusion of dg into the base height-
diameter model increased the accuracy of prediction. 

As a result, examples of applications of the selected generalized height-diameter 
models to the forest management are presented, namely how to use it to complete 
missing information from forest inventory and also showing how such an equation can 
be incorporated in a stand-level decision support system that aims to optimize the forest 
management for the maximization of wood volume production in southwestern Turkey 
brutian pine stands. 
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Abstract. The edge effect of forest communities in Kunyu Mountain Nature Reserve of China due to two 
small-scale roads was studied. By setting 3 groups of sample plots: sample plot beside 2.5 m road 
corridor, sample plot beside 5.0 m road corridor and sample plot in wildwood area, forest investigation 
was carried out using typical sampling method to evaluate and reveal the influence of edge effect (caused 
by 2.5 m and 5.0 m scenic road corridor) on the community structure, species composition and diversity 
of plants in Kunyu mountain national nature reserve. Results show (1) that compared with wildwood area, 
the average DBH (diameter at breast height) of tree layer at 2.5 m and 5.0 m scenic road corridor in 
Kunyu mountain national nature reserve decreases with the increase of width of road corridor. In shrub 
layer, edge effect is balanced by increasing the number of low-diameter shrubs while decreasing the 
number of high-diameter shrubs. It is worth noting that the edge effect of 2.5 m scenic road corridor is 
significantly higher than that of 5.0 m scenic road corridor. (2) In tree layer, the four indexes all showed 
as follows: sample plot near 5.0 m scenic road corridor was significantly higher than the sample plot near 
2.5 m scenic road corridor and wildwood area. In shrub layer, the four indexes abovementioned can be 
ranked as sample plot near 5.0 m scenic road corridor>sample plot near 2.5 m scenic road 
corridor>wildwood area. In herb layer, the 4 indexes are ranked as sample plot near 5.0 m scenic road 
corridor>wildwood area>sample plot near 2.5 m scenic road corridor. Main conclusion: The 2.5 m scenic 
road corridor exerts an inhibition effect on the species composition and diversity of plants in Kunyu 
mountain national nature reserve, however, 5.0 m scenic road corridor has a promoting effect. 
Keywords: channel corridor, edge effect, species composition, plant diversity, Kunyu Mountain National 

Nature Reserve 

Introduction 

Frequent human activities lead to habitat fragmentation and loss of species diversity. 
Under such background, continuous natural habitat is gradually replaced by 
fragmentated forest patches and the forest edge area is gradually increased (Lian and 
Yu, 2000; Velázquez et al., 2017). Corridor refers to linear or banded landscape element 

mailto:liujian20170703@163.com
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which is different from surrounding landscape matrix (Zhu et al., 2005; Naidoo et al., 
2018). Corridor can lead to change of ecological factors, thus making system 
components and behaviors (i.e. Population density, productivity and diversity, etc.) 
different from that inside of system (Wang and Ma, 1985; Chen et al., 2004). Road 
exists as corridor of landscape. The introduction of road enhances the fragmentation 
degree of landscape and the influencing area of edge effect (Zhou et al., 2009). Studies 
show that the edge effect of corridor causes the inhomogeneous distribution of species 
composition and diversity between inside and outside of plants community; The 
positive and negative edge effects are correlated with the area, shape, forming age, 
connectivity of forest patches as well as the property of neighboring patches. Therefore, 
research results on the positive and negative corridor edge effects are quite different 
(Sun et al., 2008; Wu et al., 2011; Liu et al., 2012). In fragmented forest patches, 
environmental factors such as solar irradiance, humidity and soil are normally in graded 
distribution from forest edge to inner forest. Therefore, the distance between inner patch 
to forest edge is correlated with corridor edge effect. The species composition, 
community structure and diversity also vary from forest edge to inner forest (Ma et al., 
2008; Su et al., 2014). Since different plants have different sensitivities to habitat 
fragmentation, they have different strategies to get adapted to environmental change. 
For example, sensitive vs. tolerant species, trees vs. shrubs, shade-tolerance species vs. 
shade-intolerance species, evergreen species vs. deciduous species, they have different 
responses to edge effect; therefore, research results on corridor edge effect are different 
(Tian et al., 2011). 

Studying the edge-induced community-based effects helps to understand the 
ecosystem changes caused by the road network, which may break the ecosystem 
integrity through the marginal effects of microclimates (García et al., 2007). The study 
of action characters of edge effect of scenic road corridor can provide data reference and 
theoretical basis for biodiversity conservation, balance of travel activities, and 
construction planning of future scenic road. In this paper, based on scenic road corridor 
of Kunyu mountain nature reserve as research objects, the property and action 
characters of edge effect of scenic road corridor were analyzed, in the hope of figuring 
out how the edge effect of scenic road corridor (2.5 m and 5.0 m) will affect the plants 
community structure, species composition and diversity. 

Materials and methods 

Profile of research area 

Kunyu mountain national nature reserve locates at eastern shandong province, China, 
with geographical coordinates of 37°16′–37°25′ N, 121°42′–121°50′ E. It is the native 
place of Chinese red pine (Pinus densiflora) and the world’s largest distribution of red 
pine (Pinus densiflora) forest, the best protected natural distribution center. It is one of the 
most biodiversity-rich regions in the world at the same latitude. It is the only place in the 
world to study the location of forest ecosystems for the project “Natural Control of Forest 
Pests”. Kunyu mountain national nature reserve covers area of 48 km2, with the main 
peak-Taibo Peak reaching an altitude of 923 m. The soil of Kunyu mountain nature 
reserve is mainly brown soil, which has a sandy texture, in acidic to slightly acidic 
condition. The climate here belongs to warm temperate continental monsoon climate, 
with four distinctive seasons, abundant sunlight, annual mean temperature at 11.9 °C and 
annual rainfall of 985 mm. Kunyu mountain national nature reserve is national forest park 
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and national 4A tourist scenic area. The forest coverage rate is about 92%, mainly 
consisting of red pine (Pinus densiflora), black pine (Pinus thunbergii), oak (Quercus 

acutissima) and locust (Robinia pseudoacacia) (Du et al., 2007). 
 

Research method 

Field investigation 

Through reviewing literatures, inquiring forest management department and field 
investigation, forest investigation was carried out using typical sampling method (Fang 
et al., 2004; Fang et al., 2009). The investigation results show that the plant community 
was in natural growth and succession condition, i.e. indicating half-mature forest. The 
sample plot dimension was 20 m × 30 m. Three different sample plots were set, 
including sample plot near 2.5 m scenic road corridor, sample plot near 5.0 m scenic 
road corridor and sample plot at wildwood area. Five repeated investigations were 
conducted in each sample plot. 

Investigations of plant species diversity were carried out in tree layer, shrub layer 
and herb layer. The research areas included one tree layer of 20 m × 30 m, 1 shrub layer 
of 10 m × 10 m and 4 herb layers of 1 m × 1 m. In tree layer, the species, number and 
DBH values of all trees with DBH ≥ 5 cm were measured; In shrub layer, the species, 
number and DBH values of all trees with DBH < 5 cm were measured. In herb layer, the 
species, number and heights of all herbs were measured (Fang et al., 2004; Fang et al., 
2009; Wei et al., 2017). 

 
Data analysis 

Plant species diversity was analyzed and measured using general-purpose indexes 
(Leinster and Cobbold, 2012; Wei et al., 2017), including species richness index (S; Eq. 

1), Shannon–Wiener diversity index (H; Eq. 2), Simpson diversity index (P; Eq. 3) and 
Pielou evenness index (E; Eq. 4). 

 
  the number of plant species in sample plotS   (Eq.1) 
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Pi refers to the ratio between importance value of the i-th species and total importance 
value in sample plot. The importance value of tree layer or shrub layer = (relative 
dominance + relative density + relative frequency) / 3, the importance value of herb 
layer = (relative dominance + relative density + relative frequency) / 3. 

In the data analysis process, SPSS 17.0 software (Chinese version) and method of 
one-way analysis of variance and significance test was used. 
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Results 

Species composition of tree layer 

As shown in Table 1, the number of plant species in tree layer can be ranked as 
sample plot near 5.0 m scenic road corridor>wildwood area>sample plot near 2.5 m 
scenic road corridor; the number of plants in tree layer can be ranked as sample plot 
near 2.5 m scenic road corridor>wildwood area>sample plot near 5.0 m scenic road 
corridor; the mean DBH of plants in tree layer can be ranked as wildwood area>sample 
plot near 2.5 m scenic road corridor>sample plot near 5.0 m scenic road corridor. 

 
Table 1. Species, individual number and mean DBH of trees in wildwood area, sample plot 

near 5.0 m scenic road corridor and sample plot near 2.5 m scenic road corridor 

Tree name 

Wildwood area 

Sample plot near 2.5 

m scenic road 

corridor 

Sample plot near 5.0 

m scenic road 

corridor 

Plants 

number 

Average 

DBH/cm 

Plants 

number 

Average 

DBH/cm 

Plants 

number 

Average 

DBH/cm 

Pinus densiflora 201 10.06 338 10.57 109 11.83 

Quercus variabilis 174 10.26 253 10.52 80 10.05 

Pinus thunbergii 45 12.27   33 13.45 

Quercus mongolica 37 15.08 14 13.79 27 10.74 

Quercus hopeiensis 20 6.55     

Quercus fangshanensis 12 13.75 1 10.00 7 10.00 

Albizia kalkora 8 5.00 11 10.18 22 8.36 

Quercus acutissima 5 5.80   30 6.50 

Sorbus alnifolia 4 5.00   4 10.25 

Cerasus serrulata 2 5.55     

Pistacia chinensis 1 5.00 24 6.62 2 8.00 

Lauraceae. obtusiloba 1 5.00   17 5.35 

Salix matsudana 1 5.00   3 7.00 

Malus baccata 1 5.00   1 5.00 

Diospyros lotus   2 6.50 1 6.00 

Robinia pseudoacacia   1 15.00 5 7.40 

Rhus chinensis     56 7.21 

Larix kaempferi     21 15.26 

Ailanthus altissima     8 9.00 

Symplocos paniculata     4 5.00 

Alnus Sibirica     3 9.33 

Catalpa bungei     2 20.00 

Celtis koraiensis     1 5.00 

Pterocarya stenoptera     1 5.00 

Hovenia acerba     1 16.00 

Fraxinus rhynchophylla     1 5.00 

Cerasus serrulata var. 
pubescens 

    1 8.00 

Amorpha fruticosa     1 5.00 

Total 512 10.67 644 10.46 441 10.18 
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Species composition of shrub layer 

As shown in Table 2, the number of plant species in shrub layer can be ranked as 
sample plot near 5.0 m scenic road corridor>wildwood area>sample plot near 2.5 m 
scenic road corridor; the individual number of low-DBH shrubs can be ranked as sample 
plot near 2.5 m scenic road corridor>sample plot near 5.0 m scenic road corridor 
>wildwood area; the individual number of high-DBH shrubs can be ranked as wildwood 
area>sample plot near 5.0 m scenic road corridor>sample plot near 2.5 m scenic road 
corridor. 

 
Table 2. Species, individual number of shrubs in wildwood area, sample plot near 2.5 m 

scenic road corridor and sample plot near 5.0 m scenic road corridor 

Shrub name 

Wildwood area 
Sample plot near 2.5 

m scenic road corridor 

Sample plot near 5.0 

m scenic road corridor 

DBH < 2.5 

cm 

2.5 cm ≤ 

DBH < 5 

cm 

DBH < 2.5 

cm 

2.5 cm ≤ 

DBH <5 

cm 

DBH < 2.5 

cm 

2.5 cm ≤ 

DBH < 5 

cm 

Indigofera kirilowii 147  372  89  

Quercus variabilis 154 43 209 56 81 19 

Quercus mongolica 97 14 106 5 29 3 

Cerasus glandulosa 37  106 1 71 1 

Rhus chinensis 16  29 1 147 20 

Lauraceae. obtusiloba 12 1   104 44 

Quercus hopeiensis 96 47     

Leptopus chinensis 22  100 17 2  

Pinus densiflora 22 25 37 36 6 3 

Lespedeza bicolor 34  65  21  

Albizia kalkora 37 9 21 1 43 7 

Kalopanax septemlobus 17    80 6 

Quercus acutissima 21 5 4 1 39 21 

Euonymus phellomanus 52 6 19 1 7  

Grewia biloba 1  68  13  

Symplocos paniculata 12 1 11 4 29 12 

Diospyros lotus 5  5 1 54  

Robinia pseudoacacia 15  27 1 17 2 

Ailanthus altissima 18  6  35 1 

Pinus thunbergii 26 13   11 6 

Zanthoxylum schinifolium 32  13  5  

Euonymus alatus 8  13  14 3 

Celastrus orbiculatus 8  22    

Ligustrum sinense 2  7  17 2 

Pistacia chinensis 14 2 9 1   

Amorpha fruticosa 4  9  10  

Quercus fangshanensis 8 2 2 1 4 2 

Cerasus serrulata var. 
pubescens 

6    8  

Rosa multiflora   7  7  
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Sorbus alnifolia 9 1   3 1 

Celastrus flagellaris 3    9  

Ulmus pumila   6 5   

Fraxinus rhynchophylla 4  5   1 

Ulmus macrocarpa     8  

Ampelopsis humulifolia   3  3  

Hibiscus syriacus     4  

Catalpa bungei     4  

Deutzia grandiflora   3    

Salix matsudana 1 1    1 

Hovenia dulcis     1 1 

Vitis amurensis     2  

Cerasus serrulata 2      

Celtis koraiensis   1    

Pterocarya stenoptera      1 

Malus baccata   1    

Ziziphus jujuba var. spinosa   1    

Total 936 170 1292 133 983 157 

 
 

Species diversity 

As shown in Figure 1A1–1A3, the species richness index, Shannon–Wiener diversity 
index and Simpson diversity index of plants in tree layer can be ranked as sample plot 
near 5.0 m scenic road corridor>wildwood area>sample plot near 2.5 m scenic road 
corridor (P < 0.05). However, the Pielou evenness index is ranked as sample plot near 
5.0 m scenic road corridor>sample plot near 2.5 m scenic road corridor>wildwood area 
(P < 0.05), as shown in Figure 1A4. 

The species richness index, Shannon–Wiener diversity index, Simpson diversity 
index and Pielou evenness index of plant community in shrub layer are ranked as 
sample plot near 5.0 m scenic road corridor>sample plot near 2.5 m scenic road 
corridor>wildwood area (see Fig. 1B1–1B4). 

The species richness index, Shannon–Wiener diversity index, Simpson diversity 
index and Pielou evenness index of plant community in herb layer are ranked as sample 
plot near 5.0 m scenic road corridor>wildwood area>sample plot near 2.5 m scenic road 
corridor (see Fig. 1C1–1C4). 

Discussion 

According to the investigation in Kunyu mountain national nature reserve of China, 
it can be known that compared with wildwood area, the mean DBH of tree layer 
decreases with the increase of width of scenic road corridor. The edge effect of shrub 
layer can be balanced by increasing the individual number of low-DBH shrubs and 
decreasing the number of high-DBH shrubs. Moreover, the edge effect of 2.5 m scenic 
road corridor than that of 5.0 m scenic road corridor. 

In tree layer, the four indexes all showed as follows: sample plot near 5.0 m scenic 
road corridor was significantly higher than the sample plot near 2.5 m scenic road 
corridor and wildwood area. 



Yin et al.: Influence of scenic road corridor to plant diversity in Kunyu Mountain, China 
- 1467 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1461-1469. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_14611469 
 2018, ALÖKI Kft., Budapest, Hungary 

A1

0
2
4
6
8

10
12
14

wildwood area corridor 2.5 corridor 5.0

ri
ch

ne
ss

 i
nd

ex
(S

)

 

A2

0.0

0.5

1.0

1.5

2.0

2.5

wildwood area corridor 2.5 corridor 5.0

S
ha

nn
on

-W
ie

ne
r

di
ve

rs
it

y 
in

de
x(

H
)

 
A3

0.0

0.2

0.4

0.6

0.8

1.0

wildwood area corridor 2.5 corridor 5.0

S
im

ps
on

 d
iv

er
si

ty
in

de
x(

P
)

 

A4

0.0

0.2

0.4

0.6

0.8

1.0

wildwood area corridor 2.5 corridor 5.0

P
ie

lo
u 

ev
en

ne
ss

in
de

x(
E

)

 
B1

0
2
4
6
8

10
12
14
16
18
20
22

wildwood area corridor 2.5 corridor 5.0

ri
ch

ne
ss

 i
nd

ex
(S

)

 

B2

0.0

0.5

1.0

1.5

2.0

2.5

wildwood area corridor 2.5 corridor 5.0

Sh
an
no

n–
W
ie
ne
r

di
ve

rs
it

y 
in

de
x(

H
)

 
B3

0.0

0.2

0.4

0.6

0.8

1.0

wildwood area corridor 2.5 corridor 5.0

S
im

ps
on

 d
iv

er
si

ty
in

de
x(

P
)

 

B4

0.0

0.2

0.4

0.6

0.8

1.0

wildwood area corridor 2.5 corridor 5.0

P
ie

lo
u 

ev
en

ne
ss

in
de

x(
E

)

 
C1

0.0

1.0

2.0

3.0

4.0

wildwood area corridor 2.5 corridor 5.0

ri
ch

ne
ss

 i
nd

ex
(S

)

 

C2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

wildwood area corridor 2.5 corridor 5.0

Sh
an
no

n–
W
ie
ne
r

di
ve

rs
it

y 
in

de
x(

H
)

 
C3

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

wildwood area corridor 2.5 corridor 5.0

S
im

ps
on

 d
iv

er
si

ty
in

de
x(

P
)

 

C4

0.0

0.2

0.4

0.6

0.8

1.0

wildwood area corridor 2.5 corridor 5.0

P
ie

lo
u 

ev
en

ne
ss

in
de

x(
E

)

 
Figure 1. The richness index (1), Shannon-Wiener diversity index (2), Simpson diversity index 

(3) and Pielou evenness index (4) for the tree layer (A), shrub layer (B) and herb layer in 

wildwood area, sample plot near 2.5 m scenic road corridor and sample plot near 5.0 m scenic 

road corridor in Kunyu Mountain (average + standard error). Corridor 2.5: sample plot near 

2.5 m scenic road corridor; corridor 5.0: sample plot near 5.0 m scenic road corridor 
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In shrub layer, the four indexes abovementioned can be ranked as sample plot near 
5.0 m scenic road corridor>sample plot near 2.5 m scenic road corridor>wildwood area. 
In herb layer, the four indexes can be ranked as sample plot near 5.0 m scenic road 
corridor>wildwood area>sample plot near 2.5 m scenic road corridor. This study shows 
that the upper trees in forest plant community of Kunyu Mountain are less sensitive to 
edge effect compared with understory plants, which is inconsistent with the results of 
study on Cryptomeria fortunei plantation in Zhougong mountain of Western Sichuan 
province (Wang et al., 2016). 

Researches have shown that edge effect influences the richness and density of 
evergreen broad-leaf forest (Li et al., 2008), and forest edge effect is positive for 
extrinsic plant seed invasion (Lin and Cao, 2009). The influence of forest road on 
species diversity index only reaches into the plant community which is 5 m near road 
(Watkins et al., 2003), while a narrow corridor (< 4 m) will cause decrease of Pinus 

koraiensis growth level (Wang et al., 2003). 

Conclusion 

This study shows that two scenic road corridors (2.5 m and 5.0 m) have opposite 
effects on forest plant community in Kunyu Mountain of China. The 2.5 m scenic road 
corridor exerts an inhibition effect on the species composition and diversity of plants in 
Kunyu mountain national nature reserve, however, 5.0 m scenic road corridor has a 
promoting effect. We suggest that we can continue to study the two road corridors in 
Kunyu Mountain, especially the corridor width to study the physiological and 
biochemical indexes such as growth, development and reproduction of plants. 
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Abstract: Solar radiation is the principal and fundamental energy for many physical, chemical and 
biological processes. Estimation of solar radiation by Ångström-Prescott (A-P) model from sunshine 
duration is common employed. In this paper, the original linear A-P model and four commonly used 
modification models (quadratic, cubic, power and logarithmic functions) are comparatively studied. It is 
found that the linear, second and cubic models give very similar goodness of fit, and the linear model is 
recommended due to its greater simplicity and convenience. The A-P model parameter a, sum a + b 
correlate most significantly with altitude. Based on these correlations, the deterministic equations of 
parameters a and b are proposed. Consequently, the A-P model with the estimated parameters by 
deterministic equations is used to estimate solar radiation, and it gives good performance with the 
RMSE < 1.7 MJ m-2, RRMSE < 20% and R2 > 0.89. It is therefore recommended to use these equations to 
determine the A-P parameters in Yangtze River basin in China, and it is believed particularly useful for 
the site where lacks of the measured solar radiation data for calibration. 
Keywords: empirical model, meteorological variable, Ångström-Prescott equation, sunshine duration, 

geographical information 

Introduction 

Solar radiation arriving on the earth’s surface plays an important role in most land 
surface processes including physical, biological and chemical processes, e.g., 
hydrological cycling, vegetation growth, climate and weather change (Liu et al., 2017). 
It is also one of the key input variables in crop growth, and hydrological and climate 
models. And the importance of global solar radiation in ecology, agriculture, 
environment and the associated researches has been well documented (Yorukoglu and 
Celik, 2006; Chen et al., 2011). However, it is not widely measured due to the cost and 
difficulty of maintenance and calibration of the measurement equipment (Chen et al., 
2013). Only a few meteorological stations measure global solar radiation. For example, 
in the USA, less than 1% of meteorological stations are recording solar radiation 

(Thorton and Running, 1999). In China, more than 2000 stations have record of 
meteorological data, only 98 stations are recording solar radiation (Chen et al., 2004). 
The ratio of stations recording solar radiation to those recording temperature is about 
1:500 around the world (Thorton and Running, 1999). By contrast, other routinely 
measured data, such as air temperature, sunshine duration, are easily available. 
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Therefore, developing method based on those readily available meteorological data for 
accurately estimating solar radiation has been the focus of many studies. 

Major methods including satellite-derived (Frulla et al., 1988; Chen et al., 2014), 
stochastic algorithm (Richardson, 1981; Hansen, 1999), empirical relationship (Chen 
and Li, 2013; Chen et al., 2015), interpolation (Chen et al., 2012) and learning machine 
method (Chen et al., 2011) have been developed for the purpose. The satellite-derived 
method is promising for estimating solar radiation data over large regions, but it is 
relatively new and may suffer from the shortage of the historical meteorological data 
(Abraha and Savage, 2008). Stochastic weather generators are useful to generate daily 
simulations from data averages (Wilks and Wilby, 1999). However, the generated data 
cannot be used for model validation for a particular period of time as the data may not 
match the actual weather at a particular time. Spatial interpolation technique can predict 
values at unknown locations and create surface from the surrounding measured points. 
The main problem, however, is the lack of sufficient stations of solar radiation 
measurements (Chen and Li, 2014). 

The empirical relationship using the easily available meteorological data, such as 
sunshine duration, maximum and minimum temperatures, is attractive for its simplicity, 
efficiency and lower data requirement. And the well-known sunshine-based Ångström-
Prescott (A-P) model (Chen and Li, 2013; Chen et al., 2015) and the temperature-based 
Hargreaves and Samani model (1982), Bristow and Campbell model (1984) are widely 
used in the word. It is generally recognized that the A-P model performs much better 
than other temperature-based models (Iziomon et al., 2002; Podesta et al., 2004; Trnka 
et al., 2005). 

The A-P model was proposed by Ångström (Chen et al., 2015) in 1924 and further 
modified by Prescott (Chen and Li, 2013) in 1940. The original form of the model is 
(Eq. 1): 

 

 Ra
Ho

H
baRs )(   (Eq.1) 

 
where Rs is monthly mean daily global radiation (MJ m-2 d-1), Ra is monthly mean daily 
extra-terrestrial solar radiation (MJ m-2 d-1), H is monthly mean daily actual sunshine 
hours (h), Ho is monthly mean daily potential sunshine hours (h), a and b are empirical 
parameters which are calibrated from the long-term measured solar radiation data. The 
A-P model is widely used for its simplicity and significant performance. One of the 
principal limitations is that it requires calibration using local measured solar radiation 
data and it is therefore open to question how transferable these calibration values are to 
other locations (Miller et al., 2008). Ångström suggested values of 0.2, and 0.5, and 
Prescott 0.22, and 0.54 for the empirical parameters a, and b, respectively (Chen and Li, 
2013). Page gave the corresponding values of 0.23, and 0.48, which was believed to be 
applicable anywhere in the world (Page, 1961). FAO 56 recommended the values of 
0.25, and 0.50 for parameters a, and b for the sites where no solar radiation data is 
available, respectively (Allen et al., 1998). Lots of literature reported the calibrated the 
A-P model parameters for different places, and showed that they varied from location to 
location; furthermore, they were related to the geographic elements (Bandyopadhyay et 
al., 2008; Liu et al., 2009), indicating that the fixed parameters are not appropriate for 
all the sites where no solar radiation data is available in a large area. Only a few works 
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discussed and gave the determination equations for the A-P model parameters relating 
to the geographic elements (Bandyopadhyay et al., 2008). 

Therefore, the current study is carried out to develop a general empirical model for 
estimation of solar radiation in Yangtze River basin, which plays significant role in 
water supply for agriculture industry for China, and hence the eco-environmental 
models and crop growth simulation are widely studied. However, only a few 
meteorological stations provide solar radiation recorders. Therefore, solar radiation 
estimation is of vital importance and significance. While only a few works were 
reported for this region. Chen et al. (2004) developed an empirical model at 10 located 
in Yangtze River basin. While this new model was reported to give similar performance 
with the A-P model (Wu et al., 2007). Therefore, the objectives of the current study are 
(1) to calibrate the A-P model parameters in the Yangtze River basin; (2) to investigate 
and relationship between A-P model parameters and geographic elements; and (3) to 
recommend determination equations of A-P model parameters for the sites where no 
measured solar radiation data is available for calibration in study area. 

Materials and method 

Data set 

The current study focuses on the Yangtze River basin (Fig. 1). The Yangtze River is 
6300 km long with a basin area of 180 × 104 km2. It is characterized by abundant water 
resources, and thus plays significant role in water supply for agriculture industry, 
because economy of much of the Yangtze River basin is focused largely on agricultural 
production. It is one of the major grain production areas of China and hence the eco-
environmental models and crop growth simulation are widely studied. A large part of 
the Yangtze River basin is subtropical monsoon climate. Average annual precipitation 
in the basin varies from 270-500 mm in the west to 1600-1900 mm in the southeast. 
Average annual sunshine hours range from 1000 to 2500 h. 

 

 

Beijing 

Yangtze River basin 

● Stations 

 
Figure 1. Location of the study meteorological stations in the Yangtze River basin (stations are 

numbered in compliance with Table 1) 



Chen et al.: A general empirical model for estimation of solar radiation in Yangtze River basin 
- 1474 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1471-1482. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_14711482 
 2018, ALÖKI Kft., Budapest, Hungary 

A total of 14 stations with long-term available records of solar radiation were used in 
the present study. The mapping of stations roughly range from 26o to 34o latitude North, 
from 97° to 121° longitude East, and from 3 to 3394 m altitude. Table 1 shows the 
temporal period and the geographical information of the meteorological stations. The 
monthly mean daily global radiation data were obtained from the National 
Meteorological Information Center (NMIC), China Meteorological Administration 
(CMA). The period of records range from 6 to 30 years covering the period between 
1961 and 2000. Quality control tests were conducted by the suppliers. A year with more 
than 5 days of missing or faulty data in the same month was discarded (e.g., the year of 
1992 for Nanchang and the year of 1984 for Wuhan). For each station, two data sets 
were created. About 70% of the total records were used for calibrating the parameters, 
and the remainder for evaluating the model (Table 1). 

 
Table 1. Detailed information of the studied 14 stations in the Yangtze River basin 

Station 

ID 

Station 

name 

Latitude 

(N) 

Longitude 

(E) 

Altitude 

(m) 

Calibration 

period 

Validation 

period 

1 Chengdu 30.67 104.02 506 1973-1992 1993-2000 

2 Chongqing 29.58 106.47 259 1973-1992 1993-2000 

3 Changsha 28.22 112.92 68 1987-1996 1997-2000 

4 Hefei 31.87 117.23 28 1978-1992 1993-2000 

5 Hangzhou 30.23 120.17 42 1973-1992 1993-2000 

6 Lijiang 26.83 100.47 2394 1977-1992 1993-2000 

7 Nanchong 30.78 106.10 309 1874-1985 1986-1990 

8 Nanchang 28.60 115.92 47 1973-1991 1993-2000 

9 Nanjing 32.00 118.80 9 1973-1992 1993-2000 

10 Shanghai 31.17 121.43 3 1961-1983 1983-1990 

11 Wuhan 30.62 114.13 23 
1973-1983 
1985-1992 

1993-2000 

12 Yichang 30.70 111.30 133 1973-1992 1993-2000 

13 Zunyi 27.7 106.88 844 1973-1984 1985-1990 

14 Guiyang 26.58 106.72 1074 1973-1992 1993-2000 

 
 

Models and calibration 

The extra-terrestrial solar radiation (Ra) and potential sunshine duration (Ho) are 
calculated using the equations (Eqs. 2-6) detailed by Allen et al., (1998). 

 
 37.6 ( sin sin cos cos sin )Ra d         (Eq.2) 
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 (Eq.4) 

 
 arccos( tan tan )     (Eq.5) 
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 24 /Ho    (Eq.6) 
 

where d is the relative distance between the sun and the earth, ω is sunset hour angle 
(rad), φ is latitude (rad), δ is solar declination angle (rad), n is the number of the day of 
year starting from the first of January. The A-P model parameters a and b are calibrated 
by least square linear regression between Rs/Ra and H/Ho for the calibration period for 
each station (Table 1). 
 
Performance criteria 

To assess the performance of models, root mean square error (RMSE), relative root 
mean square Error (RRMSE), The relative percentage error (e%), coefficient of 
variation (CV) and coefficient of determination (R2) are determined. The metric CV 
calculated as ratio of standard deviation to arithmetic mean is adopted to measure the 
variation of the parameter, and R2 is adopted to measure the correlation between the 
observed and predicted values. The former three indicators are calculated by Equations 

7-9. 
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where n, y, ŷ  and y  represent the number of testing data, the observation value, the 
predicted value and the average value of the observation, respectively. Lower values of 
RMSE, RRMSE, and absolute e% indicate a better estimation accuracy of the model. 

Results and discussion 

Variation of A-P model parameters 

The calibrated A-P model parameters a and b are summarized in Table 2. Parameter 
a vary from 0.103 in Hefei to 0.225 in Lijiang (averaged 0.137, SD = 0.031), b vary 
from 0.550 in Chengdu to 0.621 in Changsha (averaged 0.579, SD = 0.017), and R2 vary 
from 0.718 to 0.915 (averaged 0.831, SD = 0.062). Obviously, parameter b is more 
stable with the lowest SD (0.017) and CV (2.858%) in the present study area, while 
parameter a show a higher variation with the CV of 22.534%. 

The values of R2 indicate that the linear function gave goodness of fit on the 
calibration data; however, some researchers studied and proposed several types of 
regression models on the corresponding calibration data at specific sites, such as, 
quadratic (Ogelman et al., 1984; Akinoglu and Ecevit, 1990), cubic (Bahel et al., 1987; 
Ertekin and Yaldiz, 2000), and logarithmic models (Newland, 1988; Ampratwum and 



Chen et al.: A general empirical model for estimation of solar radiation in Yangtze River basin 
- 1476 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1471-1482. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_14711482 
 2018, ALÖKI Kft., Budapest, Hungary 

Dorvlo, 1999). Table 2 presents the coefficient of determination of quadratic, cubic, 
logarithmic and power functions. All the regression equations give goodness of fit on 
the calibration data, with the values of R2 > 0.7. The linear A-P, quadratic and cubic 
models return quite similar values of R2 within the same station, and the cubic model is 
the best with the highest values of R2. However, it is noted that it is only slightly better. 
The logarithmic and power function even gives the worse fit than the simple linear A-P 
model. Therefore, there is no reason to choose a complex function to gain probably 
negligible accuracy at the cost of losing the simplicity and convenience of the simple A-
P model (Liu et al., 2009). 

 
Table 2. The calibrated parameters of linear model and coefficient of determination of 

quadratic, cubic, logarithmic and power functions at 14 stations in the study area 

Stations 
Linear model Quadratic Cubic Logarithmic Power function 

a b a + b R
2
 R

2
 R

2
 R

2
 R

2
 

Chengdu  0.164 0.55 0.714 0.747 0.757  0.758  0.732  0.744  

Chongqing  0.119 0.585 0.703 0.867 0.878  0.878  0.781  0.792  

Changsha  0.125 0.621 0.746 0.867 0.875  0.875  0.827  0.815  

Hefei  0.103 0.59 0.693 0.773 0.777  0.777  0.765  0.720  

Hangzhou  0.127 0.568 0.694 0.718 0.786  0.787  0.750  0.768  

Lijiang 0.225 0.576 0.801 0.873 0.874  0.875  0.831  0.946  

Nanchong 0.155 0.583 0.738 0.872 0.872  0.873  0.765  0.845  

Nanchang  0.12 0.579 0.7 0.915 0.921  0.920  0.886  0.920  

Nanjing  0.13 0.578 0.709 0.781 0.783  0.784  0.744  0.788  

Shanghai  0.158 0.565 0.723 0.872 0.873  0.872  0.849  0.860  

Wuhan  0.11 0.564 0.674 0.771 0.772  0.773  0.746  0.737  

Yichang 0.12 0.594 0.713 0.811 0.813  0.816  0.751  0.779  

Zunyi 0.131 0.58 0.711 0.895 0.918  0.918  0.781  0.807  

Guiyang  0.133 0.582 0.714 0.87 0.873  0.874  0.797  0.832  

Minimum 0.103 0.55 0.674 0.718 0.757  0.758  0.732  0.720  

Maximum 0.225 0.621 0.801 0.915 0.921  0.920  0.886  0.946  

Mean 0.137 0.579 0.717 0.831 0.841  0.841  0.786  0.811  

SD 0.031 0.017 0.03 0.062 0.057  0.056  0.046  0.066  

CV 22.53% 2.86% 4.25% 7.46% 6.76% 6.71% 5.85% 8.11% 

 
 

Relationship between the parameters and geographical information 

Generally, the A-P model parameters vary from station to station as shown in 
Table 2. To find out the relationship between the parameters and station geographical 
information, the correlation analysis is carried out and a summary is presented in 
Table 3. 

Parameters a, b, the sum a + b show very weak correlation with latitude (p > 0.05). 
While parameter a, and the sum a + b are correlated most significantly with altitude 
(r = 0.786, p = 0.0009, and r = 0.746, p = 0.0022, respectively), and less significantly 
with longitude (r = -0.532, p = 0.0403, and r = -0.535, p = 0.0486, respectively), one 
probable explanation is in that the significantly correlation between the altitude and 
longitude of the study area (r = 0.933, p = 0.00254 < 0.001). 
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Table 3. Correlation coefficients between A-P model parameters and geographical 

information 

Geographical information a b a + b 

Latitude -0.346 0.246 0.485 

Longitude -0.532* -0.009 -0.535* 

Altitude 0.786** 0.096 0.746** 

*Significant at 0.05 significance level 
**Significant at 0.01 significance level 

 
 
Parameter a represents the overall atmospheric transmission for total cloud 

conditions, and the sum a + b denotes the overall atmospheric transmission under clear 
sky conditions (Podesta et al., 2004). The correlations indicate a general increasing 
trend for a and the sum a + b as the altitude increasing from east to west in the study 
area, indicating that the highland western area tends to have more clear days than the 
lowland eastern area, this maybe the effect of reduced air mass and shorter path length 
at the high altitude (Liu et al., 2009). 

 
Estimating A-P model parameters using the geographical information 

The significant correlations are important in increasing the availability of A-P model 
parameters without the need for calibration. Parameters a, and sum a + b correlate most 
significantly with altitude (Table 3), based on these correlations, we propose equations 
relating A-P model parameters to the most dominant factor (altitude). The regression 
functions between parameters a, sum a + b and altitude are given below (Eqs. 10-11), 
respectively. 

 
 54 10 0.1221a Altitude

    (Eq.10) 
 
 53 10 0.7025sum Altitude

    (Eq.11) 
 

where altitude is the elevation of the station in m, sum is the sum of parameter a and b. 
Consequently, the determination equation (Eq. 12) of parameter b is calculated by 
subtracting Equation10 from Equation11: 
 

 510 0.5804b Altitude
    (Eq.12) 

 
The A-P model parameters estimated by the corresponding model and the 

performances are listed in Table 4. Overall, all the models give good performances with 
RMSE ≤ 0.02 and RRMSE < 14%; better performances are found in estimation of sum 
a + b and b, with the absolute e% < 6%, and < 7%, RMSE of 0.020, and 0.017, RRMSE 
of 2.76%, and 2.92%, respectively; while the RMSE of 0.019 and RRMSE of 13.54% in 
estimation of parameter a. Obviously, the mean of estimated parameters a, b, and sum 
a + b are nearly identical to those of calibrated parameters (Tables 4 and 2), with the 
slightly differences of 0.001, 0.003, and 0.002, respectively. The estimated parameter a 
are much lower than the suggested values by Ångström and Prescott (Chen and Li, 
2013), Page (1961) and FAO (Allen et al., 1998), while parameter b are larger. 
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Table 4. The estimated A-P model parameters at 14 stations in the study area 

Stations a e% b e% a + b e% 

Chengdu 0.142 -13.05 0.575 4.65 0.718 0.59 

Chongqing 0.132 11.78 0.578 -1.18 0.710 1.01 

Changsha 0.125 -0.38 0.580 -6.63 0.705 -5.58 

Hefei 0.123 19.75 0.580 -1.61 0.703 1.57 

Hangzhou 0.124 -2.15 0.580 2.20 0.704 1.41 

Lijiang 0.218 -3.26 0.556 -3.41 0.774 -3.37 

Nanchong 0.134 -13.25 0.577 -0.94 0.712 -3.53 

Nanchang 0.124 2.97 0.580 0.13 0.704 0.62 

Nanjing 0.122 -6.09 0.580 0.35 0.703 -0.84 

Shanghai 0.122 -22.79 0.580 2.77 0.703 -2.82 

Wuhan 0.123 11.63 0.580 2.92 0.703 4.35 

Yichang 0.127 6.36 0.579 -2.45 0.706 -0.97 

Zunyi 0.156 18.98 0.572 -1.42 0.728 2.34 

Guiyang 0.165 24.57 0.570 -2.09 0.735 2.86 

Mean 0.138 2.505 0.576 -0.479 0.715 -0.170 

RMSE 0.019 – 0.017 – 0.020 – 

RRMSE 13.54% – 2.92% – 2.76% – 

 
 

Estimating solar radiation using the estimated parameters 

The A-P model with the parameters a determined by Equation 10, and b by 
Equation 12 is consequently used to estimate solar radiation and the performance is 
presented in Figure 2. Overall, it gives good estimation performance with 
RMSE < 1.7 MJ m-2 (averaged 1.182 MJ m-2), RRMSE < 20% (averaged 11.48%) and 
R2 > 0.89 (averaged 0.940). There is a substantially good agreement between estimated 
and observed values as shown in Figure 2, where the points tend to line up around the 
1:1 line, indicating that the observed solar radiation are close to the estimated. 

Yangtze River basin is one of the major grain production areas of China and hence 
the eco-environmental models and crop growth simulation are widely studied. 
Therefore, solar radiation estimation using these measured meteorological variables is 
of vital importance and significance. Some works have reported the validation of the 
existing solar radiation in Yangtze River basin. Chen et al. (2004) introduced a new 
model using ambient temperature and A-P model at 10 sites in Yangtze River basin. 
While the new model was reported to give similar fit with A-P model at Nanchang 
station (Wu et al., 2007). In another work, Chen et al. (2006) modified the A-P model at 
10 sites in Yangtze River basin. Comparing our general model with their site-specific 
models, the model give similar performance at most sties in Yangtze River basin, 
suggesting that the general model have great potential practical applications in 
agriculture, environment and ecology. 
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Figure 2. Scatter plots of the observed vs. estimated radiation at 14 stations in Yangtze River 

basin 

Conclusion 

Solar radiation is an essential and important variable to many simulation models. 
Ångström-Prescott model is widely used to estimate solar radiation when it is not 
readily available. The commonly used modifications to the Ångström-Prescott model, 
including the linear, second and cubic regression equations, give very similar goodness 
of fit and accuracy. Therefore, the simple Ångström-Prescott model is recommended in 
Yangtze River basin in China, due to its greater simplicity and convenience. Parameter 
a, sum a + b correlate significantly with altitude. The deterministic equations for 
parameters a and b are given, and good estimation accuracy are obtained. Consequently, 
the Ångström-Prescott model with the parameters by corresponding deterministic 
equations is evaluated. Overall, it gives good estimation performance according to the 
performance indicators of root mean square error, relative root mean square error, 
coefficient of determination. Therefore, it is recommended to use these equations to 
determine the corresponding parameters in Yangtze River basin in China, and it is 
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believed particularly useful for the site where no observation of solar radiation data is 
available for calibration. Besides sunshine duration, air temperature, relative humidity, 
precipitation and atmospheric pressure are also routinely measured. Many works have 
shown that models using these meteorological variables in combination with sunshine 
duration significantly outperformed models using sunshine duration alone (Trabea and 
Shaltout, 2000; Liu et al., 2012). Thus, future work will investigate the potential of 
models using more combination of meteorological variables to increase the reliability of 
the general model. 
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Abstract. The detrimental effects of global warming on vegetation have been mathematically modelled 
with the application of Daisyworld. Daisyworld models explain the interaction between life and the 
physical environment. Daisyworld helps to describe the adaptive mechanisms for two plant species of 
daisy populations; namely black and white daisies. An environmental condition that affects the daisy 
growth rate is the Earth’s surface temperature. This study aims to modify the Daisyworld equations by 
incorporating global warming factors into the model. The factors include ice-albedo feedback and 
greenhouse gases. Three different scenarios are examined, the ice-albedo feedback, greenhouse gases and 
a combination of ice-albedo feedback and greenhouse gases. In addition, greenhouse gases are considered 
with the differentiations of CO2. The numerical results compare the relationship between the planet 
temperature and fractional area of black and white daisies on the Earth’s surface among the three 
scenarios. Under the scenario of applying both ice-albedo feedback and greenhouse gases, the results 
illustrate that as the Earth’s average temperature increases, the plant species become more vulnerable to 
extinction. 
Keywords: Daisyworld, global warming, ice-albedo feedback, greenhouse gases, CO2, daisy extinction, 

planet temperature 

Introduction 

The current state of the Earth’s climate has changed dramatically because of global 
warming (Viola, 2010). Global warming refers to the increase of temperature of the 
Earth, having adverse effects on both societies and the ecosystem. The main cause of 
this phenomenon is human induced. Especially the release of greenhouse gases into 
the atmosphere through the burning of fossil fuels such as coal, oil and natural gas for 
energy production. This, coupled with large-scale deforestation, creates the 
greenhouse effect. Greenhouse gases absorb heat energy reflected from the Earth back 
into the atmosphere storing some heat within the Earth’s atmosphere. The major 
greenhouse gases are water vapour, carbon dioxide (CO2), methane (CH4), nitrous 
oxide (N2O), chlorofluorocarbons (CFCs), and sulfur hexafluoride (SF6). These gases 
originate from processes conducted at industrial factories, electrical industry and the 
transportation sector. The effect of global warming leads to the melting of icebergs, 
rising sea level and more frequent/violent meteorological events (Viola, 2010; Wang 
and Chameides, 2005). 
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As mentioned above, greenhouse gases are influential factors on global warming. Of 
the many different greenhouse gases, a large focus has been placed on CO2. Since the 
industrial revolution, the amount of CO2 in the atmosphere has significantly increased 
(NOAA Climate.gov, 2017). An extensive amount of fossil fuels has been burned each 
decade following the industrial revolution. The overall affect is copious amounts of CO2 
being released into the Earth’s atmosphere. Before the industrial revolution, the 
atmospheric concentration of CO2 was about 280 ppm. When a continual observation 
began at Mauna Loa in 1958, CO2 concentration was roughly 316 ppm. In 2013, the 
daily average concentration of CO2 measured at Mauna Loa surpassed 400 ppm. Since 
then, the monthly average of carbon dioxide levels has periodically exceeded 400 ppm, 
as shown in Figure 1 (NOAA Climate.gov, 2017). 

 

 
Figure 1. Concentrations of carbon dioxide in Earth’s atmosphere have risen rapidly since  

measurements began nearly 60 years ago, climbing from 316 parts per million (ppm) in 1958 to 

more than 400 ppm today. SCRIPPS INSTITUTION OF OCEANOGRAPHY (Jones, 2017) 

 
 
Furthermore, another factor which affects the global temperature change is ice-

albedo feedback. The factor describes the climatic process of changing ice coverage. 
The occurrence of this phenomenon is due to ice having a higher albedo than either land 
or water surfaces. This means that it reflects more of the solar radiation, lessens the 
effect caused by surface warming, refrigerates the surface temperature and induces the 
formation of ice. Hence, as global ice cover decreases due to ice melting, the reflectivity 
of Earth’s surface decreases accordingly. The more incoming solar radiation absorbed 
by the surface, the more the surface temperature increases, causing ice to melt and 
escalating the average temperature of the Earth (Mcgehee and Widiasih, 2012). 

Global warming attributes to the rise of the average temperature of the Earth’s 
atmosphere through many factors (Viola, 2010; Wang and Chameides, 2005). Using the 
mathematical model Daisyworld, factors ascribed to the global warming phenomenon 
can be studied within a planetary system. This model is a tool in describing and 
analyzing the fundamental processes of the global climate and terrestrial biosphere. A 
zero-dimensional Daisyworld model (known as the original model) was presented by 
Watson and Lovelock in 1983. The model proposes that the planet behaves as a self-
regulating super-organism, in which the biotic and abiotic environment interact and 
adapt to potential changes to continue their existence (Barnsley, 2007; Dyke, 2008). 
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Watson and Lovelock first presented Daisyworld in 1983 as an imaginary planet 
illuminated by the distant sun. The imaginary planet size is defined to represent the size 
of Earth. The atmospheric greenhouse gases are assumed to remain constant; therefore, 
the greenhouse effect of the planet does not change. The results have summarized that 
the planet is warmed by radiation from the sun. Moreover, it has been described as a 
consequence of life in a changing environment on the planet, concluding that the 
environment is related to life. Hence, life and environment are studied as two 
components in a coupled system. The environment is expressed by the global and local 
temperature of the planet. In which temperature depends on the albedo of the planet 
surface and the amount of incident luminosity from the sun. The albedo is the fraction 
of the solar radiation which reflects from the surface of the planet back to space. While 
the solar luminosity is the total output power of the sun radiating back to space. The 
changing of solar luminosity acts as an external factor in the Daisyworld model. In this 
regard, life is represented by two inhabitants of daisy population, consisting of the black 
and the white daisy. The black daisies reflect less light but absorb more solar radiation 
than the bare ground. In contrast, the white daisies reflect lighter but absorb less solar 
radiation than the bare ground. The growth rate of the black and white daisies depends 
on local temperature. The Daisyworld model also covers bare ground (Barnsley, 2007; 
Watson and Lovelock, 1983; Adams et al., 2003). 

There are several studies that have researched the extensions of the zero-dimensional 
Daisyworld model by Watson and Lovelock (1983). Saunders (1994) shows how 
regulation can arise without natural selection through the application of the Daisyworld 
model. Lenton and Lovelock (2000) suggested that constraints on adaptation are an 
important part of a self-regulating planetary system. Cohen and Rich (2000) introduced 
interspecific competition into the growth equations of Daisyworld, which explains the 
interaction between the daisy populations. Boyle et al. (2011) proposed the impact on 
environmental variables and the physiological effects of symbiosis, which promotes 
homeostasis of the planet. Weaver and Dyke (2012) explain the original model of 
environmental self-regulation, which changes in insolation, and self-organisation of life 
as an important separation of timescales. Zeng et al. (1990) studied life and 
environment, investigating interactions to evaluate the existence of periodic and chaotic 
properties of the model. Rueangphankun et al. (2016a) describes the interaction between 
life and environment in the Daisyworld model, considering both snow and green daisies 
within the model. Nevison et al. (1999) modified the original model by the addition of a 
differential equation for temperature. This lead to periodic shifts of temperature within 
the model. Salazar and Poveda (2009) extended the model of Nevison et al. (1999) by 
incorporating the hydrological cycle and clouds as model parameters. Rueangphankun 
et al. (2016b) studied the numerical simulation of global environment in different 
scenarios of solar luminosity. Furthermore, there are also some researchers who 
modified the Daisyworld model of Watson and Lovelock (1983) to one-dimensional and 
two-dimensional aspects (Adams et al., 2003; Ackland et al., 2003; Biton and Gildor, 
2012; Punithan et al., 2012). 

The following studies describe how the Daisyworld model considers the greenhouse 
gas effect on the average temperature of Earth’s atmosphere. Svirezhev and Bloh (1998) 
introduced a zero-dimensional climate-vegetation model containing a global carbon 
cycle and suggesting a new model by adding the hydrological cycle. The model 
describes the interaction between climate and biosphere parameters. Viola et al. (2013) 
explains global warming by adding greenhouse gases in the analysis, and considers 
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climate variability using a sinusoidal variation of solar luminosity. Paiva et al. (2014) 
propose a model describing global warming with the inclusion of greenhouse gas 
emission and absorption rates. Alberti et al. (2015) examined a modified version of the 
Daisyworld model which includes spatial dependency, variable heat diffusivity and the 
greenhouse effect by means of a grayness function. 

However, there have been few studies using the Daisyworld model to describe the 
effects of ice-albedo feedback on global temperature. Although the ice-albedo feedback 
has not been applied to the Daisyworld model, there are still researchers interested in 
this topic. Fraedrich (1979) shows an analysis of qualitative aspects of the global 
climate system with ice-albedo feedback and the greenhouse effect. Winton (2008) 
evaluates the potential of the sea ice-albedo feedback and nonlinearity of Arctic climate 
change. Mcgehee and Widiasih (2012) investigate an approximation of Budyko’s ice-
albedo feedback model and give a simple explanation for the invariant manifold. 

The objective of this study aims to modify the Daisyworld model based on the idea 
of how global warming is influenced by ice-albedo feedback and the greenhouse gases. 
In this study, the interaction between the organisms and the physical environment of the 
planet under the influence of global warming factors is investigated. The environment is 
represented by the temperature of the planet, and the organisms are represented by the 
black and the white daisies populations. As previously mentioned, the Daisyworld 
model has not been used to establish a relationship between ice-albedo feedback and 
global warming. Researchers have mainly focused on using Daisyworld to establish a 
relationship between greenhouse gases and global warming. The model in this paper is 
divided into three different scenarios. Each scenario considers the exclusion and 
inclusion of organisms. In the first scenario, a model using only ice-albedo feedback is 
built, as it has been linked to global warming. The second scenario focuses on the 
relationship between CO2 emissions and global warming. For this particular scenario, 
the quantification of CO2 levels in the atmosphere is divided into three mathematical 
expressions: constant value, linear increase and a sine function variation over a linear 
increase. The final scenario incorporates both the ice-albedo feedback and CO2 levels 
into the Daisyworld model. The temperature results of the planet from the three 
different model scenarios are compared. 

This article is managed as follows: Section 2 explains the Daisyworld model. In 
Section 3 describes the modified Daisyworld model of a scenario only using the ice-
albedo feedback, a scenario only using CO2 levels and a scenario with both ice-albedo 
feedback and CO2. In Section 4, the results and discussion of this work are illustrated. 
Lastly, Section 5 presents conclusions. 

Daisyworld model 

The original Daisyworld model represents life by daisy populations. The planet is 
populated by both a black and white daisy species. The daisy population is related to 
the change of area within the planet. The area of change is dependent on the growth 
and decay of each daisy species. This change in area influences the covered and 
uncovered areas (Fig. 2). The model represents both the growth and decay of each 
species population. Thus, the area changes of both daisy species can be defined by 
the following differential equations (Eqs. 1 and 2; Barnsley, 2007; Watson and 
Lovelock, 1983): 
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 bgb

b

dt

d
 (Eq.1) 

 

  
 wgw

w

dt

d
 (Eq.2) 

 
where αb and αw are the areas covered by the black and white daisies, respectively. βb 
and βw are the growth rates per unit time and unit area of the black and white daisies, 
respectively, γ is the death rate per unit time of the daisies. The variable αg is the area of 
bare ground in an original model represented by (Eq. 3): 

 
 wbg  1  (Eq.3) 

 
Hence, the total area covered by the bare ground and both types of daisies is equal to 

1, as follows (Eq. 4; Watson and Lovelock, 1983): 
 
 1 wbg   (Eq.4) 

 

 
Figure 2. Basic growth model used in Daisyworld 

 
 
The growth rates of the black and white daisies are assumed to be a parabolic 

function of local temperature (Fig. 3), as follows (Eqs. 5 and 6; Watson and Lovelock, 
1983): 

 

  21 bb TC    (Eq.5) 

 

  21 ww TC    (Eq.6) 

 
where Tb and Tw are the local temperatures over the areas covered by the black and 
white daisy species, respectively. C is equal to 1/(17.5)2 while the optimal growth 
temperature, δ, is equal to 22.5 °C. The parabolic function is zero when the local 
temperature is equal to 5 °C and 40 °C (Fig. 3). This means the daisy population 
stops growing and has a maximum value of one when the local temperature equals 
22.5 °C. According to these results, the optimal temperature for daisy population 
growth is 22.5 °C. 
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Figure 3. Relationship between the growth rate of the daisies and local temperature of each 

species 

 
 
The local temperature of an area covered by either species of the daisies can be 

expressed as (Eqs. 7 and 8; Watson and Lovelock, 1983): 
 

   44
TAAqT blb   (Eq.7) 

 

   44
TAAqT wlw   (Eq.8) 

 
where Al, Ab and Aw are the albedos of land, the black and the white daisies, 
respectively, q, a positive constant, expresses the degree to which solar energy, after 
having been absorbed by the planet, T is the temperature of the planet in Daisyworld. 
From Equations 7 and 8, the local temperature for black and white daisy species can be 
simplified with little error. Using a linear approximation from Taylor’s theorem, 
Equations 7 and 8 can be expressed as (Eq. 9 and 10; Watson and Lovelock, 1983): 

 
   TAAqT blb   (Eq.9) 

 
   TAAqT wlw   (Eq.10) 

 

where .4/ 3
Tqq   The error introduced by this approximation is normally less than 

2 °C for the temperature of interest. The albedo of the original Daisyworld varies as a 
function of the fraction of land or the planet surface covered by bare ground, the black 
and the white daisies, as well as their respective albedo values (Barnsley, 2007). All of 
the albedo values are between 0 and 1. An albedo of 0 is a perfect absorber of light 
while 1 is a perfect reflector of light. The albedo of land, Al, of the original model can 
be defined as follows (Eq. 11; Watson and Lovelock, 1983): 

 
 

wwbbggl AAAA    (Eq.11) 

 
And Ab < Ag < Aw, where Ag is the albedo of bare ground. Watson and Lovelock 

(1983) described the temperature of Daisyworld by absorption and emission of radiation 
on the planet. It can be defined as follows (Eq. 12): 
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  lsa ASLTe  14  (Eq.12) 

 
where esa is the effective emissivity, S is the solar flux constant, L is the solar luminosity 
and σ is the Stefan-Boltzmann constant. Emissivity is a dimensionless number that 
ranges from 0 to 1. The original model of Watson and Lovelock (1983) defined esa = 1. 
Nevison et al. (1999) have replaced Equation 12 with an ODE for the planet 
temperature, T, which allows T to be represented in an unsteady state. The ODE can be 
written as (Eq. 13): 

 

   41 TeASL
dt

dT
c sal   (Eq.13) 

 
where c is the average heat capacity of the planet. The result of the Daisyworld model 
of Nevison et al. (1999) in Equation13 causes self-sustained temperature oscillations 
that are closely coupled to oscillations in both species of daisy populations (Fig. 4). 

 

  
a b 

Figure 4. The Daisyworld model response (Nevison et al., 1999). (a) Area fraction of the black 

and the white daisies; (b) temperature of Daisyworld 

A modified Daisyworld model 

A modified Daisyworld model is developed by adding ice-albedo feedback and 
greenhouse gases into the Daisyworld model. There are three different scenarios 
including ice-albedo feedback, greenhouse gases and a combination of ice-albedo 
feedback and greenhouse gases. The detail of a modified Daisyworld model is shown in 
the following sections. 

 
A modified Daisyworld model with ice-albedo feedback 

The ice-albedo feedback scenario was applied to the Daisyworld model. In the 
model, the surface of the planet is divided into two parts, a fraction of land consisting of 
bare ground/ black and white daisies and a fraction of melting ice. Both fractions are 
represented by f and 1 – f, respectively. The model assumes that each daisy species 
cannot grow in a fraction of melting ice. Thus, the total area covered by the bare ground 
and both species of daisy from Equation 4 can be rewritten as Equation 14 and a 
fraction of melting ice, αm, can be defined as Equation 15, respectively. 
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 fwbg    (Eq.14) 

 
 fm 1  (Eq.15) 

 
Therefore, the albedo of the planet in this situation depends on the fractions of land 

and melting ice, as defined by (Eq. 16): 
 
   mlml AffAA  1,  (Eq.16) 

 
Where Al follows Equation 11 and 2

bTaAm   is an ice-albedo feedback 

introduced to link variations in the planets temperature, a and b = 10-5 K-2 represent the 
magnitudes of the ice-albedo feedback parameters. Therefore, the ODE in Equation 13 
becomes (Eq. 17): 

 

   4
,1

1
TeASL

cdt

dT
saml   (Eq.17) 

 
In this situation, the effective emissivity is defined by assa eee  , where se  is 

surface emissivity and ae  is the atmospheric emittance (Fraedrich, 1979). In this work, 

it is defined as a = 1.4 and .8.0sae  
 

A modified Daisyworld model with greenhouse effect 

This section presents greenhouse effect as a temperature dependent feedback for 
atmospheric emittance, ea, is expressed as (Eq. 18): 

 

 2
kTee ca   (Eq.18) 

 
where   tc ce  2COln0235.0  (Bryson and Dittberner, 1976) is formulation for carbon 

dioxide emittance in the atmosphere, (CO2 in ppm) and k  is the greenhouse effect 
coefficient. In this condition, Equation 18 is added into the basic ODE in Equation 13 
and there is no ice albedo feedback which leads to (Eq. 19): 

 

   641
1

TkTeASL
cdt

dT
scl    (Eq.19) 

 

where cssc eee   (Fraedrich, 1979). Here, 7 27 10 Kk
    and tc  = 0. For the 

greenhouse gas effect, CO2 is divided into three situations; constant value, linear 
increase and a sine function variation over a linear increase.  
 
Constant CO2 

In the first incident with greenhouse effect, CO2 in the planet’s atmosphere is 
assumed to remain constant. Thus, a constant value situation is considered as (Eq. 20): 
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 ppm400CO2   (Eq.20) 
 

Linear increase of CO2 

According to (Kahn, 2017), human activities have committed a massive amount of 
CO2 to the atmosphere. It has driven CO2 levels to record highs year after year. He 
found that globally averaged concentrations of CO2 have a rate of increasing about 3 
ppm per year from 2015 to present. To represent annual rates of CO2 increases in the 
atmosphere, linear increasing function is defined as 3 ppm per year for indicating the 
behavior of CO2 (Fig. 5a). The equation can be expressed as (Eq. 21): 

 

 ppmt3400CO2   (Eq.21) 
 

A sine function variation over a linear increase of CO2 

Under this event, the fluctuation of atmospheric CO2 will not increase at a linear rate 
but have a tendency to increase continuously (Fig. 5b). The sine function has been 
incorporated into Equation 21. Therefore, the instantiation of sine function variation 
over a linear increase is determined as (Eq. 22): 

 

    ppmBtAt sin3400CO2   (Eq.22) 
 

where the value of A and B refer to amplitude and time, respectively. 
 

  
a b 

Figure 5. A different of increasing of the CO2 concentration in the atmosphere. (a) Linear 

increase; (b) a sine function variation over a linear increase 

 
 

A modified Daisyworld model with ice-albedo feedback and greenhouse effect 

The final model scenario suggests a combination of ice-albedo feedback and CO2 
levels. According to Equation 13, the following equation can be expressed as (Eq. 23; 

Fraedrich, 1979): 
 

   64
,1

1
TkTeASL

cdt

dT
scml    (Eq.23) 
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Results and discussion 

Euler’s method is used to connect with an iterative process to simulate three different 
scenarios: ice-albedo feedback; CO2 levels; and a combination of ice-albedo feedback 
and CO2 levels. Each of the above scenarios are considered as including or excluding 
organisms. The CO2 levels are divided into three parts: constant value, linear increase 
and a sine function variation over a linear increase. The values of the parameters for 
each modelled scenario is shown in Table 1. 

 
Table 1. Parameter values of Daisyworld model 

Symbol Parameter value Unit Source of information 

gA
 

0.5 Dimensionless (Watson and Lovelock, 1983) 

bA
 

0.25 Dimensionless (Watson and Lovelock, 1983) 

wA
 

0.75 Dimensionless (Watson and Lovelock, 1983) 


 0.3 Dimensionless (Watson and Lovelock, 1983) 

q 
 

20 K (Watson and Lovelock, 1983) 

  1789 412 Kyrcmerg  
 

(Nevison et al., 1999) 

S  
131089.2   

12 yrcmerg  
 

(Nevison et al., 1999) 

L  1 dimensionless (Watson and Lovelock, 1983) 

c  
13103  

12 Kcmerg  
 

(Nevison et al., 1999) 

q
 

91006.2   
4K  (Paiva et al., 2014) 

 
 

Ice-albedo feedback 

In the situation of ice-albedo feedback, the consequences of the model including 
and excluding the daisies represents the temperature of the planet including and 
excluding organisms. Figure 6 displays the temperature of the planet excluding the 
daisies. The resulting plot for a planet without organisms indicates that the planet’s 
temperature begins at 22.5 °C and increases rapidly to 105 °C under a timeframe of 
600 years. After 600 years, the temperature of the planet only slightly varies. After 
reaching 110 °C at 800 years, the planets temperature no longer changes. The model 
including black and white daisy species (i.e. organisms) was initially set to f = 0.9. 
Whereby the value of f represents the fraction of bare surface and daisy species 
coverage (Fig. 7). The fraction that equals 0.1 represents the melting of ice, 1-f, as a 
result of ice-albedo feedback. Also, Figure 7a presents the fractional areas covered by 
the black and the white daisy species on the planet. While Figure 7b represents the 
temperature of Daisyworld due to ice-albedo feedback and the interaction between 
two species of daisy populations as in Figure 7a. The interaction confines the 
temperature values within a reasonable range for life continuation. The increase of the 
white daisies is more evident as the planet’s average temperature decreases. The 
increase of black daisies is more evident as the average temperature of the planet 
increases. The modelled results of f = 0.9 for average planet temperature ranged 
between a minimum value of 17.5 °C and a maximum value of 26.5 °C. 

The Daisyworld model was also set to f = 0.8 for the representation of bare surface 
along with black and white daisy species (Fig. 8). Figure 8a illustrates the change in 
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black and white daisy populations overtime, while Figure 8b shows the temperature of 
the planet over the same temporal scale. The results show that the planet’s maximum 
temperature value was 25 °C during the first two decades and then falls to a minimum 
value of 18.5 °C in the following 580 years. After 200 years, there is only a minute 
change in the planet’s temperature. The fraction of light area for each daisy population 
begins at 0.01 (Fig. 8a). In a short period of time white daisies are shown to grow 
almost instantaneously. At around 0.7, the growth of white daisies becomes stagnant. 
During the growth of white daisies, black daisy population dramatically decreases. 
Eventually becoming stagnant along with the white daisy population. 

Figures 9-11 illustrate models representing ice-albedo feedback with different 
fractional values; f = 0.7, 0.6 and 0.5, respectively. The consequence for f = 0.7 in 
Figure 9 elucidates that the initial temperature of the planet is 22.5 °C. The temperature 
increases to 25 °C and subsequently declines to a steady state of 21 °C at 400 years. 
Similar to the previous model where ice-albedo feedback is set at f = 0.8, the white 
daisy population under f = 0.7 grows increasingly fast, from 0.01 – 0.7, over a short 
period of time (Fig. 9). The population growth for white daisies becomes stagnant, 
hovering around 0.7 after 50 years. Similarly, the black daisy population decreases 
quickly, from 0.3 to 0.0, over a short period of time. The population eventually dies out 
after 50 years. There is a similar outcome to the model representing ice-albedo feedback 
at a value of f = 0.6. A sharp increase is illustrated by the white daisy population under a 
short period of time, while there is a sharp decrease in black daisy population over a 
short period of time. Both populations taper off into a steady state of no growth after 50 
years (Fig. 10). The model representing an ice-albedo feedback of f = 0.5 illustrates that 
the average temperature of the planet continuously increases from 22.5 °C to 36.5 °C 
over 1200 years (Fig. 11b). While the temperature gradually increases, the white daisy 
population increases sharply over the first 50 years of the simulation. After 50 years, the 
white daisies tend to decrease continuously. The black daisy population decreases from 
0.3 to 0.0 over the first 50 years of the simulation (Fig. 11a). 

Finally, Figure 12 illustrates an event of ice-albedo feedback with a fractional value 
of f = 0.4. The results show that the average temperature continuously increases from 
22.5 °C to more than 40 °C, over the first 400 years. Under this scenario, the balance 
between both daisy populations and the plant’s temperature illustrates inconsistent 
results. The decline of growth in the white daisy population occurs under a shorter 
period of time (~400 years). While the decline of black daisy population is similar to the 
former simulations (Fig. 12a). Eventually, the black daisies become extinct in a short 
period, and the white daisies go extinct after 380 years. 

Under the Daisyworld simulation excluding organisms, the average temperature of 
the planet increases continuously, eventually leveling out around 600 years. If the 
Earth’s temperature ever reached the values simulated in the first model, the daisies 
would not survive. Contrary to the simulation with organisms, the planet’s average 
temperature rises at a slower rate with the presence of black and white daisy 
populations. Black and white daisy populations alter the planet’s surface temperature. 
However, when the fraction of land decreases along with the fraction of melting ice, 
there is a noticeable increase in the planet’s average temperature. Moreover, the 
excessive increase of the planet’s temperature is due to the decrease of the fraction of 
land, inducing the extinction of life. Hence, ice-albedo feedback is an important factor 
to engender global warming. 
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Figure 6. Temperature of the planet without organisms for ice-albedo feedback 

 
 

  
a b 

Figure 7. Model including organisms for ice-albedo feedback where f = 0.9. (a) Area fraction 

of the black and the white daisies; (b) temperature of Daisyworld 

 
 

  
a b 

Figure 8. Model including organisms for ice-albedo feedback where f = 0.8. (a) Area fraction 

of the black and the white daisies; (b) temperature of Daisyworld 
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a b 

Figure 9. Model including organisms for ice-albedo feedback where f = 0.7. (a) Area fraction 

of the black and the white daisies; (b) temperature of Daisyworld 

 
 

  
a b 

Figure 10. Model including organisms for ice-albedo feedback where f = 0.6. (a) Area fraction 

of the black and the white daisies; (b) temperature of Daisyworld 

 
 

  
a b 

Figure 11. Model including organisms for ice-albedo feedback where f = 0.5. (a) Area fraction 

of the black and the white daisies; (b) temperature of Daisyworld 
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a b 

Figure 12. Model including organisms for ice-albedo feedback where f = 0.4. (a) Area fraction 

of the black and the white daisies; (b) temperature of Daisyworld 

 
 

Greenhouse effect 

Greenhouse gases are represented as CO2 for the simulation of greenhouse effect on 
the planet’s average temperature. The model in this section both incorporates the 
inclusion and exclusion of organisms. Firstly, the comparison of the planet’s average 
temperature with respect to the absence of organisms and the effect of CO2 levels in the 
planet’s atmosphere have been simulated (Fig. 13). Figures 13a, b and c present three 
mathematical expressions for determining the planet’s average temperature under the 
effects of CO2: a constant value, linear increase and sine function variation over a linear 
increase. Each simulation begins with an average temperature of 22.5 °C, gradually 
increasing overtime (Fig. 13). Under the scenario where CO2 is modelled with a 
constant value, the average temperature increases sharply within the first 250 years. 
Eventually leveling out at 45 °C (Fig. 13a). For scenario two, representing a linear 
increase, the average temperature sharply increases within the first 250 years. The 
temperature slightly increases and eventually levels off around 50 °C over the following 
950 years (Fig. 13b). Under the last scenario, representing a sine function over a linear 
increase, the results illustrate similarities with the second scenario. However, the 
variability in CO2 for scenario three creates an instability in the rise of temperature. 
Over the first 200 years, the temperature sharply rises to 45 °C. Afterwards, the 
temperature gradually rises to 50 °C over the following 1000 years (Fig. 13c). After 
comparing all three mathematical expressions for CO2 levels, it is found that the 
average global temperature in Figures 13b and c are higher than in Figure 13a. 

A scenario in which organisms are present within the CO2 model have been 
simulated (Fig. 14). The simulated results illustrate that both black and white daisy 
populations fluctuate under the shifts in average planet temperature (Fig. 14a, b). The 
fluctuation of black and white daisy populations is similar to the results in Figure 7. The 
varied species of daisy react to the differences in temperature. As temperature rises, 
black daisy population increases. As temperatures decrease, white daisy population 
increases. Since the white daisies have a high albedo, the average temperature of the 
planet decreases. Thus, giving rise to the black daisy population. Black daisies have a 
lower albedo; the average temperature of the planet increases. As the average 
temperature of the planet decreases, there is an increase in white daisy population. 
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a 

  
b c 

Figure 13. Temperature of the planet without organisms for greenhouse effect with different 

CO2 values. (a) Constant value; (b) linear increase; (c) a sine function variation over a linear 

increase 

 
 

  
a b 

Figure 14. Model including organisms for greenhouse effect with constant CO2. (a) Area 

fraction of the black and the white daisies; (b) temperature of Daisyworld 

 
 

The maximum average temperature of the planet was 30 °C, while the average 
minimum temperature was 16 °C. Modelling CO2 in a linear increase fashion (Fig. 15) 
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corresponds with an increase in white daisy population and a decrease in black daisy 
population. The average temperature of the planet has a maximum value of 26 °C and a 
minimum value of 17 °C in the first 400 years. After 400 years, the effect of CO2 levels 
influences the differences in average temperature by 2 °C. The maximum average 
temperature during this timeframe is 21 °C while the minimum average temperature is 
19 °C. Under these conditions, the white daisy population proliferates while the black 
daisy population struggles to increase at any rate (Fig. 15). Overtime and due to the 
slow rise in CO2 levels, the black daisy population will become extinct. The final CO2 
scenario presents a model of CO2 levels fitted to a sine function variation over a linear 
increase (Fig. 16). The outcome of results illustrates a resemblance to the second 
scenario, in that the variation of daisy population and average temperature are similar 
over the temporal scale. Although, the average maximum temperature for the first 400 
years is 27.5 °C, higher than the results of the second CO2 scenario (Fig. 16). 

 

  
a b 

Figure 15. Model including organisms for greenhouse effect with linear increase of CO2. (a) 

Area fraction of the black and the white daisies; (b) temperature of Daisyworld 

 
 

  
a b 

Figure 16. Model including organisms for greenhouse effect with a sine function variation over 

a linear increase of CO2. (a) Area fraction of the black and the white daisies; (b) temperature of 

Daisyworld 
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Under the scenario where there are no organisms present on the planet and CO2 is 
subjected to three different mathematical expressions, the average temperature sharply 
increases for the first 200 years and steady increases thereafter for the following 1000 
years. It is evident that under the three expressions, CO2 influences the rise in average 
temperature of the planet. When the planet is inhabited by white and black daisies, the 
different species influence the fluctuation of the planet’s average temperature. The 
average temperatures are influenced by the adjustments of each species. However, the 
influence of CO2 also impacts the average temperature overtime. Thus, forcing one 
species to become extinct while the other proliferates. The species in this situation is the 
white daisy. The white daisy can tolerate higher temperatures. While the black daisy 
species has a higher tolerance for lower temperature environments. 

 
Ice-albedo feedback and greenhouse effect 

The final scenario proposes an incident where the combination of ice-albedo 
feedback and greenhouse effect (CO2 levels) are simulated within the model. As in the 
previous scenario, CO2 levels are projected under the three mathematical expressions; 
constant value, linear increase and a sine function variation over a linear increase. The 
first model considers the average temperature of the planet without the existence of 
organisms. The initial average temperature of the planet is recorded at 22.5 °C for all 
three mathematical expressions. The average temperature under the first mathematical 
expression gradually rises to 132 °C, at which the temperature reaches a steady state 
after 1060 years (Fig. 17a). The average temperature of the second and third 
mathematical expression levels out at 160 °C after 1200 years (Fig. 17b, c). The 
characteristic of average temperature for the three mathematical expressions in this 
scenario are very similar to that of the scenario representing just CO2 levels and 
excluding the presence of organisms. 

The second model considers an instance where organisms are present on the planet 
with the impact of both ice-albedo feedback and CO2 levels. Under the condition where 
f = 0.9 and CO2 levels are under a constant mathematical expression, white daisy 
population proliferates within the first 20 years. The population then levels out for the 
next 580 years (Fig. 18a). The black daisies become extinct within the first 20 years of 
the simulation. The average temperature is initially recorded at 22.5 °C but sharply 
increases to 28.5 °C within the first 20 years. After which the average temperature 
levels out at 30.5 °C for the remainder of the simulation timeframe (Fig. 18b). Where 
f = 0.8 and CO2 levels are under a constant mathematical expression, the planet’s 
average temperature exceeds 40 °C within the first 150 years (Fig. 19b). The sharp 
increase in temperature under a short period of time results in both the black and white 
daisy species to become extinct within 125 years. Albeit the white daisy population 
outlasts the black daisy population by roughly 100 years (Fig. 19a). 

The linear increase mathematical expression was applied to the CO2 levels in 
combination with ice-albedo feedback at f = 0.9 and 0.8. Where f = 0.9 there is an 
initial sharp increase of average temperature in the first 20 years. The average 
temperature then gradually rises to a maximum of 50 °C over the next 560 years (Fig. 

20b). The initial sharp increase in temperature results in the black daisy becoming 
extinct after 25 years. While the white daisy species slowly dies out and eventually 
becomes extinct after 550 years (Fig. 20a). Similarly, the mathematical expression of 
a linear increase for CO2 levels illustrated temperatures exceeding 40 °C in just under 
110 years (Fig. 21b). The subsequent effects resulted in the black daisy becoming 
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extinct after 25 years, while white daisy became extinct after 125 years (Fig. 21a). 
The white daisies existence is longer when f = 0.9 is applied to linear increase. The 
black daisy species does not fare well in either of the scenarios, becoming extinct 
within 25 years in both models. 

 

 
a 

  
b c 

Figure 17. Temperature of the planet without organisms for both ice-albedo feedback and 

greenhose effect with different CO2. (a) Constant value; (b) linear increase; (c) a sine function 

variation over a linear increase 

 
 

  
a b 

Figure 18. Model including organisms for both ice-albedo feedback and greenhouse effect 

where f = 0.9 and constant CO2. (a) Area fraction of the black and the white daisies; (b) 

temperature of Daisyworld 
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a b 

Figure 19. Model including organisms for both ice-albedo feedback and greenhouse effect 

where f = 0.8 and constant CO2. (a) Area fraction of the black and the white daisies; (b) 

temperature of Daisyworld 

 
 

  
a b 

Figure 20. Model including organisms for both ice-albedo feedback and greenhouse effect 

where f = 0.9 and linear increase of CO2. (a) Area fraction of the black and the white daisies; 

(b) temperature of Daisyworld 

 
 

  
a b 

Figure 21. Model including organisms for both ice-albedo feedback and greenhouse effect 

where f = 0.8 and linear increase of CO2. (a) Area fraction of the black and the white daisies; 

(b) temperature of Daisyworld 
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The final scenario introduces a sine function over a linear increase for modelling CO2 
levels. Two experiment cases of f = 0.9 and 0.8 are applied. The results illustrate similar 
outcomes with the previous linear function scenario. The shape of each graph is near 
identical to Figures 20 and 21. Where f = 0.9 the temperature has an initial sharp 
increase and gradually rises to 50 °C over the next 550 years (Fig. 22b). Black daisies 
become extinct after just 25 years, while white daisies become extinct after 550 years 
(Fig. 22a). The results for f = 0.8 are closely related to the linear function results for 
f = 0.8 (Fig. 23a, b). 

 

  
a b 

Figure 22. Model including organisms for both ice-albedo feedback and greenhouse effect 

where f = 0.9 and a sine function variation over a linear increase of CO2. (a) Area fraction of 

the black and the white daisies; (b) temperature of Daisyworld 

 
 

  
a b 

Figure 23. Model including organisms for both ice-albedo feedback and greenhouse effect 

where f = 0.8 and a sine function variation over a linear increase of CO2. (a) Area fraction of 

the black and the white daisies; (b) temperature of Daisyworld 

 
 
The scenarios modelled in this section focused on the impact of ice-albedo feedback 

and CO2 levels. Two different factors are also incorporated into the model, one 
representing a planet without organisms and another representing the planet with 
organisms. The model illustrated that the planet’s average temperature gradually rose 
for all three CO2 mathematical expressions and without the presence of organisms. Each 
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model exceeded livable temperatures, making the planet uninhabitable for organisms. 
The scenario incorporating organisms also resulted in situations where both the black 
and white daisy species became extinct overtime. Each species attempted to adapt to the 
average temperature but overtime each was unsuccessful and had eventually died out. 
When the fraction of land, consisting of both daisy species and bare ground, was 
decreased in the model the melting of ice area increased. This resulted in the rise of the 
planet’s average temperature. Ultimately resulting in the extinction of both species. The 
two mathematical expressions of CO2 levels having the greatest impact on rising 
average temperatures and species extinction were linear increase and sine function over 
linear increase. 

The comparison of all three scenarios in case of with and without the daisies is 
presented. Under the model without the daisies, the results of a scenarios with ice-
albedo feedback; and a combination of ice-albedo feedback and CO2 levels illustrate 
that the average temperature overtime becomes very high compared with a scenario of 
CO2 levels. All three scenarios, exceeding the point at which the daisies would survive. 
Under the model with the daisies, the results of all three scenarios show that there is an 
imbalance between daisy populations and the environment. When compare the 
interaction between the planet temperature and fractional area of black and white daisies 
on the Earth’s surface among the three scenarios, the results illustrate that as the Earth’s 
average temperature increases, the daisy species become more vulnerable to extinction 
when apply a combination of ice-albedo feedback and CO2 levels. 

Conclusions 

The Daisyworld model, developed by Nevison et al. (1999), introduces 
environmental processes and factors impacting daisy populations within a simulated 
planet. The model can be applied to evaluate the status of the Earth and to illustrate the 
projection of average global temperatures. This study has focused on the impacts of 
global warming. The specifically model scenarios based on the impact factors of ice-
albedo feedback and CO2 levels (greenhouse gas representation) are built. The two 
factors implemented in this study have been modified from the energy balance equation 
employed in the Daisyworld model. There are three scenarios describing the trend of 
average global temperature. Firstly, the ice-albedo feedback excluding and including 
organisms are modelled. The results indicated that without daisies, the average 
temperature continuously rose over the simulation duration. While the model with 
daisies illustrated less of an increase in average temperature. This is due to the fact that 
white daisy population growth reduces the planet’s average temperature. Secondly, a 
scenario on the effects of CO2 levels based on three mathematical expressions is 
developed. Under constant CO2 levels without organisms, the average temperature 
reached a steady state, lower than the ice-albedo feedback. CO2 levels increase the 
planet’s average temperature continuously the other two mathematical expressions. 
Under the models with daisies and the two expressions linear increase and sine function 
over a linear increase, the black and white daisy species fluctuated between dominance. 
The results from these two models illustrates that species type can affect the overall 
average temperature of the planet. However, it was evident that the species which could 
adapt to high temperature was the white daisy. The results illustrated that black daisy 
population were at risk of extinction due to higher average temperatures for linear 
expression and sine over a linear function expression. The final scenario incorporated 
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both the ice-albedo feedback and CO2 levels excluding and including organisms. The 
results illustrated similarities with the second scenario. Under the model without 
organisms, all three results illustrate that the average temperature overtime becomes 
very high. Exceeding the point at which organisms would survive. Under the model 
with organisms, the results illustrate that there is an imbalance between daisy 
populations and the environment. In all three situations the daisy species eventually 
become extinct from the increase in average temperature. The key factor for indicating 
rise in average global temperature for this study was the ice-albedo feedback. As the 
fraction of land decreases the ice melting area increases. The combination of both ice-
albedo feedback and CO2 levels have shown to increase the average global temperature. 
The results have illustrated factors which affect the rise in average global temperatures 
under the application of the Daisyworld model. The correspondence between the results 
of this study and situations of the world is driven firstly by the increasing of the amount 
of CO2 in the atmosphere. As a result, the average temperature increases continuously. 
Secondly, the rise in the temperature is accelerated by the ice-albedo feedback. 
However, only two global warming factors which are ice-albedo feedback and CO2 
levels are considered in this study. Various factors such as water vapor, CH4, N2O, 
CFCs and SF6 should be investigated in future study. Moreover, further experiment 
cases should be performed on how the Daisyworld model responds to other species of 
the daisies. 
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Abstract. This paper studied the Anaerobic-Anoxic-Oxic (A2/O) process of a city sewage treatment plant in 
Sichuan Province, China. We established a mathematical model of sewage treatment plant. The yield 
coefficient of heterotrophic bacteria (YH) in A2/O process was 0.65; maximum specific growth rate (uH) of 
8.6 d-1; attenuation coefficient (bH) of 3.5 d-1. Compared with the recommended values reported in the 
literature, the results showed that the yield coefficient of heterotrophic bacteria measured by this method 
was consistent with the recommended value and the maximum specific growth rate and attenuation 
coefficient were higher than the recommended value. Different water qualities of different processes and 
heterotrophic bacteria in the activity are not the same. So the determination of the results will be different. 
Using the Electrolytic Respirometer developed by Bioscience Incorporation (BI-2000), the microbial 
oxygen uptake rate (OUR) curve is more accurate, the sampling frequency is higher, the sampling point is 
more, the judgment of the logarithmic period is more accurate, the test result is more reliable and the sewage 
treatment plant of the upgrade and simulation to optimize the operation to provide a theoretical basis. 
Keywords: anaerobic-anoxic-oxic, kinetic parameters (YH, uH, bH), mathematical simulation, OUR curve 

Introduction 

A2/O Activated Sludge Process for the degradation of organic pollutants mainly rely 
on heterotrophic bacteria, the degradation process of activated sludge system mainly 
includes microbial decomposition of organic pollutants, microbial anabolism, self-
decomposition and heterotrophic microbes as the main microorganisms in the activated 
sludge system. In the mathematical model of sewage treatment, these processes can 
describe by the kinetic parameters such as the yield coefficient of heterotrophic bacteria, 
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the growth rate and the attenuation is coefficient. Therefore, it is very important to 
determine the kinetic parameters of heterotrophic bacteria. As a method recommended 
by International Water Association (IWA), respiration measurement has applied 
successfully to the determination of stoichiometry and kinetic parameters of wastewater 
(Smriga et al., 2016) and for the determination of Chemical Oxygen Demand (COD) 
components (Wu et al., 2016). 

At present, in most models such as Active Sludge Model 1 (ASM1), Active Sludge 
Model 2d (ASM2d) in the dynamic parameters of the recommended value and the 
recommended value has determined by the founder of the model software, according to 
their region of water quality and used Sewage treatment process to determine the results 
obtained. Due to differences in Chinese diet and differences in sewage treatment 
methods lead to differences in water quality components and microbial biochemical 
reaction environment. So the recommended value in the general model in China's 
application there is a certain irrational (Wu et al., 2016). 

In this experiment, the A2/O process of a city sewage of treatment plant in Sichuan 
Province is used as the research object, by using an electrolyte respirator BI-2000. It is 
determined the wastewater treatment plant yield coefficient A2/O process in 
heterotrophic bacteria and the maximum growth of the attenuation coefficient Rate, 
which provides a basis for the determination and simulation of A2/O process model 
parameters. 

Materials and methods 

The experiment was conducted using the Electrolytic Respirometer (BI-2000) 
developed by Bioscience Incorporation, USA (Fig. 1). 

 

 
Figure 1. BI-2000 electrolytic respirator 
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Because the electrolyte breathing apparatus has a higher test accuracy and test 
frequency -0.05 h can get a Biochemical Oxygen Demand (BOD). In addition, by 
improving the test frequencies in a more abundant data based on the first-order dynamic 
equation fitting and we make the test results obtained more accurate. Electrolyte 
respirator is mainly composed of 1 L reactor, electrolysis unit, CO2 trap and related 
software. It is shown in Figure 2 (Karanasios et al., 2016). The determination principle 
of “how much oxygen consumption, how much oxygen”, the electrolyte breathing 
apparatus can accurately measure the oxygen consumption of microorganisms. The 
specific steps are used to take the appropriate volume of activated sludge and raw water 
mixed in a 1L sealed reactor, the occurrence of biochemical reactions, consumption of 
oxygen and produce CO2, CO2 is loaded with 45% KOH solution of the CO2 trap to 
absorb the pressure drop in the reactor. The pressure sensor detects this pressure change 
and turns on the power of the electrolysis unit, which produces oxygen to supplement 
the oxygen consumed by the reaction process and maintains the pressure balance inside 
and outside the reactor (Yang et al., 2016). The computer calculates the oxygen 
production of the electrolysis unit based on the amount of current and the turn-on time 
during the reaction, thereby obtaining the amount of oxygen consumed by the 
microorganisms in the test. 

The solutions to configure in the test were 1 mol/L H2SO4 solution (electrolytic 
solution), 45% KOH solution (CO2 absorption solution). Before the test, first open the 
constant temperature water tank and magnetic stirrer preheat 2 h. The reactor containing 
the reaction mixture, the nitrification inhibitor ATU and the magnetic stirring rotor is 
then preheated for a period to ensure that the temperature difference between outside 
and the inside of the reactor is uniform (Yuan et al., 2016). Then a CO2 trap equipped 
with a KOH solution and a reactor equipped with dilute sulfuric acid Liquid electrolysis 
unit assembled, connected to the line, and began to record data. 

 

 
Figure 2. BI-2000 electrolyte breathing apparatus device map 
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Results 

Heterotrophic decay coefficient bH determination 

There are two main recognized microbial attenuation theory: one is the traditional 
attenuation theory; the other is the theory of death regeneration. 

Traditional attenuation theory thinks that the process of microbial attenuation in the 
process will use their internal storage of energy substances for breathing. After the 
death of microorganisms, the formation of cell residues (Xp). It does not take into 
account the decomposition of cells after death produced by other microorganisms’ 
matrix Slowly biodegradable COD (Xs) (Xu et al., 2017). The Microbial growth and 
decay process will breathe oxygen consumption. When microorganisms consume 
Readily Biodegradable COD (Ss) and Slowly biodegradable COD (Xs), there is only the 
decay process that is microbial endogenous breathing consumption of oxygen. 

The death regeneration theory suggests that the microbial attenuating part of the cell 
residue Xp, Xp is a particulate non-biodegradable organic matter and can be used no 
longer. The amount of microbial reduce is another part of the decomposition produces 
slow biodegradable organic matter Xs, Xs is hydrolyzed to produce new 
microorganisms for the growth of other microorganisms that is regeneration. When the 
matrix has consumed completely, the Ss formed by the hydrolysis of the attenuated 
product Xs become the matrix of the remaining microbial growth (Dorado et al., 2015). 
At the time the oxygen consumed is only caused by the Ss produced by this partial 
hydrolysis that is only depends on the growth of the heterotrophic bacteria. 

The mathematical expression of death regeneration theory is as follows. 
In the theory of death regeneration, the microorganisms are decomposed to form Xs; 

Xs hydrolyze to produce Ss for the growth of other microorganisms. Therefore, in the 
batch reactor, without the carbon source, microbial concentration change has expressed 
by Equation 1 (Domingo et al., 2017). 

 

 
H

H H H H

S S

dX Ss
b X u X

dt K S
     


 (Eq. 1) 

 
The process of hydrolysis of Xs is relatively slow so the hydrolysis process is a 

velocity limiting process. When no carbon source added, Ss has obtained by hydrolysis 
of Xs and expressed by Equation 2.. 

 

 (1 )
S S

H p H
dS dX

b f X
dt dt

    (Eq. 2) 

 
The ratio of the activated biomass to the cell residue Xp in the fp-death regeneration 

mode is about 0.08 (Liu et al., 2017; Pisoeiro et al., 2017). If the Ss produced by the 
hydrolysis of Xs and the Ss consumed by the microorganisms are equal (Eqs. 3-6). 
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Equation 6 into Equation 1 gets Equation 7. 
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     (Eq. 7) 

 
When the t = 0, XH = XH (0) and Equation 7 are integral, the microbial 

concentration of the t moment can be obtained (Eq. 8). 
 

 
p[1 (1 )]

(t) (0)
H Hb Y f t

H HX X e
    (Eq. 8) 

 
The mathematical expression of the traditional attenuation model is as follows. 
The traditional decay theory does not take into account the microbial decay after the 

decomposition of the formation of other microbial growth of the matrix of this process, 
the rate of heterotrophic bacteria decay (Eq. 9). 
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    (Eq. 9) 

 
In Equation 9, b'H is the attenuation coefficient from the traditional theory, to score 

it (Eq. 10). 
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Contrast Equations 8 and 10 available (Eq. 11): 
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   (Eq. 11) 

 
According to the description of the traditional attenuation theory, the dissipation rate 

of dissolved oxygen in relation to the attenuation of heterotrophic bacteria is as follows 
(Eq. 12). 
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Equation 10 into Equation 12 (Eq. 13): 
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Take the logarithm of the above formula here (Eq. 14): 
 
 ln ( ) ln[(1 ' ) ' (0)] ' tp H H Hr t f b X b     (Eq. 14) 
 
It can be seen from the above formula that the natural logarithm of the dissolved 

sludge consumption rate with the activated sludge and the slope of the time-dependent 
curve of the activated sludge measured in the absence of a carbon source, which are the 
conventional attenuation coefficient (Mozumder et al., 2015; Wang et al., 2016). Hence, 
the first measurement the value of bH and YH, Value get bH by calculated the formula. 

Take the end of the mixture full of aeration in the aerobic tank of A2/O process, 
during the demonized water washed 3 times, standing for 30 min, drained the 
supernatant; take the treated sludge into the breathing apparatus (Leyva-Díaz et al., 
2015; Mampaey et al., 2013). To avoid nitrification affect the consumption of 
heterotrophic bacteria, add ATU (0.02 g/L propylene thiourea), inhibit the activities of 
autotrophic bacteria and then add de-ionized water, began to measure the depletion of 
heterotrophic oxygen consumption curve. 
According to Equation 14, use Ln(OUR) and time t to make a map, the slope of the 
straight line is the attenuation coefficient of the heterotrophic bacteria uʹH. Under the 
same conditions, the average value has determined by Equation 11 bacteria attenuation 
coefficient uH. 

Under the same test conditions, the results of the four tests were as in Figure 3, the 
attenuation coefficient of the death regeneration model was 3.12 d-1, 4.2 d-1, 3.11 d-1, 
3.58 d-1 3.5 d-1 (Liu et al., 2017; Guimerà et al., 2016). Compared with the 
recommended value of the model, the analysis may be due to the differences in water 
quality and process differences. 
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Figure 3. Determination of the traditional attenuation coefficient 
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From Figure 3 we can see that Ln(OUR) is linearly fitted with time t and the slope is 
the traditional attenuation coefficient. From the above equations (Eqs. 2-11; Peng et al., 
2017; Domingo-Félez C et al., 2017), we can see that the relationship between bH and 
the bH is bH = bʹH / (1-YH(1-fp)) and calculated according to this relationship get 
attenuation coefficient bH, the results show in Table 1. 

 
Table 1. Determination of attenuation coefficient of heterotrophic bacteria bH 

Number bʹH/d-1 bH/d-1 Recommended value 

1 1.25 3.12 

0.62 

2 1.69 4.20 

3 1.25 3.11 

4 1.44 3.58 

Average value 1.41 3.50 

 
 

Determination of yield coefficient of heterotrophic bacteria 

The heterotrophic yield coefficient (YH) is a relatively important stoichiometric 
factor. It not only affects the estimation of sludge yield and oxygen demand but also for 
certain wastewater components (e.g., biodegradable organic components SS and slow 
Speed biodegradable components XS, etc.) and kinetic parameters (heterotrophic 
bacteria than the growth rate, attenuation coefficient) have an impact. Thus, YH is a 
very critical stoichiometric parameter and YH inaccurate results in errors in the 
calculation of other component parameters (Zięba and Janiak, 2017). Therefore, YH is a 
more critical parameter, the need for accurate determination (Qin et al., 2016). At 
present, the more mature method is intermittent activated sludge method and breathing 
measurement method. 

According to the definition of YH that is in the activated sludge system, part of the 
soluble organic matter consumed in the sewage is used for the respiration of 
microorganisms, converted into CO2 and H2O and the other part is absorbed into the 
new cells by organic matter (Peng et al., 2017). As long as the intermittent measurement 
of microbial COD is in the closed system, the amount of soluble organic matter 
reduction, and the ratio is YH (Eqs. 18 and 19). 

 

 
Δ - r(t)dtΔ Cell

Δ Soluble Δ
H

CODCOD
Y

COD COD
    (Eq. 18) 

 
 1 2COD COD COD    (Eq. 19) 
 
In the above formula: COD1 is the initial COD in the mixture, COD2 is the COD in 

the mixed solution; ΔCOD is the COD (mg/L) degradation of the microorganisms in the 
mixed solution; the oxygen consumed by the microorganism as the energy the amount. 

Take the A2/O process aerobic tank at the end of the activated sludge, full aeration 
has repeated washing with distilled water, put away the supernatant, the depletion of 
activated sludge in the residual dissolved COD. Dosing nitrification inhibitor (0.2 mg/L) 
and part of the raw water to mix well, we take appropriate amount of mixed sample 
flocculation process for COD determination, the results recorded as COD1. Then we can 
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use BI-2000 for microbial oxygen consumption rate determination. Test for 1 day to 

read the BI-2000 electrolyte breathing apparatus on the oxygen consumption ( ( )r t dt ) 

and then take the appropriate amount of the product flocculation COD measured as 
COD2. Then YH is calculated as follows. 

 

Δ - r(t)dtΔ Cell
Δ Soluble Δ

H

CODCOD
Y

COD COD
  

 
 

1 2COD COD COD    
 
From Table 2 we can see that the yield coefficient of heterotrophic bacteria was 0.65, 

which was lower than the recommended value, 0.67 was 0.02. It indicated that the 
activity of A2/O activated sludge was slightly lower and the biodegradation. The same 
pollutants are under the premise of its less mud production. 

 
Table 2. Heterotrophic bacteria yield coefficient YH determination results 

Number YH Recommended value 

1 0.67 

0.67 

2 0.66 

3 0.61 

4 0.66 

Average value 0.65 

 
 

Determination of maximum specific growth rate of heterotrophic bacteria 

The oxygen consumption rate at any time in the batch reactor under the conditions of 
dissolved oxygen and sufficient substrate can be expressed as follows (Eq. 20). 

 

 
1

(t) ( ) (1 ) (t)
H

H H p H H

H

Y
OUR u X t f b X

Y


    (Eq. 20) 

 
It can be seen that Ln(OUR) depends on XH (t) that is the concentration of 

heterotrophic bacteria in the reactor at time t, the change of heterotrophic concentration 
can be expressed as follows (Eq. 21). 

 

 
d (t)

( ) (t)
H

H H H
X

u b X
dt

   (Eq. 21) 

 
Score the above formula (Eq. 22). 
 

 
( )t

( ) (0)e
H Hu b

H HX t X
  (Eq. 22) 

 
Equation 22 takes into Equation 20 (Eq. 23). 
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 ln ( ) ln[(1 ) (1 ) b ] (0) ( )H H H p H H H HOUR t Y Y u f X u b t          (Eq. 23) 
 
The above formula shows that with Ln(OUR) as the ordinate and time t as the 

abscissa plot, the resulting slope is (uH-bH) and uH can be obtained under the premise 
that bH has been measured. 

Take the sewage treatment plant A2/O process in the aerobic pool of mixed liquid 
fully aeration, during the time washed mud 3 times use of deionized water, standing to 
abandon the supernatant so that the sludge in the endogenous breathing level. Take the 
same amount of sewage from the inlet of the biochemical section of the sewage 
treatment plant to add to the endogenous respiration sludge after the above treatment 
(Liu et al., 2016). To avoid nitrification affect the consumption of heterotrophic 
bacteria, add nitrification inhibitor (propylene thiourea) 0.2 mg/L to inhibit the activities 
of autotrophic bacteria, with BI-2000 Electrolytic Respiration Tester measured OUR 
curve, and then ln OUR on t mapping, linear slope of uH-bH, UH has been measured 
under the premise of bH being measured. 
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Figure 4. Maximum growth rate of heterotrophic bacteria uH measurement curve 
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From Figure 4 we can see that Ln(OUR) is linearly fitted with time and the fitting 
degree is better. It shows that the method has some rationality. From the above 
equations (Eqs. 2-18), the maximum rate of growth is calculated from the slope as 
shown in the following table. 

 
Table 3. Determination of the maximum specific growth rate of heterotrophic bacteria uH 

Number uH-bH uH Recommended value 

1 6.55 10.05 

6.1 

2 4.19 7.69 

3 4.22 7.72 

4 5.45 8.95 

Average value 5.10 8.60 

 
 
From Table 3 it can be seen that the results of the maximum specific growth rate of 

heterotrophic bacteria show that the use of BI-2000 electrolyte respiration rate analyzer, 
the range is large and the range is roughly 7.72 d-1-10.05 d-1, the average is 8.6 d -1 
compared with ASM1 model. It indicated that in the sewage treatment plant A2/O 
process the activity of microorganisms faster than the proliferation rate. 

Discussion 

(1) The factors influencing the stoichiometric parameters of heterotrophic bacteria 
were sludge load ratio and temperature. The sludge load is too high and the sludge 
concentration in the reactor is small. After the reaction, some sludge sticks to the head 
of the aeration and the wall of the bottle so that the measured Cell COD increase is too 
small; resulting in YH value is too small. When the sludge load is too low, the dissolved 
COD in the reactor has been consumed at the end of the reaction. At this time, the 
sludge may be in the endogenous respiration stage and does not reflect the actual sludge 
growth, so the measured YH value will be small. 

(2) The biomechanical parameters and stoichiometric parameters of microbes have 
measured by BI-2000 microbiological respirometer. However, the attenuation 
coefficient and maximum specific growth rate of the measured heterotrophic bacteria 
were larger than those of the recommended value were. The uses of this method for 
microbial dynamics parameters and stoichiometric parameters have some limitations. In 
addition, the test process did not explore the sludge load ratio and temperature on the 
determination of the results so this is the future use of the method of the workers 
Provide the direction of research. 

Conclusions 

Study the mixture in the A2/O process system by BI-2000 Electrolyte Respiration 
Tester. The YH was 0.65, the uH was 8.6 d-1 and the bH was 3.5 d-1. Experiments show 
that there are some differences in the relevant kinetic parameters of heterotrophic 
bacteria in different areas and different processes. It is suggested that in the future 
mathematical model construction, the measured value should be adopted when the 
experimental conditions permit. In addition, the kinetic parameters of sewage in 
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different areas will vary greatly, especially in different catering countries. When 
choosing references, try to refer to relevant experimental results in this area. 
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Abstract. In a two-year field experiment, the assessment of leaves and ears photosynthetic contribution to 
grain filling in winter wheat genotypes was made under nitrogen fertilizer application and water deficit 
condition. A split plot factorial experiment was conducted based on randomized complete block design 
with three replications during 2014 and 2015 growing seasons. Treatments were irrigation levels 
including full irrigation (I1) as control and irrigation withholding at heading stages (I2), nitrogen (120 
kg.ha-1) splitting method into different phonological stages including 20 kg.ha-1 at sowing and 100 kg.ha-1 
at mid-tillering stage (N1), 20 kg.ha-1 at sowing, 50 kg.ha-1 at mid-tillering and 50 kg.ha-1 at stem 
elongation stage (N2) and 20 kg.ha-1 at sowing, 50 kg.ha-1 at mid-tillering and 50 kg.ha-1 at 50% of 
heading stage (N3) and four winter bread wheat genotypes including zarrin, Pishgam, Orum, and Mihan. 
Results showed that water deficit stress decreased the photosynthetic contribution of the flag leaf, ear and 
leaves below the flag leaf to grain filling, 1000-grain weight, number of grains per ear and seed yield of 
wheat. Furthermore, ear photosynthetic contribution (EPC) was higher compared to the flag leaf (FLPC) 
and leaves below the flag leaf (OLPC) to grain filling. Higher grain yield of Mihan and Pishgam 
genotypes can be associated with more grains per ear, 1000-grain weight and higher photosynthetic 
contribution of flag leaf and ear to grain filling. Such genotypic and environmentally driven differences 
were associated with changes in most of the traits. According to the results, partitioning of N fertilizer 
application to different phonological times can be a proper tool for increasing wheat yield under water 
deficit condition on different genotypes. 
Keywords: grain yield, leaves below flag leaf, nitrogen splitting, phonological stages, water limitation 

Introduction 

Wheat is considered as the most important crop grown in the semi-arid regions where 
water deficit stress seems to be one of the most limiting factors for agricultural products 
(Maccaferri et al., 2011). That is to say, such a strategic crop usually suffers from water 
deficit stress during grain-filling period affecting the yield of the plant. According to 
Maccaferri et al. (2011), the reaction and response of plants to water deficit are 
evaluated based on genetic, biochemical, and morpho-physiological features of a plant. 
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The variations in the crop on the water uptake capacity during or shortly before the 
post-anthesis phase can have major effects on grain yield because growing grain 
number and grain weight are set during this stage. 

Final grain weight is in relation to the duration of grain filling period and rate, and 
the respective interaction in-between (Sadras and Egli, 2008). In C3 cereals, such as 
wheat and barley, grain filling process is determined by current photosynthesis of the 
upper parts of the plant, i.e. both the flag leaf and the ear (Tambussi et al., 2007) and by 
redistribution of assimilates stored in the stem (Ehdaie et al., 2008). Further, the leaf 
photosynthesis value is affected by the position of the leaf on the plant. The flag leaf 
and the second leaf are the most active leaves in the photosynthesis rate in the wheat 
(Olszewski et al., 2008). According to Maydup et al. (2010) ear, photosynthesis plays a 
key role in the grain yield of wheat under both stress and non-stress conditions. 

N in the plant is in the structure of the protein and nucleic acids, which are the most 
important building and information substances of every cell. In addition, N is also found 
in chlorophyll enabling the plant to transfer energy from sunlight through the process of 
photosynthesis. So, the value of N supply to the plant will influence the amount of 
protein, amino acids, protoplasm, and chlorophyll formed. Moreover, it influences cell 
size, leaf area, and photosynthetic activity (Uribelarrea et al., 2009; Diacono et al., 
2013). Dordas et al. (2008) reported that higher rates of N increase photosynthetic 
processes, leaf area production, leaf area duration as well as grain filling period. 
Lawrence et al. (2008) also reported that the reduction in photosynthesis caused by 
drought occurs more in the lower leaves than in the upper ones, and this reduction also 
was reported to be lower in the ear compared to the leaves. In the same line, under low 
nitrogen supply, plants use photosynthesis to maintain life functions which are not 
related to the yield-forming process. Under high nitrogen supply, the photosynthetic 
activity of ears causes the grain yield to increase (Olszewski et al., 2008). Soleymani 
fard and Sidat (2011) suggested that yield and yield components of safflower are 
increased by increasing the rate of applied nitrogen. 

A better understanding of growth parameters may of help in programs the objective 
of which is to improve the grain yield under water limitation. Determination of response 
of wheat to N application is very important to maximize yield and economic 
profitability of wheat production in a particular environment. Considering the 
abovementioned facts, the present study was undertaken to know the effects of nitrogen 
rates on growth parameters and yield quantity of wheat under drought stress. 

Material and methods 

The field experiment was conducted as split factorial plot based on randomized complete 
block design with three replications during 2013-2014 and 2014-2015 growing seasons in 
the agriculture research station of Miandoab in West Azarbayjan province, Iran. The area is 
located at (46°6’ N latitude and 36° 58’ E longitude; alt. 1143 m, Miandoab, West 
Azarbaijan Province, Iran). Climatically, the area is placed in a semi-arid temperate zone 
with a pretty cold winter and a hot summer. The mean temperature and precipitation wheat 
growing season in 2014-2015 are presented in Figure 1. 

In the field of the present study, each plot was included 6 rows with 4-m long. Besides, 
plots and blocks were separated by 3 m unplanted distances. The wheat cultivars were 
sown with a density of 400 seeds per m2. Regarding the treatments, irrigation levels were 
set as the variables of the investigation where Full Irrigation (I1) was considered as 
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control while Irrigation Withholding during heading stages (I2), in main plots and the 
time of the application of nitrogen fertilizer and varieties were allocated to subplots as the 
treatments. Based on the results of the meteorological station located at the site of the 
experiment and collecting the meteorological data, amount of water were determined 
according to evaporation from class A pan and, using relevant calculations, the water 
volume required for irrigation was determined. To irrigate the volume of irrigation water 
in the plots, a pressure meter and pressurized water pipes were used to maintain the water 
volume consumed per plot in accordance with the evaporation rate of 100 mm 
evaporation from class A pan. Thus, the volume of water consumed for each round was 
about 650 m3/ha. Furthermore, Nitrogen fertilizer, 120 kg in total, was applied in three 
different arrangements as follow: 20 kg.ha-1 nitrogen fertilizer in sowing and 100 kg.ha-1 
at mid-tillering stage (N1), 20 kg.ha-1 nitrogen fertilizer in sowing, 50 kg.ha-1 at mid-
tillering and 50 kg.ha-1 at stem elongation stage (N2), and 20 kg.ha-1 nitrogen fertilizer in 
sowing, 50 kg.ha-1 at mid-tillering and 50 kg.ha-1 at 50% of heading stage (N3). In regard 
to the type of the varieties, four genotypes of winter bread wheat, Zarrin, Pishgam, Orum, 
and Mihan were utilized in the study. 

 

  

Figure 1. Mean temperature and precipitation wheat growing season at 2014-2015 

 
 
Irrigation, weeding, and all other agronomic practices except those under study were 

kept consistent and uniform for all treatments. The soil samples were taken from the 
30 cm depth of surface soil with soil auger 20 days before the beginning of the 
experiment in both formerly mentioned growing seasons. Moreover, the 
physicochemical properties of the soil samples have analyzed the result of which are 
presented in Table 1. 

 
Table 1. Soil physico-chemical properties at depth of 0-30 cm 

Year 
Depth of 

sampling (cm) 
pH Texture O.C. (%) N total (%) 

P available 

(p.p.m) 

K available 

(p.p.m) 

2014 0-30 8 Silty-loam 0.78 0.13 8.05 255 

2015 0-30 9 Silty-loam 0.61 0.9 8.4 180 
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Some physiological traits were determined for the measurement of growth 
parameters. In the first sampling procedures, ten samples were taken at flowering stages 
in both time periods. In order to determine the weight of spike, peduncle, and internode, 
the samples were dried in an oven for 48 h at 80 °C. Then, the samples were treated for 
determining the phenotypic manipulations components. This was followed by the 
removal of all the leaves below the flag leaf, the flag leaf, and half of the spike. At the 
maturity stage, both labeled plants and 10 other randomly selected plants were 
harvested to determine the yield components and traits such as total dry matter, ear 
weight, grain weight per ear, and grain number per ear, 1000-grain weight and seed 
yield. Then the photosynthetic contributions of different plant parts (ear, flag leaf and 
leaves below the flag leaf) to grain filling in bread wheat genotypes were calculated as 
follows: 

 
EPC = (ear weight in flowering – (ear weight in physiological maturity – ear grain 

weight)) / grain yield 
 
FLPC = (ear grain weight – ear grain weight in flag leaf removal plant) / grain yield 

 
OLPC = (ear grain weight – ear grain weight in other leaf removal plant) / grain yield 
 

where EPC, FLPC, and BFLPC refer to photosynthetic contributions of the ear, flag leaf 
and leaves below the flag leaf to grain filling, respectively. 

The analysis of variance for the collected data was calculated applying SAS software 
a the main effects and interactions were tested using the Duncan’s multiple range tests 
(p ≤ 0.05). 

Results and discussion 

The results obtained from the combined (two-year data) analysis of variance, showed 
a significant effect of the interaction I × N × G on photosynthetic contribution of the 
flag-leaf to grain filling, photosynthetic contribution of the ear to grain filling and 
number of grains per-ear in wheat plants in the field condition (Table 2). It was also 
revealed that the interaction of Y × I × N × G significantly affects the photosynthetic 
contribution of the leaves below the flag-leaf to grain filling and 1000-grain weight 
(Table 2). The photosynthetic contribution of the ear to grain filling was affected by the 
interaction of Y × I × N (Table 2). Furthermore, the number of grains per ear and grain 
yield also were affected by the interaction of Y × I × G (Table 2). The findings also 
showed that the number of grains per ear can be affected by the interaction of Y × N × 
G (Table 2). 

 
Photosynthetic contribution of the flag leaf to grain filling 

As Amiri et al. (2013) stated in their article, due to the proximity of Flag-leaf to the 
spike, and the longer green life of it, the photosynthetic contribution of the flag-leaf is 
one of the most important sources for higher grain yield production during grain filling 
period. In this study, the highest photosynthetic contribution of the flag-leaf to grain 
filling (18.48%) was observed in Pishgaam genotype G2 (I1N2G2) under normal 
irrigation condition as I1 and the application of N2 (Table 3) . The lowest value 
(10.22%) was obtained at I2N3G1 (Table 3). 
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Our results also showed that among the studied genotypes, Pishgaam genotype had 
the highest contribution of the flag-leaf to grain filling. Such results suggested that the 
flag-leaf contribution depends not only on sink strength but also on genotypic 
variations. In this line, the increase in the assimilate production was linked to the long 
green life of flag-leaf. N2 fertilizer treatments increased the photosynthetic contribution 
of the flag-leaf compared to the other nitrogen treatments. Low photosynthesis under 
water deficit stress was reported to be the result of lower chlorophyll synthesis and 
higher chlorophyll breakdown (Osman, 2014). Chlorophyll loss can also be due to 
damage to mesophyll chloroplasts leading to a lower photosynthetic rate (Wang and 
Xiao, 2009). The importance of the flag leaf in determining the mean grain weight, at 
mid-tillering and stem elongation of the plant is well-known. Sanjeri et al. (2008) 
showed that in water deficit condition, chlorophyll content of wheat genotypes decrease 
and this reduction is significant among genotypes. 

 
Table 2. Summary of the analysis of variance for all the analyzed parameters 

Mean square 

Df 
Source of 
variation Grain yield 

Number 

of grains 

per ear 

1000-

grain 

weight 

Photosynthetic 
contribution 

of the ear to 
grain filling 

Photosynthetic 

contribution 
of the leaves 

below the flag 
leaf to grain 

filling  

Photosynthetic 
contribution 

of the flag leaf 
to grain filling 

21834592.56** 1936.000* 25.84ns 1428.21* 752.03** 71.30* 1 Year (Y) 

1693022.33 204.97 60.31 220.20 3.18 22.38 4 Replication/year 

151850167.56** 26.69 ns 770.06** 173.27ns 64.34** 0.001 ns 1 Irrigation (I) 

72061706.174** 38.02 ns 189.06 ns 461.10ns 148.88** 56.163* 1 I × Y 

43517.13  116.52  13.292  153.20  2.65  8.45  4 Error a 

5594760.43** 521.69** 69.71** 1.83 ns 4.33 ns 58.31** 2 Nitrogen (N) 

164618.77 ns 40.58 ns 60.007* 6.96 ns 61.10** 18.20ns 2 Y × N 

960658.56ns 57.69 ns 5.81 ns 24.45 ns 0.60 ns 36.96* 2 I × N 

60796.75ns 44.19 ns 30.271ns 115.12* 42.97* 3.31 ns 2 Y × I × N 

44327283.563** 150.74ns 215.80** 113.34* 33.07* 97.49** 3 Genotype (G) 

2116660.50** 436.88** 34.35* 13.71 ns 37.92* 67.30** 3 Y × G 

1299497.581* 51.65 ns 19.87ns 6.62 ns 19.51ns 8.46 ns 3 I × G 

7220776.007** 232.17* 8.17 ns 34.45 ns 11.67ns 20.98ns 3 Y × I × G 

908637.41* 22.04 ns 38.87** 80.92* 14.20ns 10.13 ns 6 N × G 

255124.24 ns 144.47* 3.55 ns 28.70 ns 27.08* 4.81 ns 6 Y × N × G 

162713.22 ns 189.60* 8.65 ns 71.51* 0.20 ns 28.92* 6 I × N × G 

138935.28 ns 28.00 ns 43.24** 21.10 ns 49.71** 16.38ns 6 Y × I × N × G 

426042.78 64.87 12.54  46.29 11.44 10.82 88 Error b 

9.73 13.55 9.95 14.28 13.22 14.55  C.V. 

ns: not significant at P ≤ 0.05; *: significant at P ≤ 05; **: significant at P ≤ 01 

 
 

Photosynthetic contribution of the ear to grain filling 

In the present study, in terms of grain filling, in all wheat genotypes, treatments, the 
time of nitrogen fertilizer application, and water deficit conditions, the photosynthetic 
contribution of the ear was better than the flag-leaf. The highest photosynthetic 
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contribution of the ear to grain filling (35.08%) was observed in normal irrigation as I1, 
application of N3, and Mihan genotype as G4 (I1N3G4) (Table 3). The lowest value 
(21.52%) of the photosynthetic contribution of the ear to grain filling was obtained at 
I2N2G2 (Table 3). 

 
Table 3. Comparison of means for the experimental factors including genotypes and 

nitrogen application on photosynthetic contribution of the ear and flag leaf to grain filling 

Treatment 
Photosynthetic contribution of the flag 

leaf to grain filling  )%(  
Photosynthetic contribution of the ear 

to grain filling (%) 

Water 

limitation 

Nitrogen 

application 
G1 G2 G3 G4 G1 G2 G3 G4 

I1 

N1 11.23cde 12.28b-e 11.56cde 13.12b-e 27.73a-d 25.21b-d 33.71ab 27.48a-d 

N2 13.22b-e 18.48a 12.40b-e 18.44a 28.18a-d 27.04a-d 30.73a-d 28.64a-d 

N3 10.44e 12.21b-e 13.57b-e 14.08b-e 23.99cd 32.32abc 29.25a-d 35.08a 

I2 

N1 12.74b-e 16.68ab 11.28cde 13.51b-e 26.33a-d 29.19a-d 26.43a-d 26.98a-d 

N2 11.13cde 15.34a-d 15.48a-d 12.87b-e 24.88bcd 21.52d 30.70a-d 31.72abc 

N3 10.22b-e 14.49a-e 11.06de 15.71abc 23.23cd 29.83a-d 26.50a-d 25.72a-d 

Means in each column followed by similar letter(s) are not significantly different at 5% probability level, 
using Duncan’s Multiple Range Test 
I1 and I2 indicate normal irrigation and irrigation withholding in heading stages. N1, N2 and N3 indicate (20 
kg.ha-1 nitrogen fertilizer in sowing and 100 kg.ha-1 at mid tillering stage), (20 kg.ha-1 nitrogen fertilizer in 
sowing, 50 kg.ha-1 at mid tillering and 50 kg.ha-1 at stem elongation stage) and (20 kg.ha-1 nitrogen fertilizer 
in sowing, 50 kg.ha-1 at mid tillering and 50 kg.ha-1 at 50% of heading stage) respectively 
G1, G2, G3 and G4 indicate Zarrin, Peshgam, Orum and Mihan genotypes respectively 

 
 
According to the findings of the present investigation, the photosynthetic 

contribution of the ear to grain filling varied from 21% to 35%. Nonetheless, under 
water deficit conditions, the photosynthetic contribution of the ear in all genotypes was 
not significant (Table 5). According to a comparable study run by Mydup et al. (2010), 
the ear photosynthetic may act as a buffer in preventing serious damages under water 
deficit condition. Probably this can mainly be attributed to high durability of ear 
photosynthesis and the close relationship between grain and the ear. Considering the 
fact that ear benefits from a long-term spike photosynthetic activity with awn, the 
photosynthetic contribution of the ear is greater (Amiri et al., 2013). The decreased 
photosynthesis of the plant under water-stressed could be explained by the stomatal 
closure, which reduces CO2 diffusion. Abebe et al. (2003) indicated that an early 
decrease in the photosynthesis during drought season is due to an increase in stomatal 
resistance. The Study conducted in the years 2014-2015, showed that maximum 
photosynthetic contribution of the ear (32.50 g) was obtained in Y2I2N2 (Table 4), 
whereas the minimum value (20.33 g) was observed in Y1I2N3 (Table 6). In 2015, due 
largely to a good agronomical condition, the photosynthetic contribution of the ear to 
grain filling increased up to 58%, which was higher considering the application of N3I2 
in the same year (Table 4). These results indicated that the ear, as a photosynthetic 
organ, is better adapted than the flag-leaf to environmental factors. Even under good 
agronomical conditions, the ear may be more important than the flag-leaf during grain 
filling (Tambussi et al., 2007). 
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Table 4. Comparison of means for the experimental factors including genotypes and water 

limitation on photosynthetic contribution of the ear to grain filling of wheat under water 

limitation in two years, 2014-2015 

Treatment Photosynthetic contribution of the ear to grain filling (%) 

Year Water limitation N1 N2 N3 

Y1 = 2014 
I1 25.02bcd 28.42abc 29.82abc 

I2 23.70cd 21.91d 20.33d 

Y2 = 2015 
I1 32.05a 28.87abc 30.50ab 

I2 30.77ab 32.50a 32.31a 

Means in each column followed by similar letter(s) are not significantly different at 5% probability 
level, using Duncan’s Multiple Range Test 
I1 and I2 indicate normal irrigation and irrigation withholding in heading stages. N1, N2 and N3 
indicate (20 kg.ha-1 nitrogen fertilizer in sowing and 100 kg.ha-1 at mid tillering stage), (20 kg.ha-1 
nitrogen fertilizer in sowing, 50 kg.ha-1 at mid tillering and 50 kg.ha-1 at stem elongation stage) and (20 
kg.ha-1 nitrogen fertilizer in sowing, 50 kg.ha-1 at mid tillering and 50 kg.ha-1 at 50% of heading stage) 
respectively 

 
 

The photosynthetic contribution of the leaves below the flag leaf to grain filling 

It was well-established that the flag leaf and the ear are not the only sources of 
assimilates to grain filling (Tambussi et al., 2007). This study reported that the 
photosynthetic contribution of the ear was greater than that of the flag leaf and the 
leaves below the flag leaf. Owning to a good environmental condition in 2014 
compared to the same period in 2015, among all genotypes, the photosynthetic 
contribution of the leaves below the flag leaf to grain filling was higher, and the 
photosynthetic contribution of the other leaves to grain filling was lower in Mihan 
genotype largely due to the lower height of the plants (Table 5). Indeed, the effect of the 
photosynthetic contribution to grain filling of flag leaf is an important parameter to 
assess rather than the leaves below flag leaf. The results showed that the maximum 
photosynthetic contribution of the leaves below the flag leaf to grain filling (19.45%) 
was obtained in Y1I2N2G1 (Table 5). But the lowest value (3.25%) was observed in 
Y2I2N3G4 (Table 5). 

 
1000-kernel weight 

Grain yield in wheat is the result of the number of grains per ear and grain weight 
(Ahmad et al., 1988). Some studies in 2013-2014 showed that a maximum of 1000-
grain weight (53.33 g) was obtained in Y1I1N3G4 and Y1I1N2G4 (Table 5). But the 
minimum value (33.33 g) was observed in Y1I2N3G1 (Table 5). Mihan and Pishgaam 
genotypes were higher 1000-kernel weight under water deficit condition. In 2014 under 
water deficit condition, 1000-kernel weight decreased about 22% in I1N3G4 compared 
to I2N3G4 (Table 5). It seems that the environmental factors have a high influence on 
the 1000-kernel weight, and this trait, especially in 2015, is significantly affected by 
water deficit and nitrogen fertilizer division. These results are in line with the results of 
the study practiced by Ahmadi et al. (2006). Akinirinde (2006) and Alam et al. (2007) 
reported that the increase in 1000-kernel weight resulted from the increase in the 
photosynthesis. In the present study, the photosynthetic contribution of the leaves, flag 
leaf, and ear during grain filling period could correlate with grain yield. Azarpanah et al. 
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(2013) stated that the reduction of crop yield is related to the reduction of rate and 
amount of photosynthesis and thousand seeds weight. 

 
Table 5. Comparison of means for the experimental factors including genotypes and 

nitrogen application on thousand grain weight and photosynthetic contribution of the leaves 

below the flag leaf to grain filling of wheat under water limitation in two years, 2014-2015 

 Treatment 1000-grain weight (g) 

Photosynthetic contribution of the 

leaves below the flag leaf to grain 

filling (%) 

Year 
Water 

limitation 

Nitrogen 

application 
G1 G2 G3 G4 G1 G2 G3 G4 

Y1=2014 

 N1 41.67f-n 45.33c-k 48.33a-g 48.67a-f 14.56a-g 17.59abc 13.14a-j 10.59c-l 

I1 N2 44d-l 51.67abc 49.33a-d 53.33a 14.90a-e 14.67a-f 14.65a-f 14.51a-g 

 N3 45.33c-k 53.00ab 47.00a-i 53.33a 18.19ab 16.80a-d 10.24d-m 13.47a-j 

 N1 35.67no 41.67f-n 41.33g-n 39.00k-o 8.007f-n 11.43c-l 6.81j-n 8.99e-n 

I2 N2 41.67f-n 43.67d-l 42.67d-m 45.67c-k 19.45a 10.87c-l 13.33a-j 7.50h-n 

 N3 33.33o 46.67a-j 45.33c-k 41.33g-n 14.70a-h 12.23b-k 11.89b-l 8.61e-n 

Y2=2015 

 N1 42.00e-n 44.67c-l 49.00a-e 47.00a-i 7.13i-n 7.12i-n 5.90k-n 11.60b-l 

I1 N2 46.67a-j 43.33d-m 43.33d-m 46.00b-k 12.46b-k 7.41h-n 5.76k-n 7.72g-n 

 N3 36.33mno 47.67a-h 48.67a-f 48.67a-f 3.96mn 7.81f-n 10.15d-m 7.34h-n 

 N1 43.33d-m 39.67j-o 43.67d-l 40.33i-n 10.82c-l 11.42c-l 13.93a-i 7.83f-n 

I2 N2 37.67l-o 40.67h-n 44.67c-l 43.00d-m 5.26lmn 9.03e-n 5.70k-n 9.90e-n 

 N3 43.00d-m 46.67a-j 45.67c-k 47.00a-i 7.02j-n 8.39e-n 10.19d-m 3.25n 

Means in each column followed by similar letter(s) are not significantly different at 5% probability level, using Duncan ’s 
Multiple Range Test 
I1 and I2 indicate normal irrigation and irrigation withholding in heading stages. N1, N2 and N3 indicate (20 kg.ha-1 nitrogen 
fertilizer in sowing and 100 kg.ha-1 at mid tillering stage), (20 kg.ha-1 nitrogen fertilizer in sowing, 50 kg.ha-1 at mid 
tillering and 50 kg.ha-1 at stem elongation stage) and (20 kg.ha-1 nitrogen fertilizer in sowing, 50 kg.ha-1 at mid tillering 
and 50 kg.ha-1 at 50% of heading stage) respectively. G1, G2, G3 and G4 indicate Zarrin, Peshgam, Orum and Mihan 
genotypes respectively 

 
 

The number of grains ear 

The number of grain ears is an important factor that affects the grain yield in wheat 
(Wei-Wei et al., 2012). The comparison of the effects of the interaction means of rates 
and time of N application and genotypes on the number of grains per ear in 2014 and 
2015 indicated that the highest value (73.67) belonged to Y2N2G4, and the minimum 
number of grains per ear (45.50) was recorded at Y1N3G3 (Table 6). The highest 
number of grains per ear (66.83) was recorded at limited irrigation, application of N2 
and Orum genotype (I2N2G3), and the lowest values of this trait (50.83) were recorded 
at I2N3G1 treatments (Table 7). The maximum number of grains per ear (70.11) was 
recorded at Orum genotype in normal irrigation condition in 2015 as Y2I1G3, and the 
minimum of this trait was recorded at Orum genotype and water limitation in 2014 as 
Y1I2G3 treatment (Table 8). 

This reduction was probably due to the reduction of the numbers of the endosperm 
cells leading to the reduction of sink strength. This, in turn, could confer a critical 
survival advantage for few versus many seeds in terminal drought environments by 
reducing sink numbers at a key point in development and thus secure a sufficient 
sucrose supply for maturation of a few remaining seeds as observed under irrigation 
conditions. This is supported by a previous report showing that 180 kg.ha-1 urea 
increased significantly the number of grains per head in safflower (Seyed Sharifi, 2011). 
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Dawadi and Sah (2012) suggested that a decrease in the number of grains per ear under 
lower N fertilizer application at stem elongation might be attributed to the poor 
development of sinks and the reduction of t photosynthates translocation. In this study, 
high N rates increased the photosynthesis and delayed the appearance of phenological 
stages. It seems that high N rate can be one of the reasons of increasing the number of 
grains per ear row. Similar results have been reported by Alam and Haidar (2006). 
Increase in the number of grains per ear at higher N rates might be due to the lower 
competition for the nutrients allow the plants to accumulate more biomass with higher 
capacity to convert more photosynthesis into sinks (Zeidan et al., 2006). Uribelarrea et 
al. (2009) suggested that the effect of N stress on stem elongation on grain number 
occurs indirectly through its effect on photosynthesis and also on phenology stages. 
Seyed Sharifi (2011) suggested that increasing the number of grains may be due to the 
delay of the duration of the vegetative and reproductive period and lengthening of grain 
filling duration. 

 
Table 6. Comparison of means for the experimental factors including genotypes and 

nitrogen application on number of grains per ear of wheat in two years, 2014-2015 

Treatment Number of grains per ear 

Year 
Nitrogen 

application 
G1 G2 G3 G4 

Y1 = 2014 

N1 51.67efg 55.00c-g 51.50fg 53.50d-g 

N2 66.17abc 62.83a-e 55.00c-g 58.17c-f 

N3 54.00d-g 55.00c-g 45.50g 61.00b-f 

Y2 = 2015 

N1 58.67c-f 60.83b-f 64.17a-d 64.33a-d 

N2 55.50c-g 63.00bcd 71.67ab 73.67a 

N3 58.67c-f 59.33c-f 64.50a-d 63.00a-d 

Means in each column followed by similar letter(s) are not significantly different at 5% probability 
level, using Duncan’s Multiple Range Test 
N1, N2 and N3 indicate (20 kg.ha-1 nitrogen fertilizer in sowing and 100 kg.ha-1 at mid tillering stage), 
(20 kg.ha-1 nitrogen fertilizer in sowing, 50 kg.ha-1 at mid tillering and 50 kg.ha-1 at stem elongation 
stage) and (20 kg.ha-1 nitrogen fertilizer in sowing, 50 kg.ha-1 at mid tillering and 50 kg.ha-1 at 50% of 
heading stage) respectively 
G1, G2, G3 and G4 indicate Zarrin, Peshgam, Orum and Mihan genotypes respectively 

 
 

Grain yield 

Grain yield is a function of interaction amongst various yield components affected 
differently by the growing conditions and crop management practices (Cheema et al., 
2010). The data presented in Table 8 shows that the interactions of the studied 
experimental factors (year, irrigation, and genotype) had significant effects on grain 
yield of wheat. The highest figure for grain yield (9020 kg/ha) was observed in 2014, 
normal irrigation (I1) and Mihan genotype (G4) (Table 8). Whereas the lowest figure 
regarding of the abovementioned trait (3277 kg.ha-1) was obtained in Y2I2G3 (Table 8). 
The seed yield decreased in water deficit condition except for the Y1I2G3 treatment 
(Table 8). It is assumed that the obtained reasons are as the result of lower current 
photosynthesis, stomata conduction, and assimilation in water deficit condition. 
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Table 7. Comparison of means for the experimental factors including genotypes and 

nitrogen application on number of grains per ear of wheat under water limitation 

Treatment Number of grains per ear 

Water limitation 
Nitrogen 

application 
G1 G2 G3 G4 

I1 

N1 51.50c 58.17abc 59.67abc 57.50abc 

N2 64.33ab 65.00ab 59.83abc 66.33a 

N3 61.83abc 52.33c 55.83abc 66.17a 

I2 

N1 58.83abc 57.67abc 56.00abc 60.33abc 

N2 57.33abc 60.83abc 66.83a 65.50ab 

N3 50.83c 62.00abc 54.17bc 57.83abc 

I1 and I2 indicate normal irrigation and irrigation withholding in heading stages 
Means in each column followed by similar letter(s) are not significantly different at 5% probability 
level, using Duncan’s Multiple Range Test 
N1, N2 and N3 indicate (20 kg.ha-1 nitrogen fertilizer in sowing and 100 kg.ha-1 at mid tillering stage), 
(20 kg.ha-1 nitrogen fertilizer in sowing, 50 kg.ha-1 at mid tillering and 50 kg.ha-1 at stem elongation 
stage) and (20 kg.ha-1 nitrogen fertilizer in sowing, 50 kg.ha-1 at mid tillering and 50 kg.ha-1 at 50% of 
heading stage) respectively 
G1, G2, G3 and G4 indicate Zarrin, Peshgam, Orum and Mihan genotypes respectively 

 
 
Table 8. Comparison of means for the interaction of factors including genotype, water 

limitation and year on number of grains per ear and grain yield of wheat 

Means in each column followed by similar letter(s) are not significantly different at 5% probability 
level, using Duncan’s Multiple Range Test 
I1 and I2 indicate normal irrigation and irrigation withholding at heading stages. G1, G2, G3 and G4 
indicate refer to Zarrin, Pishgam, Orum and Mihan genotypes, respectively 

 
 
Mihan and Pishgam genotypes had the highest seed yield in contrast to Zarrin 

genotype showing the lowest seed yield. The high seed yield can be associated with 
grains per ear, 1000-grain weight, and high photosynthetic contribution of flag leaf and 
ear to grain filling. These factors indicate that these genotypes are more tolerant of 
drought stress than the others. Yield reduction was significant in 2015 under water 
deficit condition resulting in a decrease of 57% in seed yield in Y2I1G3 compared to 
Y2I2G3 (Table 8). Results also showed that in normal irrigation (I1), wheat genotypes 
as Y1G4 had 7% more grain yield than Y2G4 (Table 8). However, the available 
literature has classically considered the flag leaf, leaf below the flag leaf and the ear 

Treatment Number of grains per ear Grain yield (kg/ha) 

Year 
Water 

limitation 
G1 G2 G3 G4 G1 G2 G3 G4 

Y1=2014 
I1 57.56cdf 58.78b-e 54.56def 59.67b-e 6143fg 8537ab 5969g 9020a 

I2 57.00c-e 56.44cde 46.78f 55.44cde 5180h 7471e 6634f 7828cde 

Y2=2015 
I1 60.89b-e 58.22cde 70.11a 67.00ab 7680de 8294bcd 7775de 8464abc 

I2 54.33ef 63.89abc 63.44a-d 67.00ab 3409i 5794g 3277i 5857g 
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(Tambussi et al., 2007) as the main photosynthetic contributors during grain filling. 
Water deficit stress affects plant metabolism leading to a decrease in plant growth and 
grain yield. In the grains of the crops, both current assimilations were transferred 
directly to grains and remobilization of assimilates were stored in vegetative plant parts 
contributing to grain yield (Arduini et al., 2006). 

Conclusion 

In this research, Mihan and Pyshgam cultivars with the highest seed weight and the 
transfer of more photosynthetic materials from flag leaf and spike had the highest seed 
yield in in water deficit conditions. According to the results, the application of N 
fertilizer in different doses and times, on different genotypes can be a proper tool for 
increasing wheat yield under water deficit condition. 
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APPENDIX 

Appendix 1. Study site. The pollination stage in wheats are shown. In this stage samples were 

treated for determining the phenotypic manipulations components, e.g. all the leaves below the 

flag leaf, flag leaf and half of the spike were removed in samples 
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Appendix 2. Experimental design: a split plot based randomized complete block design with 

three replications 
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I1 and I2 indicate normal irrigation and irrigation withholding in heading stages. N1, N2 and N3 
indicate (20 kg.ha-1 nitrogen fertilizer in sowing and 100 kg.ha-1 at mid tillering stage), (20 kg.ha-1 
nitrogen fertilizer in sowing, 50 kg.ha-1 at mid tillering and 50 kg.ha-1 at stem elongation stage) and 
(20 kg.ha-1 nitrogen fertilizer in sowing, 50 kg.ha-1 at mid tillering and 50 kg.ha-1 at 50% of heading 
stage) respectively 
Zarrin, Peshgam, Orum and Mihan genotypes respectively 
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Abstract. The existence of high content of arsenic exceeding international regulations stablished for 
irrigation water can be the main factor for the relationship of arsenic content found in soil and crops of 
many countries around the world such as Bangladesh, Mexico and Spain. The drinking water is not the 
only source of consumption of arsenic in human diet. Irrigating agricultural fields with arsenic 
contaminated water produces accumulation of arsenic in soil and subsequently an increases of arsenic 
concentration in crops. Concentration of arsenic in crops depends of many factors, for example, type of 
crop, arsenic concentration of soil and water, soil type, among others. In this paper, data from several 
studies are presented to show that arsenic in irrigation water tends to accumulate in agricultural soil and 
through several mechanisms is absorbed by crops. The problem of arsenic in agriculture requires more 
research that allows to know the actual situation and to propose solutions in order to solve some cases and 
avoid others. 
Keywords: accumulation, concentration, absorption, agriculture, impact 

Introduction  

Arsenic excess present in groundwater may be a natural contaminant and it is 
currently a problem that impacts many sites around the world, for example India, Spain, 
Nicaragua, Peru, Argentina, Mexico and Chile are among the countries where have 
detected concentration above of 10 µg L-1 of this pollutant (Figure 1), this concentration 
exceeds the permissible limit according to World Health Organization (WHO, 2003). In 
India, natural sources of arsenic from aquifer rocks has been reported to add arsenic to 
underground water (Ranhman et al., 2007), the same for Argentina (Hopenhayn et al., 
1996), while in Mexico a large part comes from mining (Ongley et al., 2007). The 
problem of arsenic of natural origin, added to that generated by copper mining, is also 
critical in northern Chile (Arica), at communities that are facing water shortages at the 
same time (Carbonell et al., 1995). 

Irrigation water is not an exception to the above described and is compromised by 
contamination of arsenic in surface water bodies at many countries (Azcue and Nriagu, 
1994; Chen et al., 1994; Das et al., 1995; Nickson et al., 2000; Schreiber et al., 2000; 
Smedley et al., 2002; Mishra and Mahato, 2016; Yazdani et al., 2016; Rosas et al., 
2016; Núñez et al., 2016). Concentration of arsenic in irrigation water is accumulated in 
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soil, showing greater accumulation at top layers of soil and it is found in soluble 
form. Finally, arsenic in soil and water reaches plants (Pandey and Singh, 2015; Kramar 
et al., 2015; Dixit et al., 2016; Dousova et al., 2016; Ma et al., 2016). 
 

 

Figure 1. Arsenic concentration in groundwater around the world (elaborated with data from 

Rasheed et al., 2016) 

 

 

Accumulated arsenic in plants affect the growing mechanisms and hence the yield of 
crops, as well as the accumulation of arsenic in crops may impact on health of living 
beings (Rosas et al., 2016). A specific case of the arsenic effect, is the 50% yield 
reduction when having an arsenic concentration of 43.8 mg L-1 in radish and 4.5 mg L-1 
in tomato (Carbonell et al., 1995). Due to the high toxicity and bioavailability of 
arsenic, it is necessary to conduct research in various subjects to help tackle the problem 
comprehensively, for example, knowing the mechanisms by which this element moves 
through the system water-soil-plant, concentrations affecting yield of crops and health 
of living beings, geographical distribution of an index for bioavailability and propose 
solutions economically and technically viable. 

Therefore, this article presents the state of the art about the effect of arsenic 
contamination in agricultural soil and water, absorption of the most common arsenic 
species in some parts of crops, effects on productivity of some crops and solutions 
proposed to the problem. 

Fundamentals  

Arsenic in water  

Arsenic contamination of drinking water is a serious and widespread problem that 
threatens human health and the environment. The World Health Organization (WHO) 
recommends a maximum quantity of arsenic of 10 µg L-1 in drinking water. 
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In water with dissolved oxygen concentrations below 0.8 mg L-1 is more common 
to find arsenic (III) than arsenic (V). H2As4

-
 and H2AsO4

2- species may dominate 
under oxidizing conditions, however, the oxidation of arsenic (III) is often slow and 
persists under conditions of oxygenation, the Table 1 shows some properties of 
Arsenic III and V. On the other hand, greater sorption of arsenic (V) of the form 
H3AsO3 could increase the rate of dissolution of arsenic (III) / arsenic (V) in surface 
water bodies (Boyle et al., 1998).  
 

Table 1. Properties of Arsenic III and V  

Properties 
Valence state 

Reference 
As III As V 

Coordination number Sixfold Fourfold Klein, 2002 

Radius (Å) 0.58 0.34 Klein, 2002 
Density (g cm-3), 25 ˚C and 1 bar 5.75 (rhombohedral form) 5.75 (rhombohedral form) Lide, 2007 
Electronegativity 2.0 2.2 Langmuir, 1997 

First ionization potential (eV) 9.7886 9.7886 Lide, 2007 

 
 

The adsorption of arsenic depends on the species in which it is located, and 
represents the dominant mechanism that controls the transport of arsenic in many water 
systems. Hydroxides of iron, aluminum, magnesium and clay minerals are commonly 
associated with solid aquifers, which show that these species are important absorbents 
of arsenic. The amount of arsenic absorbed is influenced by the chemistry of the 
aqueous phase, including arsenic speciation, the presence and concentration of different 
ions of competition for arsenic and pH. 

Chemical and physical conditions of the aqueous phase of water affect arsenic 
chemical behavior in the water-soil-plant system, i.e. in a water system with neutral pH 
conditions, inorganic arsenic (III) is an uncharged molecule H3AsO3, which improves 
mobility, as it does not adsorb strongly enough to the surface of minerals. In contrast to 
the anions of arsenic (V) that are strongly adsorbed by minerals under conditions of 
neutral pH (Smedley et al., 2005), i.e. in moderate reduction, trivalent arsenite is stable 
and increases adsorption with increasing pH, on the other hand under oxidizing 
conditions, arsenate is stable and the absorption decreases with increasing pH. A pH 
diagram of aqueous arsenic species is shown in Figure 2. 
 

 
(A) 
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(B) 

Figure 2. pH diagram of aqueous arsenic species: (A) III. (B) V. 

 
 

Another factor that influences the transport of arsenic in water, like adsorption, is organic 
matter. Organic matter is composed of a wide variety of organic compounds, some of the 
most important due to interaction with arsenic are the humic substances. Humic substances 
affect mobility and balance of the sorption of arsenic (Grafe et al., 2002; Redman et al., 
2002; Lin et al., 2003; Ko et al., 2004; Sjöblom et al., 2004; Warwick et al., 2005; 
Buschmann et al.. 2006), since this can be absorbed by organic material and compete for 
adsorption sites on mineral surfaces (Haw et al., 2004). Due to the arsenic concentration in 
water, the agricultural soils are contaminated, and even accumulating more arsenic after 
each crop cycle, which is a topic explored in more detail in the next section. 

 
Arsenic in soil  

The soil is an important natural resource, but also an important media of accumulation, 
transformation and migration of arsenic. The main factors influencing the concentration of 
arsenic in soil are the parent rocks (Tanaka, 1988) and human activities, which may come 
from industrial waste and/or agricultural use of arsenical pesticides. The average range of 
the natural content of arsenic in soils around the world is from 0.1 to 40 mg kg-1 with an 
average of 6 mg kg-1 (Vinogradov, 1959; Backer and Chesnin, 1975, Bowen, 1979, Zou, 
1986; Boyle et al., 1998). Little quantities of arsenic are also accumulated in soil by 
fertilizers, irrigation, emissions from burning fossil fuels, industrial waste and sludge with 
high concentration of arsenic (Nasier et al., 1977). 

Agricultural practices with chemicals, historically used, contributes to the accumulation 
of arsenic. Some combinations of pesticides and chemical fertilizers were widely applied 
over long periods of time in the past (Carbonell, 1995). 

Arsenic in soil is mainly found as inorganic species although the organic arsenic is also 
found in organic matter of some soils, since some reducing bacteria catalyze and improve 
the rate of oxidation of certain arsenious minerals (Mihaljevic et al., 2004), thus 
converting inorganic arsenic into organophosphorus compounds. Typically, arsenic (V) is 
dominant with values of electric potential (Eh) around 200 mV and pH conditions of 5-8 
(Henke, 2009). 

Togashi et al. (2000) argue that climate, erosion and sedimentation are responsible for 
the enrichment of arsenic in soil. The temperature, humidity, precipitation and evaporation 
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are important as they contribute to the oxidation of arsenic sulfide minerals. In particular, 
for warm and humid climates, excessive rainfall causes intensive biological activity, thus 
creating reduction conditions on the surface and underground, which prevents the oxidation 
of sulfur. The soil surface under high temperatures and moisture can promote the oxidation 
of arsenic sulfide minerals, releasing arsenic into the environment (Williams, 2001).  

Soil texture is another important characteristic that affects the chemistry of arsenic. Fine 
clay minerals tend to adsorb and trap arsenic more effectively than sandy soils (Scazzola et 
al., 2004). In many soils and sediments, the mobility of arsenic (V) is limited by adsorption 
to clay minerals, organic matter or iron oxides (Inskeep et al., 2002). 

Soil organic matter is generally composed of a wide variety of compounds, that 
including, carboxylic acids, carbohydrates, phenols, amino acids and humic substances 
(Drever, 1997; Wang and Mulligan, 2006; Fakour and Lin 2014). Organic matter affects the 
mobility and bioavailability of arsenic in soils and sediments by the same mechanisms that 
water sorption (Sjöblom et al., 2004; Warwick et al., 2005; Buschmann et al., 2006). Most 
of the components of organic matter are found in an oxidation state under conditions of 
alkaline and neutral pH, which implies that compete with oxy-anions of arsenic to be 
adsorbed by hydroxides or oxy-hydroxides on the surface of minerals (Wilkin and Ford, 
2006). Then the effect of arsenic contamination in agricultural soil and water, affects crops, 
decreasing the crop yield and in this way enters to the food chain. 

Arsenic in agriculture 

Soil and plant 

There are many studies about the mobilization and accumulation of arsenic in soil, as 
well as the effect of oxalic, citric and malic acids on this mobilization. These acids were 
tested in terms of mobilizing arsenic that was bound to iron components. The results 
showed that the arsenic mobility increases as dose of oxalic acid increases. In other hand, it 
was observed that there was a close relationship between the mobilized iron and the 
mobilized arsenic, in fact the iron plays an important role for arsenic mobilization (Onireti 
and Lin, 2016), while the results of Dousova et al. (2016) showed that chemical 
composition (Fe, OM content) played a minor role, being important just in the kinetics of 
surface processes. 

In the West of England, retention of arsenic was examined for forest soils rich in organic 
matter and spatial and temporal patterns of arsenic dissolved concentrations were analyzed. 
Concentration of arsenic was found to change as a function of soil depth, and the results 
revealed the highest arsenic concentration of 28.3 mg kg-1

 at the topsoil layer (0.07 m), and 
below 0.13 m, concentration fluctuated around 9 mg kg-1. On the other hand, the study 
demonstrated that those soils were contaminated with anthropogenic arsenic derivatives and 
that organic matter plays an important role in the dynamics of arsenic (Rothwell et al., 
2009). Arsenic reported, in previous publications, that major contamination of soil occurs in 
the upper layer of soil, which is at 0.50 m depth, where contamination occurs due to 
irrigation with contaminated water. 

A study in Portugal (Marques et al., 2009) found that the soil on the slopes of a river 
presented a higher concentration of arsenic, at the closest points to a sewage canal. In 
addition, the highest concentrations of arsenic were found at the top layers of soil, similar to 
the results reported by Rothwell et al. (2009). Marques et al. (2009) found that the closer the 
ground to channel water, the higher concentration of arsenic. Moreover, these authors 
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reported that in Blackberry (R. ulmifolius), arsenic concentration ranged between 277 and 
1721 mg kg-1 at the root, from 30 to 110 mg kg-1 at the stem from 60 to 265 mg kg-1 at the 
leaf. Also they found that extractable percentage of arsenic per plant is 0.7% with respect to 
the total concentration of metalloid in the soil. On the other hand, arsenic concentration in 
Blackberry plants are higher compared with results of other studies (Ma et al., 2001). 
However, the absorption of arsenic in the system of plant-soil is also related by the presence 
of different metals and anions that compete for adsorption sites with arsenic. Several 
authors (Azcue and Nriagu, 1994; Cardwell et al., 2002; Marques et al., 2007) have found a 
clear pattern of increased concentration of arsenic present in aquatic macrophytes as Zinc 
concentration increases, indicating an interaction between different metals or anions. 

Stoltz and Greger (2002) found that some tests showed a high correlation between the 
concentration of arsenic among varieties of cotton (Eriophorum angustifolium and E. 

scheuchzeri Honckenya Hoppe) and arsenic concentration in agricultural soil, and reported 
maximum concentrations of 8.4 mg kg-1 in soil and 276 mg kg-1 in root, like Marques et al. 
(2009). Also, Stoltz and Greger (2002) found that concentrations of arsenic in root is higher 
than the arsenic content in the aerial part. The correlation of the concentration of arsenic in 
plant root and the concentration of arsenic in soil was positive and significant, while for leaf 
and stem was generally not significant. 

Studies have demonstrated that Arsenic (V) uses the same pathway than phosphate to be 
absorbed by the root of rice from soil, it is due to the chemical analogy of phosphate 
(Abedin et al., 2002; Lee et al., 2016), in Table 2, a summary plant species and the main 
uptake mechanism is presented. The main form of arsenic in aerobic soils is arsenic (V), 
this form presents many chemical similarities of phosphate and get in to plant root tissue 
through the mechanism of phosphate transporters. Some studies reported that the high 
affinity phosphate transporters AtPht1;1 and AtPht1;4 facilitate the acquisition of phosphate 
and arsenic (V) (Shin et al., 2004; Remy et al., 2012; Ye et al., 2015; Punshon et al., 2017). 
Absorption of arsenic/phosphate take place through the same plasma membrane in plants of 
Holcus lanatus and Hordeum vulgare, these mechanism presents a higher affinity for 
phosphate than arsenic (V). 

 
Table 2. Transport mechanism in selected plant species. For a more complete review of 

uptake mechanism, see Farok et al., 2016 

Plant species Arsenic species Uptake and 

transporter name 

Reference 

Xenopus Laevis 
ooccyte 

MMA OsNIP2;1 gene Li et al., 2009. 

Rice and Castor Bean DMA Translocated from 
roots to shoots, takes 
place via both the 
xylem and the phloem 

Carey et al., 2011; Ye 
et al., 2010. 

Rice DMAA and MMAA  Glycerol transport 
pathway 

Rahman et al. 2011. 

Rice AsV Uptake and 
translocation root to 
shoo 

Kamiya et al. 2013. 

Arabidopsis thaliana AsV Phospathe transporters Shin et al., 2004. 
Pteris vittata AsV Transport DiTusa et al., 2016. 
Arabidopsis AsIII PC complex transport Song et al., 2010. 
Arabidopsis AsIII Phloem translocation Duan et al., 2016. 
Barley AsIII Transport Katsuhara et al., 2014. 
Pteris vittata AsIII Uptake He et al., 2016. 
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Due to high concentrations of arsenic that crops are capable to accumulate and as a 
consequence entering into the food chain, several remediation/removal methods of arsenic 
from water and soil have been proposed.  

 
Removal of arsenic in soil  

There are several options to eliminate or reduce arsenic concentration of agricultural soil; 
the principals can be suggested such as adsorption, precipitation, inverse osmosis and 
phytoremediation. The phytoremediation of contaminated soils with arsenic has been 
considered feasible and environmentally friendly technique (Ma et al., 2001; Azizur and 
Hasegawa 2011; Ye et al., 2011). The effectiveness of phytoremediation is determined by 
two factors: first, identification of hyperaccumulators of arsenic, and second, by the 
knowledge of factors that maximize the accumulation of it. 

Another study, in southeastern France (Chaney et al., 2007) found that it is possible to 
clean the agricultural land used for growing rice, from inorganic compounds by combining a 
high intake and translocation of contaminants to the harvestable biomass. In addition, 
phytoremediation showed that the root of plants such as amaranth (Amaranthus blitoides), 
bermuda grass (Cynodon dactylon), chicory (Cichorium intybus) and milk thistle (Sylibum 

marianum) can absorb metals especially plumb and copper (Marmiroli et al., 2005; Del Río 
Celestino et al., 2006; Vazquez et al., 2006; Yoon et al., 2006), so the root exudative may 
cause precipitation or mobilization of the metal. For example, the mobility of arsenic in 
soils and sediments of northern Argentina is highly controlled by precipitation processes, 
dilution and/or sorption of the surface of metal particles (Smedley and Kinniburgh, 2002), 
and the final arsenic disposition is affected by organic matter (Bauer and Blodau, 2006; 
Buschmann et al., 2006). By the study of these mechanisms, it becomes technically feasible 
to devise methods to control the mobility of arsenic in soils and then propose an effective 
remediation for soils contaminated with arsenic. 

Srivastava et al. (2006) reported that P. Biaurita, L. P. quadriaurita Retz and P. 

ryukyuensis Tagawa are hyperaccumulators fern of arsenic and all these may be used in 
phytoremediation of sites contaminated by arsenic. Other arsenic hyperaccumulators as 
Pteris viatta and Ptyrogramma calomelanos (Francesconi et al., 2002), also P. Longifolia 

and P. Umbrosa (Zhao et al., 2002) were already validated. 
A decade ago, biomass resulting from plants accumulating As by phytoremediation 

process was thought as a drawback for its application, because the biomass was usually 
either disposed at regulated landfills or incinerated (Chaney et al., 2007). Current research is 
working to find new recovery methods of As from hyperaccumulator plants. In fact, Pteris 

vittata is a good example of phytoremediation, since it takes up As and rapidly translocates 
it into the fronds (Danh et al., 2014). Thus, recent research is testing As removal from P. 

vittata by different methods (da Silva et al., 2018). After extracting As, next step is to use it 
in the industry of wood preservation chemicals, insecticides and poison for pests. 

Arsenic contamination in agricultural irrigation water produces an accumulative effect 
on soils and crop, so many studies have been developed on these topics and the next section 
explores it. 

 
Water and plant 

The arsenic in soil and water is taken by crop plants up and that is how this arsenic is 
present in food (Punshon et al., 2017). The relationship between arsenic concentration 
of water and arsenic concentration absorbed by plants is influenced by parameters such 
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as pH, temperature, soil type and kind of plant, so Carbonell et al. (1995) remarked the 
need to study the interactions of arsenic through water-plant. 

Dahal et al. (2008) monitored the influence of arsenic in irrigation water and alkaline 
soils on onion, cauliflower, rice and potato, directly in field. They found arsenic 
concentrations to range from 0.005 to 1.014 mg L-1 for irrigation water, from 6.1 to 16.7 
mg kg-1 for soil; and for crops mentioned above it was found that arsenic concentration   
changed from high to low accumulation in different parts of plants as follows: roots > 
shoots> leaves> edible. 

Arsenic concentration in soil is determined by its mineralogical and chemical 
properties as well as the amount of arsenic contained in the irrigation water. In 
particular, an increment of arsenic in grain is more sensible to the arsenic concentration 
in soil than in water (Mukherjee et al., 2017). 

In cases of sprinkler irrigation Soybean as affected by high concentrations of arsenic 
and fluoride in irrigation water under controlled conditions, arsenic and fluoride are 
accumulated in soil. Moreover, as the concentration increases over 0.6 mg L-1 of arsenic 
and 25 mg L-1 of fluoride, it is observed a bioaccumulation and a biomass reduction of 
plant (Bustingorri and Lavado, 2014). 

The arsenic contained in the irrigation water, is bioaccumulated in crops, which form 
part of the diet in some countries, and in this way reaches humans beings. As a 
consequence, this bioaccumulation of arsenic has affected negatively the human health 
(Mayorga et al., 2013).  

Hu et al. (2015) found that by minimizing the amount of arsenic in irrigation water 
diminishes the amount of arsenic in rice. In fact, Newbigging et al. (2015) proposed that 
this is the best option, since the arsenic intake by rice is difficult to control. 

The main source of arsenic in agriculture is contaminated irrigation water, thus 
irrigation technologies with high efficient use of water may help to solve the problem in 
the best sustainable way by reestablishing the levels of water in aquifers, since arsenic 
comes from deep groundwaters. In the meantime, studies about the removal of arsenic 
from water are being done due to the significant effect that arsenic in water have on 
crops and soil, which is the subject of next subsection. 

 
Removal of arsenic in water 

In Latin America, some people have severe health problems caused by consuming 
water with high content of arsenic, because of this; different arsenic removal methods 
have been applied to drinking water (Camacho et al., 2011). Conventional technologies 
such as oxidation, coagulation/co-precipitation, adsorption, reverse osmosis, ion 
exchange, are used to remove arsenic from water but they are expensive techniques. For 
this reason, more economical and decentralized methods have emerged such as natural 
adsorbents, sunlight or biological treatments as essential methods to reduce 
contamination of arsenic for low-income areas and remote regions of Latin America 
(Litte et al., 2010). Several adsorbents have been used to remove arsenic from water. In 
general, the adsorbents can be grouped into two types, namely, absorbents with iron 
content (IC) and adsorbents without iron content (WIC). The adsorbents without Fe 
content include, Chitosan/Cu(OH)2 and Chitosan/CuO, which were used for arsenic (V) 
removal from aqueous solution. A recent research results showed that sorption uptake 
was highly dependent on pH, temperature, initial arsenic (V) concentration and sorbent 
dosage (Elwakeel and Guibal, 2015). Seawater neutralized red mud (BauxsolTM 
technology) was used for arsenic (V) removal. Bauxsol has the potential for removing 
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arsenic (V) (Genc et al., 2003). The Zirconium loaded activated carbon (Zr-AC) was 
used for arsenic removal and it allows high flows with a remarkable adsorption capacity 
(Daus et al., 2004). Manna et al. (2010) investigated removal of arsenic from 
contaminated groundwater using a new method that works with distillation membranes 
in direct contact with solar membrane. This system produces almost 100% water free 
from arsenic. The solar distillation membrane has a high potential to remove arsenic in 
contaminated groundwater. 

The aluminum sulfate was used to remove the arsenic from water by precipitation – 
co-precipitation (Meltem and Pala, 2010). In this study, a statistical design of 
experiments Bahnken box was done and also response surface methodology to 
investigate the effects of the most significant operating variables. Aluminum sulfate was 
found to be an effective and safe coagulant for drinking water due to the dose required 
of it. The optimal pH range for maximum removal of arsenate was from 6 to 8. At low 
concentration of arsenate, removal efficiency obtained was high using elevated doses of 
aluminum sulphate, whereas under high initial concentrations of arsenate, a high 
removal efficiency was performed with low doses of the coagulant.  

Another solution is the use of adsorbent media. Adsorbents with Fe content includes, 
Green synthesis of Fe2O3 nanoparticles, this adsorbent shown that is affected by 
temperature and pH and its adsorption capacity was 38.48 mg g-1 indicating a good 
potential for the adsorption of arsenic (V) (Mukherjee et al., 2016). Alginate beds 
impregnated of hydrous iron oxide presented an effective removal, the adsorption 
efficiency for both arsenic species increased as iron loading is augmented (Sigdel et al., 
2016). Moreover, Sánchez et al. (2016) studied the adsorption capacity of arsenic on a 
mixed oxides produced from thermal treatment of hydrotalcite-like compound's, these 
authors report more than 98% removal for initial concentrations below 250 μg L-1. The 
iron-aluminum hydroxide coated onto macroporous supports was proved for arsenic 
removal and it was compared with Granular Ferric Hydroxide (GEH), Kumar et al. 
(2016) show that the iron-aluminum hydroxide coated onto macroporous supports is 
capable to treat seven times more volume of water than GEH. The adsorption capacity 
of different adsorbents is related to other ions present in water, such as, phosphate, 
sulfate, carbonate, fluorides and humic and fulvic acids. Saldaña-Robles et al. (2017) 
evaluated GEH in presence of humic substances to study the adsorption capacity of 
arsenic (V) onto GEH. The results showed that humics and fulvic acids enhance the 
mobilization of arsenic (V), reducing the removal efficiency of adsorbent. 

Other synthetized materials with iron such as diatom-FeOX (Thakkar et al., 2015) and 
Zr--FeOOH (Sun et al., 2012) showed adsorption capacities for arsenite and arsenate. 
While, the first adsorbed 10 mg g-1 of arsenite and 12.5 mg g-1 of arsenate, the second 
adsorbed 60 mg g-1 and 120 mg g-1, respectively. On the other hand, -FeOOH showed 
an adsorption capacity for arsenate of 37.3 mg g-1 (Faria et al., 2014). The iron coated 
sand (Thirunavukkarasu et al., 2002), the CFe (Gutiérrez et al., 2013), CarFe (Gutiérrez 
et al., 2013), NADMCF (Malana et al., 2011), BNNT (Chen et al., 2011), IOCS-2 
(Thirunavukkarasu et al., 2002), kaolinite (Ladeira and Ciminelli, 2004), GAC-Fe (0.05 
M) (Gu et al., 2005) and nanostructures akaganeite (Deliyanni et al., 2003) have shown 
potential capacity for arsenic adsorption. In the case of IC adsorbents, the adsorption is 
compatible with a multilayer adsorption for CFe, CarFe, NADMCF and BNNT in 
agreement with the Freundlich model for adsorption capacity ranging from 0.99 to 2.59 
mg g-1. IOCS-2, Kaolinite, GAC-Fe, GAC-Fe-O2 and Nanostructures akaganeite show 
an adsorption mainly monolayer with adsorption capacity ranging 0.008 to 2.96 mg g-1.  
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The accumulative effect caused by arsenic in agricultural soil and water on crops has 
been studied by several authors. This is mainly due to the environmental importance 
and the negative effects in the food chain and so for human health. Some arsenic effects 
on human health could be related by the type (inorganic or organic) and concentration 
of trivalent (As+3, MMA+3 and DMA+3) or pentavalent arsenic forms (As+5, MMA+5 and 
DMA+5). In this sense, As+3 and As+5 are considered more toxic than methylated organic 
(MMA+5 and DMA+5) forms (Rasheed et al., 2016). Different organs in the human body 
can be affected by long term arsenic exposure provoking skin lesions, different types of 
cancer, diabetes, lung disease, neurotoxicity, among others (Carlin et al., 2014). 
According to Abdul et al. (2015), the effects of arsenic exposure may be classified into 
four stages: preclinical, clinical, internal complications and malignancy stages. There 
are many examples of arsenic human exposure. In Taiwan, residents were chronically 
exposed to high levels of arsenic due to drinking water and presented Black Foot 
Disease (Chen et al., 1985; Tseng, 1977). Hindmarsh et al. (1977) reported Peripheral 
neuropathy after long-term exposure to inorganic arsenic in drinking water. A recent 
case occurred in West Bengal, a state of India, a large population is still exposed to 
arsenic contamination which is acquired from drinking water, and which results in 
consequent escalation in the number of chronic arenicolids (Pal et al., 2015). 

 
Arsenic in crops 

The ratio of the concentration of arsenic and crops is a topic of general interest, as 
the plant is the media by which the arsenic reaches living beings. Furthermore, the 
effect that arsenic has on crop yield impacts the economy of the agricultural sector. 

Several authors have studied the arsenic accumulation in wheat. The results showed 
that arsenic in wheat grains mainly exist as inorganic form (Shi et al., 2013; Brackhage 
et al., 2014). On the other hand, the results obtained by Shi et al. (2015) showed that the 
accumulation of arsenic and translocation were a significant difference among wheat 
cultivars studied. 

Rice consumption is the main source of exposure to organic arsenic for people in 
Asia. Therefore, recent studies have been conducted on the accumulation and speciation 
of arsenic in different rice varieties. Lu et al. (2010) studied Indica and a hybrid of 
Indica and found that arsenic content in different parts of plants increased in the next 
order: grain <shell <stem <roots. The concentration of arsenic in the grain of both 
varieties was significantly different and correlated with concentration of phosphorus 
being higher for Indica than the hybrid of Indica. Also, inorganic arsenic was found to 
be the dominant specie present in grains of rice for all of analyzed species. 

In Poland, studies were conducted comparing the concentration and speciation of 
arsenic incorporated into plants of white mustard (Sinapis alba), which took place in the 
presence of various arsenic compounds and found that mustard has the capacity to 
absorb different arsenic forms. The samples of mustard were grown in different 
solutions containing arsenic (III), arsenic (V), methylarsonic acid (MMA) or 
dimethylarsonic acid (DMA). The translocation factor reported by authors was high 
(0.70) when DMA was added to the nutrient solution (Lukasz et al., 2010). 

Vamerali et al. (2009) found that the concentration of trace elements (As, Co, Cu, Pb 
and Zn) is higher in roots of poplar (Populus) and willow (Salix) than in the aerial 
shoot. Moreover, this accumulation is more pronounced in thin roots. In different 
species used for this study, a pronounced aging of thick roots was found. 
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Ruiz et al. (2008) found a concentration of 1750 mg kg-1 of arsenic in plant samples 
at sites with arsenic contaminated soil that presented a concentration range of arsenic 
from 1.14 to 98.5 mg kg-1

 (dry weight), while in other plants that grow in sites with the 
same geological characteristics presented a concentration range from 0.06 to 0.58 mg 
kg-1. On the other hand, the arsenite and arsenate were found in all plant samples and in 
some plant species was found organic arsenic as MMA, DMA and trimethylarsine 
oxide. The importance of know the arsenic present in water produce diferent effects in 
human healths 

Conclusions  

The presence of high concentrations of arsenic in the agricultural system of water-
soil-crop has led to a serious problem. Therefore, to dimension and solve this problem, 
considerable research is being done around the world. In general terms, there are two 
sources of arsenic in agriculture, namely, arsenic coming from deep wells from sites 
that due to its geological characteristics contain heavy metals and arsenic coming from 
agrochemicals and industrial wastes. The contaminated water used in agriculture for 
irrigation is moving arsenic to soil and crops, which is currently the major source of this 
element in agriculture.  

The arsenic adsorbed by crops from contaminated water depends on several factors 
such as pH, temperature, oxidation state of arsenic, type of soil and crop. However, it is 
required to study the interaction among arsenic, organic matter, metals, pH and its 
relationship with the mobility and adsorption in plant. It is known that bioaccumulation 
of arsenic in some crops leads to biomass and yield reduction. Usually, in crop plants, it 
is found that arsenic concentration is the highest at the root, followed by stem, leaf and 
the lowest concentration is found in grain or fruit. It is lacking in the technical literature 
a differentiation of the arsenic effects on plant depending on the way it is exposed to 
arsenic, either by soil or water. In the other hand, the interaction of arsenic and nutrients 
intake by plant and the intake mechanisms as well as the transport of arsenic in several 
plant structures is up to day not completely understood. 

Additionally, the agricultural soil is accumulating arsenic from contaminated 
irrigation water. The bioaccumulation and adsorption of arsenic in soil is affected by its 
properties such as the content of oxalic, citric and malic acids. In the other hand, 
organic matter plays an important role in the dynamics of arsenic in soil, since the 
greater arsenic concentrations are found in surface layers (about 0.50 m deep) in cases 
where the arsenic contamination is due to irrigation. In addition, the adsorption of 
arsenic is related to the presence of ions and metals that competes by the adsorption 
sites of arsenic in soil. 

Since cutting off the main source of arsenic may be the solution to the problem of 
arsenic in agriculture, reestablishing the water levels of groundwater and aquifers by 
good irrigation practices and efficient irrigation technologies can be considered the best 
sustainable solution. In the meantime, removal technologies of arsenic from water and 
soil may help. Thus, removal technologies of arsenic in soil such as inverse osmosis, 
precipitation, adsorption and phytoremediation are proposed. Among of them, 
phytoremediation is more environmental friendly and is easier to implement than its 
counterparts. However its effectivity relies in characteristics of the arsenic 
hyperaccumulator plant. Therefore, finding better hyperaccumulators is still an active 
area of research. Remediation technologies including oxidation, coagulation/ 
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coprecipitation, adsorption, reverse osmosis and ion exchange are proposed for cleaning 
drinking water. However, these technologies are either too expensive to be incorporated 
in agricultural daily practices due to the huge water volumes required in agriculture. To 
the best acknowledge of the authors, it is still required to propose a remediation 
technology cheaper than existing ones and able to remove arsenic from water volumes 
required in the agriculture. 
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Abstract. Linseed is an excellent source of PUFA, especially linolenic acid (18:3n-3), but it is not 
commonly used in dairy diet in Hungary. Aim of this study was to investigate the effect of the 
supplemented whole linseed on fatty acid profile of milk fat, with particular reference to health promoting 
components (α-linolenic acid). A total of thirty multiparous Holstein cows were used in two dairy farms 
to determine the effect of feeding whole linseed rich in linolenic (C18:3) fatty acids on fatty acid 
composition of milk fat. The experiment was conducted on two large-scale dairy farms located in Hajdú-
Bihar County (referred to as farm “A” and “B”). Fifteen multiparous Holstein-Friesian (165 average days 
in milk) on farm A and fifteen multiparous Holstein-Friesian (200 average days in milk) on farm B were 
randomly allocated to treatment groups to investigate the effect of whole linseed supplementation on the 
composition of fatty acids of milk fat. The group on farm A and B fed TMR based maize silage without 
whole linseed during the control-period. In the experimental-period the cows received the same TMR on 
both farms, but it was supplemented with 2.60% DM of whole linseed on farm A, and 2.16% DM of 
whole linseed on farm B. The experimental period was four weeks in both farms. The supplementation of 
whole linseed had no effect (P > 0.05) on the short chain saturated fatty acid (SFA), and most of the 
medium chain saturated fatty acid. During the trial the oleic acid (18:1c) content in milk fat significantly 
increased (21.33% at the start, 24.71% after 2 weeks and 22.51% after 4 weeks on farm B, respectively). 
The proportion of α-linolenic acid (18:3n-3) increased (P > 0.05) during the experimental period 
compared to the control period (0.23% at the start, 0.58% after 2 weeks and 0.59% after 4 weeks on farm 
B). The concentration of long-chain polyunsaturated fatty acids (eicosapentaenoic acid and 
docosapentaenoic acid) significantly increased in milk fat after 4 weeks on both farms. The n-6/n-3 ratio 
narrowed from 13.52:1 to 3.83:1 and 3.69:1 on farm B, respectively, but this result was not significant. 
This study concluded that dietary supplementation of whole linseed decreased the proportion of some 
SFA and increased the proportion of some MUFA and PUFA. 
Keywords: dairy cattle, whole linseed, milk fatty acid composition, α-linolenic acid 

Introduction 

Nowadays, the food is not just a nutrition source in the human diet; rather a value-
added product having additional features. The relationship between dietary fat intake 
and the incidence of lifestyle diseases, particularly coronary heart disease, is well 
established and has contributed to the development of specific government health 



Suli et al.: Dietary manipulation to increase the concentration of n-3 fatty acids in milk fat 
- 1554 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1553-1562. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_15531562 
 2018, ALÖKI Kft., Budapest, Hungary 

recommendations for food components, especially fats (Simopoulus, 2001). As 
consumer expectations regarding milk and dairy products have changed in Hungary, 
they suffer from a negative health image (related to the nature of their lipid fraction). 
The predominant fatty acids in milk are short-, and medium–chain saturated fatty acids 
(mainly 12:0, 14:0 and 16:0). In Hungary, just like in most European countries, 
preserved (fermented) forages and a variety of roughages provide the basis of ruminant 
feed. The fatty acid (FA) composition of cow’s milk has become less favourable to 
human health due to changed feeding and management practices, notably higher 
proportions of concentrates and silages in diets with less grazing (Elgersma et al., 
2006). Although there are differences in the fatty acid composition of milk fat from 
cows consuming warm season pasture species compared with milk from cows 
consuming a total mixed ration (White et al., 2001), there are several other factors 
influencing the behaviour of the animal on rangeland, for example weather (Halasz et 
al., 2016), and through this the choice of pasture species. 

The new economic conditions of dairy production, especially in the EU, have 
resulted in pressure to limit milk fat content and optimize its fatty acid composition 
(Demeyer and Doreau, 1999). 

The positive influence of n-3 polyunsaturated fatty acids (PUFA) on cardiovascular 
illnesses suggests that it would be of benefit to increase such fatty acids in milk 
(Kinsella, 1991). Essential fatty acids, both n-6 (linoleic acid) and n-3 (α-linolenic acid) 
have been part of our diet since the very beginning of human life. A balanced intake of 
both n-6 and n-3 fatty acids is essential for health. This ratio should decrease from the 
current 20-30/1 to less than 4/1 to reduce the potential risk coronary heart disease 
(Simopoulus, 1999). Extensive research has been conducted in order to modify the fatty 
acid composition of milk fat to reach the expectations towards functional foods. 
Optimal supplementing of dairy cows’ ration increases the proportion of 
polyunsaturated fatty acids (PUFA) and decreases the proportion of saturated fatty acids 
(SFA) in milk fat. Feeding oilseeds to lactating dairy cows is just one of the several 
methods to change the proportion of fatty acid composition of milk fat (Petit, 2003). 

Linseed is an excellent source of PUFA, especially α-linolenic acid (18:3n-3), but it 
is not commonly used in dairy diet in Hungary. Moreover, feeding whole oilseeds 
would be a less expensive option compared with treating oilseeds with casein and 
formaldehyde as the latter requires more specialized equipment (Petit, 2003). Feeding of 
protected flaxseed oil or whole linseed to dairy cows could increase the n-3 fatty acid 
content in milk fat (Moallem, 2009). 

Animal products with increased contents of n-3 fatty acid might help to solve of low 
n-3 fatty acid consumption of the Hungarian population (Perédi, 2002). A number of 
studies consider the use of oilseeds and/or their by-products and other high PUFA-
containing lipids as perspective method in animal nutrition (Murphy et al., 1995a, b; 
Petit, 2002; Livingstone et al., 2015; Poti et al., 2015; Caroprese et al., 2017). 

We hypothesized that the fatty acid composition of milk fat can be improved when 
the animals are fed with above 2% DM whole linseed supplemented diet. 

The objective of this study was to investigate the possible changes in the fatty acid 
composition of milk fat by feeding whole linseed to dairy cows. 
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Material and methods 

The experiment was conducted in two large-scale dairy farms located in Hajdú-Bihar 
County, Hungary. Hereafter, these farms will be referred to as “A” and “B”. Fifteen 
multiparous (seven cows in second parity and eight cows in third parity) Holstein-
Friesian (165 average days in milk) on farm A and fifteen multiparous (six cows in 
second parity and nine cows in third parity) Holstein-Friesian (200 average days in 
milk) on farm B were randomly allocated to treatment groups. The average daily milk 
yield level in the treatment group was 40 kg-s on farm A and it was 38 kg-s on farm B. 
During the control-period the cows were fed TMR (total mixed ration) based maize 
silage without whole linseed three times a day. In the experimental period the cows 
were fed TMR based maize silage with additional whole linseed three times a day. As 
Table 1 shows the whole linseed supplementation of the daily ration was 2.60% DM 
that equals 1.5 kg/day/cow on farm A and on farm B the whole linseed supplementation 
was 2.16% DM of the daily ration that equals 1.0 kg/day/cow. The maize silage based 
rations had similar net energy content (Table 1). The experimental period was four 
weeks. During this time, milk samples were taken three times from each cow: at the 
start of the experiment, after two weeks and after four weeks. Sampling was scheduled 
according to the milking order every time. Samples were taken at the same milking 
period. Individual milk samples were collected twice a day during the experimental 
period. Milk samples were frozen and stored until further analysis. 

 
Table 1. Ingredient composition and chemical composition of TMR (% of DM basis) 

Ingredients TMR (farm A) TMR (farm B) 

Corn silage 41.45 44.64 

Lucerne haylage 11.05 6.69 

Lucerne hay 7.60 8.92 

Meadow hay 1.03 3.32 

Brewer’s grains 7.60 - 

Italian ryegrass silage 11.05 - 

Concentrate 17.62 35.27 

Whole linseed 2.60 2.16 

Crude protein 16.66 16.66 

Crude fat 5.36 4.42 

NEl
1 179.54 177.30 

1Net energy for lactation (MJ) 
 
 
The fatty acid composition of the milk fat was determined after precolumn 

derivatization in the form of fatty acid methyl esters by gascromatography (Varga-Visi 
and Csapó, 2002). 

SPSS for Windows for 22.0 programme was used for the statistical analysis. The data 
were analyzed by the method of variance (One-way ANOVA). Levene-test was applied 
to examine homogeneity. Tamhane test (in case of heterogeneity) and the LSD test (in 
case of homogeneity) were used to compare the group-pairs. 

The linear model can be written: 
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ij i ij

á e    ,  

 
where: 
χij: is dependable variable (fatty acids), 
μ: overall mean of the observation, 
ái: effect of treatment factors, 
eij: random element. 

 
Table 2 shows the fatty acid composition of whole linseed and TMR (farm A and B). 
 
Table 2. Fatty acid composition of whole linseed and TMR (A and B farm) 

Fatty acids (%)1 Whole linseed TMR (A farm) TMR (B farm) 

14:02 0.07 0.39 0.33 

15:03 0.02 0.07 0.05 

16:04 5.47 20.07 18.1 

17:05 0.08 0.17 0.12 

18:06 3.01 6.50 6.19 

20:07 0.12 0.88 1.66 

22:08 0.12 0.28 0.60 

24:09 0.09 0.28 0.60 

16:110 0.05 0.16 0.18 

20:111 0.16 0.32 0.55 

18:1n-912 18.53 20.3 22.16 

18:2n-613 14.96 33.70 36.30 

C20:214 0.06 - - 

18:3n-315 55.98 19.21 7.12 

18:3n-616 0.21 0.18 0.10 

C20:3n-617 0.04 - - 

C20:4n-618 0.02 - - 

C20:519 0.07 - - 
1Fatty acid methyl-esters relative % by weight; 2miristic acid; 3pentadecylic acid; 4palmitic acid; 

5margaric acid; 6stearic acid; 7arachidic acid; 8behenic acid; 9lignoceric acid; 10palmitoleic acid; 
11eicosenoic acid; 12oleic acid; 13linoleic acid; 14eicosadienoic acid; 15α-linolenic acid; 16γ-linolenic acid, 
17eicosatrienoic acid; 18arachidonic acid; 19eicosapentaenoic acid 

Results 

Most milk fatty acid proportions of milk samples produced at A and B farms were 
affected by diets. Table 3 shows the changes in the SFA (saturated fatty acid) 
composition of milk fat in the experiment period on farm A. 

Contents of short (6:0, 8:0), medium (10:0, 11:0 and 14:0) and long chain fatty acids 
(15:0, 17:0, 18:0, 20:0, 21:0 and 24:0) were not different after two or four weeks. The 
contents of 12:0, 16:0, 22:0 and total SFA decreased during the experiment. The 13:0 
content increased at the end of the experiment. 

The whole linseed supplement affected several MUFA (monounsaturated fatty acid) 
and PUFA (polyunsaturated fatty acid) contents of milk fat (Table 4.) Feeding whole 
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linseed increased the contents of some MUFA (14:1, 18:1 and, 20:1). The total 
proportion of MUFA increased after two weeks. The proportions of 18:2c9,t11, 18:3n-6, 
18:3n-3, 20:5 and 22:5n-3 increased by the end of experiment. Increasing 
concentrations of 18:2c9,t11 and 18:3n-3 were pronounced after two weeks by the end 
of the experiment. 

 
Table 3. The effect of whole linseed on the SFA contents of milk fat (farm A) 

Fatty acids (%)1 At the start After 2 weeks After 4 weeks P 

6:02 0.60 ± 0.07 0.61 ± 0.03 0.57 ± 0.02 ns 

8:03 0.56 ± 0.07 0.52 ± 0.04 0.55 ± 0.06 ns 

10:04 1.91 ± 0.41 1.57 ± 0.28 1.82 ± 0.34 ns 

11:05 0.17 ± 0.03 0.16 ± 0.02 0.19 ± 0.03 ns 

12:06 2.92a ± 0.66 2.29b ± 0.43 2.79ab ± 0.63 <0.05 

13:07 0.14ab ± 0.03 0.12b ± 0.02 0.16a ± 0.03 <0.05 

14:08 11.33 ± 1.21 10.27 ± 1.37 11.61 ± 1.36 ns 

15:09 1.06 ± 0.16 1.04 ± 0.12 1.18 ± 0.19 ns 

16:010 37.55a ± 3.30 31.95b ± 2.77 33.13b ± 2.09 <0.05 

17:011 0.69 ± 0.08 0.66 ± 0.06 0.72 ± 0.06 ns 

18:012 13.31 ± 1.40 14.09 ± 1.49 12.56 ± 2.01 ns 

20:013 0.19 ± 0.03 0.17 ± 0.01 0.18 ± 0.03 ns 

21:014 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 ns 

22:015 0.09a ± 0.01 0.07b ± 0.01 0.07b ± 0.01 <0.05 

24:016 0.05 ± 0.01 0.04 ± 0.01 0.04 ± 0.01 ns 

ƩSFA17 70.60a ± 3.95 63.59b ± 4.10 65.60b ± 3.71 <0.05 
1Fatty acid methyl-esters relative % by weight; 2caproic acid; 3caprycil acid; 4capric acid; 5 undecylenic 
acid; 6lauric acid; 7trydecylic acid; 8myristic acid; 9pentadecylic acid; 10 palmitic acid; 11 margaric acid; 
12stearic acid; 13arachidic acid; 14heneicosylic acid; 15behenic acid; 16lignoceric acid; 17Ʃsaturated fatty acid 
The averages marked with different letters within the same lines are significantly different from each 
other at P < 0.05 

 
 
Table 4. The effect of whole linseed on the MUFA and the PUFA contents of milk fat (farm A) 

Fatty acids (%)1 At the start After 2 weeks After 4 weeks P 

14:12 0.73b ± 0.15 0.82ab ± 0.15 0.99a ± 0.22 <0.05 

16:13 1.40 ± 0.32 1.51 ± 0.25 1.57 ± 0.36 ns 

18:1t4 1.41 ± 0.48 1.60 ± 0.41 1.28 ± 0.35 ns 

18:1c5 20.77b ± 2.76 27.08a ± 3.37 25.50a ± 2.91 <0.05 

20:16 0.04b ± 0.01 0.05a ± 0.01 0.05a ± 0.01 <0.05 

ƩMUFA7 24.53b ± 8.19 31.28a ± 10.07 29.61a ± 10.13 <0.05 

18:28 2.70 ± 0.49 2.56 ± 0.43 2.43 ± 0.35 ns 

18:2c9t119 0.30c ± 0.04 0.46a ± 0.07 0.38b ± 0.06 <0.05 

18:3n-610 0.04b ± 0.01 0.04b ± 0.01 0.06a ± 0.01 <0.05 

18:3n-311 0.34c ± 0.05 0.60a ± 0.01 0.42b ± 0.06 <0.05 

20:212 0.02 ± 0.005 0.02 ± 0.01 0.02 ± 0.007 ns 

20:313 0.14a ± 0.04 0.08b ± 0.02 0.10ab ± 0.05 <0.05 

20:4n-614 0.20a ± 0.04 0.16b ± 0.02 0.16b ± 0.02 <0.05 
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20:5n-315 0.03b ± 0.07 0.04a ± 0.008 0.04a ± 0.008 <0.05 

22:5n-316 0.07b ± 0.01 0.07b ± 0.01 0.08a ± 0.008 <0.05 

ƩPUFA17 3.82ab ± 1.35 4.02a ± 1.37 3.65ab ± 1.26 <0.05 

Ʃn-6 3.08 2.84 2.75 ns 

Ʃn-3 0.44 0.71 0.54 ns 

n-6/n-3 7.00 4.00 5.09 ns 
1Fatty acid methyl-esters relative % by weight; 2myristoleic acid; 3palmitoleic acid; 4elaidic acid; 5; oleic 
acid; 6eicosenoic acid;  7Ʃmonounsaturated acid; 8linoleic acid; 9conjugated linoleic acid; 10 γ-linolenic 
acid; 11 α-linolenic acid; 12eicosadienoic acid; 13eicosatrienoic acid; 14arachidonic acid; 
15eicosapentaenoic acid; 16docosapentaenoic acid; 17Ʃpolyunsaturated fatty acid 
The averages marked with different letters within the same lines are significantly different from each 
other at P < 0.05 

 
 
Our study showed that the whole linseed supplementation decreased the n-6 fatty 

acid contents and increased the n-3 fatty acid contents, however the n-6/n-3 ratio 
narrowed, but this result was not significant. 

Table 5 shows the SFA contents of milk samples produced on farm B. Whole linseed 
had no effect on proportions of 6:0, 8:0, 10:0, 11:0, 14:0, and 24:0. The proportions of 
12:0, 13:0, 15:0 and 17:0 decreased after two weeks. The 16:0 increased by the end of 
the experiment. During of the experiment no proven changes were observed in the total 
SFA contents of milk samples. 

 
Table 5. The effect of whole linseed on the SFA contents of milk fat (farm B) 

Fatty acids (%)1 At the start After 2 weeks After 4 weeks P 

6:02 0.62 ± 0.11 0.67 ± 0.06 0.67 ± 0.08 ns 

8:03 0.60 ± 0.13 0.59 ± 0.08 0.59 ± 0.08 ns 

10:04 2.21 ± 0.61 1.87 ± 0.35 1.98 ± 0.40 ns 

11:05 0.25 ± 0.08 0.20 ± 0.04 0.22 ± 0.06 ns 

12:06 3.45a ± 0.98 2.75b ± 0.54 2.94b ± 0.62 <0.05 

13:07 0.25a ± 0.09 0.13b ± 0.03 0.15b ± 0.04 <0.05 

14:08 11.54 ± 1.29 11.19 ± 1.00 11.76 ± 1.06 ns 

15:09 1.56a ± 0.46 0.98b ± 0.11 1.05b ± 0.15 <0.05 

16:010 36.51ab ± 2.88 34.18b ± 3.06 37.45a ± 3.57 <0.05 

17:011 0.77a ± 0.10 0.61b ± 0.06 0.59b ± 0.06 <0.05 

18:012 10.13b ± 2.17 12.79a ± 1.83 10.78ab ± 3.09 <0.05 

20:013 0.13ab ± 0.03 0.15a ± 0.02 0.12b ± 0.04 <0.05 

21:014 0.03a ± 0.01 0.03a ± 0.01 0.02b ± 0.01 <0.05 

22:015 0.06ab ± 0.02 0.07a ± 0.01 0.05b ± 0.01 <0.05 

24:016 0.04 ± 0.01 0.06 ± 0.06 0.04 ± 0.06 ns 

ƩSFA17 68.14 ± 9.56 66.28 ± 9.17 68.56 ± 9.39 ns 
1Fatty acid methyl-esters relative % by weight; 2caproic acid; 3caprycil acid; 4capric acid; 5 undecylenic 
acid; 6lauric acid; 7trydecylic acid; 8myristic acid; 9pentadecylic acid; 10 palmitic acid; 11 margaric acid; 
12stearic acid; 13arachidic acid; 14heneicosylic acid; 15behenic acid; 16lignoceric acid; 17Ʃsaturated fatty acid 
The averages marked with different letters within the same lines are significantly different from each 
other at P < 0.05 
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The whole linseed supplement decreased the concentrations of some MUFA (18:11, 
20:1) and PUFA (18:2, 18:3n-6, 20:3, 20:4) during the experiment (Table 6.). The 
proportion of long-chain PUFA, such as 18:1c, 18:3n-3, 20:5 and 22:5n-3 were higher 
in the milk fat during the experiment. The whole linseed supplement had no effect on 
total MUFA, however the total proportion of PUFA decreased after four weeks. 

In the present study, the whole linseed supplementation decreased the n-6 fatty acid 
contents and increased the n-3 fatty acids contents, however the n-6/n-3 ratio was 
favourable, but this result was not significant. 

 
Table 6. The effect of whole linseed on the MUFA and the PUFA contents of milk fat (farm B) 

Fatty acids (%)1 At the start After 2 weeks After 4 weeks P 

14:12 0.85 ± 0.27 0.88 ± 0.24 0.97 ± 0.33 ns 

16:13 1.78 ± 0.37 1.52 ± 0.38 1.82 ± 0.55 ns 

18:1t4 2.39a ± 0.96 1.57b ± 0.23 1.40b ± 0.28 <0.05 

18:1c5 21.33b ± 3.36 24.71a ± 2.96 22.51ab ± 2.88 <0.05 

20:16 0.05a ± 0.01 0.05a ± 0.01 0.04b ± 0.004 <0.05 

ƩMUFA7 26.60 ± 8.33 28.89 ± 9.77 26.75 ± 8.76 ns 

18:28 3.19a ± 0.28 2.36b ± 0.25 2.28b ± 0.22 <0.05 

18:2c9t119 0.45 ± 0.08 0.48 ± 0.06 0.45 ± 0.11 ns 

18:3n-610 0.4a ± 0.01 0.03b ± 0.006 0.03b ± 0.006 <0.05 

18:3n-311 0.23b ± 0.02 0.58a ± 0.07 0.59a ± 0.11 <0.05 

20:212 0.02 ± 0.01 0.02 ± 0.01 0.03 ± 0.04 ns 

20:313 0.13a ± 0.03 0.08b ± 0.02 0.07b ± 0.02 <0.05 

20:4n-614 0.20a ± 0.03 0.14b ± 0.02 0.13b ± 0.02 <0.05 

20:5n-315 0.01b ± 0.005 0.03a ± 0.01 0.03a ± 0.01 <0.05 

22:5n-316 0.05b ± 0.01 0.07a ± 0.01 0.06ab ± 0.01 <0.05 

ƩPUFA17 4.33a ± 1.56 3.79b ± 1.28 3.69b ± 1.25 <0.05 

Ʃn-6 3.92 2.61 2.51 ns 

Ʃn-3 0.29 0.68 0.68 ns 

n-6/n-3 13.52 3.83 3.69 ns 
1Fatty acid methyl-esters relative % by weight; 2myristoleic acid; 3palmitoleic acid; 4elaidic acid; 5; oleic 
acid;  6eicosenoic acid;  7Ʃmonounsaturated acid; 8linoleic acid; 9conjugated linoleic acid; 10 γ-linolenic 
acid; 11 α-linolenic acid; 12eicosadienoic acid; 13eicosatrienoic acid; 14arachidonic acid; 
15eicosapentaenoic acid; 16docosapentaenoic acid; 17Ʃpolyunsaturated fatty acid 
The averages marked with different letters within the same lines are significantly different from each 
other at P < 0.05 

Discussion 

One of numerous possible ways to increase the proportion of PUFA and decrease the 
proportion of SFA of milk fat is to use linseed. According to Ferlay et al. (2013) and 
Hurtaud et al. (2010) the extruded linseed in increasing amount of supplementation is 
suitable to increase the content of n-3 series FA in milk fat, while in Saliba et al.’s 
(2014) opinion the linseed oil can enhance the content of α-linolenic acid of milk fat. 
Lerch et al. (2015) found that extruded linseed supplementation increased the PUFA 
content of milk fat, and did not induce oxidised off-flavours in milk or cheese. 
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In contrast, according to Kennelly (1996) feeding PUFA, which is protected against 
ruminal biohydrogenation, increases their proportion in milk. The hard seedcoat of 
whole linseed may effectively protect alpha-linoleic acid from ruminal 
biohydrogenation (Givens et al., 2009; Oba et al., 2009). 

In our experiment, the dietary application had a significant impact on the proportion 
of several milk fatty acids on both farms. Whole linseed had influences on SFA, MUFA 
acid content of milk fat different levels. In general, on both farms, the dietary 
supplementation of whole linseed depressed (P < 0.05) several medium-chain SFA and 
increased (P < 0.05) some long-chain PUFA, especially alpha-linolenic acid in milk fat. 
Content of short-chain fatty acids in milk fat was not affected by dietary 
supplementation of whole linseed at each of farms. 

Our results showed that the decreasing proportion of several saturated fatty acids 
were in correspondence with other research data (Precht and Molkentin, 2000; Chilliard 
et al., 2001). The decreasing tendency of SFA content – explained in the literature by de 
novo milk fat synthesis remission – was found in some researches, in which different 
protected fats and oil seeds were used (Dhiman et al., 1999; Precht and Molkentin, 
2000; Chilliard et al., 2001; Petit and Gagnon, 2009). 

The 18:1 (oleic acid) content increased on both farms. This finding is in line with the 
report of Ward et al. (2002), who found similar tendency with different oilseeds. 

Reviewing data of MUFA and PUFA from whole linseed feed supplement we found 
that, in accordance with our theory, the biggest differences were observed in the 
proportion of α-linoleic acid on both farms. The proportion of α-linoleic acid doubled 
during the experiment on both farms. Our results are in accordance with those of 
Gandra et al. (2016). 

Others reported an increase in the concentration of very long-chain polyunsaturated 
fatty acids like 20:5n-3 and 22:5n-3, as a result of feeding different forms of linseed 
(Hagemeister et al., 2001). In our experiment, concentrations of 20:5n-3 and 22:5n-3 
were increased by whole linseed supplementation. 

Despite the increase in the proportion of health-promoting milk fatty acids such as 
18:3n-3 as a result of whole linseed supplementation, the levels of these fatty acids 
remained under 1% of total milk fatty acids. These findings suggest extensive ruminal 
biohydrogenation of dietary PUFA. In our experiment feeding whole linseed resulted in 
a bigger n-3 ratio in milk fat on both farms, the ratio of n-6/n-3 narrowed during the 
experiment on both farms, but these results were not significant. This agrees with Petit 
(2002) who reported a decrease in the n-6 to n-3 fatty acid ratio when cows were fed 
whole linseed compared with micronized soybeans or calcium salts of palm oil. 

Conclusions 

Nutrition can be regarded as one of the most important source of variation 
composition of milk fat. The fatty acid composition of oilseeds such as full fat linseed is 
considered desirable for human health and thus their inclusion in the diet of dairy cattle 
is important as a means of achieving a more desirable fatty acid profile in milk fat. The 
results of the present study demonstrated that oilseeds, especially whole linseed, are 
easy to fit into feeding systems of intensive dairies in Hungary, too. Feeding dairy cows 
a diet with whole linseed decreased the proportion of several SFA and increased the 
proportion of some MUFA and PUFA, especially C18:3n-3. The 2.60% whole linseed 
supplementation of the daily ration narrowed the n-6/n-3 ratio on farm A, while the 
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2.16% whole linseed supplementation of the daily ration narrowed it on farm B, but 
these results were not significant. More research is needed on dairy farms in Hungary to 
use other supplements to increase the n-3 concentration in milk fat because of the 
composition of milk fat is important for dairy industry and human health and it is 
related to milk quality. 
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Abstract. Based on large-scale data measured in quadrats, and using remote sensing images, the author 
analyzed the spatial differentiation characteristics of carbon storage and carbon density of forest 
vegetation in the north foot of the Qinling Mountains in China, by combining an allometric growth model 
with spatial analysis using a Geographic Information System. The results showed that the average carbon 
density of forest vegetation in the main urban area in Xi’an occurred in the order: cultural and educational 
green space > scenic-area green space > road green space > industrial green space > residential green 
space. The average carbon density of arbor forest was 6.308 kg/m2. The carbon storage capacity varied in 
the order: green land in cultural and educational districts > scenic-area green space > road green space > 
residential green space > industrial green space. The total amount of carbon storage in the arbor forest 
was 519,180 t C. The spatial distribution pattern of carbon density in the arbor layer in the Xi’an 
administrative region was not balanced, showing high value in a southern suburb and low value in a 
northern suburb. Increasing forest vegetation, improving the quality of the forest structure, and increasing 
the three-dimensional green quantity of urban forest are effective ways to improve urban environments 
and to enhance carbon sequestration by forests. 
Keywords: forest vegetation, carbon storage, carbon density, spatial differentiation, 3S technology 

Introduction 

Forests are the main terrestrial ecosystem on Earth, accounting for 77% of the 
carbon stored globally as terrestrial vegetation. Urban vegetation is an important 
component of urban ecosystems, providing important ecological services (Niemelä et 
al., 2010; Coley et al., 1997) such as helping to regulate climate change and maintain 
the global carbon balance (Beer et al., 2010; Bonan, 2008; Bousquet et al., 2000). 
Therefore, accurately evaluating carbon sequestration by forests is significant to better 
management of the carbon cycle and can simultaneously provide a scientific basis for 
improving the ability to cope with global climate change. 

There have been many international studies estimating carbon sequestration and 
carbon storage by forest vegetation (Dixon et al., 1994; Fang et al., 2001; Janssens et 
al., 2003; Jo and McPherson, 1995; McPherson, 1998; Nowak, 1993; Nowak and 
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Crane, 2002; Pacala et al., 2001; Piao et al., 2005). Nowak researched California 
urban tree carbon storage and found that in Auckland (with tree coverage of 21%); 
trees could store 11.0 tons of carbon per hectare (Nowak, 1993). McPherson’s 
research in Sacramento showed that six million urban trees stored eight million tons of 
CO2, with an average CO2 sequestration of 31 tons per hectare and 0.92 tons per 
hectare per year (McPherson, 1998). Jo and McPherson researched the carbon 
sequestration of two residential areas in northern Chicago, and found that the carbon 
sequestration capacity of arbors and shrubs was 1.03-4.42 kg/m2, and that the carbon 
sequestration of each residential area was 513.5-3249.5 kg (Jo and Mcpherson, 1995). 
Based on the urban green coverage, Nowak and Crane researched the carbon storage 
of 10 cities in the United States. The results showed that urban trees stored about 700 
million tons of carbon per year, the annual carbon sequestration capacity was 22.8 
million tons, and the average carbon sequestration capacity of urban trees was 25.1 
tons per hectare. However, the urban vegetation carbon sequestration capacity was 
significantly different between cities (Nowak and Crane, 2002). Scholars have 
researched the carbon storage of forest vegetation in Liaoning Province, Hunan 
Province, Shaanxi Province, Sichuan Province, and Guangzhou City (Dongsheng et 
al., 1998; Huang, et al., 2000; Liu et al., 2000; Ma et al., 2012; Liu, et al., 2016; Wang 
et al., 2001; Zhen, et al., 2014), revealing the amount of carbon storage in the 
aboveground part of forest vegetation in China. However, inconsistent research 
methods resulted in large differences in research results, so there was still substantial 
uncertainty. Carbon sequestration by urban vegetation is mainly studied through 
ground investigation and estimation via remote sensing (Yan et al., 2016). China’s 
forest vegetation types are diverse and complex. In general, there are few data in this 
field; therefore, it is necessary to select appropriate research methods to estimate the 
carbon storage of forest vegetation in provinces and cities accurately, to improve 
credibility and accurately quantify carbon sequestration by forest vegetation (Fang, 
2000; Tans et al., 1990; Houghton et al., 1994; Siegenthaler and Sarmiento, 1993). 

The ecological environment on the northern foot of the Qinling Mountains is 
fragile, and the forest vegetation has distinct regional characteristics and specialties. 
However, at present, estimates of the carbon storage by forest vegetation on the north 
foot of the Qinling Mountains are rare. For this reason, we used high-resolution 
remote sensing image data covering a wide range of quadrats to analyze the spatial 
differentiation of the carbon storage and density of the Xi’an forest vegetation in a 
semi-humid region on the northern foot of the Qinling Mountains to try to explore its 
drivers. This was done using GIS technology, to provide a scientific basis for research 
on the carbon-storage of forest ecosystems at national level, to provide a scientific 
basis for improving the ability of those in cities to cope with global climate change, 
and to evaluate and plan urban green space ecosystem services to achieve sustainable 
urban development. 

Materials and methods 

Overview of research areas 

Xi’an City on the north foot of the Qinling Mountains is a city typical of semi-
humid areas in China. It is located in the eastern part of northwest China and on the 
central part of the Guanzhong Plain. The geographical coordinates are 33° 42′ to 34° 
45′ N, and 107° 40′ to 109° 49′ E. The area is subject to a warm-temperate semi-
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humid continental monsoon climate. The average elevation is 424 m, the average 
annual temperature is 13.3 °C, the average precipitation is 604.2 mm, and the average 
humidity is 69.6%. Its jurisdiction districts include Beilin, Yanta, Xincheng, Weiyang, 
Lianhu, Baqiao, Chang’an, Lintong, Yanliang, and Gaoling; and include the counties 
of Huxian, Lantian, and Zhouzhi. These ten districts and three counties cover an area 
of 10,108 km2. The main urban areas are in Beilin District, Yanta District, Xincheng 
District, Weiyang District, Lianhu District, and Baqiao District (urban area of 822.28 
km2). The geographical location and administrative map of the research area is shown 
in Figure 1. The green space rate, green coverage rate, and per capita public green 
area of Xi’an are currently 31%, 39.82%, and 7.59 m2, respectively. The basic 
characteristics of the vegetation are rich diversity and a number of floral preserves in 
which there are many tectonic residual plants. The arbor forest area in the main urban 
area in Xi’an is 75,959,475.45 m2. 

 

 
Figure 1. Geographic location and scope of the research area 

 
 

Data source and quadrat setting 

The basic information used in this research includes QuickBird high-resolution 
remote sensing image data, Landsat 8 data of Xi’an in July 2015, and Xi’an 
administrative map data from large-scale quadrats. Supported by 3S (Geographic 
Information System, Remote Sensing, and Global Positioning System) technology 
combined with field investigation, the author classified land use with the remote sensing 
software Ecognition, and extracted urban green information for Xi’an. Then the author 
divided the green space into road green space, residential green space, scenic-area green 
space, cultural and educational green space, and industrial green space (Fig. 2) using the 
GIS software ARCGIS. Because the arbor forest is the main contributor to carbon 
storage by forest vegetation, this paper mainly researched the carbon storage of arbor 
forest in the main urban areas of Xi’an. 
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Figure 2. Classification map of urban green space in Xi’an 

 
 
According to the distribution characteristics of urban plants and the actual situation 

of parks, roads, residential areas, cultural and educational areas, and industrial areas, the 
location of field investigations and the number of quadrats were determined. The size of 
the park quadrats was set to 20 × 20 m, and the distance between two adjacent quadrats 
was not less than 150 m, with a total of 40 quadrats from 20 parks including 
Xingqinggong Park, City Sports Park, and Fengqing Park being surveyed. For the 
setting of road quadrats, based on the length of roads and the configuration of the 
vegetation, the author investigated the specific situations of trees on roads (100 × 10 m) 
with a total of 140 quadrats on 113 roads (e.g., Friendship Road, Taiyi Road, and 
Wenjing Road) being investigated (Fig. 3). For the setting of residential quadrats, each 
quadrat contained a residential building and its surrounding street trees and green belt, 
and the area of a quadrat plot was determined based on actual situations, with a total of 
23 quadrats in 23 residential areas being investigated (including Dongfang Yayuan, 
Dingxin Garden, and Hairong Yango) (Fig. 4). The school quadrat was set to 20 × 20 m 
(same method as for the park quadrats) with a total of 31 quadrats at 18 schools being 
investigated (including Xi’an University of Architecture and Technology, Xi’an 
Physical Education University, and Xi’an Jiaotong University). The industrial quadrats 
were set to 20 × 20 m in a total of six industrial areas (e.g., PetroChina Changqing 
Oilfield Company, China Typical Industries Group Co., Ltd, Xi’an Electromechanical 
Vehicle Parts Factory). The author investigated the type, quantity, and growth condition 
of trees with diameter at breast height (DBH) over 5 cm, and measured the height (H, 
height from the ground to the top of the canopy) and DBH (D, the diameter of trunk at 
1.3 m above the ground) of each tree. There were 240 quadrats. 
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Figure 3. Sample layout map 

 
 

   

Figure 4. Examples of some of the residential areas investigated 

 
 

Estimation of forest vegetation biomass 

Vegetation biomass is the unit of vegetation carbon storage. The current methods for 
estimating forest vegetation biomass include the variable biomass expansion factor 
method, the volume-derived method (i.e., the regression model of biomass and volume), 
the allometry equation, and remote sensing inversion. Of these, the biomass expansion 
factor (BEF) and the stand volume (x) establish a power exponential function relation 
and a reciprocal function relation, respectively, as shown in Equations 1, 2, and 3: 

 

 
b

BEF ax
  (Eq.1) 
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b

BEF a
x

   (Eq.2) 

 
where a and b are constants. The regression model was established by applying the 
volume-derived method: 

 
 Y aV b   (Eq.3) 
 

where Y is the biomass density, V is the stand volume density, and a and b are 
constants. In this research, according to the measured data from field sampling quadrats, 
the allometry equation of urban greening tree species was adopted to calculate the 
vegetation biomass. The allometry equation of urban greening tree species is shown in 

Table 1, where B, D, and H represent biomass, diameter at breast height, and plant 
height, respectively. For tree species without corresponding models, parameters of 
similar species of trees were used instead, according to the actual situation in each 
region. 

 
Table 1. Allometry equations of greening tree species 

No. Greening tree species Calculation formula 

1 Cinnamomum camphora B=0.937+0.037D2H 

2 Populus simonii B=0.015(D2H)1.032 

3 Styphnolobium japonicum B=0.714+0.03D2H 

4 Ligustrun lucidum B=0.907+0.010D2H 

5 Metasequoia glyptostroboides B=Exp[-0.8168+2.1549lgD] 

6 Pinus massoniana B=0.1309D2.4367 

7 Salix sp. B=0.178D2.581 

8 Sapindus mukorossi B=-3.672+0.4815D2 

9 Ginkgo biloba B=-0.684+0.090D2H 

10 Cedrus deodara B=1.26(0.3721D1.2928+0.2805D1.3313) 

11 Koelreuteria paniculata B=0.915+0.100D2H 

12 Broussonetia papyrifera B=1.7579(D2H)1.5784 

13 Lagerstroemia indica B=0.895+0.035D2H 

14 Platanus acerifolia B=0.0690(D2H)0.9133 

15 Cupressaceae B=0.000030507+0.000033947D2H+0.00012531(D2H)0.733 

16 Liquidambar formosana B=0.043(D2H)0.994 

17 Ulmus pumila B=0.1458(D2H)0.8191 

18 Eucommia ulmoides B=1.687+0.046D2H 

19 Paulownia tomentosa B=0.077180D2.27598 

20 Hardwoods B=Exp (-3.5618+2.6645lnD) 

21 Softwood B=Exp (-2.2796+2.2874lnD) 

 
 

Estimation of carbon storage and carbon density of forest vegetation 

Based on the high-resolution satellite remote sensing image data for Xi’an, for this 
paper, we combined field investigation information and data from 3S technology. The 
forest vegetation biomass, which was calculated using the allometry equation of 
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greening-tree species, was multiplied by carbon content to estimate urban forest carbon 
storage, as shown in Equation 4: 

 

 t c
C B C   (Eq.4) 

 
where C is the forest vegetation carbon storage, Bt is the total biomass, and Cc is the 
forest vegetation carbon content. The author adopted the value of 0.5 used 
internationally (Ge et al., 2013). Carbon density refers to carbon storage per unit area. 
The carbon storage and carbon density of road green space, residential green space, 
scenic-area green space, cultural and educational green space, and industrial green space 
were analyzed quantitatively. Combined with definitions of the different types of green 
areas, ARCGIS was used to map the spatial distribution of carbon density and carbon 
storage of forest vegetation in Xi’an and to analyze spatial differentiation characteristics 
of forest vegetation carbon storage and carbon density in the main urban area in Xi’an.  

Results 

Carbon storage analysis of arbor forest in Xi’an 

According to the measured carbon storage per unit area of road green space, 
residential green space, scenic-area green space, cultural and educational green space, 
and industrial green space, and the green area determined by ARCGIS, the carbon 
storage of the forest vegetation of the main urban area in Xi’an was calculated and is 
shown in Table 2. 

 
Table 2. Carbon storage in the main urban area in Xi’an 

No. Type 
Quadrat 

number 

Average carbon 

density (kg/m2) 
Area (m2) 

Carbon storage 

(kg) 

1 Green space along roads 140 4.76 15,633,211.593 74,414,087.18 

2 Residential green space 23 2.93 11,766,371.832 34,475,469.47 

3 Scenic-area green space 40 6.41 28,449,692.827 182,362,531.02 

4 Cultural and educational green space 31 14.24 14,816,815.179 210,991,448.15 

5 Industrial green space 6 3.20 5,293,384.019 16,938,828.86 

6 Total number 240   519,182,364.68 

 
 
It can be seen from Table 2 that the order of average carbon density of the arbor layer 

in the main urban area in Xi’an was as follows: cultural and educational green space > 
scenic-area green space > road green space > industrial green space > and residential 
green space. The average carbon density of the main urban area in Xi’an was 6.308 
kg/m2, higher than the average level of carbon density in Shaanxi Province. The carbon 
storage in the arbor layer of the main urban area in Xi’an occurred in the order: cultural 
and educational green space > scenic-area green space > road green space > residential 
green space > and industrial green space, and the green storage in the green space of 
cultural and educational districts was 210,990 t C, a contribution of 40.6% to carbon 
sequestration of the arbor layer in main urban area of Xi’an. The carbon storage of 
scenic-area green space contributed 35.1% to carbon sequestration of arbor layer in the 
whole city. Carbon storage in road green space accounted for 14.3% of the total arbor 
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trees in the whole city; while the carbon storage in residential green space accounted for 
6.6% of the main urban area in Xi’an. The carbon storage in industrial green space 
accounted for 3.3% of the main urban area in Xi’an only; the total carbon storage of the 
main urban area in Xi’an was 519,180 t C. 

The research showed that the arbor forest in cultural and educational areas and scenic 
areas in Xi’an played a leading role in carbon sequestration by forest vegetation in the 
main urban area in Xi’an; the road forest made a general contribution to carbon 
sequestration function of the arbor layer in the main urban area in Xi’an. However, the 
arbor forest in residential and industrial areas made little contribution to carbon 
sequestration by forest vegetation. It can be seen that in the future, we should improve 
green space quality in residential areas, and follow the principle “people-oriented, 
ecology first”. In residential landscape planning and design, we should pay attention to 
plant configuration, and try to choose appropriate local tree species, so as to improve 
the quantity of three-dimensional greenery and its ecological service functions, as well 
as to improve the residents’ quality of life and happiness index. Simultaneously, when 
constructing industrial green space, we should arrange arbor-shrub-grass multi-layer 
garden plants with strong ecological function, especially vegetation to retain dust and 
absorb SO2. The objective is to increase the quantity of three-dimensional greenery and 
improve the ecological efficiency of green spaces. This should effectively improve the 
environmental quality of industrial areas. 

 
Carbon density analysis of forest vegetation in Xi’an 

The standard deviation (2.12) determined according to classical statistics was 
confirmed as the classification criteria of carbon density in forest vegetation in Xi’an. 
Moreover, the spatial distribution of carbon density of forest vegetation in Xi’an was 
drawn using ARCGIS software, as shown in Figure 5. 

 

 
Figure 5. Spatial distribution of carbon density of arbor forest in Xi’an 
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It can be seen from Figure 5 that areas with high carbon density of urban forest in 
Xi’an were mainly concentrated in the southern suburb of Xi’an. Individual parks and 
communities had high carbon density in the eastern and northern suburbs, but the 
overall level was general; the carbon density level in the western suburb was the lowest. 
In short, the carbon density of arbor forest in the main urban area of Xi’an showed the 
characteristics of high value in the southern suburb and low value in the northern 
suburb. This was closely related to the irrational distribution of green space, especially 
the unbalanced distribution of park green space. The distribution of park green space in 
the southern suburb was reasonable, with the eastern suburb was second. In contrast, the 
park green space in the western and northern suburbs had many defects. In addition, the 
cultural and educational areas in the southern suburb had more green space (six times 
that of the northern suburb and three times that of the western suburb); therefore, Xi’an 
should take great efforts to increase afforestation, especially in the eastern, western, and 
northern suburbs. For this, the government should strengthen the construction of large 
green corridors and accelerate the construction of a Xingfu forest belt along Xingfu 
Road, increase the quantity of three-dimensional urban green space, and strive to make 
Xi’an a forest city. 

According to analysis of ARCGIS, the carbon density of arbor forest in the main 
urban area of Xi’an (0-2.93) accounted for 0.2%, and 43.6% was between 2.93-5.05, 
36.0% between 5.05-7.17, 11.8% between 7.17-9.29, 4.9% between 9.29-11.41, 2.9% 
between 11.41-13.53, and 0.7% between 13.53-15.65. The research showed that the 
carbon density within the arbor forest in Xi’an was mainly concentrated in the range 
2.93-7.17 kg/m2. 

 
Analysis on carbon storage and carbon density of arbor forest in each Xi’an 
administrative region 

Spatial analysis on carbon storage and carbon density of arbor forest in each 

administrative region 

Based on the data about carbon storage and carbon density in the arbor layer in six 
administrative regions of the main urban area in Xi’an, and by applying the analysis 
software ARCGIS10.2, the author carried out geographic space analysis on carbon 
storage and carbon density of arbor forest in the main urban area (Beilin District, Yanta 
District, Xincheng District, Lianhu District, Baqiao District, and Weiyang District). 
Also obtained was the spatial distribution of the carbon storage and carbon density in 
the arbor layer in each Xi’an administrative region (Fig. 6). 

It can be seen from Figure 6 that the distribution of carbon density in the arbor layer 
in each Xi’an administrative region was characterized by high carbon density in the 
southern suburbs and low carbon density in the northern suburbs. The order of average 
carbon density in the arbor forest in each administrative region was Beilin District > 
Xincheng District > Lianhu District > Yanta District > Baqiao District > Weiyang 
District. The distribution of carbon storage in the arbor layer in each Xi’an 
administrative region is characterized by high carbon storage in the southern suburbs 
and low carbon density in the western suburbs. The order of average carbon storage in 
the arbor forest in each administrative region was Yanta District > Beilin District > 
Weiyang District > Baqiao District > Lianhu District > Xincheng District. The research 
showed that Beilin District had superior carbon storage and carbon density because of 
substantial development, well-developed economy, and concentration of schools 
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(especially colleges and universities) in Beilin District. The carbon storage in arbor 
forest of Lianhu District in the western suburbs and Xincheng District in the eastern 
suburbs was relatively low. The carbon density in the Weiyang District in the northern 
suburbs was also low, and needs to be improved further. It can be seen from Table 3 
that in the six administrative regions, the area of Beilin District is the smallest and the 
population density is the highest. At the same time, its average carbon density is the 
highest (8.39 kg/m2), which indicated that the age of the forest and area of forest land 
are factors that directly affect carbon density and carbon storage. In contrast, population 
density and human disturbance are indirect factors that affect carbon density and carbon 
storage. The ratio of area of land to carbon storage is 1/1.18 in Xincheng District, 1/4.92 
in Beilin District, 1/1.15 in Lianhu District, 1/0.32 in Baqiao District, 1/0.41 in Weiyang 
District, and 1/1.13 in Yanta District. It can be seen that Baqiao District and Weiyang 
District need to increase the area of green space on the existing land area, especially the 
area of arbor forest. 

 

 
Figure 6. Spatial distribution of carbon storage and carbon density of arbor forest in each 

Xi’an administrative region 

 
 

Spatial analysis on carbon storage and carbon density of arbor forest in different 

functional areas of each administrative region 

By applying ARCGIS software, the author showed the spatial distribution of carbon 
storage and carbon density in five types of green space in six Xi’an administrative 
regions, including road green space, residential area, scenic area-green space, cultural 
and educational green space, and industrial green space, as shown in Figures 7 and 8. 
The detailed information about the spatial distribution of carbon density of each type of 
green space in each Xi’an administrative region is shown in Table 3. 
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Figure 7. Spatial distribution of carbon storage of green space in each Xi’an Administrative 

region 

 
 

 
Figure 8. Spatial distribution of carbon density of green space in each Xi’an Administrative 

region 
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Table 3. Carbon storage of green space types in Xi’an administrative region 

Administrative 

region 

Road green space Residential green space Scenic-area green space 
Cultural and educational green 

space 
Industrial green space 

Area 

(m2) 

Carbon 
storage  

(kg) 

Carbon 
density 
(kg/m2) 

Area 

(m2) 

Carbon 
storage 

(kg) 

Carbon 
density 
(kg/m2) 

Area  

(m2) 

Carbon 
storage  

(kg) 

Carbon 
density 
(kg/m2) 

Area  

(m2) 

Carbon 
storage  

(kg) 

Carbon 
density 
(kg/m2) 

Area 

(m2) 

Carbon 
storage 

(kg) 

Carbon 
density 
(kg/m2) 

Xincheng 
District 

57250.01 10627891.08 185.64 45232.66 5036204.27 111.34 88306.90 9622811.15 108.97 56963.12 17034250.39 299.04 79003.43 3792164.62 48.00 

Beilin 
District 

87835.39 7943832.77 90.44 29274.09 2744738.47 93.76 1623101.0 20808151.18 12.82 200469.20 91349788.07 455.68 0.00 0.00 0.00 

Lianhu 
District 

65773.95 14088780.57 214.20 27305.66 3120217.72 114.27 203859.80 7840447.57 38.46 108262.10 30833048.35 284.80 63920.84 2454560.27 38.40 

Baqiao 
District 

29080.89 15088328.73 518.84 18368.02 4951283.56 269.56 206459.70 80727810.54 391.01 47549.84 16250633.65 341.76 16383.51 1100971.57 67.20 

Weiyang 
District 

32352.99 22792033.26 704.48 17804.33 4903667.32 275.42 201518.0 74920380.11 371.78 43961.57 19406395.88 441.44 47578.50 7917063.03 166.40 

Yanta 
District 

30095.94 14898694.69 495.04 28548.67 14638333.0 512.75 177780.0 45582801.39 256.40 114551.90 107660462.11 939.84 40400.94 2973509.11 73.60 
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It can be seen in Figures 7 and 8 and Table 3 that the carbon storage capacity of each 
type of green space occurred in the order cultural and educational green space > road 
green space > scenic-area green space > residential green space > industrial green space 
in Xincheng District. In Belin District, the order was cultural and educational green 
space > scenic-area green space > road green space > residential green space > 
industrial green space. The order was cultural and educational green space > road green 
space > scenic-area green space > residential green space > industrial green space in 
Lianhu District; but scenic-area green space > cultural and educational green space > 
road green space > residential green space > industrial green space in Baqiao District. 
For Weiyang District, the order was scenic-area green space > road green space > 
cultural and educational green space > industrial green space > residential green space; 
and cultural and educational green space > scenic-area green space > road green space > 
residential green space > industrial green space in Yanta District. 

The carbon density of each green space type occurred in the order cultural and 
educational green space > road green space > residential green space > scenic-area 
green space > industrial green space in Xincheng District; cultural and educational 
green space > residential green space > road green space > scenic-area green space > 
industrial green space in Beilin District, and cultural and educational green space > road 
green space > residential green space > scenic-area green space > industrial green space 
in Lianhu District. For Baqiao District the order was road green space > scenic-area 
green space > cultural and educational green space > residential green space > industrial 
green space; while in Weiyang District it was road green space > cultural and 
educational green space > scenic-area green space > residential green space > industrial 
green space; and finally, in Yanta District, the order was cultural and educational green 
space > residential green space > road green space > scenic-area green space > 
industrial green space. 

The research showed that the spatial distribution of carbon storage and carbon 
density of arbor forest in Xi’an is not balanced; it is high in the southern suburbs and 
low in the northern suburbs. The greatest contribution rate of carbon storage occurred in 
the cultural and educational green space in Yanta District, followed by the cultural and 
educational green space in Beilin District, scenic-area green space in Baqiao District, 
and scenic-area green space in Weiyang District, respectively. The least contribution 
rate of carbon storage was in residential green space in Weiyang District, in which the 
construction of residential green space should be increased. 

Discussion 

In the twentieth century, the urbanization process has been accelerated, the urban 
population in the world has increased by 10 times, and the proportion of urban 
population has risen from 14% to 50%. It is estimated that by 2030, more than 60% of 
the world’s population will live in cities. As of 2010, the proportion of urban 
population in China reached 49.68% and the spatial expansion of the area used for 
urban and town land use will increasingly become the main feature of land use change 
in China in the next few decades (Minghong et al., 2004). This rapid expansion of 
cities, and the evolution of land use patterns, will have a profound impact on 
conditions for urban plants, further affecting their distribution pattern, species 
composition, and diversity. The temporal and spatial evolution of land use has been 
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characterized by rapid and intense expansion of land under construction and the 
occupation of a large amount of arable land. 

At present, more than 50% of the world population lives in cities, and the cities that 
account for 2% of the land area now emit 78% of the greenhouse gases (Grimm, et al., 
2000). The amount of CO2 produced in urban regions is believed to be greater, 
accounting for 96% to 98% of total emissions (IPCC, 2000). The urban expansion in 
Xi’an was quite rapid, more than 10% of the annual growth rate. At present, the area 
of current urban regions is over 1,000 km2, and the rapid development of urbanization 
has brought severe challenges to the urban ecological environment. These have 
restricted improvements of quality of life for residents and of further development of 
urbanization. What is more, urban heat island effect, environmental pollution, 
greenhouse effects, traffic jams, and other ecological and environmental problems are 
constant. Forest carbon sequestration plays an important role in mitigating global 
climate change. Carbon sequestration is of great importance in reducing the 
greenhouse gas concentration in the atmosphere and slowing global warming. 
Therefore, urban ecosystems play important roles in the global carbon cycle. 

At present, there are still large uncertainties in the estimation of soil carbon 
sequestration and vegetation carbon sequestration, especially the carbon sequestration 
by scrub-grassland and trees that are outside of forests. In addition, the R&D on the 
atmosphere inversion model that accords with China’s actual situation can not only 
simulate the amount and distribution of carbon sequestration, but can also predict 
future carbon sequestration scientifically (Fang et al., 2007). 

Human activity is an important factor affecting the spatial distribution of the 
quantity and density of carbon stored in forest vegetation. At the same time, plant 
abundance, evenness, and diversity are drivers of carbon storage in forest vegetation. 
The carbon stored in the Xi’an forest vegetation plays an important role in regional 
carbon balance and cycle. Furthermore, the carbon stored in the arbor forest in Xi’an 
is almost proportional to the diameter at breast height (D) and the height (H) of the 
trees; therefore, the carbon density of forest in Xi’an is closely related to the age of 
the forest. 

The quantity and density of the carbon stored in the Xi’an forest vegetation are 
relatively low because it has a relatively large proportion of young and middle-aged 
forests. There is great potential for carbon sequestration in the Xi’an forest vegetation 
in the future. Carbon storage in forest vegetation is the basis for measuring the 
ecological benefits of forests and a key indicator with which to measure ecological 
construction. The quality of the forest structure in Xi’an needs to be improved further, 
and the protection of urban species diversity strengthened, so that the ecosystem 
services of the forest city can be expanded to its fullest. 

Conclusion 

Through investigation of 240 quadrats from 113 roads, 20 parks, 23 residential 
quarters, 18 schools, and 6 industrial zones in Xi’an, 68 tree species were found in the 
main urban area in Xi’an. The predominant tree species were Platanus orientalis, 
Styphnolobium japonicum (L.) Schott (Chinese scholar tree), and Ligustrum lucidum. 
The entire group of trees belonged to 36 families and 63 genera; and accounted for 
64.57% of the total vegetation. The ratio of evergreen tree species to deciduous tree 
species was 2:9, of which deciduous tree species mainly included 50 species 
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(including the Chinese scholar tree and the ginkgo (Ginkgo biloba) belonging to 30 
families and 44 genera, and accounting for 81.22%. Evergreen tree species included 
18 species (including Cedrus deodara, Magnolia grandiflora, and Ligustrum lucidum) 
belonging to 11 families and 19 genera, and accounting for 18.78%. In general, there 
was a smaller number of evergreen plants in Xi’an and the proportion was not 
balanced. Based on the high-resolution satellite remote-sensing image data, by 
combining with 3S technology (GIS, RS, and GPS) and applying measurements from 
actual quadrats, the author carried out accurate estimation of carbon density and total 
carbon storage by forest vegetation in the main urban area of Xi’an. Then, the author 
carried out quantitative analysis of the spatial distribution of carbon storage and 
carbon density in arbor forest in the main urban area of Xi’an using the analysis 
software ARCGIS10.2. This was used to analyze the spatial distribution of carbon 
storage and carbon density in the arbor layer in each Xi’an administrative region. 
From the research results discussed data, the findings are as follows. 

(1) The average carbon density in the arbor layer of each type of green space in the 
main urban area of Xi’an occurred in the order cultural and educational green space > 
scenic-area green space > road green space > industrial green space > residential green 
space; and the average carbon density in the arbor layer in the main urban area of Xi’an 
was 6.308 kg/m2, which is higher than that in Shaanxi Province. The average carbon 
storage in the arbor layer of each green space type in the main urban area of Xi’an 
occurred in the order cultural and educational green space > scenic-area green space > 
road green space > residential green space > industrial green space. The carbon storage 
in the cultural and educational green space was 210,990 t C, accounting for 40.6% of 
the arbor layer carbon sequestration in the main urban area. The carbon storage in 
scenic-area green space contributed 35.1% to the carbon sequestration of the arbor layer 
in the whole city. The carbon storage in the road green space accounted for 14.3% of 
total carbon storage of the arbor layer in the whole city and the carbon storage in the 
residential green space accounted for 6.6% of total carbon storage of arbor in the whole 
city. Carbon storage in the industrial green space accounted for only 3.3% of total 
carbon storage of the arbor layer in the whole city. The total amount of carbon storage 
in the arbor layer in the main Xi’an urban area was 519,180 t C. 

(2) The distribution of carbon density of arbor layer in each Xi’an administrative 
region is characterized by high carbon density in the southern suburbs and low carbon 
density in the northern suburbs, and the average carbon density of arbor forest in each 
administrative region was in the order Beilin District > Xincheng District > Lianhu 
District > Yanta District > Baqiao District > Weiyang District. The distribution of 
carbon storage in the arbor layer in each Xi’an administrative region is characterized 
by high carbon storage in the southern suburbs and low carbon density in the western 
suburbs, and the average carbon storage in arbor forest in each administrative region 
was in the order Yanta District > Beilin District > Weiyang District > Baqiao District 
> Lianhu District > Xincheng District. 

(3) The carbon storage capacity of each type of green space was in the order cultural 
and educational green space > road green space > scenic-area green space > residential 
green space > industrial green space in Xincheng District; cultural and educational 
green space > scenic-area green space > road green space > residential green space > 
industrial green space in Beilin District; cultural and educational green space > road 
green space > scenic-area green space > residential green space > industrial green space 
in Lianhu District; scenic-area green space > cultural and educational green space > 
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road green space > residential green space > industrial green space in Baqiao District; 
scenic-area green space > road green space > cultural and educational green space > 
industrial green space > residential green space in Weiyang District, and cultural and 
educational green space > scenic-area green space > road green space > residential 
green space > industrial green space for Yanta District. 

(4) The carbon density of each type of green space occurred in the order cultural 
and educational green space > road green space > residential green space > scenic-
area green space > industrial green space in Xincheng District; cultural and 
educational green space > residential green space > road green space > scenic-area 
green space > industrial green space in Beilin District; cultural and educational green 
space > road green space > residential green space > scenic-area green space > 
industrial green space in Lianhu District; road green space > scenic-area green space > 
cultural and educational green space > residential green space > industrial green space 
in Baqiao District; road green space > cultural and educational green space > scenic-
area green space > residential green space > industrial green space in Weiyang 
District; and cultural and educational green space > residential green space > road 
green space > scenic-area green space > industrial green space in Yanta District. 

(5) The greatest contribution rate of carbon storage occurred in the order cultural 
and educational green space in Yanta District, followed by cultural and educational 
green space in Beilin District, scenic-area green space in Baqiao District, and scenic-
area green space in Weiyang District. The least contribution rate of carbon storage 
was by residential green space in Weiyang District. In general, the spatial distribution 
of carbon storage and carbon density in Xi’an is not balanced: high in the southern 
suburbs and low in the northern suburbs. 

In summary, the forest vegetation in Xi’an has great potential for carbon 
sequestration. The results showed that the average carbon density of arbor trees in the 
main urban area of Xi’an was 6.308 kg/m2, which is higher than the average carbon 
density in Shaanxi Province (3.092 kg/m2). Moreover, the arbor forest of Xi’an makes 
a great contribution to the forest carbon sequestration in Shaanxi Province, playing a 
key role in whole-province forest sequestration. Because of the characteristics of the 
geographical environment in Xi’an, the fragile ecological environment and serious 
soil erosion, an effective approach would be to increase forest vegetation, improve the 
quality of forest structure, increase the quantity of three-dimensional greenery, and 
manage forest vegetation with attention to detail, to improve the urban environment 
and enhance forest carbon sequestration. This would improve the ability of the urban 
forest to fulfill its ecological service functions. In the future, based on the remote 
sensing image data and use of large-scale quadrats, the existing database will be 
updated via GIS, and an inversion model suitable for the actual situation in each 
region will provide a direction for developing more accurate assessment of regional 
forest carbon sequestration. 
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Abstract. The environmental changes significantly influence the microorganisms and affect their 
properties, leading them to take uncharacteristic ecological niches. This study has focused on the ability 
of phytopathogenic bacteria that belongs to the genera Pseudomonas, Curtobacterium, Ralstonia, 

Pantoea and Xanthomonas, which are able to cause various diseases of legumes, to produce extracellular 
phytohormones with stimulatory action in vitro. The qualitative and quantitative composition of 
extracellular auxins and cytokinins has been determined by spectrodensitometric thin-layer 
chromatography. This research revealed that the synthesis of plant growth promoting phytohormones that 
are agents of different plant bacterial disease, play an important role in their pathogenicity and ecological 
plasticity. In particular, it has been established that the level of auxins synthesis by the studied bacteria, 
which cause diseases of legumes, correlates directly with their pathogenic properties. Also, a clear 
connection between the pathways of interaction with plant and the amount and spectrum of synthesized 
auxins and cytokinins has been revealed. 
Keywords: phytohormones, phytopathogenic bacteria, pathogens spreading, auxin, cytokinin, bacterial 

infection 

Introduction 

It is known that the environmental changes associated with anthropogenic factor 
significantly affect both macro and microorganisms. Some researchers have shown that 
a change in the ecological conditions of microorganisms’ existence leads to changes in 
their properties, allowing them to expand their area of presence. This tendency involves 
phytopathogenic bacteria. Pathogenic bacteria of polyphagous and monophagous nature 
expand the number of plant species that they affect. On the other hand, the bacteria, 
previously considered as opportunistic, increase their level of aggressiveness (Patyka 
and Pasichnyk, 2014; Zakharova et al., 2015; Patyka et al., 2015). Such changes of 
phytopathogen’s properties occur due to accepting of new mechanisms of virulence, or 
to improvement of the ways of disease development. 

Phytohormones play the regulatory role not only in the key physiological processes 
of plants, but they are involved also in plant–microbe interactions (Cui et al., 2009; 
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Boivin et al., 2016). Five main classes of compounds with phytohormonal activity can 
be distinguished, such as: auxins, cytokinins, gibberellins, ethylene and abscisic acid. 
Auxins, cytokinins and gibberellins have a stimulating effect on the key processes of 
plant ontogenesis, while ethylene and abscisic acid are hormones with inhibiting and 
anti-stress action. Auxins and cytokinins play an important role in the process of 
growth and development of plants as well as in their interactions with bacteria, 
including pathogens. Auxins are derivatives of indole compounds, the most known of 
which is indole-3-acetic acid (IAA). This compound is produced by plants and 
microorganisms de novo from tryptophan through many pathways (Woodward and 
Bartel, 2005; Spaepen et al., 2007). Synthesis of auxins and cytokinins as mechanisms 
to infect plant tissues is quite common in phytopathogenic bacteria. This process is 
thoroughly investigated in tumor-inducing species, in particular, Agrobacterium 

tumefaciens. In these bacteria the genes responsible for synthesis of cytokinins are 
transferred by bacterial Ti-plasmids, which are integrated into genome of plants 
(Jameson, 2000). The similar genes were found in cells of other phytopathogenic 
bacteria (Kakimoto, 2003; Frébort et al., 2011). But, besides the tumor- and gall-
inducing species, other phytopathogenic bacteria, which cause necrosis, chlorosis, 
wilts or rots of plants, are also able to synthesize auxins and cytokinins (Jameson, 
2000). Information about the role of auxins and cytokinins in plant–pathogen 
interaction is constantly supplemented with new data (Jin et al., 2003; Navarro et al., 
2006; Chen et al., 2007; Ding et al., 2008). 

Today, there are following concepts of the influence of auxins on disease 
development: first, exogenous auxins can weaken stiffness of the plant cell wall – a 
natural barrier against pathogens (Darley et al., 2001). They stimulate fast growth of 
plant organs by increasing the size of cells by stretching (“acid growth”). At the initial 
stage of infection process, pathogens synthesize IAA to stimulate the formation of 
enzymes of “acid growth” by a plant that induces hydrolysis of polysaccharides of the 
cell wall. Moreover, disaccharides and monosaccharides, which were released during 
this process, can serve as an ideal power source for pathogens for their survival and 
further spread (Lindow and Brandl, 2003). Second, exogenous auxins participate in the 
work of stomata, ensuring the pathways for invasion of some phytopathogens in plant 
tissues (Niсo-Liu et al., 2006; Gottig et al., 2009). Finally, IAA-signaling can be 
antagonistic to the SAR-pathway (systemic acquired resistance) of formation of plant 
resistance to diseases (Chen et al., 2007; Pfeilmeier et al., 2016). 

Synthesis of cytokinins as a mechanism for successful invasion into plant tissues is 
widespread among galls-forming bacteria, which usually have plasmid location of genes 
responsible for their synthesis. But physiological expedience of these hormones 
synthesis by non-tumors inducing species of phytopathogenic bacteria is not fully clear 
(Jameson, 2000). 

The complete analysis of synthesis of plants growth promoting phytohormones by 
pathogenic bacteria, which cause various plant diseases, or differ by virulence 
properties, is rare. The present study is the first report about quantitative and qualitative 
analysis of extracellular auxins and cytokinins, synthesized by different species of 
bacteria pathogenic to legumes in vitro. This study can provide a new perspective on 
better understanding the compound role that stimulates plants’ growth and influences 
virulence of pathogens, plant infections and development of various diseases types. 
Also this research will hopefully improve the knowledge about different interactions 
between pathogen and plant. 
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Materials and methods 

The subject of our research is the ability of various types of pathogenic bacteria for 
legume cultures to synthesize a wide range of extracellular auxins and cytokines. 
Objects of investigation were strains of phytopathogenic bacteria specified in Table 1. 
Strain P. savastanoi pv. savastanoi 9174Т, which is able to induce formation of tumors 
in plants was included in the study as a control. 

 
Table 1. The strains of pathogenic for legumes bacteria used in research 

Species, pathovar, strain Place isolating, a year, the plant host  

“Pseudomonas lupinі” 8531, 8532, 8533, 8534, 8535 Ukraine, 1963-1971 years, lupine  

“Pseudomonas lupinі” 17, 6, 22 Ukraine, 2002-2003 years, lupine  

“Pseudomonas xanthochlora” 8540 Ukraine, 1963-1971 years, lupine  

“Pseudomonas xanthochlora” 3L, 9L Ukraine, 2006-2007 years, lupine  

Pseudomonas syringae pv. syringae * UCM B-1027Т (NCPPB 
281, ICMP 3023 typical strain) 

UK, 1950 year, lilac  

Pseudomonas savastanoi pv. phaseolicola UCM В-1123Т 
(**NСРРВ 52, ***ICMP 2740 pathotype strain) 

Canada - ****, beans  

Pseudomonas syringae pv. pisi 9177 Т (ICMP 2452, NСРРВ 
2585 pathotype strain) 

New Zealand, 1969 year, peas  

Pseudomonas savastanoi pv. savastanoi 9174 Т(NCPPB 639, 
ICMP 4352 pathotype strain) 

Yugoslavia, 1959 year, oil  

Pseudomonas marginalis pv. marginalis 9175Т (NCPPB 667, 
ICMP 3553 typical strain) 

Belgium, chicory  

Pseudomonas savastanoe pv. glycinea 8571 (NCPPB 1139) Zimbabwe, soybeans  

Curtobacterium flacumfaciens pv. flacumfaciens 6564 Ukraine, 1952 year, beans  

Ralstonia solanacearum UCM B-1109T (NCPPB 325, ICMP 
5712 typical strain) 

USA, 1953 year, tomato  

Pantoea agglomerans 8490 Romania, 1970 year, oats  

Pseudomonas syringae pv. tabaci 225 Ukraine, 1946 year, tobacco  

Xanthomonas axonopodis pv. glycines 8609 Ukraine, 1960 year, soybean  

Notes: 1.*UCM – Ukrainian Collection of Microorganisms; 2.**NCPPB National Collection of Plant 
Pathogenic Bacteria, UK; 3.***ICMP – International Collection of Microorganisms from Plants, New 
Zealand; 4.**** – data available 

 
 
Phytopathogenic bacteria of the genera: Pseudomonas, Curtobacterium, Ralstonia, 

Pantoea were cultured in the mineral Omelyansky medium (Н2О distilled – 1l.; 
K2HPO4 – 1.0 g; (NH4)2HPO4– 1.0 g; MgSO4 – 0.5 g; CaCl2 – 0.1 g; NaCl and FeSO4 – 
trace amounts) for 24-48 h in 750 ml flasks on a shaker (220 rev min-1) at 26-28 °C. 
Bacteria of the genus Xanthomonas were cultured in similar conditions in the synthetic 
Lich (Lili) medium (Н2О distilled – 1.0 l; casein – 2.0 g; fumaric acid – 1.3 g; K2HPO4 
– 1.0 g; MgSO4∙7 H2О – 0.5 g; Na2CO3 – 1.1 g; Fe2(SO4)3 – 0.2 mg; ZnSO4 – 0.2 mg; 
MgSO4 – 0.1 mg; glucose – 15 g). To determine the specrum of exogenous auxins the 
culture medium was added with 0.1% tryptophan. 

In order to separate the biomass, the culture fluids of bacteria were centrifuged for 
20 min at 9000 rev min-1 and at 4 °C. The cells of bacteria were washed three times. 
The supernatants were used for further investigation to extract phytohormonal 
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compounds. The sediment of cells was suspended in distilled water and then dried at 
103-105 °C in a desiccator, until constant weight. The amount of absolutely dry biomass 
(ADB) of microorganisms was determined gravimetrically. Determination of qualitative 
and quantitative composition of phytohormones in the culture fluids of phytopathogenic 
bacteria was performed by spectrodensitometric thin-layer chromatography (Pant and 
Agrawal, 2014; Leonova, 2015). Extracellular auxins and cytokinins were isolated from 
the supernatants of phytopathogenic bacteria by extraction of phytohormones with 
acetic acid ethyl ether at рН 3.0 and with n-butanol at рН 8.0. The obtained extracts 
were evaporated under vacuum at 40-45 °C. The dry sediment was dissolved in ethanol. 
Ethanol extracts of the supernatants of the studied bacteria were used for accumulative 
thin-layer chromatography. Quantitative determination of auxins and cytokinins was 
performed by using a Sorbfil scanning spectrodensitometer. In the research the synthetic 
standards of phytohormones were used, produced by companies Sigma–Aldrich and 
Acros Organic. 

All experiments were performed in 6 iterations. The results obtained were processed 
statistically using computer program Excel from licensed Microsoft Office 2010. In the 
table and the figures the average values and standard errors (М ± m) are presented. 
Values of P < 0.05 were considered to be significant. 

Results and discussion 

It has been shown that legumes pathogenic bacteria are able to produce a wide range 
of both auxins and cytokinins (Fig. 1). 

 

 
Figure 1. Detection of auxins, abscisic acid and cytokinins by TLC produced by 

phytopathogenic bacteria in thin layers of silicon oxide and aluminum oxide (Merck, UV254): 

IAA – Indole-3-acetic acid; ICal – Indole-3-carboxaldehyde; IC – Indole-3-carbinol; ABA – 

abscisic acid; IAAh – Indole-3-acetic hydrazide; IPA – N
6
-(2-Isopentenyl)adenine; Z – zeatin; 

IPAr – N
6
-(2-Isopentenyl)adenosine; ZR – trans-Zeatin-riboside 
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The results show that the level of auxin synthesis by legumes pathogenic bacteria 
correlates directly with their pathogenic properties. Thus, the pathogens, which can 
affect a wide range of plants (polyphagous) – P. syringae pv. syringae B-1027Т, 
P. marginalis pv. marginalis 9175T and P. savastanoi pv. savastanoi 9174T synthesize 
higher levels of auxins (from 1987.91 to 1362.46 μg g-1 ADB) compared with the 
phytopathogenic bacteria that cause disease in only one host plant (monophagous) – 
P. savastanoi pv. phaseolicola B-1123T, P. syringae pv. pisi 9177 T (from 825.87 to 
1267.5 μg g-1 ADB) (Table 2). 

 
Тable 2. Analysis of extracellular auxins and cytokinins synthesis by pathogenic for legumes 

bacterial strains of the genus Pseudomonas with their pathogenic properties 

Strains 

Amount of phytohormones, 

µg/g of absolutely dry 
biomass (ADB) 

Pathogenic properties 

Auxins Cytokinins 

P. syringae pv. phaseolicola UCM B-
1123Т 

1267.5 66.13 
Monophagous, bean angular 

leaf spot 

P. syringae pv. pisi 9177 Т 825.87 92.03 
Monophagous, pea bacterial 

blight 

P. syringae pv. syringae UCM B-1027Т 1987.91 76.4 

Polyphagous, cause different 
types of plant’s disease 
belongs to more than 50 

species 

P. marginalis pv. marginalis 9175Т 1362.46 170.90 
Polyphagous, cause disease of 

many plants species 

P. savastanoi pv. savastanoi 9174Т 
(1 day cultivation) 

344.67 331.97 
Monophagous, causes 

tumours of plants which 
belongs to family Oleaceae 

 
 
Furthermore, synthesis of auxins by tumor-inducing strain P. savastanoi pv. 

savastanoi 9174T occurs gradually, respectively: 344.67 μg g-1 ADB – the first day of 
culturing and 1893.24 μg g-1 ADB – the second day of cultivation. This probably 
confirms the fact that the gradual synthesis of auxins causes stage-by-stage changes in 
hormonal regulation of plants, whch ultimately leads to a gradual damage of plant tissue 
structure (Biovin et al., 2016; Jameson, 2000). Instead, already on the first day of 
cultivation, P. syringae pv. syringae B-1027Т, P. marginalis pv. marginalis 9175Т, 
significant amounts of auxins were synthesized, which indicates the possibility of using 
this indole compounds as the key virulence factors that quickly unbalance the hormonal 
regulation system of plants (Biovin et al., 2016; Jameson, 2000). Also, it should be 
noted that both polyphagous and monophagous differ in the spectrum of synthesized 
auxins (Fig. 2). 

The representatives of pathovars of phaseolicola, pisi, syringae, included in the 
research, synthesize medium amounts of both IAA and indole-3-carboxylic acids, and 
indole-3-acetic acid hydrazide (from 41.5–58.3 to 39.71–53.1% of the total amount of 
auxins). Strain P. savastanoi pv. savastanoi 9174Т synthesizes almost equal numbers of 
both IAA and indole-3-carboxylic acids, and indole-3-carboxy-aldehyde (56.05 and 
42.5% of the total amount of auxins). However almost 100% of auxins, synthesized by 
strain P. marginalis pv. marginalis 9175Т, accounted for IAA and indole-3-carboxylic 
acid (Fig. 2). No dependency was found between the number and range of synthesized 
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cytokinins and the pathogenic properties of polyphagous P. syringae pv. syringae B-
1027Т, P. marginalis pv. marginalis 9175Т, as well as monophagous P. syringae pv. 
phaseolicola B-1123Т, P. syringae pv. pisi 9177Т (Fig. 3). 

 

 
Figure 2. Synthesis of extracellular auxins by pathogenic for legume representatives of genus 

Pseudomonas: 1 – P. syringae pv. phaseolicola UCM B-1123
T
, 2 – P. syringae pv. pisi 9177

T
, 3 

– P. syringae pv. syringae UCM B-1027
T
, 4 – P. marginalis pv. marginalis 9175

T
, 5 – P. 

savastanoi pv. savastanoi 9174
T
 (1 day cultivation), 6 – P. savastanoi pv. savastanoi 9174

T
 

(2 days cultivation). Here and after: М ± m, n = 6; P < 0.05 vs. control 

 
 

 
Figure 3. Synthesis of extracellular cytokinins by pathogenic for legume representatives of 

genus Pseudomonas: 1 – P. syringae pv. phaseolicola UCM B-1123
T
, 2 – P. syringae pv. pisi 

9177
T
, 3 – P. syringae pv. syringae UCM B-1027

T
, 4 – P. marginalis pv. marginalis 9175

T
, 5 – 

P. savastanoi pv. savastanoi 9174
T
 (1 day cultivation), 6 – P. savastanoi pv. savastanoi 9174

T
 (2 

days cultivation) 
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The highest levels of cytokinin synthesis were observed in tumor-inducing strain P. 
savastanoi pv. savastanoi 9174T, both on the first and on the second day of culturing 
(331.97-457.51 μg g-1 ADB). Also, it should be noted that this strain is able to 
synthesize the largest amount of such forms of cytokinins as zeatin and zeatin-riboside 
(Fig. 3). 

During the research, on the example of two pathogens of bacterial diseases of lupine: 
“Pseudomonas lupini” (brown bacterial spot) and “Pseudomonas xanthochlora” (wet 
watery rot), a direct correlation between the level of aggressiveness of a strain on plants 
and the amount of synthesized auxins has been revealed (Table 3). 

 
Тable 3. Comparative characteristics of the amounts of extracellular auxins and cytokinins 

what synthesized by not valid taxa of pathogenic bacteria of the genus Pseudomonas with 

their level of aggressiveness on the zoned lupine’s varieties 

Strains 

Amount of phytohormones, µg/g of 
absolutely dry biomass (ADB) 

Intermediate 

aggressive strains 

on host plants, 

scores Auxins Cytokinins 

P. syringae (“P. lupine”) 8531 1554.82 Not determined 6.6±0.23 

P. syringae (“P. lupine”) 8532 586.36 94.52 5.6±0.10 

P. syringae (“P. lupine”) 8533 562.83 
Not determined 

4.4±0.19 

P. syringae (“P. lupine”) 8534 914.05 4.4±0.12 

P. syringae (“P. lupine”) 8535 1168.08  4.5±0.25 

P. syringae (“P. lupine”) 6 2124.89 102.23 8.5±0.40 

P. syringae (“P. lupine”) 17 2074.77 Not determined 8.2±0.50 

P. syringae (“P. lupine”) 22 98.46 4.56 2.0±0.10 

“P. xanthochora” 8540 1207.68 27.66 7.7±0.25 

“P. xanthochora” 3L 1201.22 23.26 7.0±0.1 

“P. xanthochora” 9L 391.99 tr. 2.0±0.5 

Note: “tr.” - found trace amounts 
 
 
In particular, low aggressive strains of Pseudomonas xanthochlora produced 

amounts of auxins 3 times or more smaller than the highly aggressive strains. A 
similar regularity can be observed for Pseudomonas lupini. Thus, low aggressive 
strain “Pseudomonas lupini” 22 synthesizes the amount of auxins 21 or more times 
less than highly aggressive strains Pseudomonas lupini 6 and 17. However, in the 
medium aggressive and low aggressive collection strains of Pseudomonas lupini, this 
correlation between the level of aggressiveness and the total amount of synthesized 
auxins is not observed so clearly (Table 3). No direct connection between the range of 
indole compounds and aggressiveness of the strains has been found. Also, it should be 
noted that more than 90% of all auxins synthesized by low aggressive strain 
Pseudomonas xanthochlora 9L accounted for IAA, which re-affirms the primary role 
of the compound in initiation and development of microbe–plant interaction (Fig. 4). 
In addition, it was established that there is a correlation between the level of 
aggressiveness of a strain and the amount of synthesized cytokinins. Thus, the 
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smallest amounts of these compounds are synthesized by low aggressive strains 
Pseudomonas xanthochlora 9L and Pseudomonas lupini 22 (from trace amounts to 
4.56 μg g-1 ADB). Also, it should be noted that in all of the investigated strains the 
level of zeatin and its transport form zeatin-riboside makes the highest percentage of 
the pool of synthesized cytokinins (Fig. 5). 

 

 
Figure 4. Synthesis of extracellular auxins by pathogenic for lupine representatives of genus 

Pseudomonas: (A) – 1, 2, 3, 4, 5, 6, 7, 8 – “P. lupini” 8531, 8532, 8533, 8534, 8535, 6, 17, 22 

and 9, 10, 11 – “P. xanthochora” 8540, 3L, 9L 

 
 

 
Figure 5. Synthesis of extracellular cytokinin by pathogenic for lupine representatives of genus 

Pseudomonas: 1, 2, 3, 4 – “P. lupini” 8532, 8535, 6, 22 and 5, 6, 7 – “P. xanthochora” 8540, 

3L, 9L 
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We have studied an ability to synthesize extracellular auxins and cytokinins by 
pathogens of various types of bacterial diseases of soybean. It has been established 
that an amount of synthesized auxins and their range depends on the pathogen’s 
properties and the features of its interaction with a plant. Polyphagous R. 

solanacearum UCM B-1109T, P. syringae pv. tabaci 225, C. flaccumfaciens pv. 
flaccumfaciens 6564 produce large amounts of auxins (from 1512.29 up to 948.8 μgg-

1 ADB) (Table 4) Monophagous X. axonopodis pv. glycines 8609 and P. savastanoi 
pv. glycinea 8571 synthesize more smaller amounts of auxins (from 445.09 to 147.38 
μgg-1 ADB). The highest levels of synthesis of these indole compounds were 
observed in strains R. solanacearum UCM B-1109T (1256.81 μgg-1 ADB), P. 

agglomerans 8490 (1327.0 μgg-1 ADB) and C. flaccumfaciens pv. flaccumfaciens 
6564 (1512.29 μgg-1 ADB). 

 
Тable 4. Comparative analysis of extracellular auxins and cytokinins synthesis by agents of 

soybean’s bacterial diseases with their pathogenic properties 

Strains 

Amount of phytohormones, 

µg/g of absolutely dry biomass 
(ADB) Pathogenic properties 

Auxins Cytokinins 

C. flacumfaciens pv. flacumfaciens 

6564 
573.29 50.81 

Polyphagous, bacterial tan spot 
of soybean and bacterial wilt of 

bean 

R. solanacearum UCM В-1109Т 1256.81 222.1 
Polyphagous, bacterial wilting 

of many plants 

P. agglomerans 8490 1327.0 323.51 
Polyphagous, disease like 

bacterial stem stripe and wet 
spottiness a of various crops 

P. syringae pv. tabaci 225 510.18 194.00 
Polyphagous, wildfire of 

soybean and tobacco  

P. savastanoi pv. glycinea 8571 445.09 75.30 
Monophagous, angual leaf spot 

of soybean 

X. axonopodis pv. glycines 8609 586.0 102.27 
Monophagous, soybean 

bacterial pustule 

 
 
Pathogens of bacterial diseases of soybean differ not only by quantitative, but also by 

the spectrum of synthesized auxins. In particular, the highest levels of IAA and indole-
3-carboxylic acid synthesis were found in both monophagous X. axonopodis pv. 
glycines 8609 (near 100% of the total amount of auxins) and polyphagous C. 

flaccumfaciens pv. flaccumfaciens (over 90%). Also, it should be noted that high level 
of production of both IAA and indole-3-carboxylic acid was found in P. agglomerans 
8490 (over 50%). However, low levels of synthesis of IAA and indole-3-carboxylic acid 
were observed in both monophagous P. savastanoi pv. glycinea 8571 (about 48%) and 
polyphagous P. syringae pv. tabaci 225 (about 28%) and R. solanacearum UCM B-
1109T (over 29%) (Fig. 6). 

In the investigation of cytokinin activity of strains – pathogens of soybean bacterial 
diseases, we have shown that the high level of synthesis of cytokinins is observed in 
polyphagous R. solanacearum UCM В-1109Т (222.1 μgg-1 ADB) and P. agglomerans 

8490 (323.51 μgg-1 ADB) (Table 4). Also, it should be noted that both R. solanacearum 
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UCM B-1109T and P. agglomerans 8490 synthesize rather large amounts of a transport 
form of zeatin – zeatin-riboside (65.17–32.46% of the total amount of cytokinins 
respectively) (Fig. 6). Instead, the other studied strains have lower levels of synthesis of 
exogenous cytokinins (from 194.00 to 50.81 μgg-1 ADB) compared with the above-
mentioned strains. In addition, P. syringae pv. tabaci 225, C. flaccumfaciens pv. 
flaccumfaciens 6564 and X. axonopodis pv. glycines 8609 are also able to synthesize 
significant amounts of zeatin–riboside (from 22.04 to 51.14%) (Fig. 7). 

 

 
Figure 6. Synthesis of extracellular auxins by pathogenic for soybean bacteria: 1 –

 Curtobacterium flacumfaciens pv. flacumfaciens 6564, 2 – Ralstonia solanacearum UCM B-

1109
T
, 3 – Pantoea agglomerans 8490, 4 – Pseudomonas syringae pv. tabaci 225, 5 –

 Pseudomonas savastanoi pv. glycinea 8571, 6 – Xanthomonas axonopodis pv. glycines 8609 

Discussion 

It has been shown that the polyphagous and strains with a high level of 
aggressiveness synthesize much higher levels of auxins, compared with the 
monophagous and strains with a low level of aggressiveness. This fact does not 
contradict the literature data. In particular, certain researchers had shown that 
spontaneous mutant Pseudomonas fluorescens HP72 synthesizes only a small amount of 
IAA and has a low ability to colonize roots of bent grass (Biovin et al., 2016). The 
strain of Erwinia chrysanthemi, which is mutant by the synthesis of IAA, has very low 
levels of synthesis of pectate lyase that worsens local maceration of plant’s tissues 
(Yang et al., 2007). 

It has been established that an amount of synthesized auxins and their range depends 
on the biology of a pathogen and the features of its interaction with a plant. In 
particular, strains P. syringae pv. syringae B-1027Т, P. savastanoi pv. phaseolicola B-
1123Т, P. syringae pv. pisi 9177 Т

, P. savastanoi pv. glycinea 8571, P. syringae pv. 

tabaci 225 and R. solanacearum В1109Т synthesize low and medium amounts of both 
IAA and indole-3-carboxylic acids. It is known that representatives of pathovars of 
glycinea, phaseolicola, pisi, syringae, tabaci are able to synthesize specific 
pathogenicity factors, in particular, toxins, synthesis of which may correlate with 
production of IAA. Thus, it was shown that strains of P. syringae pv. syringae, mutant 
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relating to IAA synthesis, significantly reduced production of syringomycin and, 
consequently, the virulence (Hwang et al., 2005). In addition, researchers have shown 
that synthesis of IAA by R. solanacearum and P. syringae is directly related to HRP-
gene-encoded type III secretion system (Type III secretion systems (T3SSs)), which is 
directly transcribed into effector proteins (hairpins) in the host plant cells and it is the 
key to development of infection process and disease symptoms (Jin et al., 2003; Fouts et 
al., 2002). Probably, rather high level of synthesis of auxins, in particular, IAA, by 
P. agglomerans 8490 is related to the ability of this species to colonize all components 
of phyllosphere, because the interaction with a plant is a characteristic feature of the 
biology of this species. Also, it is known that P. agglomerans are able to synthesize 
IAA in three ways (Spaepen et al., 2007). It appears that the presented above facts fully 
explain the research results. The auxins for these strains play a role of signaling 
molecules that start a cascade of other pathogenicity reactions rather than the role of key 
factors of virulence, probably. However, in strains P. marginalis pv. marginalis 9175Т

, 

X. axonopodis pv. glycines 8609 and C. flaccumfaciens pv. flaccumfaciens 6564 
synthesis of the mentioned above indole compounds plays the crucial role in 
mechanisms of their interaction with a plant (the increased permeability of the plant cell 
wall, disturbance in stomata work, inhibition of responses of plant protection, etc.), 
because, according to the literature, information about them having specific 
pathogenicity factors and their relationship to synthesis of auxins is almost absent. 

 

 
Figure 7. Synthesis of extracellular cytokinins by pathogenic for soybean bacteria: 1 –

 Curtobacterium flacumfaciens pv. flacumfaciens 6564, 2 – Ralstonia solanacearum UCM B-

1109
T
, 3 – Pantoea agglomerans 8490, 4 – Pseudomonas syringae pv. tabaci 225, 5 –

 Pseudomonas savastanoi pv. glycinea 8571, 6 – Xanthomonas axonopodis pv. glycines 8609 

 
 
According to the literature, bacteria synthesize cytokinins, using them primarily as a 

chemical signal to interact with plant or as a mechanism for successful invasion into 
plant tissues (Giron et al., 2013). Using the example of R. solanacearum, a connection 
between auxin and cytokinin signaling and plant roots susceptibility to this pathogen 
has been revealed (Kakimoto, 2003; Giron et al., 2013). The high level of synthesis of 
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cytokinins by P. agglomerans 8490 is likely to be connected with peculiarities of the 
biology of this species.. Moreover, as in the case of tumor-inducing species, in 
representatives of species P. agglomerans and R. solanacearum the genes trm/tzs, 
responsible for synthesis of auxins and cytokinins, are localized in plasmids. Therefore, 
the number of their copies is much larger, compared to the species with nucleoid 
location of the similar genes (Kakimoto, 2003). 

Conclusion 

It has been determined that the level of synthesized auxins produced by the studied 
bacteria correlates directly with their pathogenic properties. A connection between the 
ways of plants’ infection and the amount and spectrum of synthesized auxins and 
cytokinins has been estabilshed. In particular, certain types of phytopathogenic bacteria, 
in which formation of specific pathogenicity factors (toxins, enzymes) is connected to 
production of auxins, synthesize low and medium amounts of indole-3-acetic acid and 
indole-3-carboxylic acid. For these pathogens, these compounds probably act as 
signaling molecules, triggering reactions of other mechanisms of pathogenesis. 
However, the other species, for which there is not any known connection of synthesis of 
specific pathogenicity factors with auxin signaling, are able to synthesize significant 
amounts of mentioned above indole compounds, which probably play a crucial role in 
their interaction with the plant. 

Our investigation of quality and quantity phytohormones compositions synthesized 
by different pathogenic for plants bacteria will improve the understanding of pathogen-
plant interactions and, thus, will create preconditions for developing strategies to 
prevent the pathogens spreading. 
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Abstract. In this study, we evaluated the effects of fertilizers of different origin on broccoli yield and 
some characteristics. For this purpose, 9 different fertilizers were used. The different fertilizers used in 
the study were; NT; Control (No Treatment), FM; Farm Manure (approximate 2-4% N) CF; Chemical 
Fertilizer (46% N, 46% P2O5, 51% K₂SO₄), HA; Humic Acid, AA; Amino Acid, HFA; Humic and Fulvic 
Acid, ALG; Microalgea, ART; Arthrobacter sp., BAS; Bacillus subtilis strain QST 713. During the 
vegetation period, the plant growth parameters were measured twice in the growth season. The first 
measurement was performed after 40 days of planting, while the second was done after 70 days. Two 
plants were harvested from each replication in order to determine the plant growth parameters of shoot 
fresh weight, root fresh weight, plant height, root length, shoot and root dry weight and the number of the 
leaves. At the end of the experiment, mineral contents of leaves, total yield and ascorbic acid contents of 
broccoli heads were determined. As a result, it was determined that some organic fertilizers and 
biofertilizers increased the yield, various plant growth parameters, nutrient uptake of broccoli and 
ascorbic acid contents of broccoli heads at a significant level. 
Keywords: organic farming, eco-friendly, broccoli, biofertilizer, yield, quality, nutrient elements 

Introduction 

Many agricultural soil types lack at least one essential nutrient element that is 
necessary for plants. Soil degradation can occur due to acidity, alkalinity, salinity, 
anthropogenic processes and erosion. Maximum nutrient and yield are only possible by 
adding fertilizers to the soil in agriculture. In general terms, less efficiency counts for 
chemical fertilizers causing that only a small part of the fertilizer is used by plants 
(Arisha and Bardisi, 1999). In previous studies conducted on the efficiency of the 
fertilizers revealed that the efficiency was less than 50% in N, less than 10% in P, and 
around 40% for K in mineral fertilizers. These values are even lower in manure. When 
plants absorb the nutrients in an efficient manner, the costs of inputs are reduced and 
loss of nutrients is decreased in the ecosystem (Baligar et al., 2001). 

One way to optimize the efficiency of fertilizers is managing the fertilizers in an 
efficient manner, which means applying them at the right time, rate and place. This is 
true both for conventional and organic agriculture. Optimal crop productivity and 
optimal nutrient use efficiency must be in balance (Roberts, 2008). Applying 
agricultural activities for the purpose of obtaining high yield and quality requires 
chemical fertilizers be applied in a frequent manner. This causes extra costs and 
environmental problems. The biogeochemical cycle is a complex system and is 
frequently influenced in a negative manner when chemical fertilizers are used too often 
to promote soil fertility and crop yield. For instance, applying fertilizers gives rise to 
leaching and nutrient runoff (especially P, and N). This has causes that there appeared 
an environmental degradation. Therefore, organic agriculture has attracted attention 
more in recent years (Esitken et al., 2005). 
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When chemical fertilizers are not used in an efficient manner, one possible way to 
reduce negative effects is inoculation with Plant Growth Promoting Rhizobacteria 
(PGPR), which have useful effects on plant growth. For this reason, these bacteria may 
be used for agricultural activities as bio-fertilizers (Baligar et al., 2001). Some bacteria 
species were tested, and it was concluded that they were useful for plant yield, growth 
and quality improvement. These bacteria can enhance yield of organic systems and help 
control pollution. Faster breakdown of organic substance, improved nutrient availability 
and soil characteristics are among the positive effects of biofertilizers. It is possible to 
explain these positive effects by metabolite release, which enhances growth. Although 
full mechanism has not been fully resolved, PGPR acts in the following mechanisms; 
producing plant growth hormones (like auxin, cytokinin, gibberellin); ethylene 
production inhibition; fixation of symbiotic N2; inorganic phosphate solubilization; 
organic phosphate and/or other nutrients mineralization; acting as an antagonist to 
phytopathogenic microorganisms (by siderophores production); antibiotic, enzyme and 
fungi compound synthesis; and competition with detrimental microorganisms (Mellada 
et al., 2007). 

Broccoli (Brassica oleracea L. var. italica) is considered as a Brassicaceae family 
member. It is a wild form belonging to this family, and is spread in the Mediterranean 
region (Decoteau, 2000) Broccoli is an important vegetable because of its high 
nutritional as well as commercial value (Yoldas et al., 2008). In general, more than 
necessary inorganic fertilizers are given to vegetables for the purpose of achieving 
higher yields and maximum growth value (Badr and Fekry, 1998; Arisha and Bardisi, 
1999; Dauda et al., 2009) On the other hand, using inorganic fertilizers solely can lead 
to several problems for human health and the environment (Arisha and Bardisi, 1999). 
For the purpose of improving soil structure (Dauda et al., 2009), and microbial biomass 
an alternative to mineral fertilizers is organic manure (Naeem et al., 2006). For this 
reason, using locally produced manure in agricultural activities might increase crop 
yield, and thus, less chemical fertilizers will be used. Nowadays, consumers prefer 
organic foods than ever because there is a widespread belief that organic foods are 
healthier and more environmental-friendly. However, an important drawback of organic 
agriculture is the fact that most organic fertilizers have low nutrient contents (Mengel 
and Kirkby, 1987) which mostly depends on the source and moisture content. Another 
problem is the difficulties to assess the value of organic fertilizers by using direct total 
quantity of plant nutrients analysis. For this reason, further studies are necessary to 
define the availability of the nutrient elements and the efficiency of many organic 
fertilizers. During the decomposition of organic materials, a slow and variable release of 
nutrients occurs. By increasing the mineral and organic fertilizer efficiency, it is 
possible to use biofertilizers to increase soil productivity and plant growth in sustainable 
agriculture activities (Arisha and Bardisi, 1999). For this reason, the study was designed 
to examine the effects of organic fertilizers that have different contents on plant growth 
parameters, nutrient uptake, and yield of broccoli in comparison with mineral fertilizer 
application under field conditions. 

Materials and methods 

Plant material 

Broccoli ‘Marathon F1’ (Brassica oleracea L. var. italica) plant (middle season 
variety was used as plant material in the present study. 
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Experimental design 

The study was designed and applied in high plastic tunnels at Cukurova University, 
Karaisali Vocational School, Adana, which is located in the southern part of Turkey. 
The study was applied in 2011 and 2012 growth period. In the first year, broccoli was 
grown in the southern region in a limited time period, which is between September and 
February. In the second year of the study, the application was made in the same period. 
Table 1 shows some of the physical and chemical characteristics of the soil in the study 
area. According to soil analysis; phosphorus content is low, potassium, magnesium, 
calcium is high, zinc is medium, and other micro elements are sufficient. 

 
Table 1. Analysis results of the soil used in the study 

Nutrient Concentration Unit 

Phosphorus (P) 107 kg/ha 

Potassium (K) 768 kg/ha 

Magnesium (Mg) 2630 kg/ha 

Calcium (Ca) 20600 kg/ha 

Sulphur (S) 94 kg/ha 

Boron (B) 3 kg/ha 

Zinc (Zn) 7 kg/ha 

Manganese (Mn) 189 kg/ha 

Iron (Fe) 153 kg/ha 

Copper (Cu) 6 kg/ha 

Salt 0.8 mmhos/cm 

Organic Matter 2.34 % 

Lime 28.4 % 

pH 7.6 - 

 
 
Broccoli (Marathon F1 cultivar) was planted in high plastic tunnels in the 3rd week of 

September (in the 1st year on 22.09.2011; and in the 2nd year on 19.09.2012). The 
selected variety is a high value for marketing that can be adapted to different climatic 
conditions including extreme winter colds, harvested in 75 days after planting and has a 
strong plant structure. It can be harvested all season. A distance of 0.80 m was given 
between the seedlings with an intrarow spacing of 0.60 m. A randomized complete 
block design was used in the study area with three replications. There were 10 plants in 
each plot. The applications were as follows; NT; Control (No Treatment), FM; Farm 
Manure (approximate 2-4% N) CF; Chemical Fertilizer (46% N, 46% P2O5, 51% 
K₂SO₄), HA; Humic Acid (Humic A), AA; Amino Acid (Pattrone), HFA; Humic and 
Fulvic Acid (Ekoflora), ALG; Microalgea (Allgrow), ART; Arthrobacter sp. (Roa 
Natura), BAS; Bacillus subtilis strain QST 713 (Serenade ASO). Table 2 shows the 
doses applied in each treatment. 

 
Treatments time 

Organic and biofertilizer doses were added to the soil 3 times; 1st time: Before 
planting. 2nd time: 30 days after planting. 3rd time: 60 days after planting. 
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Table 2. Organic and bio fertilizer contents and application doses 

Treatments Ingredients Doses 

NT Control (No Treatment) - 

FM Farm Manure (approximate 2-4% N) 3 ton da-1 

CF 
Chemical Fertilizer; 46% N, 46% P2O5, 51% 

K₂SO₄ 20 kg N da-1, 15 kg P2O5 da-1, 
25 kg P2O5 da-1 

HA 
Humic Acid 50%, Amino Acid 10%, N 16%, 

K2O 1%, P2O5 2%, Humidity 1%, pH 3-5. 
5 kg da-1 

AA Free Amino Acid, 45.43%, 10.21% Organic N 3 kg da-1 

HFA 
Humic + Fulvic acid 28.2%, K2O 2%, P2O5 2%, 

MgO2 1.1%, Fe2O, 0.24%, Zinc 129 ppm, 
Manganese 90 ppm, pH 6-8 

150 kg da-1 

ALG 

Algea, 660 ppm N, 27 ppm NA, 5.6 ppm F, 184 
ppm P 17 ppm Mn, 15 ppm Ca, 722 ppm K, 0.49 

ppm Co, 0.89 ppmV, 3.7 ppmCu, 8.5 ppm Zn, 
0.28 ppm Mo, 310 ppm S, 44 ppm B, 21 ppm  

2 l da-1 

ART Arthrobacter sp. 2 l da-1 

BAS Bacillus subtilis strain QST 713 1 l da-1 

 
 

Plant growth parameters 

Plant growth parameters were measured twice in the growth season; 1st time: 40 days 
after planting (10 days after 1st fertilizer application). 2nd time: 70 days after planting 
(10 days after 2nd fertilizer application). Two plants were harvested from each 
replication. The parameters like growth variables (fresh weight of the shoot, fresh 
weight of the root, height of the plant, length of the root, dry weight of the shoot, dry 
weight of the root, and the number of the leaves) were recorded. Roots and shoots were 
separated from the surface of the soil. Plant roots were cleaned of soil with water. For 
the purpose of determining the dry matter amount, shoots (including the leaves and the 
stem) and root samples were dried at 70 °C in an oven until the humidity was 
evaporated. 

 
Physical properties and the yield of the broccoli heads 

The broccoli that was not mature and marketable were harvested between December 
and February in both years. Heads with stems were cut into 15 cm pieces. The yield per 
decare was computed. To define the physical properties (for example, the weight of the 
head), 15 broccoli heads (per treatment – 3 replicates of 5 heads) were measured. The 
heads were sampled from each application. The weight of the heads was computed as 
the mean value of 15 heads. In order to measure the head diameter, the widest part of 
the head was used. 

 
Determination of mineral contents in leaves 

For the purpose of determining the relation between the broccoli nutrient content and 
soil nutrient pools, the measurements were made when the heading process started 
(Jones, 1981; Mengel and Kirkby, 1987). In this respect, during the heading process, 



Altuntaş: A comparative study on the effects of different conventional, organic and bio-fertilizers on broccoli yield and quality 
- 1599 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1595-1608. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_15951608 
 2018, ALÖKI Kft., Budapest, Hungary 

leave samples were taken (five of the youngest leaves). These samples were then dried 
at oven at 70 °C for 48 h. After the drying process, they were weighed. Then they were 
placed in ash at 550 °C for nearly 10 h. The ash was dissolved in 3.3% HCL. Atomic 
Absorption Spectrometry was used to determine the K, Ca, Mg, Fe, Mn, Zn, Cu 
concentrations in the leaves. The nitrogen amount of the leaves was determined by 
using the Kjeldahl method. 

 
Vitamin C analysis 

The head samples were taken in the 4th harvest to analyze the Vitamin C content. 5 g 
of broccoli head was homogenized with 50 ml meta-phosphoric acid (HPO3) solution 
and then filtered to analyze Vitamin C. After this process, 10 ml filtrate was titrated by 
using 2.6 dichlorophenolindophenol solution to obtain a pale pink color. Vitamin C 
content was computed after 2.6 dichlorophenolindophenol solution was calibrated by 
using L-Ascorbic Acid (Uggla, 2004). 

 
Data analysis 

The experiment was repeated in 2 years. For the purpose of analyzing the data, the 
IBM SPSS Statistics 20 Software was used. The mean values for each parameter were 
compared by a multiple comparison Duncan test to investigate the grouping (at P = 
0.05). No significant interactions were detected by year. For this reason, the data were 
pooled. 

Results and discussion 

As a result of the study, it was determined that some organic fertilizers and 
biofertilizers increase the yield, various plant growth parameters, and nutrient intake of 
broccoli at a significant level. (Naeem et al., 2006) conducted a study and reported the 
following positive outcomes of the Plant Growth Promoting Rhizobacterias; fixation of 
nitrogen, reducing ethylene levels by ACC Deaminase enzyme activity, siderophores 
and phytohormones production (like oxins), pathogen resistance induction and nutrient 
solubilization. The growth and development of plants may be influenced by Plant 
Growth Promoting Rhizobacterias in two ways, either directly or indirectly. Direct 
effects are as follows; production of ACC deaminase for the purpose of reducing the 
ethylene levels in the plant roots (Dey et al., 2004) production of plant growth 
regulators like Indole Acetic Acid (IAA) gibberellic acid (Narula et al., 2006) 
cytokinins (Dey et al., 2004) and ethylene, (Ortiz-Castro et al., 2008) asymbiotic 
nitrogen fixation exhibition of antagonistic activity against phytopathogenic 
microorganisms by producing siderophores (b-1.3-glucanase, chitinases, antibiotics, 
fluorescent pigment and cyanide) and solubilization of mineral phosphates and other 
nutrient elements (Dauda et al., 2009). There are more than one mechanism used by 
PGPR for the purpose of improving plant growth. According to several studies, 
stimulation of plant growth is the clear result of multiple mechanisms, which might be 
activated simultaneously (Martinez-Viveros et al., 2010). Indirect stimulation is related 
with biocontrol – including production of antibiotics, chelation of available Fe in the 
rhizosphere, extracellular enzyme synthesis for the purpose of hydrolyzing the fungal 
cell wall and competition for niches in the rhizosphere (Uggla, 2004). Blue green algae 
are the diverse group of photosynthetic prokaryotes, which are known to fix 
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atmospheric nitrogen and to convert insoluble phosphorus into soluble form (Irisarri et 
al., 2001). Cyanobacteria play an important role in maintenance and build-up of soil 
fertility, consequently increasing rice growth and yield as a natural biofertilizer (Song et 
al., 2005) The acts of these algae include: (1) Increase in soil pores with having 
filamentous structure and production of adhesive substances. (2) Excretion of growth-
promoting substances such as hormones (auxin, gibberellin), vitamins, amino acids 
(Roger and Reynaud, 1982; Rodriguez et al., 1982). (3) Increase in water-holding 
capacity through their jelly structure. (4) Increase in soil biomass after their death and 
decomposition. (5) Decrease in soil salinity. (6) Preventing weeds growth. (7) Increase 
in soil phosphate by excretion of organic acids (Wilson, 2006). After water, nitrogen is 
the second limiting factor for plant growth in many fields and deficiency of this element 
is met by fertilizers (Malik et al., 2001). 

Humic substances, play a vital role in soil fertility and plant nutrition. Plants grown 
on soils which contain adequate humin, humic adds, and fulvic adds are less subject to 
stress, are healthier, produce higher yields; and the nutritional quality of harvested foods 
and feeds are superior. The value of humic substances in soil fertility and plant nutrition 
relates to the many functions these complex organic compounds perform as a part of the 
life cycle on earth. The life death cycle involves a recycling of the carbon containing 
structural components of plants and animals through the soil and air and back into the 
living plant. As a result humic acids function as important ion exchange and metal 
complexing (chelating) systems. Because of the relatively small size of fulvic acid 
molecules they can readily enter plant roots, stems, and leaves. As they enter these plant 
parts they carry trace minerals from plant surfaces into plant tissues. Fulvic acids are 
key ingredients of high quality foliar fertilizers. Plant grow is influenced indirectly and 
directly by humic substances. Positive correlations between the humus content of the 
soil, plant yields and product quality have been published in many different scientific 
journals (Petit, 2004). 

 
Root length, fresh and dry root weight 

The results of these parameters are given in Tables 3 and 4. When the root 
development parameters were analyzed, it was determined that the farm manure and 
organic fertilizers were more effective in the root length. In the first measurement date, 
in the root length rank, the Arthrobacter sp.(ART), which is one of the biofertilizers, 
came after HFA and AA, which are organic fertilizers, and after FM, which is a farm 
fertilizer (Table 3). In the second measurement date, the longest root was measured in 
Arthrobacter sp. (ART) application, and HFA, FM, AA, BAS followed it respectively. 
When the fresh and dry weight of the roots were analyzed, it was determined that 
biofertilizers are more influential unlike the organic fertilizers in root length. It was 
determined that eave-formation is more intense and this is reflected to fresh and dry root 
weight (Table 4). Especially the biofertilizers that include algae (ALG) and Bacillus 

subtilis (BAS) were determined to be the highest ones in terms of dry root weight in 
both measurement dates. Chemical fertilizer application (CF) and Control (NT) groups 
were left behind in root development. 

It was determined that biofertilizer treatment improves the radical system in broccoli. 
Dry root weight and root length were detected to be increased at a significant level in 
the plants which received bio fertilizers (47% Arthrobacter sp. (ART), and 30% 
Bacillus subtilis (BAS), respectively) when compared with the Control Group (NT). 
Plant nutrient facilitation may be the mechanism with which biofertilizer improves the 
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crop yield and head size, because the nutritional plant status is improved with the 
increased availability of nutrients in the rhizosphere (Bar-Ness et al., 1992) According 
to the findings, inoculants may be used to allow reduction in the current high fertilizer 
rates and to eliminate relevant problems (Shaharoona et al., 2008; Dauda et al., 2009) 
without compromising the productivity of the plants. 

 
Fresh and dry weight of shoot 

In terms of the fresh weight of the shoot, although the biofertilizer that included 
Bacillus subtilis (BAS) had the highest value in both measurement dates in terms of dry 
weight of the shoot, (AA), which was rich in amino acid content and organic N content 
among the organic fertilizers, was detected to be ahead of the biofertilizers in both 
measurement dates. (ALG) biofertilizer, which contained algae + macro and micro 
elements, followed this application (Tables 3 and 4). The applications that had better 
root development rather than root length, and therefore higher root weights, affected the 
development of the shoot in a positive manner. In general, in both measurement dates, it 
was determined that the fresh and dry weight of the shoot was increased by biofertilizer 
applications. It is possible to claim that biofertilizers play active roles in the root 
development of the plants, and depending on this, in nutrient intake, and therefore, in 
the development of broccoli (Tables 3 and 4). 

 
Plant height and number of the leaves 

When the results obtained about the plant height were analyzed, it was determined 
that organic fertilizers came to the forefront in the first measurement date AA, HFA, 
HA, respectively. Organic fertilizer applications were followed by chemical fertilizer 
application (CF) with algae + macro and micro element (ALG) and Bacillus subtilis-
containing (BAS) biofertilizers (Table 3). 

 
Table 3. In the first measurement date, the effects of various organic and biofertilizers on 

plant growth parameters of broccoli 

Treatments 

Plant 

height 

(cm) 

Leaf number 

(number/plant) 

Root length 

(cm) 

Root fresh 

weight (g) 

Shoot 

fresh 

weight 

(g) 

Root dry 

weight 

(g) 

Shoot dry 

weight  

(g)  

NT 28.21 b 16.5 20.46 b 45.48 c 600.45 8.65 54.15 c  

FM 28.41 b 18.2 29.43 a 64.43 ab 705.12 12.65 70.54 bc 

CF 30.17 ab 19.0 23.29 b 45.48 c 795.32 12.45 95.45 b 

HA 32.37 ab 24.3 25.18 b 65.68 ab 880.41 15.65 79.23 bc 

AA 35.34 a 25.2 30.15 a 69.52 a 884.65 15.45 164.95 a 

HFA 35.12 a 24.2 31.11 a 75.41 a 800.64 15.75 72.42 bc 

ALG 29.49 ab 22.3 24.48 b 60.65 b 765.41 13.65 110.65 ab 

ART 28.61 b 18.5 27.61 a 75.23 a 845.14 17.45 98.45 b 

BAS 29.23 ab 19.5 26.49 b 67.43 ab 970.25 18.45 103.35 ab 

 
 

In the second measurement date, the bio fertilizers that contained microorganism 
showed positive effects on plant height, and the gap between the applications with 
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significant differences in the first measurement were closed. In the second measurement 
date, the lowest value in terms of plant height, which were close to each other, was 
measured in the control application (Table 4). No clear differences were detected in 
terms of the number of the leaves between the applications in the first measurement 
date. The highest number of leaves were determined in the organic fertilizer 
applications AA, HA, HFA, respectively. This was followed by the biofertilizer that had 
algae in it ALG (Table 3). However, in the second measurement date, AA application 
surpassed the other applications at a significant level and was followed by 
microorganism applications ALG, ART, BAS, respectively (Table 4). 

 
Table 4. In the second measurement date, the effects of various organic and biofertilizers on 

plant growth parameters of broccoli 

Treatments 

Plant 

height 

(cm) 

Leaf number 

(number/plant) 

Root 

length 

(cm) 

Root fresh 

weight (g) 

Shoot 

fresh 

weight (g) 

Root dry 

weight 

(g) 

Shoot dry 

weight (g)  

NT 40.45 24.25 c 32.18 b 125.45 d 1380.45 d 15.6 b 125.50 b 

FM 45.25 27.25 bc 40.45 a 125.62 d 1560.12 d 24.81 a 185.85 ab 

CF 45.45 29.20 bc 36.48 b 135.36 c 1915.58 c 24.70 a 183.27 ab 

HA 45.25 31.25 b 33.58 b 135.35 c 1948.52 c 25.35 a 210.65 a 

AA 47.65 42.00 a 40.35 a 145.42 b 2245.12 b 25.65 a 330.42 a 

HFA 46.40 31.50 b 41.24 a 136.65 c 2485.04 a 26.54 a 230.32 a 

ALG 48.45 33.30 b 39.45 ab 141.15 b 2460.15 a 28.41 a 240.52 a 

ART 47.85 33.00 b 46.24 a 138.48 b 2345.65 ab 29.71 a 220.05 a 

BAS 46.45 32.50 b 39.48 ab 164.18 a 2565.36 a 29.85 a 195.05 a 

 
 

The plant nutrient element content in the leaves 

When the results on the plant nutrient element in the leaves were analyzed it was 
determined that AA, which was rich in terms of amino acid content and organic N 
content as an organic fertilizer; ALG, which included algae + micro and macro elements 
as a biofertilizer; and BAS, which included Bacillus subtilis ranked the first (Figs. 1 and 
2). In terms of macro elements, the highest nitrogen amount in the leaves was found in 
Arthrobacter sp. (ART) application, and the highest calcium amount was found in farm 
fertilizer (FM) application. AA application ranked the third in terms of Nitrogen 
amount, and ALG ranked the second in terms of calcium amount (Fig. 1). It was 
determined that broccoli plant made use of organic fertilizers in AA application in the 
most efficient way, and biofertilizers helped nutrient intake. This affected the head 
quality and yield in broccoli in a direct manner. It was determined that the control 
application (NT) was in the lowest level in terms of nutrient element (Figs. 1 and 2). 
Aside from the control application (NT), the lowest nutrient element contents were 
detected in farm fertilizer application (FM) in terms of N, Mg and Mn contents; the 
lowest K and Zn contents were determined in F8 application, the lowest Ca and Cu 
contents were determined in Chemical Fertilizer (CF) application; and the lowest Fe 
content was detected in HA application, which was rich in terms of humic acid (Figs. 1 
and 2). 
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Humic acid can influence mineral nutrient intake of plants in a positive way. For this, 
the permeability of the membranes must be increased in the root cells. Humic elements 
affect the plant growth in an indirect and direct manner. It was reported in previous 
studies that there is a positive correlation between the humus content and plant yield. 
Among the direct effects, there are the changes in plant metabolism after the intake of 
organic macromolecules (like humic acids and fulvic acids). After the compounds enter 
the cells of the plant, some biochemical changes happen in the membranes and in some 
cytoplasmic components of plant cells. Humic substances mediate the intake of major 
plant nutrients. The intake of major plant nutrients improves plant growth as a 
stimulative effect of humic substances; nitrogen (N) phosphorus (P), and potassium (K). 
If humic substances exist in the soil in sufficient amounts, the necessity for N, P, and K 
fertilizer applications decrease. The growth of plant roots is affected by humic 
substances. When the soil receives humic acid and/or fulvic acid, root initiation and 
increased root growth occur. In this way, humic and fulvic acids are considered as root 
simulators. The key role of PGPR may be described as plant hormone secreting 
activities. In previously conducted studies, it was reported that auxin-producing 
rhizobacteria affected root development and had a strong growth-promoting activity 
(Probanza et al., 1996) However, it was also reported that Bacillus OSU-142 is 
important on N2-fixation on sugar beet and barley, (Cakmakci et al., 2001; Sahin et al., 
2004) tomatoes and pepper and apricot (Esitken et al., 2003) in field studies. 
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Figure 1. The effects of different organic and biofertilizers on macro nutrient element contents 

of broccoli leaves 
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Figure 2. The effects of different organic and biofertilizers on the micro nutrient element 

contents of broccoli leaves 

 
 

Broccoli head quality 

It was determined in diameter and weight measurements of the heads of broccoli that 
biofertilizer applications gave better results (Table 5). The best result in terms of head 
diameter was determined at a statistically significant level in BAS, which included 
Bacillus subtilis, and the best results in terms of head weight were received at a 
statistically significant level in ALG application, which included algae + macro and 
micro elements. Arthrobacter sp. (ART), which was another biofertilizer application, 
followed these. Biofertilizers were more effective than the organic fertilizers in terms of 
main head diameter and weight. As a result of Vitamin C analyses in the heads of 
broccoli, it was determined that both the biofertilizers and organic fertilizers were found 
to be different from the control application at a significant level, and the results were 
close to each other aside from the control application. In terms of head quality, typical 
changes were detected in our results in all treatments in broccoli ripening, in other 
words, the head diameter increased (Elkoca et al., 2008) Although different fertilizers 
were given, the plants in the study showed higher Ascorbic acid values. BAS treatment 
was found to have the highest Ascorbic acid content when compared with other 
treatments (Table 5). Lai et al. (2008) indicated that yield (mean floret weight), total 
phenolic and flavonoid content in broccoli shows significant year on year variation, but 
is not significantly different in organic compared to conventional production systems. 
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Table 5. The effect of biofertilizer and organic fertilizer applications on diameter, weight 

and Vitamin C content in the heads of broccoli 

Treatments 

Total yield (kg/da) 

(main head + 

lateral heads) 

Main head diameter 

(cm) 

Main head weight 

(g) 

Ascorbic acid  

(mg 100 g-1) 

NT 691.25 c 9.00 d 162.50 g 90.03 b 

FM 1254.32 b 12.50 abc 205.00 efg 95.25 a 

CF 1155.75 b 10.25 cd 272.50 de 95.41 a 

HA 1057.08 b 11.50 bcd 205.00 efg 95.51 a 

AA 1340.62 ab 11.50 bcd 233.75 def 95.66 a 

HFA 1307.5 ab 11.00 bcd 266.00 de 95.56 a 

ALG 1458.33 a 13.00 ab 452.50 a 96.63 a 

ART 1348.25 ab 13.00 ab 301.25 cd 96.41 a 

BAS 1445.68 a 14.50 a 378.75 b 96.66 a 

 
 

Total yield 

Together with the main and side-heads, in terms of yield values in biofertilizer 
applications, ALG application, which included algae + macro and micro elements, and 
BAS, which included Bacillus subtilis, were found to be different from all other 
applications at a statistically significant level. These applications were followed by 
Arthrobacter sp. (ART), and AA and HFA applications which were among organic 
fertilizer applications. It was determined that the yield in broccoli plants was higher in 
biofertilizers than in organic fertilizers, chemical fertilizers and control (Table 5; Figure 

3). The yield and plant growth improvement effects of bacteria, which were used in the 
present study, may be explained with the N2-fixing and P-solubilizing capacity of 
bacteria. Positive influences of biofertilizers on yield and growth parameters (like 
apricot, tomatoes, sugar beet, and barley) are explained with N2-fixation ability, 
phosphate-solubilizing capacity, indole acetic acid, and antimicrobial substance 
production (Esitken et al., 2005; Rodrigues et al., 2006; Wilsion, 2006; Malik et al., 
2001). In general, the improvements in macro/micronutrient contents were more 
emphasized in PGPR treatments. However, mineral fertilizer and control also resulted in 
significant nutrient increases in terms of plant leaf. It is expected that the improvement 
in mineral intake by plants results in and increased accumulation of minerals in the 
leaves of plants. Using N2-fixing and P-solubilizing PGPR in chickpea (Pettit, 2004) 
barley (Rodriguez et al., 2006) tomato (Caballero-Mellado et al., 2007) lettuce (Bar-
Ness et al., 1992) stimulated macro- and micronutrient intake like N, P, K, Ca, Mg, Fe, 
Mn, Zn, and Cu, which show consistency with our results. (Valverde et al., 2013) 
belong to the results showed that application of biofertlizera combination of 
Azospirillum + Azotobacter (50% of each) through root dipping method during 
transplanting is beneficial for yield enhancement as well as for the improvement of 
functional biomolecules present in broccoli. According to (Singh et al., 2014; 
Choudhary and Paliwal, 2017) study revealed that the integration of bio-organics and 
mineral nutrients had shown a marked effect in enhancing yield as well as productivity 
of broccoli with maximum net returns. On the basis of results, it could be concluded that 
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the application of vermicompost @ 2.5 t ha-1 + FYM @ 5 t ha-1 + Azosprillium + PSB 
along with S @ 40 kg ha-1 + Zn @ 5 kg ha-1 + Boron @ 1.5 kg ha-1 were best for higher 
yield with maximum profit and had recommended for commercial production of 
broccoli. 
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Figure 3. Effects of different organic and biofertilizers on the total yield of broccoli 

Conclusion 

As a conclusion, biofertilizers gave better results in broccoli cultivation than 
organic fertilizers, farm fertilizers and chemical fertilizers under plastic tunnels. If the 
biological activity is high in the soil, the nutrient intake, plant growth, yield and head 
quality are also high. An increase at a rate of 50% was determined in the yield with 
biofertilizers when compared with the control (ALG 53%, BAS 52%, ART 49%), and 
20% increase was determined when compared with chemical fertilizer (ALG 21%, 
BAS 20%, ART 14%). 

An increase at a rate of 47-48% (AA, HFA) was determined in the yield with organic 
fertilizers when compared with the control application; and at a rate of 14-12% when 
compared with chemical fertilizers (AA, HFA). 

In organic agriculture; plant nutrition and plant protection are two important issues. 
In this research, plant nutrition sources of broccoli cultivation, which is a vegetable with 
both health and commercial preservation, are emphasized. While farmland is a 
traditional organic resource, it has always been sought to find the desired amount and 
the efficiency and quality of other resources due to transportation difficulty. In future 
studies, the impact of new organic resources can be examined. 
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Abstract. Potassium (K) deficiency limits rice production worldwide. It has been shown that variation in 
root traits, such as root hair length, influences ion uptake in many plant species. In this study, we explored 
natural variation of root hair length of twelve rice varieties in a roll-up system. We found a large 
phenotypic variation for root hair traits ranging from 0.14 to 0.21 mm. Niaw San-pah-tawng and most 
upland varieties had long root hairs while lowland varieties had short root hairs. Six lowland varieties 
contrasting in root hair length were planted in pots under high and low K concentrations. K stress was 
found to decrease average biomass by 60.93% and K tissue content by 66%. Root to shoot ratio was not 
affected by K stress. Correlation analysis indicated that long root hair was associated with reduced 
percentage of leaf senescence, enhanced plant biomass, and improved tissue K content under low K 
condition. Our results suggest that long root hair could be a useful trait for plant breeding to improve K 
acquisition in rice. 
Keywords: breeding, nutrient uptake, roll up system, root traits, Thai rice 

Introduction 

Potassium (K) is an essential element for plant growth and yield. It has various 
essential functions including osmoregulation, cellular pH regulation, cellular ion 
balance, translocation of assimilates, and activation of plant enzymes (Dobermann et al., 
2000). Rice requires at least 14.5 kg of K to produce one ton of rice grain and exceeds 
200 kg total K uptake for grain yields greater than 8 t ha-1 (Dobermann et al., 1998; Witt 
et al., 1999). However, soil in major rice producing regions, such as in Cambodia, 
Vietnam, Laos, and the Northeast of Thailand are highly weathered acidic soils with 
low CEC and K reserves. Other regions, such as India and the Philippines, have soils in 
which K uptake is inhibited due to the presence of large amounts of 2:1 layer clay 
minerals with high K fixation capacity (Dobermann et al., 2000). These K deficient soil 
conditions could result in an 80% reduction of rice grain quality and yield (Slaton et al., 
1995; Salim, 2002). Thus, K deficiency has become one of the major concerns for rice 
production (Yang et al., 2003). 

With increased global rice demand, a large amount of K fertilizer is required to sustain 
rice yield. It is predicted that the global demand for potash would increase by 2.6% 
between 2014 to 2018, particularly in sub-Saharan Africa and Asia (FAO, 2015). 
Although the loss of K to the environment is not much of environmental concern 
compared to nitrogen, excessive application of K fertilizers to paddy fields could result in 
stagnant yield, decreased efficiency, and leaching of solution and exchangeable K (Islam 
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et al., 2016). As an effect, the selection and development of K-efficient rice varieties is 
necessary to reduce K application rate and improve yield. 

Plant root is a major organ for nutrient uptake. It has been shown that variation of root 
traits is associated with improved nutrient efficiency and crop production in infertile 
environments (Lynch, 2007). In rice, Jia et al. (2008) reported that root morphology 
parameters including root length, surface area, volume and count of lateral roots, as well 
as fine (diameter < 0.2 mm) and thick (diameter > 0.2 mm) roots are involved in K uptake 
and the translocation of K to shoots in hydroponics. They found that K-efficient 
genotypes increased fine root number by 25% when grown at moderate K deficient levels 
compared to optimal K conditions. Additionally, the K efficient genotypes had 1.3 times 
greater surface area, 1.4 times higher volume, and 1.5 times more root number than the 
inefficient rice genotypes. Among different root types, unicellular extensions of epidermal 
cells, or root hairs, are known to be important for water and nutrient uptake (Bates and 
Lynch, 2001), rhizosheath formation, and penetration of hard soil (Brown et al., 2012; 
Haling et al., 2013; Lynch et al., 2014). Root hair cells develop from specialized cells 
called trichoblasts. In many monocots including rice, trichoblasts are morphologically 
different from other epidermal cells before root hair initiation and alternate with 
atrichoblasts along longitudinal epidermal cell files (Datta et al., 211). Genotypic 
variation for root hair traits is evident in several crop species including wheat (Gahoonia 
et al., 1997), barley (Gahoonia et al., 2004), white clover (Caradus, 1981), bean (Yan et 
al., 1995), turf grass (Green et al., 1991), soybean (Wang et al., 2004), maize (Zhu et al., 
2004) and rice (Nestler et al., 2016). Several plant species increase root hair length and 
density in response to suboptimal nutrient availability particularly under low P conditions 
(Ma et al., 2001; Müller et al., 2004). In most cases, plants with long root hairs are able to 
acquire more P and are better adapted in low P soils than those with short root hairs 
(Gahoonia et al., 2004). 

Similar to phosphorus, K is relatively immobile in soil. Therefore, lengthening root 
hairs could possibly enhance K acquisition by increasing soil exploration volume and 
radius in the K depletion zone (Jungk, 2001; Rengel et al., 2008). Hogh-Jensen and 
Pedersen (2003) demonstrated that low K treatment affected the root morphology in pea, 
red clover, lucerne, barley, rye, perennial ryegrass, and oilseed rape. They found that 
crops altered root hair length in response to low K availability, and thereby maintained the 
uptake from sparingly soluble K sources. Furthermore, Gahoonia et al. (2006 and 2007) 
found that chickpea and lentil genotypes with prolific root hair formation had higher K 
shoot concentration than genotypes with shorter and less dense root hairs. 

Compared to other crop species, rice root hairs and their effects for K uptake have 
been rarely investigated. In this study, we observed phenotypic variation in root hair 
length in twelve upland and lowland rice varieties and examined the effects of root hairs 
for potassium acquisition from low K soils in rice. We hypothesized that a large 
phenotypic variation of root hair length exist among Thai rice and rice varieties with long 
root hair length would acquire more K and have higher shoot mass than short haired 
varieties in low K conditions. 

Materials and methods 

Plant materials 

Rice (Oryza sativa L.) is a member of Poaceae family. It is an annual species but 
may grow more than once per year under suitable conditions . Rice has round, 
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hollow, jointed culms, with rather flat, sessile leaf blades, and a terminal panicle 
(Chang and Bardenas, 1965). Rice cultivation occurs in different types of managed 
ecosystems such as irrigated, rainfed upland, rainfed lowland, flood-prone systems. 
In this study, twelve Thai rice varieties were selected to represent varieties 
commonly grown in an upland (non-flooded) and lowland (flooded) system. The 
varieties include photoperiod sensitive lowland varieties (Khao Dawk Mali 105 
(KDML105), Niaw San-pah-tawng, RD13), photoperiod insensitive lowland 
varieties (Phitsanulok 2, Suphan Buri 1, RD1, RD7 and RD31), photoperiod 
sensitive upland varieties (Goo Meuang Luang, Nam Roo and Leum Pua) and 
photoperiod insensitive upland varieties (R258). Seeds were obtained from the Rice 
Department of the Ministry of Agriculture and Cooperatives of Thailand. 

 
Growth conditions 

Roll-up system 

Seeds of the twelve rice varieties were surface sterilized for 1 min in 10% NaOCl 
and washed three times in deionized water before germination. The experiment was 
arranged in a randomized complete block design with three replications. In each 
replicate, ten seeds per variety were randomly selected and wrapped in brown 
germination paper in the form of a cigar roll. The rolls were then soaked in a 0.5 
mM CaSO4.2H2O solution. Seedlings were germinated in darkness at 28 ± 1 °C in a 
chamber for 3 days, then placed under a photoperiod of 14:10 h supplemented with 
photosynthetically active radiation at 0.18 mmol photons m-2 s-1. Seven days after 
germination, primary roots of three seedlings for each replication were harvested 
and preserved in 75% ethanol. 

 
Greenhouse system 

Six lowland rice varieties including Phitsanulok 2, RD7, Niaw San-pah-tawng, 
Suphan Buri 1, RD1, and RD13 were planted in greenhouse pots to examine the 
effect of root hair length on potassium acquisition. Plants were grown in the 
greenhouse located on the campus of Mahidol University, Thailand 13°45’55.4”N 
100°31’34.4”E. The average ambient temperature during the study was 28.5 ± 1.2 
°C. The seeds of six selected lowland rice varieties were germinated in sand media 
for 15 days, then the seedlings were transplanted into pots 25 cm in diameter and 23 
cm in height. The growth medium consisted of a mixture (volume based) of 10% 
clay soil and 90% acid washed sand. One day before planting, the pots were 
saturated with 2 L of modified Yoshida solution (Yoshida et al., 1976) adjusted to 
pH 5. The nutrient solution for the high K treatment consisted of 1.5 mM NH4NO3, 
0.3 mM NaH2PO4H2O, 0.5 mM K2SO4, 1 mM CaCl2.2H2O, 1.5 mM MgSO4.7H2O, 
0.00007 mM (NH4)6Mo7O24.4H2O, 0.02 mM H3BO3, 0.00015 mM ZnSO4.7H2O, 
0.0002 mM CuSO4.5H2O, 0.035 mM FeCl3.6H2O, 0.07 mM C6H8O7.H2O, 0.0625 
mM H2SO4, 0.009 mM MnSO4.H2O. Initially, the low K treatment received 90% 
less K than the high K treatment. After the initial treatment, K was completely 
withdrawn from the nutrient solution. CaSO4 was used to substitute for sulfate in the 
low K treatments. Plants were fertigated every other day with 100 ml of deionized 
water alternating with nutrient solutions. The experiment was arranged in a 
randomized complete block design with four replications. Blue and yellow sticky 
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insect traps were placed around and above the planting areas for pest control. No 
pesticide was applied. The plants were harvested 2 months after being transplanted. 

 
Shoot and root harvest 

At harvest, shoot height, tiller number, and the percentage of leaf senescence were 
measured prior to root harvest. The root system was carefully removed from the growth 
media and washed with tap water. Root traits including crown root number and 
maximum rooting depth were evaluated (Vejchasarn et al., 2016). Crown root number 
was manually counted. Rooting depth was determined by measuring the length of the 
root system after being excavated from the pot. Three crown roots for each variety 
replication were separated and preserved in 75% EtOH for root hair analysis. Finally, 
the plant shoot and root were dried at 60 °C for 3 days before assessing the dry weight. 

 
Root hair measurement 

Three representative root segments were selected from primary and crown roots of 
an individual plant. The roots were stained with 0.05% toluidine blue and carefully 
rinsed in deionized water prior to root hair examination. Root hairs were stained 
pinkish-blue whereas root surface remained unstained allowing for a clear observation 
of root hairs. For determination of root hair length, the stained roots were observed at 
40× magnification under a Macro zoom imaging system (MVX10) consisting of a 
dissecting microscope equipped with a camera (Olympus, Tokyo, Japan). A section of 
the root with consistent fully elongated hairs was selected for image capture. Root hair 
length was quantified using a line tool in ImageJ version 1.47 (Abràmoff et al., 2004). 
Five representative hairs per image were selected for length measurement. Root hair 
length was calculated by comparing the number of pixels of a root hair to the number of 
pixels per mm obtained from an image of a micrometer scale taken at the same 
magnification (650 pixels mm-1). 

 
Potassium analysis 

Dried plant samples were first grounded with a mortar. Then, five hundred 
milligrams of fine samples were processed through acid digestion in an opened 
container as described by Simmons et al. (2015). Samples were heated at 100 °C for 
30 min in a block heater with 6 ml of 2:1 (HNO3:HClO4). The temperature was then 
increased to 150 °C until the solution became yellow and transparent. Once the solution 
changed color, 1 mL hydrochloric acid was added and the temperature was increased to 
160 °C for 30 min. After, the samples were cooled, filtered with Whatman No.42 
filtered paper, and adjusted to 25 mL with 1% HNO3. The potassium concentration of 
the samples were then determined using the Flame Atomic Absorption 
Spectrophotometer (Perkin Elmer) (Simmons et al., 2015). 

 
Statistical analysis 

Statistical analyses were performed using R version 3.1.3. Linear mixed effect 
models were developed using the lmer function from the package lme4 (Bates et al., 
2014). Correlation analyses were performed on individual plant data as well as the 
mean values of the measurements taken per genotype for percentage of biomass and K 
content reduction. 
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Results 

Natural variation in root hair length among lowland and upland rice varieties 

There was significant phenotypic variation in root hair length among 12 Thai rice 
varieties grown in the roll-up system (Fig. 1). Root hair length in lowland rice varieties 
ranged from 0.14 to 0.21 mm and upland rice varieties ranged from 0.16 to 0.19 mm 
(Fig. 1). Niaw San-pah-tawng, R258, and Goo Meuang Luang had the longest root hairs 
while RD1, Suphan Buri 1, and Leum Pua had the shortest root hairs. 

 

 
Figure 1. Root hair length among rice varieties a) images of long and short root hairs observed 

in this study b) variation of root hair length among lowland and upland rice. Plants were 

harvested at 7 days after planting in a roll up system. Different letters indicate significant 

difference at p < 0.05 

 
 

Effects of low K availability on root hair length, plant growth, and tissue K content 

Low K availability did not affect the average root hair length, tiller number, 
percentage of leaf senescence, crown root number, rooting depth, and root to shoot ratio 
(Table 1). However, shoot, root, and total dry weight was significantly reduced by 49%, 
27% and 42%, respectively. In addition, tissue K content in shoot, root, and whole 
plants were reduced by 37%, 28% and 33%, respectively (Table 1). We found that root 
hair length was consistent among varieties and did not significantly respond to K 
stresses (Fig. 2a). Among the varieties, Phitsanulok 2 had long root hair while RD7 and 
RD13 had short root hair length in both treatments. Under high K availability, total dry 
weight was similar among varieties except for RD7 which had slightly lower biomass 
than the others (Fig. 2c). The plant’s K contents were significantly different among 
varieties(Fig. 2b). In addition, total dry weight and plant’s K content of all 6 varieties 
were substantially reduced under low K conditions (Fig. 2b and c). 
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Table 1. Effects of suboptimal potassium conditions on an average plant growth and K 

content. NS, non-statistical significant at p < 0.05 

Parameter High K Low K Significance 

Root hair length, mm 0.139±0.01 0.137±0.01 NS 

Tiller number 8.70±0.68 6.91±0.76 NS 

Leaf senescence, % 25.36±1.94 35.66±4.99 NS 

Crown root number 68.55±17.99 63.04±19.99 NS 

Lateral root branching 12.15±0.65 11.51±0.62 NS 

Rooting depth, cm 28.89±1.86 24.30±1.78 NS 

Shoot dry weight, g 13.00±0.37 6.37±0.61 p<0.001 

Root dry weight, g 7.86±0.19 2.11±0.31 p<0.001 

Total dry weight, g 20.02±0.74 8.47±0.87 p<0.001 

Shoot K content, mg plant-1 44.44±3.36 16.29±2.09 p<0.001 

Root K content, mg plant-1 29.74±2.66 8.31±1.27 p<0.001 

Total K content, mg plant-1 74.17±4.80 24.61±3.26 p<0.001 

Root to shoot ratio 0.35±0.02 0.31±0.03 NS 

 
 

a)

b)

c)

 
Figure 2. Bar graphs showing a) total dry weight b) potassium content and c) root hair length 

of six lowland rice varieties under low and optimal K conditions. Plants were harvested 2 

months after planting. Different letters indicate significant difference at p < 0.05 
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Correlation analysis 

Correlation analysis between root hair length, shoot, and root traits indicate that root 
hair length was negatively correlated with the percentage of leaf senescence (r = -0.74), 
positively correlated with plant growth (r = 0.62) and K accumulation (r = 0.61) under 
low K conditions (Table 2). There was no significant correlation between root hair 
length, crown root number, lateral root branching, and rooting depth under both high 
and low K conditions suggesting that root hair length is independent from these root 
traits (Table 2). In addition, increased root hair length was associated with high relative 
biomass (r = 0.93, p < 0.01) and K content (r = 0.81, p < 0.05) when compared between 
low K and optimal K conditions (Fig. 3). 

 
Table 2. Correlation coefficient between root hair length and shoot and root parameters 

under high and low K conditions measured in pot of 6 Thai rice varieties. *, **, *** denote 

significance at p < 0.05, p < 0.01, and p < 0.001, respectively 

Parameter High K Low K 

Tiller number 0.48* 0.69** 

Leaf senescence, % -0.22 -0.74*** 

Crown root number 0.33 0.41 

Lateral root branching 0.12 0.33 

Rooting depth, cm 0.34 0.63 

Shoot dry weight, g 0.25 0.59** 

Root dry weight, g 0.29 0.55** 

Total dry weight, g 0.42 0.62** 

Shoot K content, mg plant-1 0.51* 0.59** 

Root K content, mg plant-1 0.01 0.60** 

Total K content, mg plant-1 0.36 0.61** 

Root to shoot ratio 0.37 0.44* 

Discussion 

In this study, a large phenotypic variation of root hair length was found for twelve 
Thai rice varieties in a roll-up system (Fig. 1). Root hair length ranged between 0.14 to 
0.21 mm, a typical range reported by other studies (Fig. 1). Compared to other crop 
species, such as wheat and maize (Zhu et al., 2005; Delhaize et al., 2015), rice root hair 
length has a much shorter range. Among rice varieties, we found that majority of upland 
varieties had long root hairs. This is not surprising because soils in upland fields are 
largely affected by suboptimal nutrient availability as nutrients often react with ions, 
such as iron, aluminum, and calcium found in soil, which leads to the formation of low 
mobile complexes when compared to those in rain-fed lowlands (Holford, 1997). 
Therefore, long root hairs found in these varieties could be one of the adaptive strategies 
for growing in such an environment. 

It has been shown that several plant species increase root hair length in response to 
low K availability (Hogh-Jensen and Pedersen, 2003). In this study, we found that root 
hair length of all six rice varieties was not affected by suboptimal K conditions and 
plasticity for root hair length is not a universal trait but rather species- and genotype-
specific. Additionally, long root hair was found to be associated with increased biomass 
and K content under low K conditions. In paddy environments, the depletion of readily 
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available K and exchangeable K in the rhizosphere could extend over 10 mm from the 
root surface at both the low and adequate K conditions (Yang et al., 2005). The results 
were consistent with Shi et al. (2004) research in which they reported the same range of 
the depletion zone of extractable K around the root (10 cm) in several plant species. 
Considering the effective the diffusion coefficient of K in soil which is approximately 
two orders of magnitude higher than that of P, the depletion zone of K around the root 
should be much smaller than that of P. Interestingly, Shi et al. (2004) found that the 
depletion range was even wider than that of the available P in the same experiment, 
thus, the depletion zone around a root is not only influenced by the effective diffusion 
of the nutrients but also the demand of the plants and possibly the concentrations of the 
nutrients in the soil. Our results support the hypothesis that long root hair may improve 
K acquisition in low K soils by increasing root surface area and decreasing the distance 
to the source of K, which enhances the volume of soil exploration beyond the K 
depletion zone. 

 

 
Figure 3. Correlation analysis between root hair length and relative a) biomass (r = 0.93, 

p < 0.01) and b) K content (r = 0.81, p < 0.05) compared between low K and optimal K 

conditions 
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A high root to shoot ratio is characteristically associated with plants growing in 
infertile soils (Wang and Yang, 2003). In this study, we found that root to shoot ratio 
was not significantly affected by low K availability. It has been suggested that root 
growth in potassium-deficient plants was more carbon limited when compared to plants 
with other deficiencies such as phosphorus and nitrogen. Limited carbon is largely due 
to a strong reduction in photosynthesis and the lack of an adaptive response in carbon 
allocation between roots and shoots. Thus, plants in K deficient conditions do not 
allocate more carbon to the root system (Postma et al., 2011; Miguel et al., 2015). 

Several lines of evidence suggest that root traits, such as root number and root 
branching, influence K uptake (Yang et al., 2003). In our study, the selected rice 
varieties had comparable root number and branching (Fig. 4). In addition, we found that 
K stress did not affect average values of these root traits. Therefore, we conclude that 
the enhanced K uptake in the low K environment was attributable to the benefit of long 
root hair length. 
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Figure 4. Bar graphs showing a) crown root number and b) lateral root number of six lowland 

rice varieties under low and optimal K conditions. Plants were harvested at 2 months after 

planting. * indicates significant difference at p < 0.05 

 
 
Genetic studies in crop species including maize (Zhu et al., 2005), wheat (Horn et al., 

2016), and common bean (Yan et al., 2004) indicate that root hair length is a complex 
quantitative trait and is controlled by a number of quantitative trait loci (QTLs). In rice, 
QTLs associated with variation of root hair length have not yet been identified. 
However molecular studies have shown that root hair elongation in rice is largely 
controlled by OsAPY gene encoding an enzyme apyrase, which catalyses the hydrolysis 
of phosphoanhydride bonds of nucleoside tri- and di-phosphates into mono-phosphates 
(Yuo et al., 2009). The development of molecular markers associated with root hair 
traits in rice is currently carried out to enhance efficiency of rice breeding program. 
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Conclusions 

Our study shows that phenotypic variation in root hair length exists among upland and 
lowland Thai rice varieties. In addition, long root hair was associated with enhanced plant 
biomass and improved tissue K content under low K conditions. Further experiments in 
farmers’ fields are underway to validate the physiological utility of root hair length for K 
acquisition in agronomic settings. For breeding perspectives, we see ample opportunity 
for using rice in Thai germplasms, particularly, Niaw San-pah-tawng and Pitsanulok2 
which consistently had long root hairs across the growing systems, as donors for long root 
hairs. Furthermore, the development of high-throughput phenotyping approaches and 
molecular markers associated with long root hairs will help enhance efficiency and 
effectiveness of breeding programs targeting root hair length in rice. 
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Abstract. Understanding the benefits of biodiversity conservation is essential for developing policies that 
can enhance the environment and hence the well-being of humans as well. We formulate a consumer-
resources model for a terrestrial ecosystem that incorporates resource diversity in the form of multiple 
species of resources (for example trees, grasses or both) and the consumers of those resources. This 
model is used to explore a potential benefit of maintaining ecosystem biodiversity, namely reducing the 
spread of infectious diseases. The important mathematical features of the model are derived, analysed and 
used to investigate our hypothesis that increasing species diversity in the resources can reduce diseases in 
those resources. The results of the analyses and numerical simulations suggest that indeed increasing 
resource diversity can lead to a decrease in infectious diseases. Of more interest, we show how increased 
diversity can result in eradication of disease in cases where disease persistence would normally be 
predicted. 
Keywords: consumer-resource model, ecosystem epidemiology dynamics, stability analysis, bifurcation, 

biodiversity 

Introduction 

The economic and environmental benefits of biodiversity are well known (Pimentel 
et al., 1997). Primarily, ecosystems that are species-rich are more resilient and stabilize 
productivity over time (Naeem, 2009; Patz et al., 2005; Naeem and Li, 1997; Bai et al., 
2004; Hautier et al., 2015). Recently, Isbell et al. (2015) showed how biodiversity 
increases the resistance of ecosystem productivity to a broad range of climate events. 

The effects of biodiversity on human well-being are multifaceted. For example, the 
links between biodiversity and employment have been established Nunes et al. (2011). 
In health, ecosystem biodiversity plays a crucial role in regulating the transmission of 
many infectious diseases among human populations (WHO, 2016; Patz et al., 2005). 
Further evidence from the literature suggests that biodiversity conservation could 
promote human and wildlife health (Ostfeld and Keesing, 2012). Statistics have shown 
that about sixty percent of emerging infectious diseases that affect humans originate in 
animals and more than two-thirds of these originate in wildlife Patz et al. (2005). 
Meanwhile, according to the World Health Organization (WHO, 2016) zoonoses still 
constitute significant public health problems. 

The occurrence of infectious diseases in ecosystems could be one of the factors 
affecting their productivity. The epidemiology of ecosystems have been investigated 
theoretically using a number of different approaches (Kooi et al., 2011; Auger et al., 
2009; Das et al., 2011; Tewa et al., 2013) and it has been shown that maintaining 
biodiversity can affect disease transmission (Ezenwa et al., 2006; Haas et al., 2011; 
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Johnson et al., 2013; Ostfeld and Keesing, 2012). For instance: Haas et al. (2011) 
demonstrated that forest species diversity reduces disease risk in a generalist plant 
pathogen invasion. LoGiudice et al. (2003) show that the preservation of vertebrate 
biodiversity and community composition can reduce the incidence of Lyme disease. 
Johnson et al. (2013) show that maintaining biodiversity can reduce disease 
transmission using integrate high-resolution field data with multi-scale experiments. 
Ostfeld et al. (2000) examine the function of biodiversity in the ecology of vector-borne 
zoonotic diseases. Particularly, they show that high species diversity can lead to a 
reduction in infection prevalence and disease risk in vertebrate communities under 
certain conditions. Keesing et al. (2010) argue based on current evidence that preserving 
intact ecosystems and their endemic biodiversity should generally reduce the prevalence 
of infectious diseases. 

The dynamics of mixed resource ecosystems are complex and understanding the 
dynamics of such ecosystems is important for proper management and preservation. 
Mathematical models are one of the tools that can aid this process through exploring the 
possible dynamics of the systems. Nakazawa et al. (2012) developed a mathematical 
model analysis for plant disease dynamics co-mediated by herbivory. Their results from 
an eco-epidemeilogical perspective demonstarte that integration of tripartite interactions 
among host plant, plant pathogens and herbivour vectors is helpfull for sucssesful 
control of plant diseases. Here, we consider a more complex mathematical model to 
investigate the impact of resource species diversity on the spread of diseases in a mixed 
resource terrestrial ecosystem and illustrate the mechanisms whereby species diversity 
could lead to a reduction in diseases. Thus, the primary aim here is to explain 
theoretically how species diversity could reduce certain infectious diseases in mixed 
resource terrestrial ecosystems. 

Methods 

Consumer-resource model 

In this study we explore variations in biodiversity in terms of plant species richness. 
We develop a simple model of plant resources with animal consumers. The model is 
similar to that in Rosenzweig and MacArthur (1963) but here we extend it by 
introducing infection together with multiple resources that a consumer (or group of 
similar consumers) feed on. We assume that each type of resource is made up of two 
classes: a susceptible group Si and an infected group Ii such that Si + Ii = Ni (all 
mathematical symbols used in this paper are listed with their meanings in Appendix 3 at 
the end). Each susceptible group Si grow logistically and decrease as a result of 
infections or removal by the consumers (Kooi et al., 2011; Rosenzweig and MacArthur, 
1963). The infected group increases when the susceptible Si become infected and 
decreases through death or feeding by the consumers (Nakazawa et al., 2012). 
Transmission of disease from the infected group (plants) Ii to susceptible plants Si can 
be through indirect mode of transmission (Campbell, 1996). This is a situation when the 
pathogens causing the disease are carried independently by natural agencies like wind, 
water, animals, insects, mites, nematodes, birds etc. from the infected to suscetible 
plants. For instance, bacteria and fungi can be spread by water or wind. On the other 
hand, one of the most common vectors of viruses are insects. So for this study, 
infcetious diseases of an ecosystem that can be transmitted by any of these indirect 
mode of transmission are considered. Thus, it is assumed that the pathogen density, 
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denoted by P, grow through the infected resources at rates νi and die at a rate ξ, and is 
how Si and Ii interact. Resource consumption is modelled by hyperbolic response 
functions (Turchin, 2003). Based on these assumptions, we obtain the model (Eq. 1) 
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 (Eq.1) 

 

Note that n is the number of resources and 
1

n

i

i

S S


 , 
1

n

i

i

I I


  with the total density 

N = S + I. The meaning of variables and parameters are given in Table 1. We assume 
that infections are not transmitted from resources to consumer and that consumers 

interact with all resources uniformly. We do not consider equations for i
dS

dt
 in our 

mathematical analyses, as Si can be easily determined from the already determined Ni 
and Ii. Note, increasing resource diversity for this model system is achieved by 
increasing n. All variables are in the units of biomass (g/m2). Also, as the aim is to test 
the effects of resource diversity on the dynamics, the consumers are treated as one total 
biomass. 

 
Consumer-resource model for one resource 

To analyse the model, we start with the case where there is only one resource. For 
this homogenous case we drop the subscripts as there is only one resource (i.e. 

1

1
i

i

S S


 , 
1

1
i

i

I I


  with the total density N = S + I as before). We now obtain 

Equation 2: 
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where variables and parameters have the same meanings as the corresponding ones 
defined in Table 1. 

 
Table 1. Variables and parameters for model Equation 1 

Variables Meaning Units 

Si Density of susceptible resources i g/m2 

Ii Density of infected resources i g/m2 

Ni Total density of resources i, Si + Ii g/m2 

Y Density of consumer g/m2 

P Measure of foliar diseases pathogen g/m2 

Parameters Meaning Units 

ri Growth rate of resources i /year 

Ki Carrying capacity of resources i g/m2 

αi Ni removal by Yi /year 

βi Ni when αi is half g/m2 

c Conversion of Si or Ii into Y  Dimensionless 

τ Reduction of Y due to other factors /year 

σi Exposure of Si to P /year 

μi Death rate of Ii /year 

γi Recovery rate of Ii /year 

νi Growth rate of P (from infected Ii) /year 

ξ Death rate of P  /year 

 
 

Consumer-resource model with increased species diversity, n = 2 

Next we increased the resource diversity by setting n = 2 in model Equation 1 to 
obtain Equation 3: 
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 (Eq.3) 

 
a scenario where there are two distinct resources that the consumers can feed on. 

 
Threshold quantities used 

The basic reproduction number denoted by R0 in epidemiology is a threshold 
quantity that gives a condition under which a disease can be eradicated or persist in the 
population (van den Driessche and Watmough, 2002; Tien and Earn, 2010). For R0 < 1 
a disease can be eradicated but when R0 > 1 a disease persists. So, to ensure disease 
eradication mechanisms (natural or otherwise) are required that ensure the basic 
reproduction number is below unity. Epidemiologically, the basic reproduction number 
can also be used as a measure of the number of secondary infections in the system. For 
example, the basic reproduction number R0 for Equation 2, using the next generation 
matrix method (van den Driessche and Watmough, 2002), is (Eq. 4): 
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 (Eq.4) 

 
The consumption number denoted by C0 for a consumer-resource system model is a 

threshold quantity (similar to the basic reproduction number) that gives a condition 
under which the consumers will survive or not in the system (Collins and Duffy, 2016a). 
Here, when 1 C0   consumers do not survive and when 1 C0   consumers survive. So, 

coexistence of consumer and resources in the system requires that the consumption 
number is above unity. For example, the consumption number for Equation 2 can be 
calculated using the approach in Collins and Duffy (2016a) given by (Eq. 5): 
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 (Eq.5) 

 
Mathematically, these two threshold quantities give conditions under which the 

equilibrium points of the system are stable and enable a qualitative analysis of the 
models. 
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Numerical simulations 

Numerical simulations are used to support our analytical predictions. In particular, 
the impact of resource diversity on the dynamics of infected resource biomass is 
considered. The parameter values used for the numerical simulations are given in 
Table 2. 

 
Table 2. Parameter values used for model simulations with their source 

Variables/parameters Value Unit Source 

r 0.014 /day Duffy (2001) 

K 500 g/m2 Owen-Smith (2004); Duffy (2001) 

α 0.025 /day Duffy (2001) 

β 40 g/m2 Duffy (2001) 

c 0.75 Dimensionless Owen-Smith (2004); Duffy (2001) 

τ 0.0175 /day Estimate 

σ 0.01 /year Estimate 

γ 0.8 /year Estimate 

μ 0.002 /year Estimate 

ν 0.0275 /year Estimate 

ξ 0.033 /year Estimate 

 
 
We are interested in comparing the results of the models with increasing diversity 

and so to ensure these models are comparable we equal their biomasses by making: 
 

,, 2121   rrr ,2/21 KKK    212121 ,, . 
 
Based on these assumptions, the basic reproduction number of Equation 1 for n = 1, 

n = 2 and n = 3 becomes equal. So to determine the impact of resource diversity on the 
spread of disease, we compare the dynamics of the models numerically under these 
assumptions. 

These models are used to investigate the effect of increasing resource diversity. In 
most epidemiological modelling studies a fundamental result is that when the basic 
reproduction number is less than unity the infected populations dies out and when the 
basic reproduction number is greater than unity the disease persists (Castillo-Chavez et 
al., 2002; van den Driessche and Watmough, 2002; Tien and Earn, 2010). Ecologically, 
when the consumption number is less than unity, consumers will not survive and when 
the consumption number is greater than unity, consumers survive (Collins and Duffy, 
2016a). So, the basic reproduction number and consumption number are bifurcation 
quantities. Thus, to investigate these scenarios numerically we consider parameter 
values such that the basic reproduction number and consumption number are less than 
and/or greater than unity. These various values of basic reproduction number and 
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consumption number are obtained by varying the most sensitive parameter while the 
others are kept fixed. We vary τ to obtain various value of C0 since it is the most 
sensitive parameter for C0 and we vary σ to obtain various value of R0 since it is the 
most sensitive parameter for R0. 

Analyses and results 

Qualitative analyses 

The system with n = 1 (Eq. 2) has many equilibrium points but we present only the 
ones crucial for our analyses, given by: 
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Note that 23 E  E   if  1  C0  . This suggests that C0 and R0 are bifurcation quantities. 

The short- and long-term dynamics of Equation 2 can be described by the stability 
about the equilibrium points Liao and Wang (2011). Thus, the stability results of the 
model are summarized in the following theorem. 

 
Theorem 1 
 

(i) The trivial equilibrium point E1 is unstable. 
(ii) The equilibrium point E2 is stable if C0 < 1 and R0 < 1. 
(iii) For C0 > 1, the equilibrium point E3 is stable irrespective the value of R0. 

 
The proof of Theorem 1 is given in Appendix 1. 
Ecologically, based on this formulation of the system dynamics, Theorem 1 implies 

the following for 1n : (i) resources, consumers and pathogens cannot all go extinct (ii) 
consumers, infected resources and pathogens can be eradicated when C0 < 1 and R0 < 1. 
(iii) for C0 > 1, infected resources can be eradicated irrespective the value of R0 (i.e. for 
R0 < 1 or R0 > 1). Ecologically, co-existence of resources and consumers can occur in a 
system only when C0 > 1. Thus, the consumption number C0 and the basic reproduction 
number R0 are important bifurcation quantities in the dynamical system analyses of 
Equation 2. 

We present a qualitative analyse of the model for n = 2 (Eq. 3). Again, the system 
has many equilibrium points, but we analyse further the crucial ones representing 
disease eradication: 
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The basic reproduction number for n = 2 is calculated, again using the next 
generation matrix method (see Appendix 2) as (Eq. 6) 
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Since 22112112 RRRR  , the basic reproduction number 0R  can be simplified as 

(Eq. 7) 
 

 .22110 RRR   (Eq.7) 
 
Mathematically, the quantities R11 and R22 can be regarded as the basic reproduction 

numbers associated with resources 1 and 2 respectively. 

The consumption number (threshold quantity) denoted by 0C  for n = 2 can be 

calculated using the approach in Collins and Duffy (2016a) and is given by (Eq. 8) 
 

 ,210 CCC   (Eq.8) 
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 are consumption numbers associated with 

resources 1 and 2 respectively. 
Now again the dynamical system analyses are carried out utilizing the concept of the 

basic reproduction number R0 together with the consumption number 0C where 

necessary. The dynamics of Equation 3 can be summarized in the following stability 
results given in the theorem below. 

 
Theorem 2 
 

(i) The trivial equilibrium points E1 is unstable. 

(ii) The equilibrium point E2 is stable if 0C < 1 and 0R < 1. 

(iii) For 0C  > 1, the equilibrium point E3 is stable irrespective the value of 0R . 

 
The proof of Theorem 2 (i) and (ii) can be established using the approach used in the 

proof of Theorem 1. For (iii), the proof of the special case of equivalent parameter 
values (see above) is also easily established. For the general case, the ensuing equations 
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are too complicated to solve. However, all numerical simulations performed by us 
support this proposition in general. 

Comparing the consumption numbers of the models for n = 1 and n = 2, using the 
assumptions of equal biomasses, the consumption number for n = 2 is always greater 
than the consumption number for n = 1. This can be illustrated mathematically as 
follows: 
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Thus (Eq. 9), 

 

 0 0C C  (Eq.9) 

 
Similarly, we can show that this result also holds for any number of species n. So, 

larger values of n result in larger values of the consumption number. Thus, an increase 
in resource diversity n will lead to an increase in the consumption number. It can be 
shown that for n = 1 increasing the consumption number can result in a decrease in the 
infected biomass. Here increasing diversity is shown to result in an increase in the value 
of the consumption number. Thus, based on these results, increasing resource diversity 
as given here should lead to a decrease in the infected biomass in general. This 
possibility is explored numerically in the next section. 

 
Numerical simulation results 

The results of our numerical simulations are given in Figure 1, using the parameter 
values in Table 2. For Figure 1 we set τ = 0.032 which correspond to C0 = 0.5425 < 1 
and different basic reproduction numbers are calculated by varying σ (R0 = 0.5143, 
0.9772, 2.5717, 5.1434 using σ = 0.001, 0.0019, 0.005, 0.01 respectively). 

From Figure 1 a and b the biomass of the infected resources decrease when n = 1 
and n = 2, for R0 < 1. For the case when n = 2, the infected biomass decreases faster. In 
Figure 1 c and d when R0 > 1, the biomass of infected resources increases for both n = 1 
and n = 2, but increases faster for n = 1. When n = 3 these results change fundamentally 
(Fig. 1c and d) in that even for R0 > 1 the infected biomass is eradicated (note that the 
oscillation in the figure eventually dampen to zero). Increasing the consumption number 
to C0 > 1 by varying τ strengthens this result in that now for n = 2 the infected biomass 
is eradicated as well (not shown). 

 
Analyses of the general consumer-resource model, Equation 1 

In this section, we show how some of the results of the previous sections can be 
extended to the general case. 
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The consumption number (threshold quantity) denoted by C0 for the general model 
Equation 1 can be calculated using the approach in Collins and Duffy (2016a) and is 
given by (Eq. 10) 

 

 



n

i

iCC
1

0 , (Eq.10) 

 

where  ii

ii

i
K

Kc
C







 is the consumption number associated with resource i. 

 

  
a b 

  
c d 

Figure 1. Plot illustrating the possible difference on the dynamics of model Equation 1 for 

n = 1, n = 2 and n = 3 for C0 = 0.5425 < 1 and for various values of R0: (a) R0 = 0.5143 (b) 

R0 = 0.9772 (c) R0 = 2.5717 (d) R0 = 5.1434 (see text for details) 

 
 
The basic reproduction number of the more general model Equation 1 can also be 

determined using the next generation matrix (see Appendix 2). The basic reproduction 
number R0 for this general case is difficult to calculate analytically. However, if we 
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make the same assumptions used in the numerical simulations but for any n, the basic 
reproduction number R0 becomes (Eq. 11) 

 

 



n

i

iiRR
1

0  (Eq.11) 

 
It is easy to see that for this general model, the basic reproduction number is also 

uniform irrespective of n (magnitude of resource diversity) under the same assumptions 
for equal biomass as in the cases of n = 1, n = 2 and n = 3. By similar reasoning, the 
larger the value of n, the larger the consumption number. 

Discussion 

A growing understanding of the benefits of biodiversity conservation is important for 
improved policies toward enhancing human well-being. In this study, we explored one 
of a potential benefit of ecosystem biodiversity where there are infectious diseases. By 
formulating and analysing an appropriate mathematical consumer-resource model that 
takes resource diversity into consideration, we were able to show how resource diversity 
could limit the spread of infectious diseases. Our results are based on qualitative 
analyses supported by numerical simulations. 

A general consumer-resource model with n multiple types of resources representing 
resource diversity with these resources exposed to infectious disease was developed. 
Our analyses consider cases with n = 1 and n > 1 (i.e. a situation where there is only one 
type of resource and situations with more resources). The important mathematical 
features of the models such as the basic reproduction number and consumption number 
were obtained and used to investigate the dynamics. The results of the dynamical 
system analyses of these models using these concepts agree in general with results in 
epidemiology and consumer-resource system (Castillo-Chavez et al., 2002; van den 
Driessche and Watmough, 2002; Tien and Earn, 2010; Collins and Duffy, 2016a, b). In 
particular, we use these threshold quantities to consider the effects of diversity on the 
spread of disease. In all the cases considered increasing resource diversity reduced 
infected resources. 

Our numerical results for n = 1 and n = 2, where R0 < 1 agree with a fundamental 
result in epidemiological modelling that when the basic reproduction number is less 
than one infected populations die out (Castillo-Chavez et al., 2002; van den Driessche 
and Watmough, 2002; Tien and Earn, 2010). However, for the case when n = 2 we 
shown that the infected biomass decreases faster. Where R0 > 1, the biomass of infected 
resources increase as expected. However, we show that it increased faster for n = 1 
compared to n = 2. When n = 3 these results change fundamentally in that even for 
R0 > 1 the infected biomass is eradicated. Increasing the consumption number to C0 > 1 
by varying τ strengthens this result in that then even for n = 2 the infected biomass can 
be eradicated. Overall, these results support our analytical predictions that increasing 
resource diversity leads to a decrease in the biomass of infected resources. However, the 
most interesting result is that, for a case when infected plants are expected to persist, 
increased diversity results in infected resources dying out. To reiterate, we show cases 
where even for R0 > 1 then infected resources are eliminated for C0 > 1 large enough. 

For the general model (Eq. 1), conditions are shown, under the assumption of equal 
biomass, where an increase in resource diversity n will lead to an increase in the 
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consumption number. It is expected that the dynamics of this general model will also be 
governed by its corresponding basic reproduction number and consumption number 
(Heesterbeek and Roberts, 2007; Roberts and Heesterbeek, 2003; Collins and Duffy, 
2016b). Consequently, our earlier findings that increasing diversity could lead to a 
decrease in the spread of infectious disease should also hold for this general model. 

The models suggested here have many simplifying assumptions. However, as a first 
step they represent a method to compare ecosystems with different levels of diversity 
(here plant species richness). It is shown how increasing diversity in this system can 
help in reducing infectious disease in the system. Thus, increasing resource diversity 
through biodiversity conservation could promote healthier systems. This possibility 
could be important for both the environmental and agricultural future of the planet. 

Conclusions 

Biodiversity conservation has been shown to reduce the spread of some diseases in 
various ways (Haas et al., 2011; LoGiudice et al., 2003; Johnson et al., 2013; Ostfeld et 
al., 2000; Keesing et al., 2010). This study aimed to explain theoretically how 
biodiversity, through resource diversity, could lead to reduction in the spread of 
infectious diseases in a mixed resource ecosystem and the results are in the main 
consistent with this literature. As such, models of this kind with more and more detailed 
information can be considered to explain other aspects of system dynamics. Our model 
illustration here that resource diversity can lead to disease eradication is, as far as we 
know, new. Thus, this study complements results in this area and at the same time 
points to further research. 
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Appendix 1 

Proof of Theorem 1 

The proof of Theorem 1 is given as follows: 
 
(i) The Jacobian of Equation 2 evaluated at the trivial equilibrium point E1 has the 

following eigenvalues: 
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(ii) The Jacobian of Equation 2 evaluated at the equilibrium point E2 has the 
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elementary algebraic calculations we have that 02322   aa . Next, 00 114,3  a . 

Similarly, we can show by elementary algebraic calculations that 00 011  Ca . 

Thus, for C0 > 1, the equilibrium point E3 is stable irrespective the value of R0. 
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Appendix 2 

Calculations of the basic reproduction number 

For n = 2 

The basic reproduction number for n = 2 is calculated, again using the next 
generation matrix approach of van den Driessche and Watmough (2002). The associated 
next generation matrices are given by 
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The basic reproduction number R0 for model Equation 3 is now given by the 
dominant eigenvalue of the next generation matrix 1

FV and is 
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For the general model, Equation 1 

The basic reproduction number of the more general model Equation 1 can also 
determined using the next generation matrix approach of van den Driessche and 
Watmough (2002). The associated next generation matrices are given by 
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 . The basic reproduction number R0 is as in the previous cases n = 2 

or n = 1 is the dominant eigenvalue of FV
−1

. For this general case, the dominant 
eigenvalues are difficult to calculate analytically. However, if we take the same 
assumptions used in the numerical simulation but for any n, the basic reproduction 
number R0 becomes 
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Appendix 3 

List of all symbols used 

 
Variables Meaning Units 

Si Density of susceptible resources i g/m2 

S Total density of susceptible resource g/m2 

Ii Density of infected resources i g/m2 

I Total density of infected resource g/m2 

Ni Total density of resources i, Si + Ii g/m2 

N Total density resource, S + I g/m2 

Y Density of consumer g/m2 

P Measure of foliar diseases pathogen g/m2 

Parameters Meaning Units 

ri Growth rate of resources i /year 

Ki Carrying capacity of resources i g/m2 

αi  Ni removal by Yi /year 

βi Ni when αi is half g/m2 

c Conversion of Si or Ii into Y  Dimensionless 

τ Reduction of Y due to other factors /year 

σi Exposure of Si to P /year 

μi Death rate of Ii /year 

γi Recovery rate of Ii /year 

νi Growth rate of P (from infected Ii) /year 

ξ Death rate of P  /year 

Other mathematical symbols Meaning 

Ej Equilibrium points j 

S
* Equilibrium point value for S 

Si
* Equilibrium point value for Si 

I
*
 Equilibrium point value for I 

I
*
i Equilibrium point value for Ii 

N
* Equilibrium point value for N 

N
*
i Equilibrium point value for Ni 

C0 Consumption number 

Ci Consumption number associated with resource i 

0C  Consumption number for n > 1 

R0 Reproduction number 

0R  Reproduction number for n > 1 

λj Eigenvalue j  

 
 
Symbols that do not appear in this list are used only to simplify the writing of 

equations and are defined in the text. 
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Abstract. Carbon footprint emissions related to the natural latex supply chain including farm cultivation, 
concentrated latex production and rubber glove processing were investigated. Data were collected from 
656 rubber plantations covering six provinces in the northeast, east, and south of Thailand and three 
concentrated latex production plants including one rubber glove processing factory. Different allocation 
methods were considered to compare the carbon footprint results including mass allocation, economic 
allocation and allocation by dry rubber content (DRC). Calculation methods were based on life cycle 
assessment (LCA) and ISO14067. Results indicated that farm size had no impact on the carbon footprint 
of fresh latex, with the carbon footprint of fertilizer application at planting estimated at more than 90% of 
the total contribution. For concentrated latex production, almost 70% of the carbon footprint originates 
from rubber cultivation. Total carbon footprint emission of 200 pieces of rubber glove was about 42 kg 
CO2-eq, allocated by mass during cultivation and by DRC in concentrated latex processing, with less 
than 1% from rubber plantations and concentrated latex processing. Allocation methods for the carbon 
footprint of rubber gloves do not affect the final result but have a great impact on the upstream process. 
Keywords: allocation, concentrated latex, global warming, life cycle assessment, rubber glove 

Introduction 

Rubber products are derived from field latex collected from rubber trees. This field 
latex is converted into five primary forms as concentrated latex, air dried sheet, crepe 
rubber, Standard Thai Rubber (STR) and ribbed smoke sheet. These forms are used as 
raw material for manufacturing tires, rubber gloves, condoms, rubber hose and other 
rubber products. Ribbed smoke sheet and STR are usually used in the production of 
tires, while concentrated latex is used extensively for the manufacture of dipped 
products such as rubber gloves and condoms. Most rubber tree plantations are located in 
Southeast Asia and Thailand, Indonesia and Malaysia have suitable climates. In 2014, 
total global production of natural rubber was about 13 million tons. Data from the Food 
and Agricultural Organization of the United Nations (FAO) in 2014, showed Asia as the 
largest rubber producer (11.9 million tons) following by America and Africa with the 
same production (0.67 million tons) with the remainder from Oceania (FAOSTAT, 
2017). In 2010, Thailand produced 3 million tons of rubber, accounting for 35% of the 
global output and this figure increased by 49% to 4.5 million tons in 2014 (FAOSTAT, 
2017). However, Thai rubber output dropped in 2016 due to climate change and a sharp 
reduction in the rubber price. The climate fluctuation causes increasing annual rainfall 
(Ruangsri et al., 2015). Rainfall is a main climatic factor that influences on latex yield, 
an increase of rainfall can cause a loss of crop due to rainfall interference with tapping 
(Sdoodee and Rongsawat, 2012). Southern Thailand is a major rubber-producing area 
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representing 70% of the country’s total output which is decreasing. Around 15% of the 
total output is produced in northeast Thailand where production is expected to gradually 
increase as the government supporting rubber plantations in new areas (OAE, 2016a). 
Production of latex in Indonesia and Malaysia in 2014 was 3.1 million tons and 6.0 
million tons respectively (FAOSTAT, 2017). All these countries are leading rubber 
producers; however, each has its own distinct manufacturing process. Malaysia and 
Indonesia focus on block rubber export, while Thailand exports concentrated latex and 
rubber sheet. The total value of concentrated latex in 2016 was 1,000 million USD with 
rubber sheet at 777 million USD (RIU, 2017). The total value of rubber gloves in 2014 
was 1,105 million USD and 98% of production was exported (OIE, 2014). Thus, the 
industry is a key foreign exchange earner for Thailand. 

Global industry and waste including wastewater greenhouse gas (GHG) emissions 
grew from 10.37 Gt CO2-eq in 1990 to 13.04 Gt CO2-eq in 2005 to 15.44 Gt CO2-eq in 
2010 (Fischedick et al., 2014). Presently, increasing attempts to reduce environmental 
pollution and achieve the goal of sustainable agricultural products have focused on 
organic farming with synthetic fertilizer and pesticide reduction (Abeliotis et al., 2013). 
Limiting the use of nitrogen (N) fertilizers will reduce GHG emissions which impact on 
global warming (Yan et al., 2015; Adewale et al., 2016). However, to achieve real 
sustainability, rubber cultivation supply chains and processing methods must all be 
considered to understand all aspects of the product life cycle. 

The rubber industry is also monitored for environmental cleanliness. Rubber 
products exported to the international market require paperwork regarding sustainable 
production (Jawit et al., 2015). Rubber tree plantations impact on the environment 
through several steps, starting from land cultivation for seeding, preliminary treatment 
and use of pesticides and herbicides, including fertilizers (Phungrassami and 
Usubharatana, 2015). In the process of concentrated latex production, one 
environmental consideration is water pollution with the main sources of rubber 
wastewater as skim, latex or washing in various processes (Mohammad et al., 2010). 
During the final production process, fuel-wood (old rubber-wood) combustion in 
burners without proper pollution control devices may cause high contamination from 
smoke in the workplace (Choosong et al., 2010). 

Interest in environmental issues has risen significantly over the past decades, and the 
Thai Government and business owners have become aware of pollution impacts on 
global warming .Thailand launched the National Master Plan on Climate Change (2010-
2019) to increase pollution awareness by the population (Kabiri, 2016). The Thailand 
Climate Change Master Plan was also recently implemented (2012-2050) with the 
objectives to improve economics, society and the environment, and cut GHG emissions 
by 2050 without impeding the country’s gross domestic products. 

 cnir n ctc aem  mil  oalab Hai sbie mlii Hbl  ba Gienbm ai is imbaGH alabol 
ban Hai er2 aem  mil ,mlimbaGH er2 aem  mil  sbie nbiiiGHmil is anaGHbmGmHl  li  a H is 

mlii Hbl ,nbaGa    er2 aem  mil , non CO2 GHG emissions and direct emissions for 
waste or wastewater (Fischedick et al., 2014). All the stages in the manufacturing 
processes of rubber products, it consumes a high quantity of energy, water and other 
natural resources (Dayaratne and Gunawardana, 2015). Therefore, an environmental 
baseline survey is necessary to establish policy and action plans to reduce GHG 
emissions. The assessment tool for the relative impact of production systems occurring 
throughout the whole product life cycle is life cycle assessment (LCA) (Sparrevik et al., 
2015). Both input and output data in a selected system boundary of a product are 
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evaluated by environmental impact assessment throughout their entire life cycle. Setting 
LCA objectives has an influence on delimitation and result of assessment. Several LCA 
studies focused on the ecological footprints of ribbed smoked sheet (RSS), ribbed 
smoked sheet bale (RSSB) and concentrated latex (Musikavong and Sheewala, 2017). 
Phungrassami and Usubharatana (2015) collected data on planting rubber trees and 
assessed the environmental impacts of rubber wood production in Thailand. Dayaratne 
and Gunawardana (2015) studied carbon footprint (CF) emissions from small and 
medium enterprises (SMEs) manufacturing rubber bands in Sri Lanka with a focus on 
energy-efficiency but did not refer to the primary products such as the carbon footprints 
of fresh latex and concentrated latex. Maulina et al. (2015) applied the LCA and eco-
efficiency to investigate the environmental impact of crumb rubber. Lin et al. (2017) 
studied the LCA of rubber tires with the aim of reducing their carbon footprint by 
replacing carbon black with graphene. Jawjit et al. (2015) conducted a life cycle 
assessment of concentrated latex production in Thailand; however, the scope of their 
study followed a gate-to-gate approach considering concentrated latex processing only, 
not the upstream processes which occurred at the rubber plantation. Jawjit et al (2010) 

assessed GHG emissions from concentrated latex, block rubber (STR20) and the RSS 
sector in the rubber industry. Their results indicated that GHG emissions from fresh 
latex amounted to 0.2 tons CO2-eq/ton fresh latex (excluding land conversion) and 144 
kg CO2-eq/ton concentrated latex (considering only gate-to-gate factory). However, 
their paper contained no reference to the allocation of fresh latex and rubber wood 
which are joint-products of rubber plantations. Ounsaneha and Rattanapan (2016) 
studied the eco-efficiency of rubber gloves. The scope of their study was limited to a 
gate-to-gate approach to define the performance and environmental hotspots of the 
process. Results revealed that electricity usage and chemical consumption were the 
most significant environmental problems; however, life cycle assessment was not 
applied. 

From the literature reviews, a full analysis of rubber glove production starting from 
the rubber plantation through to glove processing has rarely been reported, with most 
authors adopting only a gate-to-gate approach. Limited information exists regarding the 
carbon footprint emission allocation of the rubber supply chain. 

An environmental impact assessment of products in this study focused on the CF of 
manufacturing rubber products such as concentrated latex as an intermediate product 
and rubber gloves as the final product. The CF was used to develop an environmental 
inventory and impact assessment based on life cycle methodology for three products as 
fresh latex, concentrated rubber and rubber gloves. The specific objectives were to (1) 
establish an inventory for CF analysis of selected products, (2) assess the CF of 
different farm sizes through to rubber gloves manufacture, (3) identify environmental 
hotspots in the selected product system boundary, and (4) consider rubber products 
allocation. Results will be beneficial for environmentally concerned, policy makers and 
other primary rubber product users who form the majority of Thailand’s rubber product 
exports. 

This paper begins with an introduction, background and rationale. Section 2 
describes the principles and framework for life cycle assessment (LCA) including 
planting rubber trees, processing field latex into concentrated latex, and producing 
rubber gloves. Section 3 discusses the results of the assessment by testing three areas as 
GHG emissions from plantations and GHG emissions from concentrated latex 
production and rubber glove manufacturing. Conclusions are drawn in section 4. 
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Materials and methods 

There is potential to decrease the global warming effect of primary rubber production 
through to the final product. Policy-makers and environmentally concerned customers 
must understand the importance of conducting CF assessments to collect benchmark 
information. The CF of the whole process from planting rubber trees to processing 
concentrated latex and manufacturing rubber gloves was investigates. A cradle to grave 
approach was followed to estimate GHG emissions associated with material inputs, 
energy, and activities during the product chain within the product system boundary. The 
method for LCA consideration was based on ISO14040 (2006) including ISO/TS14067 
(2013) guidelines consisting of four steps as (1) goal and scope definition, (2) inventory 
analysis, (3) impact assessment and (4) interpretation. 

 
Goal and scope 

The goal and scope definition provides the goal of the study and description of the 
product system, including the functional unit and system boundary (Wang et al., 2010). 
The goal of the study defined the life cycle inventory and CF of two different rubber 
products manufactured in Thailand as latex primary product (concentrated latex) and H a 
final product (rubber gloves); planting details were also considered. Moreover, 
environmental hotspots of selected products in each system boundary were identified 
and analyzed. The functional unit and system boundary settings were defined and 
related data were provided. In addition, the co-product allocations in the life cycle 
assessments of plantations as field latex, rubber waste and rubber wood were assessed. 

A functional unit is defined and used to establish a basis for comparison of 
alternative products or services (ISO14044, 2006). Meier et al. (2015) examined the 
LCA of agricultural products and determined that most authors defined functional unit 
per product unit in accordance with Jawjit et al. (2010) as the default unit of weight. 
The functional unit in the agricultural sector can be defined by both area (expressing the 
intensity of the production system) and product (quantitative measure of efficiency) 
(Holka et al., 2016). Three processes were identified as rubber tree cultivation, 
processing concentrated latex and manufacturing rubber gloves. Therefore, the 
functional unit was set in terms of mass of fresh latex (g CO2-eq/kg fresh latex), mass of 
concentrated latex (kg CO2-eq/ton concentrated latex) and a box of rubber gloves (kg 
CO2-eq/200 pieces size L weight 56 g per two pieces). 

The system boundary for carbon footprint assessment of selected products 
manufactured in Thailand was considered as “cradle to farm gate” for rubber tree 
cultivation, “cradle to factory gate” for concentrated latex and “cradle to grave” for 
rubber gloves (Fig. 1). 

The first process analyzed was rubber tree cultivation. The system boundaries 
included inputs and emissions, i.e. fertilizers and emissions due to use of N-fertilizer, 
diesel and GHG emissions due to fuel combustion, with pesticides also taken into 
account. However, impacts due to the life cycle of equipment and other infrastructure 
were not considered. The second process related to concentrated latex processing. All 
energy consumption used in production including electricity and diesel, utilities such as 
water and chemicals and especially preservatives for natural rubber latex were 
considered. The third process was rubber glove processing which considered and water 
consumption including several chemicals. Disposal of wastes as discarded gloves and 
packaging was also taken into account. 
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Figure 1. System boundary for the carbon footprint of selected products i at each level 

 
 

Life cycle inventory 

Cultivation 

For the period of 2014-2016, a simple random sample of 656 farmers was conducted 
in six Thai Provinces including Chanthaburi, Rayong, Bueng Kan, Udon Thani, Nakhon 
Si Thammarat and Surat Thani. Bueng Kan and Udon Thani located in the northeast 
which is the highland area. Both two provinces are considered as the new area of rubber 
plantation. Chanthaburi and Rayong located in the east which is near the coast. The rest 
provinces located in the southern part of Thailand which also is near the coast. Rubber 
tree plantations in Thailand are divided based on size into three types as small-sized 
farms (less than 8 ha), medium-sized farms (8-40 ha) and large-sized farms (more than 
40 ha) (Rubber Replanting Aid Fund Act, 1960). The planting process is divided into 
three major phases; preparing and cultivating the area, growing and maintaining rubber 
trees before the tapping period (1-8 years) and maintaining rubber trees during the 
tapping period (9-25 years). For phrase I, the amount of diesel and fertilizer as 3-6-8, 
15-15-15 or 0-3-0 (N-P-K ratio) are used for land preparation based on the needs. In 
phase II, both organic and chemical fertilizer as 18-8-8, 15-15-15, 20-8-20, 25-7-7 are 
added to the soil. Sometimes, glyphosate or paraquat herbicides are also added. In 
phrase III, large amounts of fertilizer in different formulas as 16-8-8, 15-15-15, 15-7-18, 
25-7-7 are required. Chemical fertilizers used in the GHG emission assessment were 
defined as nitrogen (N), P2O5 and K2O equivalent. The products were classified into 
three main groups as fresh rubber, rubber residue and para-rubber wood. Although 
ISO14044 (2006) suggests avoiding the allocation, the products become the raw 
materials for concentrated latex, Thai standard rubber and rubber wood furniture. 
Therefore, mass allocation of environmental burdens was conducted for each product 
with allocation ratios as para-rubber wood 63.48%, fresh latex 35.65% and rubber 
residue 0.87% (Phungrassami and Usubharatana, 2015). 
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Concentrated latex production 

Fresh latex obtained on tapping has about 30-35% dry rubber content (DRC) with the 
remainder as non-rubber solids and water which is delivered for concentration to the 
latex factory. The definition of concentrated latex is a liquid containing at least 60% 
DRC. Different methods are used to concentrate the including evaporation using heat to 
remove the water with the product called evaporation latex, creaming by adding a 
creaming agent when the product is called creamed latex, or a centrifugal method with 
the product called centrifuged latex. The centrifugal method is used in most 
concentrated latex factories in Thailand. The stability of fresh latex is preserved and 
enhanced by adding ammonia and TMTD/ZnO (tetramethyl thiuram disulfide/zinc 
oxide) and then it is passed through a sieve into the gutter and kept suitable for spinning 
by adding ammonia (>4%). For fresh latex with high magnesium content, diammonium 
hydrogen phosphate (DAP) is added to precipitate the magnesium. Thereafter, the fresh 
latex is placed into a high speed Centrifuge Separator Machine to remove the water. A 
60% concentrated latex and skim latex are obtained using this process. Preservatives are 
added to supplement the concentrated latex. High Ammonia (HA) latex is preserved 
with 0.7 %wt. ammonia and Low Ammonia (LA) latex concentrate is preserved with 
0.2 %wt ammonia. For skim latex containing less than 8% rubber content, NH3 is 
released to air, H2SO4 is added and its form is changed into coagulum, crepe, and finally 
into crumbs. 

 
Rubber glove production 

The raw materials for rubber glove production are concentrated latex 60% DRC and 
a chemical latex stabilizer like potassium hydroxyl, including a chemical vulcanizing 
system like zinc oxide (ZnO). The concentrated latex is mixed with various 
compounding chemicals based on need, then brought to forming process with dipping 
technique, which is the main production process followed by Thailand’s rubber glove 
manufacturers (Ounsaneha and Rattanapan, 2016). In this process, a mold is dipped in a 
cleaning tank which has three steps as acid clean the tank to remove mold residues,  
water rinse the tank to remove the acid from the previous step and alkali clean the tank 
to dissolve proteins and fats. Then, the mold is dipped in a tank containing calcium 
nitrate and calcium carbonate as a coagulant. Next, the mold is dipped into a latex 
dipping tank at high temperature to enhance the coagulation efficiency of the latex and 
to easily roll the edges of the rubber gloves. Then, the rubber gloves with the rolled 
edges are re-heated until vulcanization and the mold is removed. The gloves are then 
dried with liquid petroleum gas (LPG). The final process consists of inspection and 
finishing. 

 
Impact assessment 

This stage consists of classification, characterization (mandatory phase) and 
normalization, weighting (option phases) (ISO14040, 2006). Only mandatory phases 
were conducted in this study. The effect of global warming was taken as mid-point 
characterization factors and calculated using the International Panel of Climate Change 
(IPCC) methodology following AR4 (Solomon et al., 2007). Global warming potential 
(GWP) activities in the system boundary were estimated from Equation 1: 
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where CF represents the total of the GHG emissions from all activities in the system 
boundary in kg CO2-eq, A represents the ith activity data presented in the form of 
amount of environmental load such as electricity in kWh, diesel in kg, chemicals in kg, 
and EFi is the GHG emission factor of the ith input in kg CO2-eq/unit such as electricity 
in kg CO2-eq/kWh. The main database used was Ecoinvent (2010) in the libraries of 
Simapro where materials or energy for production of one unit of a product is stored .
However, in the case that materials or energy production were available in Thailand, the 
database managed by National Metal and Materials Techonology Center, Thailand 
(2014) was used to reflect the actual results. 

In the case of planting, direct N2O emissions from N fertilizer utilization were 
estimated from Equation 2: 

 

 2

44
  0.01 298

28
N O FCF A     (Eq.2) 

 
where CFN2O represents the direct N2O emissions converted to CO2 equivalent from 
application of N-fertilizer in kg CO2-eq, AF is the amount of N-fertilizer applied in the 
cultivation process in kg N-fertilizer, 0.01 is the emission factor for N2O from N inputs, 
kg N2O-N (kg N input)-1, 44/28 is the conversion factor of N2 to N2O, and 298 is the 
relative potential of global warming in a 100-year horizon (Solomon et al., 2007). 
Therefore, output units for the selected products CF are kg CO2-eq/kg product or ton of 
product. 

 
Allocation scenario analysis 

Further analysis of allocation methods for the CF results of the product chain was 
applied using hypothetical simulations. Base case assessment considered the allocation 
method and mass allocation was applied in planting with DRC allocation applied in 
concentrated latex production. Three groups of scenarios were modeled. Each model 
altered when comparing the base case scenarios of rubber glove’ life cycle to estimate 
the overall environmental impact of rubber glove. The scenarios were split into multiple 
parts as scenario 1 which considered economic allocation in planting and DRC 
allocation in concentrated latex production. Scenario 2 considered mass allocation in 
both planting and DRC allocation in concentrated latex production and scenario 3 
considered economic allocation in planting and mass allocation in concentrated latex 
production. 

Results and discussion 

Greenhouse gas emissions at plantation 

A survey of Thai rubber farmers during 2014-2016 gave 381 small farmers (total 
area 819 ha), 253 medium farmers (total area 2,512 ha) and 22 large farmers (total area 
1,007 ha) accounting for 0.14% of the total rubber wood plantation area in Thailand 
(total Thai plantation area was 3,138,169 ha in 2016). Most of surveyed farmers 
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cultivated clone RRIM600 which is highly susceptive to diseases and economic 
incentive to develop new rubber tree clones (Pethin et al., 2015). Details of the 
plantations are shown in Table 1. Small farms accounted for 19%, medium farms 58% 
and large farms 23% of the total cultivated area. The amount of fresh latex varied with 
farm size; however, overall yield was 1,725-3,193.75 kg/ha (a factor of 2). In addition, 
results revealed that farm size did not reflect yield performance management, and a 
large farm could have less yield than a small farm. However, larger farms had higher 
weighted average yields, except in Nakhon Si Thammarat where the weighted average 
yield of medium farms was lower than small farms. Thailand’s weighted average yield 
in 2016 was 1,500 kg/ha (OAE, 2016b). 

 
Table 1. Some characteristics of rubber plantation 

Farm characteristics 

Chanthaburi 

Farm size 
Rayong 

Farm size 

Small Medium Large Small Medium Large 

No. of farms 60 30 2 61 32 1 

Total area (ha)  128 286 88 134 321 43 

Yield (kg/ha/y)        

- Range 1,125-3,750 1,325-3,494 2,588-3,000 1,056-3,831 1,275-3,581 3,194 

- Weighted average 2,038 2,456 2,775 2,375 2,413 3,194 

Diesel (kg/ha)        

- Range 0-16 0-16 16 0-16 0-16 16 

- Weighted average 10 10 16 15 15 16 

Synthetic fertilizer (go/  )        

- Range 938-28,688 2,250-31,563 10,544-13,500 0-24,125 2,500-19,063 13,750 

- Weighted average 13,219 14,631 11,888 11,163 11,763 13,750 

Organic fertilizer (go/  )        

- Range 0-46,875 0-33,075 0 0-45,000 0-31,875 0 

- Weighted average 3,031 5,750 0 6,856 2,575 0 

Chemicals (go/  )        

- Range 0-469 0-625 313 0-750 0-438 269 

- Weighted average 138 156 313 106 106 269 

Farm characteristics 

Bueng Kan 
Farm size 

Udon Thani 
Farm size 

Small Medium Large Small Medium Large 

No .of farms 53 30 1 61 29 2 

Total area (  )  101 289 64 170 261 96 

Yield (go/  /l)        

- Range 900-2,769 1,350-3,038 2,700 781-2,406 1,125-3,038 2,113 

- Weighted average 1,850 2,013 2,700 1,725 2,031 2,113 

Diesel (go/  )        

- Range 23 23 31 23 23 31 

- Weighted average 23 23 31 23 23 31 

Synthetic fertilizer (kg/ha)       

- Range 2,344-28,500 7,875-42,563 18,256 1,688-34,719 13,281-34,094 19,844-21,388 

- Weighted average 14,588 16,438 18,256 16,713 23,844 20,619 

Organic fertilizer (kg/ha)       

- Range 0-47,500 0-106,250 37,150 0-56,406 0-17,813 0 

- Weighted average 3,319 4,700 37,150 3,538 1,531 0 

Chemicals (kg/ha)       

- Range 0-194 0-194 156 0-469 0-625 313 

- Weighted average 69 63 156 138 156 313 
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Farm characteristics 

Nakhon Si Thammarat 
Farm size 

Suratthani 
Farm size 

Small Medium Large Small Medium Large 

No .of farms 75 56 5 71 76 11 

Total area (  )  140 565 242 146 791 472 

Yield (go/  /l)        

- Range 700-3,450 344-3,781 1,538-2,963 531-4,831 613-4,331 581-2,638 

- Weighted average 2,013 1,944 2,131 1,838 1,900 2,031 

Diesel (kg/ha)       

- Range 0-8 0-16 8-16 0-8 0-16 0-8 

- Weighted average 8 10 16 1 9 8 

Synthetic fertilizer (kg/ha)       

- Range 6,275-26,894 2,406-28,500 10,781-14,150 6,031-51,681 1,488-27,763 7,713-18,875 

- Weighted average 13,381 13,525 13,044 13,613 10,681 13,238 

Organic fertilizer (kg/ha)       

- Range 0-13,088 0-16,875 0-4,375 0-33,750 0-12,719 0 

- Weighted average 550 569 725 763 625 0 

Chemicals (kg/ha)       

- Range 0-394 0-781 0-156 0-394 0-338 0-406 

- Weighted average 88 113 100 75 25 144 

 
 
The plantation inventory mainly concerned fertilizer application conducted in three 

stages as the cultivating stage, pre-tapping stage (1-7 years) and post-tapping stage (8-
25 years). Both synthetic and organic fertilizers were used but synthetic fertilizer 
application tended to be higher than organic fertilizer. Average application of synthetic 
fertilizer ranged from 10,681-23,844 kg/ha and Udon Thani applied more synthetic 
fertilizer than the other provinces. Average application of organic fertilizer ranged from 
0 to 37,150 kg/ha. 

Two sources of GHG emissions were considered as fertilizer production and 
nitrogen-based fertilizer. GHG emissions from fertilizer production (defined here as 
indirect emissions) were estimated from the amount of chemical fertilizer used 
multiplied by emissions factors based on the Thailand database. GHG emissions from 
nitrogen-based fertilizers were estimated from the quantity of nitrogen added to the soil 
by  i mlo Equation 2. An amount of 0.01% of nitrogen was converted to N2O (defined 
here as direct emissions). Table 2 shows that levels of N from synthetic fertilizer 
applications were higher than from organic fertilizer. Total N fertilizer application rates 
ranged from 2,024 to 5,793 kg N/ha (a factor of three) or 80.96 to 231.72 kg N/ha/y. 
Comparison to the N-fertilizer requirement of rubber plant in Nigeria and Thailand, the 
N-fertilizer recommendation were 112 kg N/ha for first year (Orimoloye et al., 2010) 
and 70 kg N/ha (Jawjit et al., 2010), respectively. However, the fertilizer application 
depends on plant nutrient status in soil and plant of each area (Dumrongrak, 2010). 

Diesel fuel consumption of vehicles for planting was estimated from cycles of 
vehicle usage with two sources of GHG emissions as diesel production (defined here as 
indirect emissions) and fuel combustion (defined here as direct emissions). 

Together with the allocations mentioned above, fertilizer application, diesel fuel 
consumption and pesticide use allocated to co-products like rubber wood and rubber 
waste were all considered in the summary of GHG emissions from fresh latex 
production .GHG emissions of fresh latex after the allocation were between 55.6-
168.9 g CO2-eq/kg fresh latex (Table 3). The weighted average of small farms was 93 g 
CO2-eq/kg fresh latex, medium farms 94 g CO2-eq/kg fresh latex and large farms 98 g 
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CO2-eq/kg fresh latex, with total weighted average 95.20 g CO2-eq/kg fresh latex. The 
GHG emissions were quite similar and did not depend on farm size .The greatest 
contribution was from fertilizer application (both synthetic and organic) at more than 
90%. GHG emissions from diesel fuel and pesticide were lower compared to fertilizer 
(Table 4). The average GHG emissions from fertilizer was 91.34 g CO2-eq/kg fresh 
latex, which closed to 89.40 g CO2-eq/kg fresh latex (Soratana et al., 2017). The 
average distance of plant material delivery was 50 km and the GHG emission from 
delivery was less than 1 g CO2-eq/kg fresh latex. Besides fertilizer application, yield is 
one of the GHG emission factors. Average global fresh latex production is 1,194 kg/ha 
(FAOSTAT, 2017). In this study, the yield was about 1.4-2.7 times higher than the 
global average. Factors for GHG emission include both N fertilizer application and 
yield. Fertilizer application was applied varies from farm to farm and did not reflect 
increased yields. The different rate of fertilizer application is not clear even the same 
clone and cultivation area, which is the same discussion as Yuttitham et al. (2011) 
studied on the GHG emission of sugarcane in Thailand. However, there are 
recommendation of optimum level of fertilizer application based on soil condition, by 
Department of Agriculture, Thai farmer usually apply fertilizer more than that level. 
The excess amount not only unaffect to yield, but also sometime decrease the 
productivity. Therefore, from this study the proportional of yield and amount of 
fertilizer applied is absent. 

 
Table 2. Use of fertilizers 

Fertilizer 

Chanthaburi 
Farm size 

Rayong 
Farm size 

Bueng Kan 
Farm size 

Small Medium Large Small Medium Large Small Medium Large 

Synthetic (go/  )           

- N 2,322 2,976 2,132 1,903 1,958 3,119 2,463 3,363 3,878 

- P 1,557 1,385 1,419 1,108 1,215 744 1,327 1,285 1,828 

- K 2,701 2,081 1,774 1,923 1,933 2,525 2,226 2,734 4,446 

Organic (kg/ha)          

- N 61 144 - 405 85 - 111 82 496 

- P 51 85 - 174 46 - 64 78 617 

- K 35 84 - 207 39 - 65 48 375 

Fertilizer 

Udon Thani 
Farm size 

Nakhon Si Thammarat 
Farm size 

Suratthani 
Farm size 

Small Medium Large Small Medium Large Small Medium Large 

Synthetic (kg/ha)          

- N 3,281 4,697 5,793 2,248 2,484 2,171 2,399 2,063 2,685 

- P 1,637 4,335 1,208 1,329 1,371 1,016 1,435 1,077 1,334 

- K 2,706 4,359 3,476 1,992 2,122 1,782 1,997 1,498 1,818 

Organic (kg/ha)          

- N 86. 27 - 10 15 13 24.31 10.88 - 
- P 63 25 - 9 10 12 14.44 10.31 - 
- K 50 15 - 6 9 7 14.25 6.31 - 
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Table 3. GHG emissions of latex cultivation process (g CO2-eq/kg fresh latex) 

Cultivation stage 

Chanthaburi 

Farm size 

Rayong 

Farm size 

Bueng Kan 

Farm size 

Small Medium Large Small Medium Large Small Medium Large 

Pre farming 0.16 0.11 0.13 0.16 0.18 0.41 0.35 0.30 0.29 

Before tapping 18.80 18.90 13.70 16.10 13.70 18.90 21.00 21.80 30.60 

During tapping 69.70 74.60 41.80 51.20 46.00 61.80 73.70 90.20 92.40 

Total 88.66 93.61 55.63 67.46 59.88 81.11 95.05 112.30 126.29 

Cultivation stage 

Udon Thani 

Farm size 

Nakhon Si Thammarat 

Farm size 

Suratthani 

Farm size 

Small Medium Large Small Medium Large Small Medium Large 

Pre farming 0.28 0.25 0.32 0.19 0.29 0.31 0.07 0.21 0.14 

Before tapping 30.10 27.70 28.40 20.10 23.20 18.20 20.40 17.00 14.80 

During tapping 101.30 86.20 140.20 71.20 90.00 68.50 73.60 57.40 70.80 

Total 131.68 114.15 168.92 91.49 113.49 87.01 94.07 74.61 85.74 

 
 
Table 4. GHG emissions from fertilizer, diesel and herbicide and insecticide (g CO2-eq/kg 

fresh latex) 

 
Chanthaburi province 

Farm size 

Rayong 

Farm size 

Bueng Kan 

Farm size 

Small Medium Large Small Medium Large Small Medium Large 

GHG from fertilizer          

Direct emission 32.60 40.60 21.50 26.90 23.10 36.70 37.60 47.00 46.50 

Indirect emission 54.00 51.10 30.60 39.10 34.90 43.90 53.60 61.80 73.70 

GHG from diesel          

Direct emission  0.00 0.00 0.10 0.10 0.10 0.10 0.20 0.20 0.20 

Indirect emission 0.00 0.00 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 

GHG from herbicide 
and insecticide 2.10 1.90 3.40 1.40 1.80 0.40 3.70 3.30 5.90 

 
Udon Thani province 

Farm size  

Nakhon Si Thammarat 

Farm size  

Suratthani 

Farm size  

Small Medium Large Small Medium Large Small Medium Large 

GHG from fertilizer          

Direct emission 53.70 62.70 76.70 35.50 45.00 34.60 37.60 30.80 34.90 

Indirect emission 73.10 46.40 84.40 51.10 63.10 46.60 52.70 40.00 43.90 

GHG from diesel          

Direct emission  0.20 0.20 0.20 0.00 0.10 0.20 0.00 0.00 0.00 

Indirect emission <0.10 <0.10 <0.10 0.00 <0.10 <0.10 0.00 0.00 0.00 

GHG from herbicide 
and insecticide 4.70 4.90 7.60 4.90 5.30 5.60 3.80 3.80 6.90 
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Results were compared with findings by Jawjit et al. (2010) GHG emissions of 
rubber plantations in Thailand, with yield estimated at 5.64 tons of fresh latex per 
ha/year. GHG emissions were estimated at 0.2 tons CO2-eq/ton fresh latex, which was 
almost twice the average found here .The difference probably results from the fact that 
they did not allocate fresh latex and rubber wood; therefore, it is possible that the study 
was performed without any allocations. If assume that both studies used the same ratio, 
then GHG emissions in Jawjit et al. (2010) study would be  06 g CO2-eq/kg fresh latex 
which was similar to findings. 

 
Greenhouse gas emissions of concentrated latex production 

Primary data were collected from three concentrated latex factories through 
observations and on-site interviews. All of those factories are located in the south. The 
annual average production of those factories were in range of 13-18 million kilograms. 
The questionnaire began with the production process, yield, and amount of materials 
such as fresh latex, ammonia, water and chemicals including electric energy and fuel 
consumption (Table 5). Data were derived from DRC allocation between the chosen 
products, scrap and skim latex which ranged from 80-90%. Table 5   i   H a capacity 
of concentrated high ammonia (HA) latex production at 21,000 ton/y. One ton of 
concentrated latex production required 1.95-2.31 tons of fresh latex, lower than 
recorded by Jawjit et al. (2015) at 2.5 tons. Main factors related to production are 
electricity, water and chemicals. Electricity consumption in each plant was 41.19-77.84 
kWh/ton concentrated latex and the centrifuge process required the greatest amount of 
electricity accounting for 94-97% of total consumption .Water use in concentrated latex 
ranged from 1,999-4,715 L. Most water was required for the centrifuge process and 
used for cleaning the centrifugal machines and tanks at 43-92% of total water use. 
Water was used for preparing materials in plant A more than plants B and C. The use of 
ammonia ranged from 15.7-14.9 kg/ton concentrated latex. 

 
Table 5. Some inventory data collected from three concentrated latex factories 

Activities data Unit Factory A Factory B Factory C 
Weighted 

average 

Fresh latex kg 2070 1950 2310 2085.47 

Electricity kWh 52.61 41.19 77.59 55.30 

Diesel kg 0.17 0.66 0.13 0.30 

Water kg 3489.07 1999.98 4715.15 3322.56 

Ammonia kg 15.42 15.70 14.9 15.39 

Tetramethyl thiuram disulfide (TMTD)  kg 0.58 0.46 0.81 0.59 

Zinc oxide (ZnO) kg 0.58 0.46 0.81 0.59 

Diammonium hydrogen phosphate (DAP) kg 1.80 1.59 2.18 1.82 

Lauric acid kg 0.58 0.45 0.82 0.59 

Unit: amounts per 1 ton of concentrated latex produced 
 
 
Gate-to-gate GHG emissions were calculated for in materials delivery, fresh latex 

preparation, the centrifuge process and fresh latex preservation. Results showed that 
GHG emissions from the production process were 88.73-100.73 kg CO2-eq/ton 
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concentrated latex (Table 6). The highest GHG emissions were from chemical 
production accounting for 43-54%. Ammonia contributed 36-46% of GHG emission, 
while energy use (both diesel and electricity) was responsible for 32-39%. Remaining 
usage was from waster production and wastewater treatment at about 9-17%, with the 
highest as from the centrifuge process (27-43%). After calculating the weighted average 
of concentrated latex production, GHG emissions were equivalent to 92.74 kg CO2-
eq/ton concentrated latex. Jawjit et al. (2010) analyzed Thailand’s GHG emissions at 
144 kg CO2-eq/ton concentrated latex with hotspots mainly dependent on electricity and 
ammonia use. 

 
Table 6. GHG emissions of the production of 1 ton concentrated latex (kg CO2-eq) 

Factory Total 

Production 

and use of 

energy 

Production of chemicals Others 

[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] 

Factory A 91.73 28.79 0.57 39.17 1.45 1.46 4.50 0.23 0.02 0.44 15.10 

Factory B 88.76 22.73 10.54 40.83 1.18 1.19 4.13 0.18 0.00 0.68 7.30 

Factory C 100.73 39.21 0.48 36.18 1.92 1.87 2.80 0.31 0.36 0.00 17.60 

Weighted Average 92.74 29.22 3.35 39.02 1.47 1.48 4.05 0.23 0.08 0.42 13.43 

Remark: [1]: Electricity, [2]: Diesel, [3]: Ammonia, [4]: TMTD, [5]: ZnO, [6]: DAP, [7]: Lauric acid, 
[8]: Other chemicals, [9]: Water, [10]: Wastewater 

 
 
When considering cradle-to-gate GHG emissions beginning with growing rubber 

trees in section 3.1 and concentrated latex production as mentioned above, total GHG 
emissions were 291.40 kg CO2-eq/ton concentrate latex. Cultivation was highest 
contributor to GHG emissions at 68%. In more detail, production and use of fertilizer 
were highest sources of GHG emissions and accounted for 60%, while electricity and 
diesel fuel accounted for 10%, with chemicals accounting for 15%. In comparison, 
Jawjit et al. (2010) calculated GHG emissions at 0.54 tons CO2-eq/ton concentrated 
latex, almost 50% lower than our calculated impacts. The difference can be explained 
by the allocation of para cultivation. Jawjit et al. (2010) did not refer to the allocation or 
the proportion of fresh latex and rubber wood, including the allocation method in the 
concentrated latex production. If co-product allocation is not taken into account and 
environmental load of the product not reduced, then the environmental impact may be 
artificially increased. 

 
Greenhouse gas emissions of rubber glove production 

Primary data were conducted through on-site interviews with one participating latex 
glove industry which located in the southern part of Thailand. One hundred pairs of 
rubber gloves (set as the functional unit) were manufactured; however, an overview of 
GHG emissions was presented here, since inventory data were confidential company 
information. GHG emission of rubber glove production was considered by a gate-to-
grave approach with a functional unit. Manufacturing 100 pairs of rubber gloves 
required 5 kg concentrated latex and their GHG emission was estimated at 42.06 kg 
CO2-eq/100 pairs. As shown in Figure 2, %GHG emissions contribution implied that 
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packaging and used gloves disposal contributed 46% and 93% of that was from burning 
the gloves (estimated under Thailand Product Categories Rule of rubber gloves 
describing that rubber gloves for medical use must be burnt after use), with 37% from 
the energy sector as electricity and fuel divided into two parts as the dipping and drying 
process (55%) and chemical production (10%). 

 

 
Figure 2. GHG emission percentage contribution of rubber glove production 

 
 
The overall results obtained were based on the final functional unit (product of 200 

pieces large size rubber gloves). Overall GHG emissions were 42.07 kg CO2-eq, 
considered as cradle-to-grave. To facilitate the analysis, disaggregating GHG emissions 
results were divided according to each phase. Figure 3 presents a clear understanding of 
the different points of each process. Considering only the planting process, fertilizer 
application was the main contributor to GHG emissions, while harvesting natural latex 
was the largest emission source when focusing on concentrated latex. Meanwhile, glove 
processing was the most crucial contributor to global warming impact at 52%, following 
by solid waste management at 46%. Production of fresh and concentrated latex gave 
less than 1% contribution. 

 
Effect of allocation on the carbon footprint of rubber gloves 

Determining the appropriate allocation model from the results above (base scenario) 
was divided into planting process based on mass-based allocation of fresh latex and 
rubber wood, concentrated latex production based on DRC allocation of concentrated 
latex and skim latex and rubber glove production based on mass-based allocation .The 
effects of different allocation methods were studied by defining the following scenarios: 
scenario 1 was economic allocation in the planting process and DRC allocation in 
concentrated latex production, scenario 2 was mass allocation in the planting process 
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and mass allocation in concentrated latex production and scenario 3 was economic 
allocation in the planting process and mass allocation in concentrated latex production 
(Table 7). 

 

Cultivation 

 

Concentrated 
latex production 

 

Rubber glove 
production 

 

Figure 3. Carbon footprint contribution results disaggregated by the rubber glove production 

chain 
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Table 7. Allocation method for each scenario 

 Cultivation 
Concentrated latex 

production 

Rubber glove 

production 

Base scenario Mass allocation DRC allocation Mass allocation 

Scenario 1 Economic allocation DRC allocation Mass allocation 

Scenario 2 Mass allocation Mass allocation Mass allocation 

Scenario 3 Economic allocation Mass allocation Mass allocation 

 
 
Considering the economic allocation in the planting process determined that prices of 

fresh latex fluctuated over time. The average price over the past three years was 1.47 
USD per kilogram (~34 Baht per 1 USD) (Rubber Authority of Thailand, 2016). Price 
of rubber waste is similar to or 15% lower than fresh latex, while the average price of 
10-inch rubber wood is about 0.067 USD per kilogram (Rubber Authority of Thailand, 
2012). Therefore, the average percentage allocation of fresh latex accounted for 91%. 
When considering mass allocation in concentrated latex production, the amount of latex 
concentrated by centrifuge machinery accounted for approximately 43%. After applying 
mass allocation, GHG emissions from concentrated latex decreased when compared to 
the base scenario. 

Table 8 presents two methods of allocation which led to totally different results when 
focusing only on the planting process. Economic allocation resulted in fresh latex 
providing more environmental load than rubber wood; GHG emissions became higher 
and percentage change was equivalent to 152.16. When focusing on concentrated latex 
as an intermediate product, different allocation methods led to a percentage change of -
84.04 to 14.26%; however, when focusing on the final product (rubber glove), 
percentage change became less (-0.017 to 0.005) with no significant difference .Thus, it 
was very important to consider GHG emissions of rubber wood products and allocation 
during the upstream process became less when the supply chain length increased. 

 
Table 8. Comparison of GHG emission for different scenarios of allocation methods 

 
Cultivation Concentrated latex production Rubber glove production 

g CO2-eq/kg 

fresh latex 
% change 

gg CO2-eq/ton 

concentrated latex 
 %change 

gg CO2-eq/200 

pieces 
% change 

Base scenario 95.26  291.40  82.60  

Scenario 1 240.20 +152.16 332.94 +14.26 82.68 +6.6 1 

Scenario 2 95.26 0 149.26 ‒48.78 82.67 ‒6.6 2 

Scenario 3 240.20 +152.16 294.20 +0.96 82.60 +0.06 

Scenario 1 = economic, DRC; Scenario 2 = mass, mass; Scenario 3 = economic, mass 

Conclusion 

Rubber and rubber products are used globally. A cradle-to-gate GHG emission 
assessment was carried out through an LCA perspective for fresh latex cultivation, 
concentrated latex production, and a cradle-to-graves GHG emission assessment for 
rubber gloves production. The main purpose was to evaluate and identify hotspots of 
these productions. 
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Results gave  95.20 g CO2-eq/kg fresh latex. Farm size was not an obvious indicator 
of farm management performance and hotspots were mainly from fertilizers, accounting 
for 96%. Average GHG emission from concentrated latex was 291.40 kg CO2-eq/ton 
concentrate latex, with hotspots from utilization of fertilizers in fresh latex production, 
accounting for 68%. GHG emissions from rubber gloves was 42.07 kg CO2-eq/200 
pieces of rubber glove with hotspots from burning wastes and glove production 
generated by electric power accounting for 83%. 

Other allocation methods differed for economic and mass allocation at each stage of 
the product life cycle. Allocation had a great impact on GHG emissions during 
cultivation and processing of concentrated latex but little effect on rubber glove 
production. Defining the allocation method for rubber products has a huge effect on 
GHG emissions in the upstream processes and these effects are reduced when supply 
chains become longer. 
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Abstract. This study aimed at determining the transpiration characters of Juniperus macrocarpa in a 
close to 40-year-old even-aged stand categorized into three classes based on canopy size, over a two-year 
period (2011-2012). The site is located in Palaiochora, 77 km south of Chania, on the southwest coast of 
Crete. Sap flow techniques (Granier-type) were used to determine water use. Annual trends in sap flow 
were generally bell-shaped, and varying significantly between seasons and canopy classes. Winter sap 
flow was minimal but trees were active when temperatures were above freezing point and trees depended 
on deep water (below 60 cm) for transpiration. Rates increased from 1.46 Ld-1 in winter to 3.32 Ld-1 in 
the spring, irrespective of tree canopy class, because of improvement in weather conditions. Maximum 
transpiration rates were observed during the growing season with an average of 134.42 Ld-1 for dominant 
trees and 8.68 Ld-1 for suppressed ones. The daily variations in photosynthetically active radiation, vapor 
pressure deficit, air temperature, and surface soil water were the principal drivers for transpiration during 
the growing season. The findings have shown that climate in Crete does not limit the expansion of J. 

macrocarpa and that this expansion will have potentially significant impacts on the ecohydrology of the 
system. 
Keywords: Juniperus macrocarpa, sap flow, semi-arid ecosystems, soil water content, transpiration 

rates 

Introduction 

Invasive woody species encroachment into semi-arid grasslands has been attributed 
to the introduction of livestock, fire suppression (Van Auken, 2000), changes in climate 
(Reich et al., 2001), increases in atmospheric CO2 concentration (Bradley and 
Fleishman, 2008) landscape fragmentation (Briggs et al., 2007), reduction in wood 
harvest rates by native Americans (Fredrickson et al., 2006), dispersal by humans and 
birds, and natural expansion of the species (Van Haverbeke and Read, 1976). Generally, 
Junipers are widely distributed across the northern Mediterranean region, some taxa’s 
are grown natively and few are considered to be invasive to the designated study area 
(Farjon, 2005; Adams, 2014). 

Juniperus macrocarpa as an evergreen coniferous species has a predominantly large 
potential for accommodating precipitation. This is due to the evergreen nature of the 
species, the relatively large surface leaf area, and considerable intrusion by the 
understory litters. Water losses estimation from the collective intrusion of juniper 
canopies and underlying litter layers may reach 70 to 80% depending on the species and 
site conditions (Thurow and Hester, 1997). Owens et al. (2006) reported that 47% of 
precipitation intrusion by the Ashe juniper (Juniperus ashei) canopy and understory 
litters. The authors estimated that for a densely covered Ashe juniper forest, closely to 
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250 mm precipitation would be intervened annually. Owens and Ansley (1997) resolved 
that the potential transpiration rate of a mature Ashe juniper may reach to 125 L of 
water per day, which would be equivalent to 300 to 450 mm water annually on a 
landscape scale, depending on the forest dense cover (Elhag and Bahrawi, 2017a). 

Other studies on water use by Juniperus species have shown that stand level 
transpiration rates range from 0.23 to 1.13 mm day-1 in Utah juniper (Juniperus 

osteosperma) in Arizona and New Mexico, 1.21 mm in alligator juniper (J. 

daydeppeana) in Arizona, and 1.90 mm day-1 in Ashe juniper (J. ashei) in Texas. These 
comparatively low transpiration rates reflect juniper’s conservative water use which 
allows it to survive in dry areas (Heilman et al., 2009). 

Although several studies have examined the water use in Juniperus species, very few 
have been conducted on J. macrocarpa especially in semi-arid plains (Van Auken and 
Mckinley, 2008), where soil water has been testified to be the key limiting factor for 
plant growth (Chaves et al., 2003; Duursma et al., 2008). Meanwhile, the relative 
grasses and woody species abundance in semi-arid ecosystems determines the 
vegetation type (Darrouzet-Nardi et al., 2006; Bradley and Fleishman, 2008). 

Moreover, scenarios of future climate change predict increasing air temperatures 
with increases in water vapor pressure deficits (VPD) experienced by plants (Harmsen 
et al., 2009). The frequency, intensity, timing, and distribution of precipitation will also 
be altered (Stocker, 2014). Such vicissitudes will influence vegetation function 
(especially water vapor flux) and will alter the consequences of the climate and 
vegetation interaction. Consequently, it is imperative to comprehend the means 
underlying the plant function and climate interactions in term of efficient water 
resources management and vegetation (Porporato et al., 2004; Elhag and Bahrawi, 
2016). 

The heat dissipation method (Granier, 1987) which is designed to measure tree sap 
flow is the most frequently utilized practices in ecophysiological and forest hydrological 
studies for whole-tree water use in xylem sap flow determination due to its plainness, a 
high degree of precision and consistency (Lu et al., 2000). 

The adopted technique is based on two probes. The first probe is the heated probe 
and the second is the reference probe made of stainless steel needle. The basic principle 
of the two probes is to sense the temperature difference generated between the two 
thermo-couple copper wired probes. Therefore, both probes are literally implanted into 
the stem 10-15 cm apart from each other (Granier, 1987; Lu et al., 2000). 

The current research hypothesis assumes that is that Juniperus macrocarpa is 
responsible for the shifts of the groundwater content in the study area. Therefore, 
Juniper transpiration rates are subjected for comprehensive investigation in the 
designated study area. The goal of the study is to estimate the whole-tree water use in 
term of transpiration of the woody species Juniperus macrocarpa in semi-arid 
ecosystems of western Crete and the transpiration rate significances on the water 
balance, soil water availability, and consequently groundwater recharge in the 
ecosystem. 

Materials and methods 

Study species 

Juniperus macrocarpa is a dispersal shrub up to 6 m height; once in a while it may 
reaches up to 15 m height. Leaves are lanceolate in principle up to 20 mm long and up 
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to 4 mm wide. The stomatal structure is a dual band split by a midrib on the inward 
surface (Farjon, 2005). The seeds are berry-like in cones forms with a waxy covering 
and usually scattered (Adams, 2014). The dust cones are yellow, reaches to 3 mm long, 
and shedding off its duct shortly after winter (Muñoz-Reinoso, 2004). 

 

Study area 

The study area located in the South West of Crete and covers an area of about 
4317.21 ha, 35° 25'51" N and 35° 09'47" N latitudes, 24° 32'07" E and 24° 54'42" E 
longitudes (Fig. 1). The recognized stand history and the relatively unvarying age of the 
Juniperus macrocarpa grown in the study area make it distinctively accommodated to 
address the issue of tree expansion in the arid ecosystems. The climate is recognized as 
semi-arid continental, mean annual precipitation is close to 750 mm, falling mainly in 
the winter season. The mean maximum temperature in July of 35.3 °C, while the mean 
minimum temperature in January of -3.8 °C, with the Mean annual temperature of 
18 °C. Soils are loamy clay which is covered mostly by pastoral forest areas of maquis 
vegetation (Christodoulakis, 1996; Georghiou and Delipetrou, 2010). 

 

 
Figure 1. Location of the study area 

 
 

Experimental design 

The site selected for the study is a stand of J. macrocarpa with a dense canopy. The 
stand is characterized by slope gradient of 27 °C and slope aspect of West with slope 
position of West to Southwest. A 50-m × 50-m area was fenced and basic inventory 
measurements were conducted. Tree density was recorded as 520 trees ha-1. Moreover, 
22 trees were selected for sap flow measurement. All the trees were even-aged around 
40 years old. Three different classes were selected based on the canopy and growth of 
the trees (Hegazy and Elhag, 2006). The range of the tree height and the diameter at 
breast height (DBH) for each class is demonstrated in Table 1. Soil moisture 
determination was carried out using ML2 Theta Probe installed at a different soil depth 
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of 20, 40 and 60 cm, respectively. Collected data stored in 15 seconds interval using 
CR10X, Campbell Scientific Inc., UT data logger. 

 
Table 1. The tree DBH and the tree height range from the selected stand 

Tree classes 
Tree DBH (cm) Tree height (m) 

Max. Min. Avg. Max. Min. Avg. 

Dominant 18.74 16.14 17.44 9.09 7.89 8.49 

Co-dominant 14.35 11.35 12.85 7.66 6.26 6.96 

Suppressed 10.2 6.8 8.5 5.9 4.3 5.1 

 
 

Sap flow and sapwood measurements 

The quantification of the J. macrocarpa transpiration rate was carried out following 
Granier (1987). Based on the heat differences between the heated probe (implanted in 
the tree trunk) and the referenced probe (2 cm apart) at time t the temperature difference 
∆TM (°C) were constantly recorded for sap flux estimation. Based on the experiential 
association of Granier (1987), the density of the sap flux was conducted in term of Js, g 
m-2 s-1 as follows (Eq. 1): 

 

  (Eq.1) 

 
Clearwater et al. (1999) suggested an empirical correction for sap flux estimation 

when the sap wood depth is less than 2 cm (Eq. 2): 
 

  (Eq.2) 

 
where 
a is the probe proportion in sapwood 
b is the probe proportion in the heartwood, where b = 1 - a. 

Transpiration rates determination in term of (L day-1) was conducted as a 
multiplication of the sapwood area by Js. Annual transpiration rate of J. macrocarpa 
canopies in terms of (Ec, mm yr-1) was conducted by multiplying Js with sapwood area 
(As) per unit ground area (AG) following Oren et al. (1998; Eq. 3): 

 

  (Eq.3) 

 
The determination of the evaporative fraction is based on the energy balance 

conducted from meteorological stations (Su et al., 2001; Elhag, 2016). Consequently, 
the net radiation “Rn” is estimated by Equation 4: 

 
 EHGRn  0  (Eq.4) 
 

where 
Rn is net radiation (watt/m2), 
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G0 is soil heat flux (watt/m2), 
H  is turbulent heat flux (watt/m2), 
λE  is turbulent latent heat flux (watt/m2), 
λ  is latent heat of vaporization (watt/m2), and 
E  is actual evaporation (mm/day). 

Therefore, the daily evapotranspiration Edaily is exercised following Elhag and 
Bahrawi (2017b) as (Eq. 5): 

 

 


0
1064.8 724

0

GRn
xxxEdaily


  (Eq.5) 

 
where 

24

0
 is daily evaporative fraction 

ρω density of water measured in kilograms per cubic meter. 
 

Statistical analysis 

Initially, a various relapse approach was utilized where every single ecological 
variable was plotted in a stepwise and covariates relapse. The choice strategy preutilized 
to distinguish the factors which clarified the main changeability in sap stream. The 
various relapse approaches were first performed on the whole informational index and 
afterward performed inside each season. Second, a blended model investigation was 
consequently performed where the trees were plotted as an irregular impact taking into 
consideration the changes in the covariance structure. The model was kept running on 
the general information at to start with, at that point taking a gander at singular months 
lastly at various seasons. 

Results 

Trends in air temperature were reliable with the archived metrological data (22-year 
average), with the maximum temperature recorded in August (> 32 °C), and minimum 
temperature recorded in January (< -6 °C). Recorded precipitation data in 2011 was 
significantly exceeding the average (780 mm), while that of 2012 was average (590 
mm). 

The seasonal soil volumetric water content was highly variable at the 20 cm depth, 
reflecting recent precipitation events. In contrast, the water content at the 40 and 60 cm 
depths was less responsive to precipitation events. The site received a total of 
229.8 mmol m-2 s-1 of photosynthetically active radiation in 2011 and 213.9 mmol m-2s-1 
in 2012. The cloudier days observed throughout the growing spell of 2012 could be 
recognized as a lower Photosynthetically Active Radiation (PAR) in 2012 relative to 
2011 as is shown in Figure 2. 

Annual transpiration trends were generally bell-shaped (Fig. 3). Transpiration rates 
varied significantly between seasons represented as Day of the Year (DOY). Maximum 
transpiration rates were observed during the growing season with an average of 
134.42 Ld-1 for dominant trees and 8.68 Ld-1 for suppressed ones. The highest daily 
rates for the largest tree measured was more than 30-fold that of the smallest tree. This 
was probably a result of the greater leaf area (green canopy), vigor, and exposure to 
radiation in larger trees relative to the suppressed ones (Tables 2 and 3). 
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Figure 2. The daily average of soil volumetric water content (VSWC) in different depths 

 
 
Table 2. Descriptive data of sap flow in L day

-1
 

Season Mean Std. error 

Winter 1.46 d 0.10 

Spring 3.32 cd 0.20 

Summer 16.62 a 0.31 

Autumn 10.77 b 0.43 
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Table 3. Tree class description in the designated study area 

Canopy class Average DBH (cm) 
Average tree 

height (m) 

Average height of 

life branches from 

the ground (m) 

Average green 

canopy (%) 

Dominant 17.44 8.49 1.91 75.51 

Co-dominant 12.85 6.96 1.78 73.68 

Suppressed 8.5 5.1 3.2 10.57 

 
 
The fall season commenced at the beginning of September and ended in November. 

The fall was characterized by wet conditions, accompanied by a sharp decrease in PAR 
and air temperatures, and the resulting transpiration rates (Fig. 3). 

With the onset of the spring season, the average daily air temperatures increased 
from 12 °C to 26.3 °C (in both years), and light levels increased significantly from 
119 µmol m-2 s-1 to 1298 µmol m-2 s-1 in 2011 and 50.9 µmol m-2 s-1 to 1301 µmol m-2s-1 
in 2012. These higher PAR levels and warmer temperatures, in conjunction with 
increased cell and photosynthetic activities, resulted in increased transpiration rates. The 
transpiration rate increased from 1.55±0.08 Ld-1 in the winter period to 3.29 ± 0.15 Ld-1 
in the spring, irrespective of tree canopy class. 

Variations in air temperature and light levels were shown to have the greatest 
influence on the transpiration of J. macrocarpa. Soil water content limitation varied 
with depth and depended on the season. Figure 4 shows the daily maximum and 
average sap flow in correspondence to the minimum and maximum air temperatures. 

Sap flow tendencies were commonly plotted as bell-shaped curves over the daily 
sampling time of 24 h, with the peak sap flow occurring near noon in spring and 
summer and around 1400 h in the fall. Significant diurnal variability in sap flow rates 
was observed and was related to variations in air temperature. In the fall, sap flow for 
dominant, co-dominant and suppressed trees increased from 0800 to 1400 h, peaked just 
after 1400 h and then began decreasing after 1600 h (Fig. 5). 

Table 4 indicates that photosynthetic active radiation, precipitation, and VPD had the 
greatest influence on the transpiration rates of Juniperus macrocarpa. Analysis of 
variance for the measured environmental factors influencing tree transpiration rates is 
presented in Table 4. On an annual basis, all measured environmental parameters had 
significant impacts on tree level transpiration rates with the exception of volumetric soil 
water content at 40 and 60 cm depths, which were expected since water was not a 
limiting factor in 2011 and 2012. To understand the relative importance of a specific 
environmental parameter to the seasonal trend of tree-level transpiration rates, the data 
were grouped into four seasons. 

In winter, which included December through to the end of February, least and mean 
air temperatures, rainfall, photosynthetic active radiation, average relative humidity, and 
deep soil water (60 cm) had a significant effect on the transpiration of the trees 
(Table 4). Air temperatures fluctuated between 3.2 °C (min temperature) and 16.8 °C 
(max temperature) during this period, and positive transpiration rates were observed at 
air temperatures greater than 14 °C. 

The summer season started in May and ended in August. Daily average air 
temperatures and PAR reached their maximum of around 40 °C and 1488 µmol m-2 s-1 
in 2011 and 30 °C and 1398 µmol m-2 s-1 in 2012. 
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Figure 3. Maximum, mean and minimum sap flow recorded for evenly aged J. macrocarpa 
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Figure 4. Daily sap flow behavior as a function of minimum air temperature (TA min) and 

maximum air temperature (TA max) within the designated study area 

 
 
Daily, whole-tree transpiration (sap flow estimations) reacted significantly to the 

sunlight. Daytime sap flow as a rainfall and soil water content function was not 
substantial. However, within-day variability is highly connected to light levels (PAR). 
Figure 5 shows how sensitive the flow to sudden changes is in light (example: a cloud 
passing). When PAR showed an increase, or decrease, the sap flow increased or 
decreased instantly. 

Discussion 

The values obtained are comparable to the water use values measured on other 
Juniperus sp. (Table 1). Transpiration rates of Juniperus macrocarpa trees in the 
designated study area varied among canopy classes, with highest values observed in the 
dominant canopy, followed by the co-dominant and finally the suppressed canopy. This 
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is in covenant with the outcomes of Granier et al. (1996), Andrade et al. (1998) and 
Meinzer et al. (2001), who reported that canopy status (dominant, co-dominant, and 
suppressed) is the key feature defining sap flow rates. According to Lassoie et al. 
(1983), photosynthetically active radiation is the most important environmental factor 
regulating photosynthesis in understory eastern red cedar. Hence, transpiration in 
understory eastern red cedar (for the suppressed stands) is in great part light-limited 
throughout the 5-month period when fully expanded overstory leaves are present. 

 
Table 4. Rehashed measure examinations of fluctuation by year, season and month for sap 

stream as a component of every day mean temperature (°C), vapor pressure deficit (VPD), 
photosynthetic active radiation (PAR), precipitation (mm), daily average soil temperature 

(°C) and diameter at breast height (DBH) 

 
Air Temp. 

(°C) 
VPD 

(kPa) 

PAR 

(mmol m-2 s-1) 

Precip. 

(mm) 

SM Temp. 

(°C) DBH (cm) 

Year 2011/2012 *** *** ** *** *** * 

Season 

Summer *** * ** - - * 

Fall - - * ** - * 

Winter * - * ** - - 

Spring * * * ** - - 

Month 

August ** - * * - * 

September - - * - - * 

October * * * - - - 

November - - - - - - 

December - - - - *** - 

January * - * * - - 

February  - - - *** - - 

March - - * * - - 

April * - - ** - - 

May - - - - * - 

June * - - ** * * 

July - - *** - - * 

Only significant interactions are displayed 
 
 
Transpiration declined in fall and winter but continued progressive when 

temperatures were > 0 °C. Results were in agreement to those observed by Briggs et al. 
(2002) and explained by the fact that Juniperus macrocarpa trees maintain positive 
photosynthesis and stomatal conductance at temperatures above 0 °C and they 
efficiently utilize water from the deeper rescinded soil horizons (Brümmer et al., 2012). 
This might contribute to the accumulation of biomass and might result in decreased soil 
water content, which otherwise will be used to recharge the groundwater in grassland-
dominated areas. Transpiration rates increased with the improvement in weather 
conditions, reaching their maximum during the growing season. The absence of a 
drought period during our study (2011-2012) did not show the response of Juniperus 
macrocarpa to drought stress. 
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However, according to Brümmer et al. (2012), even under drought stress, Juniperus 
macrocarpa has the capacity to preserve stomatal opening at low water potentials, and 
utilize deeper soil water. The annual transpiration rate per unit ground area (mm yr -1) 
was estimated for 2011 through scaling up mean flux density by multiplying it by 
sapwood area per unit ground area (Oren et al., 1998). Results showed that trees utilized 
on average between 0.18 and 1.79 mm d-1 and averaged 376 mm yr-1, which represented 
52% of the annual precipitation, leading to drier soils under forested cover compared to 
open grasslands. In winter, fall and early spring, while grasses are dormant, trees were 
effectively consuming water that otherwise would go to charge the groundwater (Briggs 
et al., 2002). 

Leaf water deficit, transpiration and stomatal opening all reflect increase in soil 
moisture suction but that, during the day, they are affected also by other factors which 
obscure the direct effect of soil moisture (Rutter and Sands, 1958). The logistic relation 
is the competition that limits in some cases the grass-land from maintaining its healthy 
growth and from another aspect grass-land may limit the expansion of the forests due to 
the allelopathic effect (Hegazy et al., 2004). Therefore, low soil moisture content has an 
insignificant role in the trees expansion which is also confirmed by the survival of J. 

macrocarpa in low soil water content (Seim et al., 2016). 

Conclusion 

Results indicated that diurnal air temperatures determined the overall stomatal status, 
whereas inconstant light levels accounted for stomatal activities during the daylight, 
thus regulating the jeopardy of severe water discrepancies. Transpiration character of 
the studied species followed the bell-shaped curve with exposure sensitivity. Moreover, 
the phenological classes of Juniperus macrocarpa did not considerably affect the 
transpiration character. Soil moisture, while very important, did not seem to limit the 
expansion of the tree under investigation, unlike what has been observed in the seven 
years prior to this study. Therefore, this species can continue invading and displace the 
dominant native grasses and potentially affect the groundwater recharge as well as the 
surrounding grassland. In conclusion, appropriate management must be designed to 
control Juniperus macrocarpa expansion, and more realistic and attainable goals and 
management regimes for the current site conditions should be adopted to minimize the 
impacts of this continuous invasion of Juniperus macrocarpa on long-term ecosystem 
processes especially the surrounding grassland and services including groundwater. 
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Abstract. The aim of this study is to determine genetic variation of C. luteus populations by conducting gene 
sequence analysis of mtDNA COI locus. Total DNA of 48 individuals from 4 populations in total was isolated 
using a commercial kit. Sequence analysis was conducted through 3500 XL Genetic Analyzer device following 
the amplification of target mtDNA locus via Polymerase Chain Reaction (PCR). With sequence analysis of 
mtDNA COI locus, 9 polymorphic sites and 4 haplotypes were determined. Haplotype and nucleotide diversity 
were calculated between 0.409 - 0.535 and 0.00089 - 0.00534, respectively. Pairwise FST results ranged 
between -0.16880 and 0. 33181, values of Diyarbakır population were found to be statistically significant 
compared to all of the other populations. Totally 4 haplotypes were detected in Median-Joining Network 
haplotype network. Tajima’s D and Fu’ Fs tests values were statistically insignificant for all populations 
(p>0.05). All results obtained in this study are the data that were extracted for C. luteus species for the first 
time. Haplotypes determined for mtDNA COI 625 locus are new results for the literature, generated a critical 
data set in terms of genetic diversity of this species.  
Keywords: population genetic, haplotype, polymorphism, Euphrates River, Tigris River 

Introduction 

Carasobarbus luteus (Heckel, 1843) is an endemic species from the family Cyprinidae 
possessing a wide distribution in Euphrates and Tigris River, natural and artificial lakes 
across Mesopotamia (Kuru, 1979; Ünlü, 1991; Gökçek and Akyurt, 2008; Coad, 2010). The 
body is covered with large, rounded scales. The length and weight varies between 9-35 cm, 
20-350 grams, respectively. The color is brownish yellow on the back and yellowish or 
yellowish white on the sides. The mouth is terminal or semi-terminal and has a pair of short 
mustaches. Since the meat is delicious, it is used as food by local people (Bilici, 2013). This 
species is also of economic importance due to high demand as food (Borkenhagen et al., 
2011; Bilici et al., 2016).  

Certain studies such as reproductive biology (Ahmed et al., 1984, Bilici et al., 2016), 
feeding condition (Naama and Muhsen, 1986), gonad development (Bartel et al., 1996), 
observations of reproductive organs and tissues (Rahemo and Al-Shatter, 2012), some 
biological characteristics (Al-Hazzaa, 2005; Asmaa et al., 2013; Baboli et al., 2013; 
Eydizadeh, 2014), spermatologic characteristics (Aral et al., 2014), characteristics of age 
and growth (Gökçek and Akyurt, 2008), content of digestive system (Çelik and Saler, 2016) 
were conducted on this species.  

The genetic variation and population structure of the commercially important species 
should be studied for the management and conservation purposes (Ward, 2000; Ortega et 
al., 2006). However, there has not been any study about genetic variation of the species C. 

luteus thriving in rivers systems of Euphrates and Tigris.  
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In recent years, developments in sequencing techniques have made mtDNA studies 
popular (Liu and Zhou, 2016). If compared to nuclear markers, mtDNA markers are more 
sensitive to the effects of genetic drift (Filipova et al., 2011).  

Because of maternal inheritance and fast evolutionary rate, it has become an important 
tool of comparative genomics and plays an important role in molecular diversity study and 
population genetic structure (Near et al., 2003; Cardenas et al., 2009; Xu et al., 2011).  

COI is a protein-coding gene in mtDNA owing to fast evolution, easy amplification and 
sequencing, it has shown precious knowledge and largely used as genetic marker for 
population genetic studies (Near et al., 2003; Hu et al., 2008; Cardenas et al., 2009; Xu et 
al., 2011). 

The aim of this study is to determine the genetic variations in populations of C. luteus, 

naturally thriving in Euphrates and Tigris Rivers, by conducting sequence analysis for 
mtDNA COI locus.  

Materials and Methods 

Study area, Sample collection and DNA extraction  

Euphrates-Tigris river system, large river system of southwestern Asia and it 
comprises the Euphrates and Tigris rivers, which follow approximately parallel courses 
by way of the heart of the Middle East (Britannica, 2018). The two rivers have their 
resources in 50 miles of each other in eastern Turkey and tour southeast through 
northern Syria and Iraq to the head of the Persian Gulf (Britannica, 2018). Besides, 
Euphrates and Tigris river systems have a great deal of important capacity and potential 
for fish biodiversity and fishery. The localities of Euphrates River (Adiyaman and 
Hilvan) and Tigris River (Diyarbakır and Bismil) System were found to be appropriate 
for sampling because of the number of populations, the availability of land conditions, 
the availability of sufficient number of fishermen and the proximity to the city center. 

Fish samples, including 48 individuals from 4 populations in total, 2 populations in 
Euphrates River (Adıyaman and Hilvan) and 2 populations in Tigris River (Diyarbakır 
and Bismil), were caught by fishing (Figure 1) between January 2013 and December 
2013. Number of localities and samples were given in Table 2.  

 

 
Figure 1. Location of study area 
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1 g specimen was dissected from muscle tissue on the base of pectoral fin of fish 
samples, conserved in micro centrifuge tubes with 1,5 ml volume containing 95% 
ethanol at +4 °C until DNA isolation. Total DNA isolation was performed using 
GeneJET Genomic DNA Purification Kit (ThermoScientific). 2 μl of isolated DNA 
samples was taken to run in 0.8% agarose gel at 120 Volts for 30 minutes, then viewed.  

 

PCR amplification and sequencing   

Primers used for amplification of mtDNA COI locus in the study by Darabi (2014) 
COI-625F (5’-TCA-ACC-AAC-CAC-AAA-GAC-ATT-GGC-AC-3’) and COI-625R 
(5’-GAC-TTC-TGG-GTG-GCC-AAA-GAA-TCA-3’) were used in the present study. 

All PCR reactions were performed at a total volume of 25 µl containing 0.5 mM of 
each primer, 0.2 mM of each dNTP, 1x PCR buffer, 2.5 mM MgCl2, 1 unit Taq 
polymerase and approximately 90 ng of template DNA. The PCR amplification was 
carried out in a BIO-RAD T100TM Thermal Cycler under the following conditions: 3 
min initial denaturation at 95 °C, and 35 cycles of 30 s at 95°C for denaturation, 30 s at 
62°C for annealing, and 45 s at 72 °C for extension, and a final extension at 72 °C for 
10 min. A total of 3 µl of each PCR product was checked on 2% agarose gel 
electrophoresis with a Ladder (GeneRulerTM 100 bp DNA Ladder, ready-to-use, 
Fermentas) and the most specific products were selected for sequencing. Amplified 
PCR products were purified using the Favor/Prep gel/PCR purification mini kit 
(Favorgen, Vienna, Austria). Sequencing was done with an automated DNA sequencer 
3500 XL Genetic Analyser (Thermo Fisher Scientific). 

 

Sequence analysis 

The raw data of mtDNA COI sequences obtained from commercial company were 
evaluated and converted into FASTA format by ChromasPro v 2.0.1 software 
(http://www.technelysium.com.au/ChromasPro.html). Resulting sequences of all 
individuals in FASTA format were aligned using BioEdit software version 7.2.5 
program (Hall, 2013). The number of polymorphic sites and haplotypes, diversity of 
haplotypes and nucleotides, Tajima D and Fu’s Fs statistics were calculated for 
populations using DnaSP version 5.10.01 program (Rozas et al., 2003). The 
phylogenetic relationship between haplotypes was identified by Network version 4.6 
software (http://www.fluxus-engineering.com, Rohl, 1999).  

Results  

Genetic variation  

An average of 620 bp fragments of mtDNA COI 625 locus from 48 C. luteus 

specimens were sequenced; totally 9 variable sites and 4 haplotypes were detected. 
Nucleotide variations of this region are shown in Table 1. 

As seen in Table 2, H1 is the haplotype which is commonly seen in all of the 
populations. Haplotype H2 is found in all of the populations except Diyarbakır. 
Haplotype H3, on the other hand, is observed only in Bismil population, H4 only in 
populations of Tigris River. Bismil population alone includes all of the 4 haplotypes. 
Nucleotide composition of this site which is approximately 620 bp is cytosine (C), 
thymine (T), adenine (A) and guanine (G), 26.94%, 29.35%, 26.94%, and 77% 
respectively. Haplotype and nucleotide diversity were calculated in a range of 0.409 - 

http://www.technelysium.com.au/ChromasPro.html
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0.535 and 0.00089 - 0.00534, respectively. Hilvan population was the one with the 
lowest results for haplotype diversity and values determined for other populations were 
similar. Adıyaman population was determined to have the highest nucleotide variation, 
Diyarbakır population had the lowest. 

 
Table 1. Haplotypes and nucleotide variations of mtDNA COI 625 

 
 
Table 2. C. luteus sample site, size and their genetic diversity inferred from mtDNA COI 

gene sequence (n = number of individuals, Nh: number of haplotypes, Hd: haplotype 

diversity, π: nucleotide diversity) 

River 

System 

Locality n Nh Haplotype 

frequency 

Hd π Tajima’s 
D 

Fu’s Fs 

Euphrates 
River 

Adıyaman 6 2 H1 (0.66) 
H2 (0.34) 

0.533 0.00534 1.24649 4.184 

Euphrates 
River 

Hilvan 12 2 H1 (0.75) 
H2 (0.25) 

0.409 0.00410 0.89777 5.083 

Tigris River Bismil 22 4 H1 (0.68) 
H2 (0.14) 
H3 (0.04) 
H4 (0.14) 

0.519 0.00319 -0.75999 1.799 

Tigris River Diyarbakır 8 2 H1 (0.37) 
H4 (0.63) 

0.535 0.00089 1.16650 0.866 

 
 

Population genetic structure 

As seen in Table 3, Pairwise FST values range between -0.16880 and 0. 33181. 
Despite values between populations of Adıyaman, Hilvan and Bismil were statistically 
insignificant, values of Diyarbakır population yielded as statistically significant 
compared to all of the other populations.  

 
Table 3. Pairwise FST values (below diagonal) and p values (above diagonal) between four 

populations of C. luteus 

Locality Adiyaman Hilvan Bismil Diyarbakir 

Adiyaman 0.00000 0.99967±0.0000 0.45818±0.0089 0.01421±0.0023 

Hilvan -0.12296 0.00000 0.49686±0.0092 0.04992±0.0034 

Bismil 0.01223 -0.16880 0.00000 0.04661±0.0034 

Diyarbakir 0.33181* 0.25595* 0.12370* 0.00000 

*p<0.05 
 

Haplotypes 236 257 263 275 344 362 491 504 587 

H1 T T C C G C G T G 

H2 C C T T . T . C . 

H3 . . . . A . A . . 

H4 . . . . . . . . A 
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The analysis of molecular variance of population structure revealed that percentage 
of variation between groups was 7.37 %, among populations within groups 1.28% and 
within population 91.35%. Fixation index was calculated as 0.08646 (Table 4). 
 

Table 4. Analysis of molecular variance (AMOVA) of four populations of C. luteus based on 

mtDNA COI gene sequences 

Source of variation df 
Sum of 

squares 

Variance 

components 

Percentage 
of 

variation 

Fixation 

Indices 
p-value 

Among groups 1 2.958 0.07958 Va 7.37   

Among populations within 
groups 

2 2.246 0.01381 Vb 1.28   

Within populations 44 43.420 0.98683 Vc 91.35 
FST: 
0.08646 

0.11535±0.00860 

Total 47 48.625 1.08022    

 
 

 

Figure 2. Median-joining network showing relations among 4 haplotypes of four C. luteus 

population 

 

 

In Median-Joining Network haplotype network created for 48 C. luteus samples 
analyzed, totally 4 haplotypes were determined, resulting network shows presence of a 
central haplotype (H1) which indicates an evolutionary connection. In addition, it is 
possible to speculate that all of the other haplotypes are connected with haplotype H1 
(Figure 2). 

 

Neutrality tests 

Neutrality tests (Tajima’s D and Fu’ Fs tests) were applied for each population. It 
was determined that while Tajima’s D values were negative for Bismil population, they 
were positive for other population, were statistically insignificant for all of the 
populations (p>0.05). Fu’ Fs tests values were calculated to be positive and were 
statistically insignificant for all of the populations (p>0.05) (Table 2). 

Discussion 

In this study, genetic variation of populations was researched via sequence analysis 
of mtDNA COI 625 locus in 48 C. luteus samples from totally 4 populations in 
Euphrates and Tigris Rivers. 9 polymorphic sites and 4 haplotypes were determined for 
this studied locus. H1 was the most frequently observed haplotype for 31 individuals in 
total, it is possible to say that H1 is ancestry because it is common for all of the 
populations. In addition, haplotype H2 is also represented in other 3 populations except 
Diyarbakır population. Haplotype H3 was seen in only 1 individual from Bismil 
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population.  Haplotype H4 was represented by 3 individuals from Bismil, 5 individuals 
from Diyarbakır as well. Haplotypes H3 and H4 are unique to Tigris River. Haplotype 
diversity between studied populations was calculated to be considerably similar except 
Hilvan population. Even though it has the highest haplotype diversity (0.535), 
Diyarbakır population has the lowest nucleotide variation (0.00089). Mean haplotype 
diversity and nucleotide diversity were determined to be 0.538 and 0.00345, 
respectively.  

In a study by Parmaksız and Ekşi (2017) which was conducted on populations of 
Capoetta trutta in habiting in the same systems, using the same primers, haplotype 
diversity was determined as 0.642, nucleotide diversity as 0.00138. Despite the fact that 
haplotype variation was lower in this study, nucleotide variation was found to be higher.  

Environmental heterogeneity and large population sizes might support the 
maintenance of high haplotype diversity within populations (Nei, 1987; Avise, 1998). 
The nucleotide diversity (π) value indicates the mean number of differences among all 
pairs of haplotypes in each population (Saraswat et al., 2014). So, π values are a 
susceptible index of the genetic diversity for a population (Nei and Li, 1979). Low 
nucleotide diversity and high haplotype diversity in fish presumably underwent 
population expansion after a period of low-effective population size (Saraswat et al., 
2014). Low nucleotide diversity values are also indicative of low population diversity 
and genetic diversity is effected by many factors, such as habitation, bottleneck effects 
and anthropogenic activity (Ma et al., 2010, Fennando et al., 2000). Because the four 
localities where samples of our study were taken from were close to residential areas, 
this fish species is caught by fishermen and local people. These caught fish are both 
consumed by local people and sold to neighboring provinces. As the rate of fishing is 
high, genetic diversity of C. luteus populations has been decreasing.  

In Median Joining network analysis, haplotype H1 is in the center of the network and 
dominant, all other haplotypes were consisted of haplotype H1 (Figure 2). The fact that 
this haplotype is found all of the haplotypes and dominant indicates that this one is 
ancestral haplotype.  

Inter-population pair wise FST values varied between -0.16880 and 0.33181 (Table 

3). Though differences between Bismil populations were insignificant, differences 
between Diyarbakır and all of the other populations were determined to be statistically 
significant.  

In this study, AMOVA analysis conducted based upon the haplotype frequencies 
indicated that percentage of variation between groups was 7.37%, among population 
within groups 1.28% and within population 91.35% (Table 4). The mean fixation index 
was calculated as 0.08646. 

In their study, Parmaksız and Ekşi (2017) calculated within population and among 
population within groups genetic variation as 90.14% and 9.86%, respectively; mean 
fixation index as 0.09865. The current study is compatible with results of this study. 
Low inter-population genetic variance is an indicator for that there has been a high gene 
flow between these populations or these populations were the ones isolated from each 
other last.  Tigris River rises in Turkey and flows in to Persian Gulf in Shatt al-Arab 
passing through lands of Iraq (Zeybek et al., 2016). It can be said that there was a gene 
exchange between populations of this fish species because of the union before dams had 
been constructed on these river systems.  

Tajima’s D values in the populations; were positive for populations of Adıyaman, 
Hilvan, Diyarbakır, negative for Bismil population and all of the resulting values did not 
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yield statistically significant (p>0.05). Fu’s Fs values, on the other hand, were positive 
for all of the populations and were not statistically significant as well (p>0.05). Mean 
Tajima’s D value was determined to be 0.05729 and Fu’s Fs value was 3.351.  

Parmaksız and Ekşi (2017), in their study, calculated mean Tajima’s D and Fu’s Fs 
values as -1.08945 and -2.946, respectively and both of the values were they were 
negative while they were positive in the current study.   

Tajima’s D is used to measure the distinctness between the number of segregating 
sites and the pair wise genetic distance (Li et al., 2015). A positive Tajima's D and Fu's 
Fs Test signifies low levels of both low and high frequency polymorphisms, indicating a 
decrease in population size (Hu et al., 2016). 

When neutrality tests in this study were considered, while there was a decrease in 
populations of Adıyaman, Hilvan and Diyarbakır population, a decrease was not 
observed for Bismil population. In addition, the fact that all 4 haplotypes were seen in 
Bismil population indicates that the populations has not decreased. The reason why the 
number of haplotypes in Bismil locality is high might be due to the presence of a large 
number of streams. Furthermore, the H3 haplotype is still present in the population of 
Bismil, but it might end up in other localities. 

All of the results obtained via this study are the data of C. luteus obtained for the first 
time. Haplotypes determined for mtDNA COI 625 locus were new results for literature, 
created a significant data set in terms of genetic variation of this species (Table 5).  

 
Table 5. Total haplotypes of C. luteus in the present study and 

Gen Bank 

Haplotype Gen Bank Data 

H1 The current study  

H2 The current study  

H3 The current study 

H4 The current study 

H5 KM590426.1 

H6 KM590425.1 

H7 KM590424.1 

Conclusions 

Carasobarbus luteus (Heckel, 1843) has a wide distribution and the most common 
species in both Euphrates and Tigris basins (Kuru, 1979; Ünlü, 1991; Coad, 2010). This 
species is endemic and the most economically important and abundant species in the 
region (Bilici et al., 2017). The population of this species have been influenced by 
pollution, destruction of habitat and especially over fishing exploitation.  

In this study, the sampling localities were only four localities. Moreover, the 
outcome based on COI gene presented only a portion of the entire genome here that 
could be only a partial solution for population genetic of the species (Gruenthal et al. 
2007). Further study based on nuclear markers, mtDNA markers (cyt-b, D-loop) and a 
wide range sampling collection is needed to extend and corroborate the present 
population genetic structure. 
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Abstract. Cultivation of legume-cereals mixtures is considered a good agricultural practice in many 
European countries, especially in organic and low-input farming systems. The aim of the study was to 
determine the productivity of mixtures of yellow lupine (Lupinus luteus L.) with spring cereals, depending on 
the species of grain component and its percentage in mixture. Field experiments were carried out in the years 
of 2011-2013 at the Agricultural Experimental Station Grabów in Poland, using the system of random sub-
blocks, with a control treatment, in four replications. The study included three species of cereals: wheat 
(Tricicum aestivum L.), barley (Hordeum vulgare L.), and triticale (Triticosecale Wittm. ex A. Camus), as 
well as three percentages of lupine in the weight of sown seeds: 40, 60, 80%. The experiment was conducted 
on the soil of good wheat complex, class IIIa. The studies showed that the highest yield was obtained from the 
mixture of yellow lupine with wheat. Increasing the percentage of lupine seeds resulted in lower mixture 
yields, regardless of cereal species. Lupine grown in mixtures with cereals formed less pods, seeds per pod 
and per plant and produced a lower seed weight compared with their counterparts grown in pure stands. 
Legumes grown in mixture with cereals favorably affected morphological characteristics of cereals, 
contributing to their higher tillering and producing a higher number of grains per plant. The grain of cereals 
grown in mixtures with lupine had higher contents of total protein and crude fibre than the grain of cereals 
grown in pure stands. 
Keywords: legume, share of components, yield, structure of yield, chemical composition 

Introduction 

Growing legume-cereal mixtures for grain is one of the ways of obtaining concentrated 
feed both in organic and in integrated production systems (Watson et al., 2002). Such 
sowings allow for a rational use of environmental resources, positively affect soil 
environment and provide a strong competition for weeds (Tofinga and Snaydon, 1992; 
Cremer et al., 1996; Büyükburç and Karadağ, 2002; Hauggaard-Nielsen and Jensen, 2004; 
Lithourgidis et al., 2006; Hauggaard-Nielsen et al., 2008; Corre-Hellou et al., 2011). 
Yielding and crop quality of legume-cereal mixtures largely depends on the selection of 
components and their participation. Generally, yield of mixture seeds decreases with 
increasing percentage of legumes at sowing, but interspecies interactions are largely 
determined by the characteristics of the components, which may, change during plant 
growth under the influence of variable habitat factors (Rudnicki and Kotwica, 2006). 
Cultivation of mixed crops increases the content of crude protein in the yield of the seeds 
mixture, but it is also related to selection and participation of the individual components 
(Staniak et al., 2014). Creating favorable conditions for cereals and legumes in mixture 
stands and reducing a competition between them during the period of vegetation are 
important agri-ecological and agri-technological issues. 
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Species grown in mixed crops should have similar soil and climatic requirements, a 
similar maturation date and a similar height. A good component for mixtures with spring 
cereals is yellow lupine, which is characterized by a high protein content (over 40%) rich 
in lysine and crude fat (over 50%), which significantly increases the nutritional value of 
feed from such mixtures. In addition, it has low water and soil requirements thanks to a 
well-developed root system. According to Rudnicki and Kotwica (2006), on light soils, 
yellow lupine is a much better component for mixtures than blue lupine. The level of 
mixtures yielding and the share of seeds of individual components in the yield, and thus 
the value of fodder, depends not only on the selection of species, but also on their share in 
sown mixture. 

The aim of the study was to determine the productivity and quality of mixtures of 
yellow lupine (Lupinus luteus L.) with spring cereals, depending on the species of grain 
component and its percentage in the weight of sown seeds. 

Review of literature 

Mixtures of spring cereals with legumes are considered good agricultural practice, 
especially in organic and low-input farming system (Hassen et al., 2017). Cultivation of 
mixtures contributes to the complementary use of habitat resources and compensatory 
growth of individual plant species, causing an increased productivity and greater stability 
of yield (Niggli et al., 2008; Doré et al., 2011). Cereals sown with legumes are a strong 
competitor to the legume which causes that the share of legume seeds in the mixture yield 
is often variable and low. Increasing the percentage of legume seeds in the sowing norm 
increases their share in the yield, but the yield of grain cereals and the total yield of 
mixtures generally decreases (Rudnicki and Wenda-Piesik, 2007). The competitiveness of 
the plants in legume-cereals mixtures for the access to environmental resources intensifies 
in the conditions of reduced soil moisture (Gałęzewski, 2006). Under these conditions, 
many authors observed increased fallout of lupine plants from the stand. Also, these plants 
formed a low number of pods, which resulted in low legume yields (Kotwica and 
Rudnicki, 2003). 

The yield and stability of the mixtures are therefore determined by the cereals, and to a 
lower extent – by legumes, but when determining the quality of the mixtures, the share of 
legume seeds in the mixture yield is crucial. One of the most important criteria for grain 
quality evaluation is concentration of crude protein. The seeds of legumes are significantly 
different from the grains of cereals. They contain large amounts of total protein and crude 
fibre and considerably higher amount of minerals compared to the cereals (Johnston et al., 
1978; Staniak et al., 2012). According to Księżak and Staniak (2013) increasing the share 
of blue lupine in two-species mixtures with barley, wheat and triticale resulted in an 
increase in the total protein content in the yield of mixtures seeds, and the concentration of 
crude fibre and crude fat has been also increased. The same relationships have been found 
in the studies on mixtures of wheat and spring barley with peas (Pozdísek et al., 2011). 

Materials and methods 

Location of the experiment 

Field experiments with the mixtures of yellow lupine (Lupinus luteus L.) with spring 
cereals were carried out in the years of 2011-2013 at the Agricultural Experimental Station 
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Grabów [51°21′18″N 21°40′09″E] in Poland, using the system of random sub-blocks, with 
a control treatment, in four replications. The plot size for the harvest was 27.0 m2.The 
experiment was conducted on the silty soil developed on the light loam, good wheat 
complex, class IIIa. The content (mg kg-1) of available phosphorus was from 13.3 to 16.0, 
potassium – from 8.1 to 8.4, magnesium – from 3.9 to 4.1, while pH was close to neutral 
(6.4-6.6). 

 
Plant materials 

The first factor was a species of spring cereals: wheat (Tricicum aestivum L.), barley 
(Hordeum vulgare L.), triticale (Triticosecale Wittm. ex A. Camus), and the secondary 
factor was the percentage of yellow lupine in the sown mixture: 40, 60 and 80%. The 
density of components in pure sowing for which the density of plants in the 
mixtures was calculated was: lupine (variety Mister) – 100 plants∙m-2, barley (variety 
Skarb) – 300 plants∙m-2, wheat (variety Bamberka) and triticale (variety Nagano) – 
500 plants m-2. 

 
Agrotechniques 

Winter plowing was carried out to a depth of 25 cm, in the spring a cultivator and 
passive agricultural set (drag, spring-tine harrow, land roller) was used. The following 
mineral fertilizer doses were used (kg·ha-1): P–19.6, K–45.6 and N–40. The sowing was 
carried out from 11 to 23 April with the usage of Amazone grain drill. Before the 
sowing, the seeds were treated with a seed dressing Funaben T. Basagran 1.25 dm3∙ha-1 
or Stomp 330 EC at a dose of 3.5 dm3∙ha-1; it was used to remove weeds from the 
mixture. Harvest of mixtures was carried out in the period from 8 to 23 August with the 
usage of Sedmaster plot harvester. 

 
Measurement and testing methods 

Before the harvest, a number of pods and seeds per pod, and a number and weight of 
seeds per plant were determined in 10 randomly selected plants of lupine per each sub-
plot. While in cereals, a number and weight of grains per plant, a number of grains per 
ear, the height of culms and a number of productive culms were specified. After the 
harvest, the seed yield of lupine-cereal mixture and thousand seed weight of its 
components were determined. The percentage of seeds of both species in the mixture 
was marked after the separation of the yield from the entire plot. The contents of total 
protein and crude fibre in cereal grains and yellow lupine seeds were also determined. 

The impact of the examined experimental factors on the determined characteristics 
were assessed using the analysis of variance, the half-intervals of confidence being 
determined by Tukey’s test at the significance level of α = 0.05. The results were 
statistical analysis of variance using Statistica v.10.0 program. 

Results and discussion 

Weather conditions had a significant impact on the yield of cereals and yellow lupine 
in pure stands, while the yield of mixtures additionally depended on the selection and 
percentage of the components. The highest seed yields, especially of yellow lupine, 
were obtained in 2013, when the sum of precipitation during the period from April to 
August amounted to about 400 mm. There was a favorable distribution of rainfall in 
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June, a small amount of precipitation in July and August and the largest relative air 
humidity during flowering of plants (Table 1). That year also saw a slightly higher 
average air temperature during the growing season, compared with the mean from a 
multi-year period. In 2012, a small amount of rainfall in the third decade of June and the 
first decade of July caused strong inhibition of the growth and development of yellow 
lupine, and consequently, a very low yield of seeds. Rojek (1989) pointed out large 
water requirements and sensitivity of yellow lupine, especially in the period from 
flowering until the end of pod formation. Gałęzewski (2006) stated that competition for 
water of lupine and oats is stronger when they are grown in mixtures compared to pure 
stands. According to Podleśny and Podleśna (2010) mixtures of blue lupine with barley 
are less sensitive to droughts than lupine grown in pure stands. Also Księżak and 
Magnuszewska (1999) confirmed that under reduced soil moisture, growing legume-
cereal mixtures provides a greater stability and higher level of yielding than the 
cultivation of these plants in pure stands. In 2011, with not very favorable weather 
conditions, the obtained seed yields were by about 25% lower compared to the yields of 
2013. July and early August of that year saw a large amount of precipitation, which 
caused the strong lodging of plants, extended the period of plant maturing, impeded 
harvesting and caused higher seed shedding. 

 
Table 1. Course of weather conditions during the vegetation periods 

Months 

Mean monthly of temperature (°C) Sum of monthly precipitation (mm) 

2011 2012 2013 

Average of 

multi-year 

period 

2011 2012 2013 

Average of 

multi-year 

period 

April 10.3 9.6 8.3 7.7 35.9 37.8 29.9 39 

May 13.9 15.3 15.3 13.4 74.5 36.5 112 57 

June 18.5 17.7 18.6 16.7 52.4 54.3 116.3 71 

July 18.4 20.9 19.7 18.3 298.8 81.6 20.8 84 

August 18.8 18.8 19.2 17.3 35.6 64.2 11.6 75 

 
 
The yields of cereals grown in pure stands were similar and significantly higher than 

the yields of lupine grown in pure stands (Table 2). Among the studied mixtures, the 
highest seed yields were obtained from stands of lupine with wheat compared with 
mixtures with barley and triticale; they were higher by approximately 10 and 7% 
(average for three years) (Table 3). The yield of spring cereals mixed with yellow 
lupine, especially with the 80% share of this species, was generally lower than the yield 
of cereals grown in pure stands. Rudnicki and Gałęzewski (2007b) showed that the 
yields of oats-yellow lupine mixtures were lower than the yields of oats in pure stands, 
and that they depended mainly on the yield of oats. Different results were presented by 
Rudnicki and Kotwica (2006), who recorded higher yields of spring cereals mixed with 
lupines (yellow and blue) compared with the yields of these components in pure 
sowings. These authors also indicated that yellow lupine was a more favorable 
component for mixtures with these cereals than blue lupine. 
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Table 2. Seeds yield of yellow lupine and spring cereals grown in pure sowing (t·ha-1
) 

Cereal species 2011 2012 2013 Mean 

Barley 3.18 b* 3.59 bc 4.18 b 3.61 

Wheat 3.29 b 3.40 b 4.44 c 3.71 

Triticale 3.36 b 3.72 c 4.13 b 3.73 

Lupine 1.56 a 0.90 a 2.20 a 1.55 

*Values in the same column followed by a different letter are significantly different (p < 0.05) 
 
 
Table 3. Seeds yield of yellow lupine-cereal mixtures depending on cereal species and 

percentage of lupine (t·ha-1
) 

Years 
Lupine 

percentage (%) 
Barley Wheat Triticale 

2011 

40 2.95 b* 3.58 c 3.14 c 

60 2.94 b 3.33 b 2.93 b 

80 2.24 a 3.17 a 2.64 a 

Mean 2.71 3.36 2.90 

2012 

40 3.33 c 3.92 c 3.30 b 

60 3.12 b 3.42 b 3.13 b 

80 2.65 a 3.00 a 2.94 a 

Mean 3.03 3.45 3.12 

2013 

40 4.03 c 3.99 c 4.06 c 

60 3.78 b 3.67 b 3.64 b 

80 3.37 a 3.32 a 3.41 a 

Mean 3.73 3.66 3.70 

*Values in the same column followed by a different letter are significantly different (p < 0.05) 
 
 
The seeds yield of yellow lupine and its percentage in mixtures with cereals varied 

depending on weather conditions during the growing season, a species of cereal 
component in the mixture, and its percentage in the weight of sown seeds. The seeds 
yield of legumes in the mixtures with any cereal in the first and second year of the 
experiment was significantly lower compared to pure stands (on average by 50% in the 
first and 41% in the second year), while in the third year, it was higher only in mixtures 
with wheat (by about 36%) (Table 4). Increasing the percentage of lupine in the weight 
of sown seeds caused an increase in its percentage in the mixture yield, but only in the 
third year, with favorable moisture conditions. Its percentage in the yield was similar to 
the number of sown seeds. In the studies of Rudnicki and Gałęzewski (2007a), the yield 
of lupine seeds in mixtures with cereals was several times lower than in pure stands. At 
the same time, it significantly varied during individual years of the study. Increasing the 
sowing rate of lupine seeds in the mixtures caused an increase in the percentage of its 
seeds in mixture yield, but at the same time, this percentage was negatively correlated 
with the mixture yield. According to numerous authors, legume-cereal mixtures yield 
best when legume seeds constitute from 30 to 50% of seeds at the sowing (Jaranowski, 
1997; Szczukowski, 1989). Księżak (2006) obtained significantly higher yields of 
mixtures of peas with spring wheat at 30% share of legume seeds at sowing. The yields 
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decreased together with increasing the percentage of peas up to 40 and 50%. Księżak 
and Magnuszewska (1999) however, did not record any effect of increasing the 
percentage of pea at sowing on the seed yield of pea-wheat mixtures grown 
conventionally. According to the literature data, triticale is the least competitive spring 
cereal against lupine (Kotwica and Rudnicki, 2003, 2004). 

 
Table 4. Yield of lupine seeds and percentage of lupine seeds in yield of mixtures with 

cereals depending on cereal species and percentage of lupine 

Years 

Lupine 

percentage 
(%) 

Yield of lupine seeds (t∙ha-1) Percentage of lupine seeds (%) 

Barley Wheat Triticale Barley Wheat Triticale 

2011 

40 0.49 a* 0.67 a 0.57 a 16.6 18.5 17.5 

60 0.75 b 0.84 b 0.84 b 24.9 25.0 26.7 

80 0.76 b 1.13 c 0.93 c 32.1 34.3 33.4 

Mean 0.67 0.88 0.78 24.5 25.9 25.9 

2012 

40 0.10 a 0.13 a 0.11 a 3.0 3.2 3.2 

60 0.21 b 0.24 b 0.22 b 6.8 7.1 6.8 

80 0.22 b 0.29 b 0.23 b 8.2 9.6 9.4 

Mean 0.18 0.22 0.19 6.0 6.6 6.5 

2013 

40 1.57 a 2.81 a 1.66 a 39.3 70.5 40.9 

60 1.84 b 3.08 b 1.69 a 49.4 83.8 46.1 

80 1.93 b 3.12 b 2.09 b 57.5 93.8 61.1 

Mean 1.78 3.00 1.81 48.7 82.7 49.4 

*Values in the same column followed by a different letter are significantly different (p < 0.05) 
 
 
The lowest number of pods per plant and seeds per pod, both in pure stands and in 

mixtures, was produced by lupine plants grown in 2012, while the highest - in 2013, 
the year with favorable weather conditions (Table 5). The most seeds per pods were 
set by lupine grown in the mixture with triticale, while the least - in the stand with 
wheat. A species of cereal had a relatively small effect on the number and weight of 
seeds per plant, although in all the years of the research, smaller values of these 
characteristics were recorded for lupine grown in a mixture with wheat compared to 
the stands with barley and triticale (Table 6). In the first two years of the experiment, 
lupine in mixtures set a lower number of pods and seeds, and produced a lower seed 
weight per plant than in pure stand. These values considerably increased in the third 
year of the study, regardless of the used cereal species. In 2011 and 2012, increasing 
the percentage of lupine in the mixture positively affected the number of pods, seeds, 
and seed weight per plant, while in the third year, there was a decrease in the number 
of pods. According to Rudnicki and Gałęzewski (2007a), all the features of yellow 
lupine in mixtures (except for height) were much less developed than in the 
cultivation in pure stands. Lupine grown in pure stand and in mixtures in 2013 had the 
highest weight of thousand seeds, regardless of the species of a cereal component of 
the mixture (Table 7). Moreover, lupine has larger seeds when grown in a mixture 
with triticale than the lupine grown with other cereal species. Increasing the 
percentage of lupine in the mixture with barley and wheat reduced the size of seeds, 
while triticale had a much lower influence on this feature. 
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Table 5. Number of yellow lupine pods per plants and seeds per pod depending on cereal 

species and percentage of lupine in mixture 

Years 
Lupine percentage 

(%) 

Number of pods per plants 

(unit) 

Number of seeds per pod 

(unit)  

2011 100 5.15 b* 3.67 b 

2012 100 1.74 a 2.52 a 

2013 100 6.37 b 3.53 b 

 
Barley Wheat Triticale Barley Wheat Triticale 

2011 

40 2.90 a 1.17 a 2.45 a 2.84 a 2.24 a 3.14 a 

60 3.20 b 2.10 b 2.45 a 2.85 a 2.22 a 3.18 a 

80 3.65 c 3.10 c 2.55 a 3.12 b 2.21 a 3.39 b 

Mean 3.25 2.12 2.48 2.94 2.22 3.24 

2012 

40 0.53 a 0.48 a 0.66 a 2.19 a 2.14 a 2.15 a 

60 0.62 a 0.66 b 0.94 b 2.26 a 2.10 a 2.50 b 

80 0.95 b 0.87 c 1.04 b 2.43 b 2.33 b 2.45 b 

Mean 0.70 0.67 0.88 2.29 2.19 2.37 

2013 

40 8.17 c 8.83 c 7.96 c 3.66 a 3.70 b 3.74 b 

60 7.30 b 7.80 b 7.27 b 3.58 a 3.60 b 3.57 a 

80 6.40 a 7.30 a 7.17 a 3.71 b 3.45 a 3.62 a 

Mean 7.29 7.98 7.47 3.65 3.58 3.64 

*Values in the same column followed by a different letter are significantly different (p < 0.05) 
 
 
Table 6. Number and weight of yellow lupine seeds on plant depending on cereal species 

and percentage of lupine in mixture 

Years 
Lupine 

percentage (%) 
Number of seeds (unit) Weight of seeds (g) 

2011 100 19.00 b* 2.38 b 

2012 100 4.38 a 0.53 a 

2013 100 22.47 b 3.13 c 

  Barley Wheat Triticale Barley Wheat Triticale 

2011 

40 8.20 a 2.50 a 7.70 a 0.98 a 0.30 a 0.89 a 

60 9.21 a 4.80 b 7.85 a 1.12 a 0.62 b 0.94 a 

80 11.55 b 6.80 c 8.65 b 1.32 b 0.78 c 1.02 b 

Mean 9.65 4.70 8.06 1.14 0.57 0.95 

2012 

40 1.16 a 1.03 a 1.43 a 0.14 a 0.12 a 0.18 a 

60 1.40 a 1.39 a 2.35 b 0.16 a 0.17 a 0.29 b 

80 2.31 b 2.03 b 2.56 b 0.26 b 0.25 b 0.31 b 

Mean 1.62 1.48 2.11 0.19 0.18 0.26 

2013 

40 29.83 c 32.60 c 29.70 b 3.70 b 3.94 c 3.70 b 

60 26.10 b 28.03 b 25.95 a 3.06 a 3.31 b 3.24 a 

80 23.73 a 25.17 a 25.96 a 2.88 a 2.44 a 3.37 a 

Mean 26.55 28.60 27.20 3.21 3.23 3.44 

*Values in the same column followed by a different letter are significantly different (p < 0.05) 
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Table 7. Weight of thousand seeds of yellow lupine depending on cereal species and 

percentage of lupine in mixture 

Years 
Lupine percentage 

(%) 
Weight of 1000 seeds (g) 

2011 100 126.0 

2012 100 121.9 

2013 100 142.3 

 
Barley Wheat Triticale 

2011 

40 119.4 a 121.1 a 113.7 a 

60 118.9 a 122.9 a 114.4 a 

80 117.8 a 119.1 a 111.7 a 

Mean 118.7 121.0 113.3 

2012 

40 117.5 b 118.9 a 122.0 a 

60 114.4 a 121.4 b 122.4 a 

80 113.4 a 125.0 c 122.3 a 

Mean 115.1 121.8 122.2 

2013 

40 125.6 b 122.8 a 127.4 a 

60 120.0 a 119.4 b 125.2 a 

80 121.7 a 117.5 b 130.1 b 

Mean 122.4 119.9 127.6 

*Values in the same column followed by a different letter are significantly different (p < 0.05) 
 
 
Growing yellow lupine in mixtures with cereals, as well as increasing its percentage 

had a beneficial effect on the number and weight of grains per plant (Table 8). In all 
years of the study, the smallest seed weight in the mixtures was recorded for wheat, 
while significantly largest, for barley. All species of cereals, grown both in mixtures and 
in pure stands, produced the smallest weight and number of grains per plant in 2012. 
Cereals in mixtures tillered slightly better than those grown in pure stands, and the 
tillering of cereals was positively affected by increasing the percentage of lupine in 
sowing. Barley grown in mixtures formed a similar number of grains per ear as barley 
grown in pure stand, while wheat and triticale - slightly higher (Table 9). Both, weather 
during the growing season and the share of components in the mixture, had little impact 
on the development of this feature, as well as on the height of culms (Table 10). The 
percentage of lupine in the mixture also had a relatively small effect on the thousand 
grains weight of cereals. Only in 2011, wheat and triticale reacted positively to 
increasing the percentage of legumes in the mixture. According to Rudnicki and 
Gałęzewski (2007b), the reaction of oats to sowing in the mixture with lupine was 
relatively weak, and the composition of the mixture affected only productive tillering, 
and grain yielding of oats. Rudnicki and Kotwica (2007) reported that yellow lupine 
generally shows little competitive potential against oats, but increasing its percentage in 
the stand caused an increase in its competitive strength against that cereal. 
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Table 8. Number and weight of cereals grain per plant depending on cereal species and 

percentage of lupine in mixture 

Years 

Lupine 

percentage 

(%) 

Weight of grain per plant (g) Number of grain per plant (unit) 

Barley Wheat Triticale Barley Wheat Triticale 

2011 0 3.30 b* 2.16 b 2.93 b 72.8 b 61.4 b 69.3 c 

2012 0 2.63 a 1.46 a 1.58 a 60.8 a 46.0 a 43.7 a 

2013 0 2.96 a 1.58 a 2.23 a 61.2 a 47.4 a 56.8 b 

2011 

40 3.77 a 1.97 a 2.83 a 73.2 a 54.8 a 66.3 a 

60 4.12 b 3.61 b 3.10 b 81.6 b 94.3 b 73.8 b 

80 4.43 b 4.14 c 3.38 c 83.0 b 100.4 c 76.4 b 

Mean 4.11 3.24 3.10 79.3 83.2 72.2 

2012 

40 2.37 a 1.87 a 1.86 a 54.5 a 60.1 a 52.0 a 

60 2.95 b 2.03 ab 1.94 a 70.0 b 64.8 b 52.8 a 

80 3.14 b 2.28 b 1.91 a 72.6 b 70.5 c 51.9 a 

Mean 2.82 2.06 1.90 65.7 65.2 52.2 

2013 

40 2.84 a 2.46 a 2.93 a 64.8 a 73.5 a 74.8 a 

60 3.00 a 2.50 a 3.19 b 69.8 b 74.3 a 81.9 b 

80 2.96 a 2.65 a 3.41 c 67.4 b 77.6 b 89.1 c 

Mean 2.93 2.54 3.18 67.3 75.1 81.9 

*Values in the same column followed by a different letter are significantly different (p < 0.05) 
 
 
Table 9. Number of grain per ear and thousand grain weight of cereals depending on cereal 

species and percentage of lupine in mixture 

Years 
Lupine 

percentage (%) 

Number of grain per ear (unit) Wight of 1000 grains (g) 

Barley Wheat Triticale Barley Wheat Triticale 

2011 0 16.1 a* 30.4 b 33.5 c 48.2 b 35.2 b 42.3 c 

2012 0 16.6 a 26.7 a 24.7 a 43.2 a 31.8 a 36.1 a 

2013 0 16.1 a 27.9 a 28.4 b 48.4 b 33.4 ab 39.3 b 

2011 

40 17.0 a 31.1 a 34.6 a 52.0 a 35.6 a 42.6 a 

60 18.1 a 33.9 b 34.2 a 51.4 a 38.1 b 42.0 a 

80 17.1 a 32.6 ab 35.5 a 52.8 a 40.8 b 44.3 b 

Mean 17.4 32.5 34.8 52.1 38.2 42.9 

2012 

40 16.0 a 30.1 a 28.9 a 43.4 a 31.1 a 35.8 a 

60 16.8 a 31.0 a 28.7 a 42.2 a 31.4 a 36.7 a 

80 16.5 a 32.4 a 27.5 a 43.3 a 32.4 a 36.8 a 

Mean 16.4 31.2 28.4 42.9 31.5 36.4 

2013 

40 17.1 b 31.0 a 29.7 a 44.9 a 33.4 a 39.1 a 

60 16.9 b 32.3 a 31.2 a 43.1 a 33.6 a 39.0 a 

80 15.2 a 33.3 a 33.4 b 43.9 a 34.1 a 38.3 a 

Mean 16.4 32.2 31.4 44.0 33.7 38.8 

*Values in the same column followed by a different letter are significantly different (p < 0.05) 
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Table 10. The height of cereals culm in mixture with lupine and number of shoot production 

Years 
Lupine 

percentage (%) 

Height of cereals (cm) Number of shoot production (unit) 

Barley Wheat Triticale Barley Wheat Triticale 

2011 0 57 69 75 4.55 1.95 2.15 

2012 0 58 64 75 3.67 1.73 1.87 

2013 0 61 64 78 3.80 1.70 2.00 

2011 

40 57 68 77 4.1 1.70 1.87 

60 57 70 76 4.5 1.90 1.90 

80 58 70 75 4.6 1.90 2.10 

Mean 57 a 69 b  76 b 4.40 b  1.83 a 1.95 a 

2012 

40 57 62 76 3.40 2.00 1.80 

60 59 63 77 4.17 2.09 1.84 

80 61 62 74 4.37 2.17 1.89 

Mean 59 a 62 a 76 b 3.98 b  2.09 a 1.84 a 

2013 

40 71 69 78 3.80 2.37 2.52 

60 72 69 79 4.12 2.30 2.63 

80 73 70 80 4.43 2.33 2.67 

Mean 72 a 69 a 79 b 4.12 b  2.33 a 2.61 a 

*Values in the same rows followed by a different letter are significantly different (p < 0.05) 
 
 
The grain of spring cereal grown in mixtures with yellow lupine contained more total 

protein than when it is grown in pure stands (Table 11).  
 
Table 11. Contents of total protein (%) in seeds depending on cereal species and percentage 

of lupine in mixture 

Specification 
Cereal 

Mean 
Lupine 

Mean 
2011 2012 2013 2011 2012 2013 

Lupine - - - - 36.8 40.8 43.4 40.3 

Barley – PS* 11.3 11.6 9.9 11.0 - - - - 
Mixtures 

        
40% 11.9 12.5 11.6 12.0 36.6 40.5 43.4 40.2 
60% 11.8 12.4 11.8 12.0 36.9 40.2 43.6 40.3 
80% 13.5 13.9 12.2 13.2 36.8 39.7 44.4 40.3 

Wheat – PS 13.2 13.1 13.2 13.2 - - - - 
Mixtures 

        
40% 13.6 13.7 13.4 13.6 36.9 40.9 43.1 40.3 
60% 14.1 14.1 13.5 13.9 36.1 40.1 43.5 39.9 
80% 14.2 14.6 13.5 14.1 36.2 40.2 43.8 40.1 

Triticale – PS 12.8 13.2 12.7 12.9 - - - - 
Mixtures 

        
40% 13.4 14.1 13.3 13.6 36.2 41.8 43.5 40.5 
60% 13.8 14.2 14.0 14.0 36.2 41.2 43.5 40.3 
80% 13.4 13.9 14.2 13.8 36.1 41.6 43.7 40.5 

*PS – pure sowing 
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In the year with lower rainfall (2012), cereal grains accumulated slightly more protein 
than in other years. There was also an increase in the amount of this component in 
cereal grains in the mixtures with a higher percentage of lupine. Grains of wheat and 
triticale contained a similar amount of protein, but it was larger than in grains of barley. 
Cereals only slightly affected the accumulation of total protein by lupine seeds (a 
similar content); weather conditions were more important. In 2011 lupine seeds 
contained much less protein. The grains of cereals, grown in mixtures with lupine, 
contained more crude fibre than the ones from cereals grown in pure stand, while 
cereals did not affect the accumulation of this component by lupine seeds (Table 12). 
Cereals generally accumulated more crude fibre in 2013, while in the years of 2011 and 
2012 there was a tendency to store more fibre in cereal grains with a higher percentage 
of yellow lupine in mixture. Legume seeds, in turn, contained significantly less crude 
fibre in dry year of 2012 compared to other years of vegetation. 

 
 
Table 12. Concentrations of crude fibre (%) in seeds depending on cereal species and 

percentage of lupine in mixture 

Specification 
Cereal Mean Lupine Mean 

2011 2012 2013 
 

2011 2012 2013 
 

Lupine - -  - - 12.9 12.4 12.8 12.7 

Barley – PS* 3.57 3.52 4.67 3.92 - - - - 

Mixtures 
        

40% 3.47 3.80 4.80 4.02 13.4 12.3 13.1 12.9 

60% 3.61 3.87 4.60 4.03 13.3 12.1 12.3 12.6 

80% 3.55 3.96 4.75 4.09 12.4 12.2 13.2 12.6 

Wheat – PS 2.25 2.25 2.52 2.34 - - - - 

Mixtures 
        

40% 2.22 2.22 2.74 2.39 13.2 12.4 13.4 13.0 

60% 2.34 2.34 2.70 2.46 13.0 12.2 13.2 12.8 

80% 2.38 2.58 2.64 2.53 12.8 12.8 13.1 12.9 

Triticale – PS 2.19 2.20 2.59 2.33 - - - - 

Mixtures 
        

40% 2.39 2.50 2.74 2.54 13.1 12.5 12.8 12.8 

60% 2.31 2.50 2.80 2.54 12.9 12.3 13.2 12.8 

80% 2.48 2.45 2.77 2.57 13.0 12.2 13.3 12.8 

*PS – pure sowing 

Conclusions 

1. Yields of the mixtures of spring cereals with yellow lupine, especially with the 
80% share of legumes, were lower than that of the cereals grown in pure stands. 

2. The yellow lupine-wheat mixture yielded better than that with barley and triticale, 
regardless of the percentage of components. 

3. Increasing the percentage of lupine seeds at sowing resulted in a significant 
decrease in the level of mixture yields, regardless of the species of cereal. 
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4. The percentage of lupine seeds in mixture yields was much lower than at the 
sowing, regardless of the species of cereal, while its average percentage in the yield of 
the mixture with wheat was much larger than with barley and triticale. 

5. Yellow lupine grown in a mixture set a lower number of pods, seeds per pod and 
per plant, and produced a lower seeds weight compared to the plants grown in pure 
stands. 

6. Growing yellow lupine in a mixture with spring cereals positively affected 
morphological characteristics of cereals. Increasing the percentage of legume seeds at 
the sowing caused a better tillering of cereals and producing a higher number and 
weight of grains per plant. 

7. The grain of cereals grown in mixtures with lupine had a higher content of total 
protein and crude fibre than when they were grown in pure stands. There was no 
significant impact of the cereal plant on the content of total protein and crude fibre in 
legume seeds. Weather conditions, especially humidity had a greater impact on the 
chemical composition of legume seeds. 

8. Future research aimed at selection of compatible species and varieties, appropriate 
plant geometry and temporal arrangement of the various components of mixture under 
different locations and soil conditions could enhance adoption of legume-cereal 
mixtures in Europe. 
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Abstract. Polycyclic aromatic hydrocarbons (PAHs) were analyzed in marine sediments sampled from an 
area affected by oil spills in Beibu Gulf, China, in order to determine the distribution and potential 
sources of these PAHs. The total PAHs concentrations presented a range from 11.30 to 141.56 ng/g with 
a mean value of 42.12 ng/g, which were relatively low compared to other bays around the world. The 
four-ring PAHs predominated in most sediment samples, accounting for an average of 41.25%. Principal 
component analyses (PCA) with multiple linear regression analysis (MLR) and positive matrix 
factorization (PMF) were used for PAHs source apportionment. The two receptor models both gave good 
correlation coefficients between predicted and observed PAHs concentrations (R2 = 0.9982 to 0.9987). 
Three and five factors were obtained from PCA-MLR and PMF, respectively. One factor was identified 
by PCA as contributions from mixed sources of fuel combustion and coke production (51.44%). This 
factor was differentiated into two factors by PMF as contributions from fuel combustion (20.43%) and 
coke production (28.99%). Another PCA factor was attributed to combined coal combustion and crude oil 
pollution (35.23%). PMF also differentiated the factor into two factors, the percentages contributions of 
which were 23.10% and 13.27%, respectively. Both models gave comparable contributions from wood 
combustion (13.34% and 14.20%, respectively). 
Keywords: PAHs, marine sediments, principal component analyses, positive matrix factorization, 

Beibu Gulf 

Introduction 

Beibu Gulf, a shallow marginal sea located in the northwestern South China Sea, has 
an area of 129,300 km2 and an average depth of 38 m. Beibu Gulf is a natural semi-
enclosed bay, surrounded by three provinces of China (Guangdong, Hainan and 
Guangxi) and Vietnam (Zhang et al., 2014; Gu et al., 2015). With the establishment of 
the Beibu Gulf Economic Rim and ASEAN-China Free Trade Area (ACFTA), Beibu 
Gulf has now become an essential economic development area in China. On the other 
hand, the accelerated industrialization and rapid population growth also consequently 
leads to increasing pollution in this coastal area (Xia et al., 2011), involving heavy 
metal (Xia et al., 2011; Gan et al., 2013; Gu et al., 2015) and organic pollutants (Zhang 
et al., 2014; Li et al., 2014, 2015; Kaiser et al., 2016; Ma et al., 2017). 

One of the earliest offshore oil fields in China is located in the southwestern 
Weizhou Island of Beibu Gulf, and petroleum exploration has been conducted 
extensively in this shallow shelf sea area since the 1970s (Zhang et al., 2015). About 
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132.5 km long oil and gas pipelines are laid undersea. The main production facilities 
including platforms and wells produce a total of approximately 16,000 barrels of crude 
oil per day (Oil and Gas Journal News, 2016). With the rapid economic growth and the 
expansion of oil exploration in this area, the risk of oil spills during oil exploitation, 
storage, transportation, and maritime accidents is increasingly high. According to 
Bulletin of Marine Environmental Status of Guangxi, the oil spill accidents have 
occurred approximately every year in Beibu Gulf (The Oceanic Administration of 
Guangxi, 2008-2014). In August 2008, an oil pipeline undersea in Weizhou oil field 
was broken and more than 1000 t of crude oil were spilled. Almost 2.5 km shoreline of 
Beibu Gulf was contaminated by the leakage of crude oil. 

Studies have shown that many components of crude oil have long persistence in 
marine sediments, such as polycyclic aromatic hydrocarbons (PAHs) (Short et al., 2004; 
Liu et al., 2013). PAHs are defined as a group of aromatic hydrocarbons with two or 
more aromatic rings in linear, angular or clustered arrangements, most of which are 
toxic, carcinogenic and mutagenic. Therefore, the United States Environmental 
Protection Agency (USEPA) classified 16 PAHs as priority pollutants in the early 1980s 
(Ramdine et al., 2012). PAHs are common in the marine environment and originate 
from different emission sources, some of them natural, but mostly related to 
anthropogenic activities such as fuel combustion, offshore production and oil spills 
(Cortazar et al., 2008; Fasano et al., 2016). Generally, the source of PAHs can be 
categorized as petrogenic, pyrogenic or diagenetic (Fang et al., 2007; Pongpiachan et 
al., 2015). So far, to our best knowledge, no or few studies have examined the impact of 
oil resource exploration and exploitation on the PAHs levels in marine sediments of 
Beibu Gulf. 

The objective of the current study was to investigate the occurrence, distribution, and 
composition of 16 priority PAHs in surface marine sediments of Beibu Gulf, and to 
quantitatively identify the potential sources of these PAHs using PCA-MLR and PMF 
models. Results from these two receptor models were assessed and compared to 
improve source apportionment of PAHs. 

Materials and methods 

Sample collection 

The sampling campaign was carried out in a series of sites of Beibu Gulf (Fig. 1). 
The sampling sites were designated as such to cover the oil spill influence areas. 
Surface sediments were collected using a stainless steel grab sampler and wrapped 
immediately into aluminum foil and then stored at -20 °C until laboratory analysis. 

 
PAHs analysis 

All the sediment samples were freeze-dried for 24 h in a vacuum freeze drier 
(Topcon Co., USA) and ground to a fine powder (about 60 mesh). Approximately 5 g of 
sample were extracted with a mixture of n-hexane : acetone (1:1) in a microwave 
extraction system (CEM Co., USA) by a method developed and verified by the authors 
(Zhang et al., 2004; Lu et al., 2005). The extract was collected and transferred to a 
250 ml Erlenmeyer flask. After mixed with 1 g of activated copper powder to remove 
sulfides, the extract was filtered through a funnel filled with anhydrous sodium sulfate 
(dried at 440 °C for 4 h), and then reduced to 2 ml by rotary evaporation. The 
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concentrated extracts flowed through a glass column filled from top to bottom with 9 g 
neutral aluminum oxide, 18 g silica gel and 2 g anhydrous sodium sulfate. The column 
was then eluted with 150 ml mixture of n-hexane : pentane (1:1). The eluent was 
reduced by rotary evaporation to a final volume of 2 ml and sealed in an amber vial for 
later GC-MS analysis. 

 

 
Figure 1. Sampling sites of marine sediments in Beibu Gulf. The black stars indicate the places 

where oil spill ever occurred during 2008-2014 

 
 
The PAHs analysis was conducted by a Hewlett-Packard 6890N/5973 gas 

chromatography coupled with a mass spectrometer (GC/MS). The instrument was 
operated in selected ion monitoring mode and a 30 m × 0.25 mm (i.d.) HP-5MS 
capillary column was used (Agilent Co., USA). The column temperature was 
programmed from an initial 60 to 150 °C at 15 °C /min, from 150 to 220 °C at 5 °C 
/min, from 220 to 300 °C at 10 °C /min. The final temperature was held for 10 min. 16 
PAHs concentrations were determined in all sediment samples including naphthalene 
(Nap), acenaphthylene (Acpy), acenaphthene (Acp), fluorine (Flu), phenanthrene (Phe), 
anthracene (Ant), fluoranthene (Flt), pyrene (Pyr), benzo(a)anthracene (BaA), chrysene 
(Chr), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP), 
indeno[1,2,3,cd]pyrene (IcdP), dibenzo(ah)anthracene (DahA), and benzo(ghi)perylene 
(BghiP). 

The standard mixture of 16 PAHs, deuterated PAH surrogate (acenaphthene-d10, 
phenanthrene-d10, chrysene-d12 and perylene-d12) and internal standard (pyrene-d10) 
were all obtained from Supelco, Inc. (Supelco, USA). In this study, method blanks, 
spiked blanks and sample duplicates were all routinely run with field samples. Mean 
recoveries of acenaphthene-d10, phenanthrene-d10, chrysene-d12 and perylene-d12 were 
89.6±9.5%, 97.6±8.7%, 90.3±8.1% and 92.1±7.9%, respectively. The recoveries of 
spiked samples ranged from 83.8% to 103.9%. All reported concentrations were given 
on a dry weight basis and calibrated using surrogate recoveries. 
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Source appointment models 

PCA-MLR and PMF, conventional factor analysis receptor models, were both used 
for source identification of PAHs in sediments by several investigators (Sofowote et al., 
2008; Cao et al., 2011; Zhang, 2012; Feng et al., 2014). Before the run of model with 
the original data, the undetectable values were replaced with random numbers between 
zero and the limit of detection (Zhang et al., 2008; Liu et al., 2009). 

In PCA-MLR model, factor loading and score matrices are calculated by input a set 
of PAHs concentrations data. The equation (Eq. 1) is given below: 

 
  (Eq.1) 
 

where X is the PAHs concentration matrix, T represents the factor score matrix and L 
represents the factor loading matrix (Zhang et al., 2012). The resulting factor loading 
matrix can be used to identify the possible source categories. MLR was performed on 
the factor scores of PCAs for each sample to calculate the percent contribution of the 
major sources (Larsen and Baker, 2003; Sofowote et al., 2008). The PAH 
concentrations were Kaiser-normalized and varimax rotation was used as the referred 
transformation so that loadings values could be clustered around 1 and 0, making them 
more physically interpretable. PCA-MLR was performed in this study using SPSS 22.0 
software for windows (SPSS Inc., Chicago, IL, USA). 

PMF is also a multivariate factor analysis method that calculates source profile and 
contribution (Paatero, 1997; Zhang et al., 2012). The purpose of the PMF model is to 
factor the initial n × m data matrix X (n: number of samples; m: number of species) into 
the left and right factor matrices G (n × p) and F (p × m), as well as the ‘residual matrix’ 
E (n × m) firstly, as follows (Eq. 2): 

 
  (Eq.2) 
 
In this equation, G is the source contribution matrix, F is the source profile matrix 

and E is the residual error matrix of the elements eij. Elements of the residual matrix are 
defined as: 

 
  (Eq.3) 
 

  (Eq.4) 

 
where gik is the kth source’s contribution to sample i, and fkj is the jth element’s 
concentration in source k, sij represents the uncertainty in the jth species for sample i  

(Eq.3). 
Next, an uncertainty estimate and the residual matrix elements are used to calculate a 

minimum Q value (Eq.4). The convergent run with the Q value closest to the target Q 
value was used as the base run. Then 100 bootstrap runs were performed to assess the 
uncertainty of the factor loadings and factor scores in the base run. PMF analysis in this 
study was run with the US EPA PMF 3.0 model (US EPA, 2014). 
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Results and discussion 

PAHs concentrations and composition 

The total PAHs concentration in marine sediments from Beibu Gulf presented a 
range of values from 11.30 to 141.56 ng/g, with a mean of 42.12 ng/g (Table 1). Flu 
was not detected in all samples. The composition patterns of PAHs were shown in 
Figure 2. The concentration of PAHs in sediment samples was in the range from 3.97 to 
15.56 ng/g for 2-ring PAHs, from 1.68 to 20.75 ng/g for 3-ring PAHs, from 4.34 to 
62.92 ng/g for 4-ring PAHs, from 0.26 to 23.21 ng/g for 5-ring PAHs, and from 0.46 to 
22.81 ng/g for 6-ring PAHs. The mean concentrations were 6.61 ng/g for 2-ring PAHs, 
6.49 ng/g for 3-ring PAHs, 17.35 ng/g for 4-ring PAHs, 6.01 ng/g for 5-ring PAHs, and 
5.66 ng/g for 6-ring PAHs. 4-ring PAHs were abundant at most sampling sites, 
accounting for 41.25% of PAHs in marine sediments. 

 

 
Figure 2. Concentration of 2-, 3-, 4-, 5-, 6-ring PAHs in marine sediments of Beibu Gulf 

 
 
A preliminary comparison with published data conducted in other bays in China and 

around the world showed that PAHs concentrations in the marine sediments from Beibu 
Gulf were at the lower end of the global range. The mean concentration of total PAHs 
was comparable to the levels in Qinzhou Bay (Li et al., 2015), South China Sea (Liu et 
al., 2012; Kaiser et al., 2016), the Gulf of Thailand (Boonyatumanond et al., 2006) and 
Chesapeake Bay (Foster and Wright, 1988), and was lower than those in most other 
bays in China and around the world. There was no evidence that the PAH levels were 
significantly increased by oil spill accidents in this area. It could be seen from Figure 3 
that a positive relationship was found between total PAH concentrations and total 
organic carbon (TOC) content (r = 0.644). The similar correlations had been reported by 
many researchers, and indicated that TOC was a crucial factor for determining the 
sorption and sequestration of PAHs on sediment (Wang et al., 2001; Sun et al., 2009; 
Huang et al., 2012). The low concentrations of PAHs in sediments might also be due to 
low TOC contents (0.17-1.23%, mean 0.56%). It was believed that the environmental 
fate and behavior of hydrophobic organic compounds was ultimately determined by the 
physico-chemical properties of each compound and sediment. 
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Table 1. Concentrations of individual PAHs (ng/g) and TOC (%) in marine sediments of 

Beibu Gulf 

Site Nap Acpy Acp Phe Ant Flt Pyr BaA Chr BbF BkF BaP IcdP DahA BghiP ∑PAHs TOC 

1 11.87 0.35 *ND 19.99 0.41 31.85 20.74 7.99 2.34 9.65 5.91 3.60 10.33 4.06 12.48 141.56 1.14 

2 7.36 0.20 ND 3.23 0.33 6.50 6.51 2.99 1.28 4.86 ND 1.68 3.73 1.26 4.50 44.44 0.47 

3 4.94 0.12 ND 1.44 0.11 1.70 2.78 0.78 0.21 0.48 0.38 0.29 0.49 ND 0.72 14.43 0.36 

4 6.62 0.18 ND 3.14 0.35 8.99 7.21 3.23 1.09 3.80 1.59 1.52 3.77 1.17 4.41 47.06 0.62 

5 4.55 0.12 ND 2.06 0.18 5.55 4.91 1.88 0.75 1.47 1.00 0.82 0.91 ND 1.43 25.62 0.60 

6 5.31 0.16 ND 4.91 0.36 8.36 6.81 3.23 1.09 4.30 2.27 1.57 3.82 1.20 4.74 48.12 0.51 

7 15.56 0.67 2.94 15.45 0.55 8.96 13.16 3.42 0.97 4.52 3.02 1.12 3.76 1.17 4.24 79.49 0.92 

8 9.76 0.31 ND 6.99 0.46 8.96 9.73 2.95 0.73 4.04 2.36 0.94 3.17 ND 4.05 54.45 0.79 

9 7.96 0.22 ND 5.58 0.29 6.14 7.37 1.99 0.54 2.59 1.91 0.64 2.22 0.61 2.78 40.84 0.52 

10 6.29 0.38 ND 7.50 0.46 2.50 5.13 1.04 0.45 0.74 0.62 0.49 0.74 ND 1.03 27.37 0.27 

11 3.97 0.16 ND 1.95 0.14 1.82 4.31 0.55 0.21 0.21 0.46 0.21 0.27 ND 0.42 14.68 0.16 

12 5.39 0.23 ND 4.40 0.40 7.68 5.44 2.30 0.59 2.53 1.26 0.64 2.02 ND 2.63 35.50 0.78 

13 4.89 0.43 2.67 9.27 0.76 7.90 5.16 3.73 2.18 3.18 1.92 2.25 2.25 1.36 2.53 50.47 0.29 

14 6.07 0.23 ND 4.02 0.46 8.03 5.51 4.10 0.77 3.75 2.23 0.95 3.56 1.42 4.03 45.12 0.85 

15 6.81 0.13 ND 8.37 ND 3.36 6.93 0.49 0.10 ND 0.94 ND ND ND 0.49 27.63 0.27 

16 5.31 0.19 ND 2.62 0.22 3.81 4.04 1.27 0.49 1.13 0.69 0.59 1.07 ND 1.40 22.83 0.25 

17   4.39 0.12 ND 1.67 0.06 1.56 2.33 0.32 0.13 0.16 ND 0.10 0.15 ND 0.31 11.30 0.17 

18 5.28 0.20 ND 3.96 0.28 10.11 7.82 2.84 0.92 2.90 2.16 1.43 4.18 1.05 4.67 47.79 0.46 

19 4.58 0.21 ND 2.67 0.20 6.84 5.58 1.88 0.66 2.24 1.39 0.99 2.50 0.86 3.05 33.63 1.23 

20 5.29 0.20 ND 3.90 0.23 4.39 5.73 1.86 0.50 1.38 0.94 0.74 1.98 0.52 2.44 30.09 0.48 
* ND: not detected (below the detection limit) 

 
 

 
Figure 3. Relation between total PAHs concentrations and TOC contents in marine sediments 

of Beibu Gulf 
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Sources identification by isomer ratios 

Each source generated a characteristic PAH pattern, therefore, analysis of the 
composition of these mixtures allows assessment of PAH origins (Oros and Ross, 
2005). Diagnostic ratios provided only qualitative information about the contribution of 
various sources with regards to PAH contaminations (Wang et al., 2010). In the present 
study, the isomer ratios of Flt/(Flt+Pyr) and BaA/(BaA+Chr) were calculated to classify 
the possible sources of PAHs. For Flt/(Flt+Pyr) and BaA/(BaA+Chr), the ratios below 
0.4 and 0.2 suggest petrogenic origins, whereas the ratios above 0.5 and 0.35 indicate 
combustion origins (Yunker et al., 2002; Tobiszewski and Namieśnik, 2012). The ratio 
of Flt/(Flt+Pyr) ranged from 0.30 to 0.61 and the ratio of BaA/(BaA+Chr) ranged from 
0.63 to 0.84 (Fig. 4). The plot of the two ratios suggested primary contributions from 
mixed combustion sources. In general, a quantitative proportion of sources of PAHs 
cannot be given by molecular diagnostic ratios. Therefore, two mathematical models 
will be used for PAH source appointment in the following sections. 

 

 
Figure 4. Source analysis of PAHs through plot for the ratios of Flt/(Flt+Pyr) vs. 

BaA/(BaA+Chr) 

 
 

Source apportionments by PCA-MLR 

In most cases, it was necessary for the control of PAH contamination to obtain more 
detailed information about the source apportionment (Li et al., 2012). PCA with MLR 
was considered to be a more suitable tool for further determining the possible PAH 
sources apportionment, where the model used the linear transformation to choose 
principal components and represented the total variability of the original PAHs data in a 
minimum number of factors. (Larsen and Baker, 2003; Sofowote et al., 2008; Li et al., 
2012). In this study, PCA resulted in three factors accounting for 93.8% of the total 
variability. The rotated component matrix of PAHs in marine sediments from Beibu 
Gulf was presented in Table 2. 
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The first factor, responsible for 54.0% of the total variance, was heavily weighted by 
high-ring PAHs including BaP, BghiP, IcdP, BaA, DahA, Flt, BbF, Chr and BkF. IcdP 
and BghiP were related to the diesel and gasoline engines emission, respectively (Liao 
et al., 2011). Preponderance of BaP, BaA, BbF, BkF and Chr had been related to coke 
production emissions (Zhang et al., 2012). So, Factor 1 appeared to be related to a 
combined source of fuel (gasoline and diesel) combustion and coke production. The 
second factor, contributing to 20.7% of the total variability, was predominately 
composed of Nap, Phe and Pyr. Nap constituted a significant fraction of crude oils and 
petroleum products (Yang, 2000). Phe and Pyr were predominant in coal combustion 
generated PAHs. Thus, it was tentatively inferred that this factor reflected the complex 
origins of coal combustion and crude oil pollution. The third factor, accounting for 
19.1% of the total variation, was highly loaded on Acpy, Acp and Ant. Acpy and Ant 
predominated PAH compounds emitted during wood combustion (Khalili et al., 1995). 

 
Table 2. The rotated component matrix of PAHs in marine sediments of Beibu Gulf 

 
Componenta 

PC1 PC2 PC3 

Nap 0.255 0.870 0.322 

Acpy 0.127 0.543 0.803 

Acp -0.044 0.225 0.911 

Phe 0.477 0.727 0.377 

Ant 0.411 0.032 0.833 

Flt 0.898 0.402 0.007 

Pyr 0.677 0.719 0.084 

Chr 0.853 -0.001 0.478 

BaA 0.921 0.267 0.232 

BbF 0.892 0.337 0.180 

BkF 0.756 0.538 0.156 

BaP 0.939 0.079 0.284 

IcdP 0.922 0.350 0.049 

DahA 0.912 0.249 0.132 

BghiP 0.923 0.365 0.012 

Percent of variance 54.03%  20.72% 19.08% 

a Rotation method: Varimax with Kaiser normalization 
b Loading values exceeding 0.7 are highlighted in bold face 

 
 
Hence, Factor 3 was reflective of PAH source from wood combustion. 
MLR analysis of the PCA factor score was performed to obtain the mass distribution 

of the three sources to the total PAH load in each sediment samples. The coefficients 
(Bi) of three factor scores were determined by the MLR analysis with a stipulated 
minimum 95% confidence limit. The MLR equation (Eq.5) for determining the standard 
deviate of the SumPAH values was: 
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  (Eq.5) 
 
The percentage contributions to the mean of the three factors could be calculated as 

follows (Eq.6): 
 
  (Eq.6) 
 
The percentages contributions were 51.44% for t1 (attributed to mixed source of fuel 

combustion and coke production), 35.23% for t2 (coal combustion and crude oil 
pollution), and 13.34% for t3 (wood combustion), respectively. According to the isomer 
ratios analysis above, a combined combustion source was the primary source of the 
PAHs in most of samples. Thus, the two analyses of PAH sources were in good 
agreement. 

 
Source apportionments by PMF 

The five factors solution provided the most reasonable explanation of the source 
profile. The PMF model generated the following equation (Eq.7): 

 
  (Eq.7) 
 
The PMF factor profiles (F matrix) of PAHs from Beibu Gulf marine sediments were 

listed in Table 3. Factor 1 accounted for 23.10% of all factors contribution, and was 
heavily loaded on Phe and Pyr, also received moderate loading from Flt. Phe, Flt and 
Pyr were predominant in coal combustion signals. So Factor 1 was interpreted as 
reflecting the contribution of coal combustion. Factor 2 was dominated by Acpy, Acp 
and Ant. Acpy and Ant was the dominant PAHs in the wood combustion. Thus, Factor 
2 notionally reflected wood combustion. The percentage contribution of this factor was 
14.20%. Factor 3 accounted for 28.99% of all factors contribution, was highly loaded on 
Flt, Chr, BaA, BkF, BaP and DahA. Preponderance of BaP, BaA, BbF, BkF and Chr 
had been related to coke oven emissions. Thus, Factor 3 was identified as a coke 
production source. Factor 4 was classified as fuel combustion emission based on 
loadings of BkF, IcdP and BghiP. The higher level of BkF relative to other PAHs was 
indicative of diesel engine emission; IcdP and BghiP had also been related to diesel and 
gasoline engine emissions (Liu et al., 2009). Therefore, Factor 4 was selected to 
represent the fuel combustion, and the percentage contribution was 20.43%. Factor 5 
was only highly loaded on Nap and percentage contribution was 13.27%. Nap was 
believed as a major fraction of crude oils and suggested that this factor was indicative of 
crude oil pollution. 

 
Comparison of two receptor models 

There was an excellent correlation between measured and predicted total PAHs 
values by the receptor models (R2 = 0.9982 to 0.9987), indicating that most predicted 
total PAH concentrations were close to the measured concentrations (Fig. 5). These two 
factor analysis methods were very effective for quantifying source contributions and 
differentiating the source profiles. Before running the analysis, no information about the 
number, characteristics or types of sources impacting the environment was needed to 
input the models. 
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Table 3. PMF factor profiles of PAHs in marine sediments from Beibu Gulf 

Compound Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 

Nap 2.364 1.245 0.000 0.132 2.863 

Acpy 0.063 0.107 0.006 0.000 0.037 

Acp 0.037 0.495 0.000 0.000 0.000 

Phe 2.610 1.650 1.264 0.000 0.125 

Ant 0.005 0.184 0.047 0.000 0.047 

Flt 1.342 0.183 3.231 1.318 1.125 

Pyr 2.791 0.108 1.251 0.517 2.213 

Chr 0.000 0.235 0.293 0.195 0.006 

BaA 0.000 0.525 0.912 0.801 0.133 

BbF 0.030 0.399 0.926 1.299 0.069 

BkF 0.336 0.211 0.642 0.175 0.189 

BaP 0.037 0.154 0.395 0.365 0.000 

IcdP 0.207 0.041 1.004 1.208 0.094 

DahA 0.091 0.085 0.410 0.271 0.000 

BghiP 0.312 0.000 1.195 1.354 0.238 

Estimated source coke Wood Coal fuel oil 

Percentage contribution 28.99% 14.20% 23.10% 20.43% 13.27% 

 
 

 
Figure 5. Correlation between measured and predicted total PAHs values by PMF (a) and 

PCA-MLR (b) 

 
 
Furthermore, both receptor models gave comparable results for PAH source 

contributions. The analysis results of PMF for source apportionment were more 
comprehensive and interpretable than PCA-MLR. Comparable mean contributions from 
wood combustion sources to marine sediments of Beibu Gulf were obtained from PCA-
MLR and PMF (13.34% vs 14.20%). The PAH contribution attributed to a mixed 
combustion source classified by PCA-MLR (51.44%) was close to the sum of coke 
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production and fuel combustion (49.42%), which were differentiated as two separate 
factors by PMF (28.99% and 20.43%, respectively). The second PCA factor (35.23%) 
was attributed to a mixed source of coal combustion and crude oil pollution, which was 
also distinguished by PMF (23.10% and 13.27%, respectively). 

Conclusions 

Marine sediments of Beibu Gulf contained low levels of anthropogenic PAHs 
compared to other bays worldwide. This indicated that PAHs in sediment resulted from 
historical accumulation of these compounds and were not significantly increased by oil 
spill accidents. The results from two receptor models (PCA-MLR and PMF) were 
compared to quantitatively identify that PAH sources were mainly originated from coke 
production (28.99%), coal, fuel and wood combustion (23.10%, 20.43% and 13.34-
14.20%) as well as crude oil pollution (13.27%). Results obtained in this study could be 
helpful to evaluate PAH contamination levels in surface sediments of Beibu Gulf, and 
to provide useful information for protecting marine resources and human health in this 
region. Further assessment of the potential ecological risks associated with PAHs in 
seawater, sediments and marine organisms is necessary. Long-term monitoring should 
be undertaken in order to detect new contamination from the oil exploration and 
exploitation activities in this area. 
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Abstract. In this study, two types of superabsorbent polymers, Super-AB-A-200 (A-200) and Super-AB-
A-300 (A-300), at 180 kg ha−1 were applied by scattering and mass treatments in an experimental farm to 
assess their influences on spring wheat growth (Chamran variety) and on the physical characteristics and 
microbial plenty of soil in Shush region, Iran. The following treatments were used in this study: the 
control treatment (CT, without SAPs), A-200 with mass application (A-200-M), A-300 with mass 
application (A-300-M), A-200 with scattered application (A-200-S), and A-300 with scattered application 
(A-300-S). Approximately 0.3 m3 of irrigation water was supplied for every subplot. The results indicated 
that superabsorbent polymers significantly enhanced the soil water content in the three growth stages 
compared with the control. The use of superabsorbent polymers did not have obvious opposite influences 
on the soil microbial colony and might even increase soil microbial movement. 
Keywords: soil hygroscopic moisture, superabsorbent polymer, soil water content, wheat plant, water-

holding capacity 

Abbreviations: AW: Available water-holding; CT: Control treatment; CEC: Cation exchange capacity; 
DOC: Dissolved organic carbon; MBC: Microbial biomass carbon; OMC: Organic matter carbon; A-200: 
Super-AB-A-200; A-300: Super-AB-A-300; SAP: Superabsorbent polymer; SWSA: Soil water-stable 
aggregates; SHM: Soil hygroscopic moisture; SMR: Soil microbic respiration; SWC: Soil water content; 
WC: Water-holding capacity; WSA: Water-stable aggregates; RG: 16S rRNA gene 

Introduction 

Numerous countries worldwide do not have enough water resources to meet their 
actual environmental, urban, and agricultural requirements (Bouwer, 2002). Iran 
receives a nonuniform distribution of rainfall every year and has limited water 
resources. Therefore, it is a dry country, and it always faces water shortage problems. 
A new technique for managing soil water is to use superabsorbent polymer (SAP) as a 
water reservoir for preventing water loss and increasing irrigation efficiency (Seyed 
Doraji et al., 2010). SAP acts as a soil reformer and decreases soil water loss and 
increases crop yield. SAP can take up large amounts of water and aquatic solutions 
and increase the soil water-holding capacity (WC) (Khadem et al., 2010). SAP has a 
positive impact on water and nutrient retention in the soil. It postpones the time 
required to reach a permanent wilting point and prolongs plant survival under water 
stress conditions (Orikiriza et al., 2009). Yang et al. (2014) showed that adding a 
hydrophilic polymer to soil led to a significant increase in soil WC compared to 
controls. Yadollahi et al. (2012) showed that Super-AB-A-200 and organic matters 
could increase soil water retention significantly. Khodadadi Dehkordi (2017) reported 
that Super-AB-A-200 polymer could store water and nutrients in the sandy soil and 
release them under drought stress conditions. Besides, it could improve sandy soils 
and increase water-holding capacity. Previous studies on superabsorbent polymers 
have investigated their influences on the chemical and physical characteristics of soil 
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(Zhang and Miller, 1996); however, few have assessed the effects of hydrophilic 
polymers on microorganisms in soil and moisture available to plants under natural 
conditions. This study aimed to evaluate variations in the physical properties and 
microbial movement of soil after applying superabsorbent polymers in the field during 
the growth of the Chamran wheat variety. 

Materials and methods 

Experimental farm and treatments 

The farm experiments were performed in Shush, Khuzestan province, Iran. This 
region has a semiarid climate and mean annual precipitation of 213 mm (Table 1). The 
soil texture was sandy loam. It had an organic matter carbon (OMC) of 0.5%, pH of 7, 
and cation exchange capacity (CEC) of 11.8 cmol kg; it was classified as Alfisols in the 
USA soil taxonomy. The experimental farm was divided into five plots. One plot was 
determined as the control treatment (CT) (without SAPs), and various hydrophilic 
polymer treatments were randomly applied in the other plots. For creating replicates, 
each plot (4 m × 4 m) was divided into six equal subplots. Therefore, 30 subplots were 
evaluated in total. Chamran wheat variety that was native to and a special variety from 
Shush was used for cultivation in three growing seasons. Chamran is an early-ripening 
and spring variety of wheat (Triticum aestivum L.). The hydrophilic polymers used in 
this study were Super-AB-A-200 (A-200) and Super-AB-A-300 (A-300) 
(Tables 2 and 3) (both manufactured by Rahab Resin Co., product license held by Iran 
Polymer and Petrochemical Institute) (Rahab Resin Co, 2016). These hydrophilic 
polymers are granular, and they are a tripolymer of acrylamide, acrylic acid, and 
acrylate potassium. These polymers are inexpensive, and they are easier to obtain than 
other types of hydrophilic polymers in Iran. The following treatments were used in this 
study: the control treatment (CT, without SAPs), A-200 with mass application (A-200-
M), A-300 with mass application (A-300-M), A-200 with scattered application (A-200-
S), and A-300 with scattered application (A-300-S). The experimental design is 
indicated in Figure 1. Approximately 0.3 m3 of irrigation water was supplied for every 
subplot; this is similar to the regional irrigation strategy. The irrigation water for the CT 
was pure and did not contain a superabsorbent. For mass application in every subplot, a 
depth of 1.5 cm from the soil surface was gathered and blended with hydrophilic 
polymers and distributed equally at a superabsorbent polymer density of 180 kg ha−1. 
Next, 0.3 m3 of irrigation water was supplied for each subplot. For scattered application 
in every subplot, 0.3 m3 of irrigation water and a blend of hydrophilic polymers was 
sprayed onto the soil surface. The wheat variety was planted on November 22, 2013-
2014-2015. Hydrophilic polymers were applied to the soil on December 27, 2013-2014-
2015, when the crops became strong enough and started to grow. Soil samples were 
gathered at three crucial stages: stem elongation stage (sampled on January 1, 2014-
2015-2016), heading stage (February 27, 2014-2015-2016), and dough stage (March 25, 
2014-2015-2016). By using a core sampler, the soil samples were gathered at a depth of 
0–12 cm and a space of 1–6 cm from the wheat plants. Six subsamples from each 
subplot were blended to prepare a compound sample. For analyzing the soil water-stable 
aggregates (SWSA) and other physical (maintained at 2°C) and microbial (maintained 
at -24°C) characteristics of soil, the samples were passed through 8 and 2 mm screens, 
respectively. After harvesting, the plant shoot length in the three phases and the dry 
weight of wheat grains were determined. 
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Figure 1. The experimental design of this study 

 
 
Table 1. Some weather parameters of Shush city 

Month 

Average of 

min 

temperature 

(°C) 

Average of 

max 

temperature 

(°C) 

Average of 

temperature 

(°C) 

Average of 

min 

humidity 

(%) 

Average of 

max 

humidity 

(%) 

Sum of 

rainfall 

(mm) 

Sum of 

sunshine 

hours 

October 20.0 40.2 29.8 17.7 58.3 0 287.60 

November 14.4 29.3 20.3 37.1 75.7 25.8 178.60 

December 5.2 21.9 13.1 35.5 81.2 0 260.36 

January 6.4 21.8 13.4 43.6 83.5 12.5 178.60 

February 6.1 20.9 13.1 40.4 78.2 28.4 174.27 

March 9.0 24.3 16.0 30.3 70.1 29 210.10 

April 15.3 32.4 23.2 33.1 80.0 5.5 215.07 

May 21.7 40.9 29.9 28.7 65.0 2.5 246.78 

June 24.8 46.3 35.0 19.0 49.0 0 300.38 

July 26.6 48.1 36.7 20.6 52.6 0 356.47 

August 27.4 49.7 38.0 21.5 54.8 0 352.20 

September 23.3 45.5 33.7 24.3 68.1 0 332.60 

 
 
Table 2. The characteristics of Super-AB-A-200 polymer 

Characteristics Super-AB-A-200 polymer 

Shape granular 
Density 1.4-1.5 (gr.cm-3) 

Size of particles 50-150 (µm) 
Maximum stability in soil 7 (year) 

Practical capacity of water uptake 220 (g.g-1) 

 
 
Table 3. The characteristics of Super-AB-A-300 polymer 

Characteristics Super-AB-A-300 polymer 

Shape granular 
Density 1.4-1.5 (gr.cm-3) 

Size of particles 30-100 (µm) 
Maximum stability in soil 5 (year) 

Practical capacity of water uptake 600 (g.g-1) 

 
 

Determination of SWSA 

Soil aggregates of various sizes (<0.25, 0.25–0.5, 0.5–1, 1–2, 2–5, and >5 mm) were 
separated using the wet sifting procedure according to the Elliot method (Elliot, 1986; 
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Li et al., 2014). At room temperature and before the start of sifting, a 105 g sample was 
immersed into water on the largest sieve (2 mm) for 6 min. In a sedimentation cylinder 
and under water, the soils were sifted by mildly moving the screen vertically through 
water 60 times in 2.5 min. In all cases, the improvements from wet sifting were >99% 
by weight. The sum portion of the fraction weights was used for explaining the weight 
of every SWSA. 

 
Evaluation of soil available water-holding (AW) and soil hygroscopic moisture 

(SHM) 

First, a 30 mL beaker including 15 g of desiccated soil was placed in a dryer, and its 
bottom was saturated with K2SO4 solution. The dryer temperature was kept constant at 
20°C. After water uptake for 7 days, the beaker was removed, weighed, and returned to 
the dryer. This process was repeated many times until the beaker weight with soil 
became stable. Then, the beaker (including the soil sample) was placed in an oven at 
105°C for 1 day. The water content process was used to measure the SHM. The AW can 
be evaluated for the plant by using the SHM and soil water content (SWC) by 
Equation 1 (Li et al., 2014; Gupta and Larson, 1979): 

 
  AW  SWC –  2  SHM   (Eq.1) 

 
Evaluation of soil DNA extraction and real-time PCR of bacterial plenty 

Nucleic acids were obtained from 0.6 g of soil using a MoBio UltraCleanTM soil 
DNA isolation kit according to the manufacture’s instruction with a slight adjustment 
(He et al., 2007). The DNA obtained was saved at -24°C before usage. The bacterial 
plenty was assessed using the real-time PCR procedure with a focus on the 16S rRNA 
gene (RG) in an iCycler iQ5 thermocycler (He et al., 2007). Real-time PCR was 
performed using a 25 µL reaction volume including 12.5 µL of 2 × Premix Ex Taq, 100 
nM of each primer, 120 nM of the probe, and 1 µL of the tenfold-diluted DNA template 
(1–10 ng) (Li et al., 2014). The elaboration conditions were as follows: 97°C for 12 s, 
40 cycles at 97°C for 17 s, and 60 s at 58°C. 

 
Analysis of soil microbial biomass carbon (MBC) 

The chloroform fumigation extraction procedure was used for measuring the soil 
microbic biomass (Vance et al., 1987). In this method, each fresh soil sample was 
divided into 10 parts. Five of these parts (each including 15 g of dried soil) were placed 
into 100 mL bottles, and chloroform fumigation was carried out with adding of ethanol-
free chloroform (15 µLg-1 of dried soil). Then, the soils were blended completely inside 
the bottle. The soils were fumigated excessively with chloroform for 1 day at 35°C in 
dryers. When fumigant of the soils were removed, they were extracted with 45 mL of 
0.5 M K2SO4 for 35 min. The other five nonfumigated soils were obtained similarly at 
the start of fumigation. The MBC was assessed as the difference in K2SO4-extractable 
dissolved organic carbon (DOC) between the fumigated and nonfumigated soils using 
the following extractability correction factor: KC = 0.5 for DOC (Li et al., 2014; 
Jonasson et al., 1996; Rinnan et al., 2008). Then, the extracted DOC was measured 
using a total DOC analyzer. 
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Measurement of soil microbial respiration (SMR) 

The soil respiration was determined using the procedure explained by Chen et al. 
(2000). Fresh soil (equivalent to 25 g dry weight) was placed in a sealed 500 mL bottle 
and settled at 20°C for 1 day. The CO2 arising from the soil was captured in 0.2 M 
NaOH and assessed by titration with 0.2 M HCl to the phenolphthalein end point after 
adding 2 M BaCl2. Several controls (i.e., soil-free bottle) were exposed to the same 
situation and applied as blanks. The derived CO2 value was measured from the 
difference in molarity between NaOH from the samples and blanks. 

 
Data analysis 

The data analysis was carried out with using SPSS 21.0 software. Analysis of 
variance (ANOVA) was used to check the differences among the treatments used. 
P < 0.05 was considered statistically significant. 

Results 

Plant characteristics 

Spring wheat plants grew rapidly from the stem elongation to the heading stage and 
quickly from the heading to the dough stage. The plant shoot lengths indicated 
significant differences among the three phases; however, the influence of hydrophilic 
polymers was minimal (Fig. 2). Only A-300-M significantly enhanced the total dry 
weight of wheat grain (P < 0.05) (Fig. 3). 

 

 
Figure 2. The shoot length of Chamran variety plants in varied stages and under varied 

hydrophilic polymer treatments. Varied capital letters indicate significant differences between 

stages for the same SAP treatment (P < 0.05). Varied lowercase letters indicate significant 

differences between hydrophilic polymer treatments in the same wheat growth stage (P < 0.05). 

Bars show the standard errors 
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Figure 3. The grain dry weight of Chamran variety plants in varied stages and under varied 

hydrophilic polymer treatments. Bars show the standard errors. Bars with varied letters show 

significant differences at p < 0.05 

 
 

SWSA 

Table 4 shows the variation of SWSA over all Chamran variety growths and between 
treatments. The soil particle sizes showed significant differences among the three 
phases (P < 0.05). SAP application significantly enhanced the macro soil aggregates 
(size > 0.25 mm) compared with CTs in the heading and dough phases, whereas the 
differences among the two hydrophilic polymer treatments were not significant. 

 
AW, SHM, and SWC 

SWC varied by hydrophilic polymer treatment and growth stage (Fig. 4), whereas 
SHM only varied by hydrophilic polymer treatment (Fig. 5). In the stem elongation, 
heading, and dough stages, all superabsorbent treatments significantly enhanced SWC 
compared with CTs (P < 0.05). Furthermore, there were significant differences in 
SWC between the superabsorbent treatments, particularly in the heading and dough 
stages. The influences of mass treatments were greater than those of scattering 
treatments. Similarly, in the three phases, all superabsorbent treatments significantly 
enhanced SHM compared with CTs (P < 0.05). However, differences were not seen in 
SHM when using hydrophilic polymers. Figure 6 reveals the clear influences on AW 
in the first two Chamran variety growth phases and between the hydrophilic polymer 
treatments. The amounts of AW in the dough phase were negative; therefore, soil 
water could not be used completely by wheat plants in this phase. This decrease in 
AW during Chamran variety growth was very identical to that seen in SWC. 
Furthermore, the mass treatments of hydrophilic polymers were more efficient in 
water holding than scattering treatments. 
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Table 4. Water-stable soil aggregate composition at different stages and under different 

treatments 

Application method 
SWSA content (%) 

<0.25 mm 0.25–0.5 mm 0.5–1 mm 1–2 mm 2–5 mm >5 mm 

Stem elongation stage       
C 52.0 Aa 17.1 Aa 11.2 Aa 8.5 Aa 9.1 Aa 9.7 Aa 

A-200-S 45.2 Aa 18.3 Ba 12.5 Ba 9.4 Ba 10.4 Ba 11.3 Ba 
A-300-S 47.3 Aa 18.2 Ba 12.2 Ba 9.6 Ba 10.6 Ba 11.6 Ba 
A-200-M 45.8 Aa 18.1 Ba 12.3 Ba 9.3 Ba 10.2 Ba 11.3 Ba 
A-300-M 49.7 Aa 19.4 Ba 12.8 Ba 10.1 Ba 11.2 Ba 12.4 Ba 

Heading stage       
C 51.2 Aa 17.2 Ab 11.5 Ab 8.4 Ab 9.5 Ab 9.8 Ab 

A-200-S 34.2 Bb 22.3 Aa 21.3 Aa 12.5 Aa 13.6 Aa 14.4 Aa 
A-300-S 35.3 Bb 23.5 Aa 22.6 Aa 12.7 Aa 13.7 Aa 14.6 Aa 
A-200-M 35.6 Bb 22.1 Aa 21.2 Aa 12.3 Aa 13.5 Aa 14.1 Aa 
A-300-M 37.4 Bb 24.6 Aa 23.6 Aa 13.5 Aa 14.4 Aa 15.3 Aa 

Dough stage       
C 50.6 Aa 17.4 Ab 11.7 Ab 8.3 Ab 9.8 Ab 9.9 Ab 

A-200-S 32.4 Bb 22.6 Aa 21.4 Aa 12.6 Aa 13.5 Aa 14.3 Aa 
A-300-S 33.5 Bb 23.7 Aa 22.7 Aa 12.8 Aa 13.7 Aa 14.6 Aa 
A-200-M 33.4 Bb 22.3 Aa 21.4 Aa 12.5 Aa 13.4 Aa 14.2 Aa 
A-300-M 35.6 Bb 24.8 Aa 23.8 Aa 13.6 Aa 14.5 Aa 15.4 Aa 

Different capital letters indicate significant differences between different stages for the same 
hydrophilic polymer treatment (P < 0.05). Varied lowercase letters indicate significant differences 
between different hydrophilic polymer treatments in the same growth stage (P < 0.05) 

 
 

 
Figure 4. Soil water content (SWC) in varied stages and under varied hydrophilic polymer 

treatments. Different capital letters indicate significant differences between stages for the same 

SAP treatment (P < 0.05). Varied lowercase letters indicate significant differences between 

hydrophilic polymer treatments in the same wheat growth stage (P < 0.05). Bars show the 

standard errors 
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Figure 5. Soil hygroscopic moisture (SHM) in varied stages and under varied hydrophilic 

polymer treatments. Different capital letters indicate significant differences between stages for 

the same SAP treatment (P < 0.05). Varied lowercase letters indicate significant differences 

between hydrophilic polymer treatments in the same wheat growth stage (P < 0.05). Bars show 

the standard errors 

 
 

 
Figure 6. Soil available water-holding (AW) in varied stages and under varied hydrophilic 

polymer treatments. Different capital letters indicate significant differences between stages for 

the same SAP treatment (P < 0.05). Varied lowercase letters indicate significant differences 

between hydrophilic polymer treatments in the same wheat growth stage (P < 0.05). Bars show 

the standard errors 
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Bacterial plenty in soil 

The bacterial plenty, measured by the number of RG copies per gram of desiccated 
soil, differed between the Chamran variety growth phases and hydrophilic polymer 
treatments (Fig. 7). In the stem elongation stage, the mass treatments significantly 
enhanced the bacterial RG copy numbers compared with scattering treatment and CTs. 
In both the heading and the dough stages, the bacterial RG copy numbers in all 
hydrophilic polymer treatments were significantly greater than those in the two CTs, 
respectively (Fig. 7). Throughout the three growth phases, the highest number of 
bacterial RG copies were seen in the heading phase in all treatments (P < 0.05). 

 

 
Figure 7. Abundance of bacteria in varied stages and under varied hydrophilic polymer 

treatments. Different capital letters indicate significant differences between stages for the same 

SAP treatment (P < 0.05). Varied lowercase letters indicate significant differences between 

hydrophilic polymer treatments in the same wheat growth stage (P < 0.05). Bars show the 

standard errors 

 
 

SMR and Soil MBC 

There were significant differences in microbial movement between the different 
phases (P < 0.05) (Figs. 8 and 9). Microbial movement, defined by SMR and MBC, was 
the greatest in the heading stage, indicating a trend comparable to that of bacterial 
plenty. Meanwhile, A-300 treatments stimulated microbial movement significantly, as 
was most evident in the stem elongation and heading stages, indicating that A-300 
treatments were more beneficial for microbial movement than CTs or A-200 treatments. 

Discussion 

Influence of hydrophilic polymers on soil water and wheat growth 

The results indicated that adding superabsorbent polymers could improve the soil 
WC and enable the soil to retain more water. 
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Figure 8. Soil microbial biomass carbon (MBC) in varied stages and under varied hydrophilic 

polymer treatments. Different capital letters indicate significant differences between stages for 

the same SAP treatment (P < 0.05). Varied lowercase letters indicate significant differences 

between hydrophilic polymer treatments in the same wheat growth stage (P < 0.05). Bars show 

the standard errors 

 
 

 
Figure 9. Soil microbial respiration (SMR) in varied stages and under varied hydrophilic 

polymer treatments. Different capital letters indicate significant differences between stages for 

the same SAP treatment (P < 0.05). Varied lowercase letters indicate significant differences 

between hydrophilic polymer treatments in the same wheat growth stage (P < 0.05). Bars show 

the standard errors 
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Furthermore, superabsorbent polymers greatly influenced SHM; SHM was fixed by soil 
particles and might not be applied by wheat plants. The fact that hydrophilic polymers 
enhanced SWC but not the soil-available water content suggested that the benefits of 
hydrophilic polymers to wheat plant growth could be limited. This fact agreed with the 
finding that there were nearly no significant differences in grain dry weight (except A-
300-M treatment) or Chamran variety shoot length between all treatments. However, 
this finding differed from those of former studies with varied conditions, indicating that 
hydrophilic polymers could amend crop growth significantly (Yazdani et al., 2007; 
Islam et al., 2011). 

 
Influence of hydrophilic polymers on SWSA 

In the stem elongation stage, hydrophilic polymer treatment had no influence on 
large or small aggregates. However, in the heading and dough stages, A-200 and A-300 
treatments raised more large aggregates related to CTs. Ajwa and Trout (2006) reported 
that hydrophilic polymers could be firmly adsorbed onto the soil particle surface, 
thereby stopping dispersion. However, the first sampling was conducted only 5 days 
after the use of hydrophilic polymers, and therefore, there could have been insufficient 
time for the hydrophilic polymer to connect perfectly with the soil particle surface. In 
the heading and dough stages, some part of the superabsorbent polymers would have 
gently infiltrated the aggregates pores (Lu and Wu, 2003) and protected or enhanced 
soil aggregation and pore continuation (Li et al., 2014; Ajwa and Trout, 2006; Keren 
and Ben-Hur, 1997). 

 
Influence of hydrophilic polymers on bacterial plenty 

The RG can present taxonomic information about the compound of bacterial colonies 
(Satoshi et al., 2009). RGs obtained under natural conditions have recently been used to 
gain insights into and understand the purposes of soil-borne microbial variations (Tiedje 
et al., 1999; Torsvik and Ovreas, 2002; Rodriguez-Valera, 2004; Schloss and 
Handelsman, 2004; Li et al., 2014). The addition of hydrophilic polymers significantly 
enhanced bacterial plenty from the first to the second phases of Chamran variety 
growth, indicating that bacterial growth had been increased. Furthermore, more RG 
copies were identified in the heading phase than in the other phases. This result 
indicates that bacterial reproduction increased upon adding hydrophilic polymers under 
natural conditions, particularly in the heading stage. Substrates achieved from plant, 
both those that were actively seeped and those that were inactively scattered, could 
provide most of the energy and food for soil-borne microbial colonies (Marschner et al., 
2004; Li et al., 2014). Therefore, when the plants were growing quickly, they might 
produce more substrates, resulting in the levels of soil microbic movement being the 
greatest in the heading stage. 

 
Influence of hydrophilic polymers on soil microbial movements 

A significant enhancement in SMR and MBC was seen in the A-300 treatments (A-
300-M and A-300-S) in the stem elongation and heading stages (Figs. 8 and 9), 
especially in the heading stage. A-300-M had a stronger influence on MBC than A-300-
S. High microbial movement and biomass often result in high nutrient access (Tu et al., 
2003; Zaman et al., 1999) and may, in turn, result in high plant production (Tu et al., 
2006; Li et al., 2014); this could explain the greater wheat yield obtained by the A-300-
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M treatment compared to the other treatments. The significant reduction in SMR and 
MBC in the dough phase could be caused by the variations in colony size and 
construction that could result from variations in the input of metabolizable DOC from 
plant (Gomez et al., 2006) and soil residues arising from plant growth effects (Patra et 
al., 2006; Li et al., 2014). In this phase, hydrophilic polymers might have been 
decomposed incompletely or completely, resulting in lower amounts of SMR and MBC. 
This influence was most evident in the A-300 treatments, which significantly stimulated 
the microbial movements in the heading stage, thereby expediting the disintegration of 
soil organic matter. Therefore, the SMR decreased more clearly in the dough phase 
compared with that in the CT because the microorganisms did not have enough 
substrates available. The result indicates that this decrease in SMR was not related to 
the opposite influence of SAPs. These findings show that the use of SAPs did not reveal 
any opposite influences on wheat plant growth and the physical or microbial 
characteristics of soil. Soil is a complicated ecosystem that is influenced by numerous 
factors, making it difficult to evaluate environmental influences methodically and 
extensively when chemical additives are applied to the soil. Nonetheless, it is crucial to 
find an estimation frame and make suitable adaptations to it over time. 

Conclusions 

The results indicate that the use of hydrophilic polymers could amend the physical 
characteristics of soil and may help in managing water loss. At a density of 180 kg ha−1, 
hydrophilic polymers greatly increased the uptake of water and the presence of WSA. 
SAPs did not have obvious opposite effects on the soil microbial colony and might even 
increase it. The influences of hydrophilic polymers also depended on the processes used 
in the field, as only the mass application of A-300 improved the yield. No direct 
relations were found between the SWC and the plant characteristics. Finally, it is 
recommended to use other types of hydrophilic polymers on the other soil types for 
managing water loss. Besides, it is recommended to use other plants and other growth 
stages for soil sampling. 
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Abstract. Soil erosion negatively affects vegetation that brings deteriorating changes in the structure and 
composition of plant communities. Present study investigated the impact of soil erosion on vegetation 
along Jhelum valley road District Muzaffarabad, Azad Jammu and Kashmir. Phytosociological attributes 
were measured by using quadrat method. Geographical characters of each site were recorded including 
slope, aspect and elevation of eroded sites. Five sites were selected three were disturbed and two were 
used as control sites for general comparison. At disturbed sites Average Shannon diversity was 2.47; 
Simpson diversity was 0.94; Species richness was1.75; Evenness was 0.7. At control sites. Average 
Shannon diversity was 2.95; Simpson diversity was 0.97; Species richness was 2.02; Evenness was 0.72. 
Maximum similarity was 66.13 recorded between Control site 1 and Control site 2 while minimum 
similarity was 22.98 recorded between disturbed site 1 and Control site 1. There was a general trend of 
low diversity of trees and shrubs at disturbed sites as compared to control sites.  Therophytes were 
dominant at disturbed site and regeneration pattern was high at disturbed sites. A total of 99 plants 
representing 91 genera belonging to 45 families were recorded from investigated area. The dominant 
family was Poaceae followed by Asteraceae, Lamiaceae and Rosaceae. At disturbed sites Shannon 
diversity was 2.47; Simpson diversity was 0.94; Species richness was1.75; Evenness was 0.7. At control 
sites Shannon diversity was 2.95; Simpson diversity was 0.97; Species richness was 2.02; Evenness was 
0.72. At control sites, more diversity and richness was observed as compared to disturbed sites.  
Keywords: soil erosion, vegetation disturbance, vegetation regime, roadside vegetation pattern, 

Himalayas, anthropogenic impacts 

Introduction 

The process of detachment of soil particles from soil surface and their deposition 
elsewhere is known as soil erosion. It reduces the productivity of soil in several ways; it 
decreases the water holding capacity, reduces the efficiency of plant nutrients, damage 
seedlings, decrease plant rooting depth, increase runoff and reduces its infiltration rates 
(Pimentel, 2006). Soil erosion has major effects on species composition, seed density 
and distribution of soil seed bank (Blaikie, 2016; Cheng et al., 2006). Soil erosion 
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occurs when the soil is left exposed to rain energy. Raindrops hit bare soil with great 
energy and easily displace the soil particles from the surface. In this way raindrops 
remove a thin layer of soil from land surface and generate sheet erosion (Oldeman, 
1997). Rainfall energy is the cause of erosion from bare land, occurring when the soil 
lacks protective vegetation cover. The main cause for erosion is due to deforestation, 
improper treatment of catchment and other anthropogenic activities (Mahabaleshwara 
and Nagabhushan, 2014). 

During erosion process organic matter and essential plant nutrients are detached and 
soil depth is reduced. These changes not only reduce vegetative growth but also reduce 
the presence of precious biota and overall biodiversity and soil loss (Pimentel et al., 
1995). Eroded soil carries away very important plant nutrients such as nitrogen, 
phosphorous, potassium and calcium. Typically, eroded soil contains about 3 times 
more nutrients than are left in the remaining soil (Lieskovský and Kenderessy, 2014; 
Pimentel, 2006). Vegetation or plant cover reduces the soil erosion, its effectiveness 
depending upon the height and continuity of canopy, density of ground cover and root 
density. Forests are most effective in reducing erosion because of their canopy and 
dense grass (Zuazo and Pleguezuelo, 2009). The Plant cover protects soil against 
erosion by reducing water runoff (Puigdefábregas, 2005; Rey, 2003). Soil erosion is a 
physical stress affecting vegetation development and also is controlled by the response 
of vegetation (Shihong et al., 2003). Soil erosion can reduce soil water holding capacity 
and nutrients availability to inhibit the vegetation regeneration and succession and 
decrease vegetation cover and species richness at any disturbed site (Guerrero-Campo 
and Montserrat-Martí, 2004). Soil erosion is not only a negative factor on vegetation, 
but it is also the driving force of vegetation development and succession at any 
disturbed site. Effect of soil erosion on vegetation begins at the formation and 
development of seed and runs through the whole process of plant growth through effects 
on seed availability, seed redistribution, seed germination. Seeds are the foundation 
stone of vegetation processes of colonization Different erosion environment has showed 
that soil erosion is main cause of reduced cover, decrease species richness and slowed 
succession (Guerrero‐Campo and Montserrat‐Martí, 2000; Zhou et al., 2016). 

The vegetation of Himalayas is highly disturbed by landslides and erosion and this 
phenomenon is mostly linked with diverse human activities, such as the construction of 
roads and buildings and removal of forests. An overall erosion impact from earthquakes 
is comparatively minimal mainly because these events are relatively rare. Natural 
phenomenon that caused erosion such as exceptional rains, earthquakes and glacial lake 
outburst flooding in the high Himalayas are common (Shrestha, 1997). The objective of 
the current study were to assess the impact of soil erosion on vegetation degradation in 
the investigated area, to investigate the causes of soil erosion and effects of 
environmental factors influencing the vegetation and compare the species diversity on 
eroded and control sites. 

Material and Methods 

This study was conducted to study impact of erosion along roadsides. Study area lies 
in district Muzaffarabad, the capital of the state of Azad Jammu and Kashmir situated 
between 34.24° latitude and 73.22° longitude in north-east of Pakistan (Fig. 1). The 
climate of the area falls under sub-tropical and humid type and varies considerably. The 
maximum temperature of the area recorded in the summer is 40.0 to 47.5°C and 
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minimum is 28.0 to 37.5°C respectively. The maximum temperature of the area 
recorded in the winter is 15.0 to 21.5°C and minimum is −3.0 to −1.0°C. The average 
annual precipitation of the district is 1511 mm. Maximum rain fall recorded in the 
month of July as 288.03mm whereas minimum rainfall recorded in the month of 
October as 36.21mm. Average relative humidity value with maximum value 76.81% 
and minimum value is 44.57% (PAK-MET, 2012). 

 

 

Figure 1. Map of Study area and satellite imagery of the sampling sites 

 
 
This study was designed to assess vegetation cover of 3 disturbed sites and two 

undisturbed sites were selected nearby the disturbed site to act as control sites for 
comparative analysis. Quadrat method was used for vegetation sampling. The 
vegetation was sampled in three layers i.e., trees, shrubs and herbs. Quadrat size used 
for trees layer was 10×10, for shrubs layer 5×5 and 1×1for herb layer (Fosaa, 2004). 
The diversity index for all the three layers tree, shrub and herb at each site was 
computed by Shannon-Wiener information index and dominance by Simpson’s index 
(Ahmed et al., 2006). The vegetation data was quantitatively analyzed for abundance, 
density, cover and frequency. Altitude, latitude and longitude of each selected sites were 
recorded by using a Garmin 200 global positioning system (GPS). The Multivariate 
ordination techniques were applied for statistical analysis of the results. Data was 
subjected to PCA and Cluster analysis (Ter Braak and Smilauer, 2002). 
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Results 

A total of 99 species representing 91 genera belonging to 45 families were recorded. 
The major contributors of local flora included Poaceae with 11 species, followed by 
Asteraceae with 9 species, Lamiaceae with 6 species, Rosaceae had 5 species. 
Cyperaceae and Fabaceae with 4 species each, Amaranthaceae, Verbeneceae, 
Euphorbiaceae, Malvaceae and Polygonaceae, Pteridaceae with 3 species whereas 
Apocynaceae, Brassicaceae, Oleaceae, Salicaceae, Lythraceae, Anacardiaceae, 
Solanaceae and Rhamaceae were represented by 2 species. The remaining families had 
single representative (Table 2). At disturbed sites the dominant species according to 
their Importance value were Arundo donax (12.22) and Justicia adhatoda (10.94), 
Aristida purpurea (7.01), Xanthium strumarium (7.01), Euphorbia hirta (9.08) (Table 

1). At control sites the dominant species were Pinus roxburgii (2.79), Ficus palmata 

(2.00), Indigofera heterantha (3.13), Zanthoxylum armatum (2.15), Conyza bonariensis 

(8.12) and Cynodon dactylon (7.72). Therophytes were the dominant life form class 
having a percentage of 29.2% and Microphylls with a percentage of 35.3. At disturbed 
sites average Shannon diversity was 2.47; Simpson diversity was 0.94; species richness 
was 1.75; evenness was 0.7. At control sites average Shannon diversity was 2.95; 
simpson diversity was 0.97; species richness was 2.02; evenness was 0.72. Maximum 
similarity was 66.13 recorded between control site 1 and control site 2 while minimum 
similarity was 22.98 recorded between disturbed site 1 and control site 1 (Table 3). 

Aristida- Themeda- Cyperus Community was located in Subri at an altitude of 815 m 
and was classified as a disturbed site having a total of 22 species. The slope of the stand 
was about 300 to 600 (class 2). The site was located at east facing aspect. The dominant 
species were Aristida purpurea having IVI value of 35.08 followed by Themeda 

anathera having IVI value of 32.62 and Cyperus exaltatus having IVI value of 26.15. 
The codominant species was Arudo donax having IVI values of 23.75. Simpson and 
Shannon diversity values of community were 0.91 and 2.19 respectively, species 
richness; 1.20, species evenness; 0.70 and maturity index was 41.81 (Table 2). In the 
community 5 seedlings of Alianthus altissima and 1 seedling of Pistacia integerrima, 1 
seedling of Dalbergia sissoo and 1 seedling of Mallotus philippensis were recorded.  

 
Table 1. Importance Value Index (IVI) recorded from the investigated area 

No. Botanical name Site 1 Site 2 Site 3 Site 4 Site 5 Av. IVI 

1 Acacia arabica 0 0 0 5.54 3.124 1.73 

2 Achyranthes aspera 0 0 0 5.18 0 1.03 

3 Adiantum venustum 0 0 7.9 0 5.861 2.75 

4 Adiantum caudatum 0 0 8.2 0 0 1.64 

5 Ajuga bracteosa 0 3.25 10.31 1.58 0 3.02 

6 Alianthus altissima 0 0 0 3.68 6.283 1.99 

7 Amaranthus viridis 0 0 4.8 4.13 2.959 2.37 

8 Aristida purpurea 35.08 0 0 0 0 7.01 

9 Arundo donax 23.75 29.74 0 7.62 0 12.22 

10 Avena sativa 0 0 0 7.66 1.58 1.84 

11 Bauhinia variegata 0 0 0 3.6 0 0.72 

12 Berberis lycium 0 0 0 4.37 7.767 2.42 

13 Bidens pilosa 12.41 7.02 5.97 0 7.046 6.48 

14 Callicarpa macrophylla 0 8.39 0 0 0 1.67 
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15 Calotropis gigantea 0 0 3.86 0 0 0.77 

16 Cannabis sativa 0 0 2.3 0 6.584 1.77 

17 Capsella-bursa pastoris 0 0 0 3.16 3.823 1.39 

18 Carissa opaca 0 0 6.24 3.25 0 1.95 

19 Celtis eriocarpa 0 0 0 1.28 0 0.25 

20 Chenopodium album 0 6 3.33 5.61 7.198 4.42 

21 Cichorium intybus 0 4.85 2.06 2.79 2.198 2.37 

22 Cirsium arvense 0 7.09 0 1.8 3.132 2.40 

23 Conyza bonariensis 8.47 6.17 6.87 11.6 7.523 8.12 

24 Cynodon dactylon 0 13.79 6.07 4.28 14.472 7.72 

25 
Cynoglossum 

lanceolatum 
5.66 4.85 2.3 4.13 6.254 4.63 

26 Cyperus exaltatus 26.15 6.68 0 0 0 6.56 

27 Cyperus rotundus 18.47 0 0 0 0 3.69 

28 Dalbergia sissoo 0 0 0 2.91 0 0.58 

29 Desmodium elegans 0 0 0 6.04 3.186 1.84 

30 Dichanthium annulatum 0 3.42 6.2 5.29 0 2.98 

31 Diospyros lotus 0 0 0 1.51 0 0.30 

32 Dodonaea viscosa 11.33 15.49 6.79 0 11.242 8.97 

33 Duchesnea indica 0 7.53 0 5.49 13.535 5.31 

34 Echinochloa colona 0 0 0 4.8 0 0.96 

35 Elaeagnus umbellata 0 0 0 4.5 0 0.9 

36 Eleocharis indica 0 4.51 0 0 0 0.90 

37 Equisetum debile 0 0 0 0 3.286 0.65 

38 Erioscirpus comosus 0 6.34 0 0 0 1.26 

39 Euphorbia hirta 0 6.85 13.22 0 2.497 4.51 

40 Euphorbia prostrata 6.3 7.26 1.92 2.94 3.943 4.41 

41 Ficus palmata 0 0 0 2.73 7.299 2.00 

42 Grewia villosa 0 0 0 2.86 4.676 1.50 

43 Heteropogon controtus 8.09 0 0 0 0 1.61 

44 Hibiscus rosa sinensis 0 7.67 0 0 0 1.53 

45 Indigofera heterantha 0 0 0 12.51 3.179 3.13 

46 Ipomoea eriocarpa 0 4 0 0 0 0.8 

47 Jasminum officinale 0 0 3.86 3.53 0 1.47 

48 Justcia adhatoda 0 0 45.39 0 9.322 10.94 

49 Lantana camara 0 0 10.07 0 0 2.01 

50 Lepidium bidentatum 0 0 2.53 0 0 0.50 

51 Mallotus philippensis. 0 0 0 5.46 1.559 1.40 

52 
Malvastrum 

corommandelianum 
0 0 7.01 5.01 6.155 3.63 

53 Maytenus royleanus 0 0 13 7.2 6.448 5.32 

54 Melia azedarach 0 0 0 3.56 5.48 1.80 

55 Mentha royleana 0 4.51 0 4.28 2.812 2.32 

56 Micromeria biflora 0 0 9.98 3.59 6.9 4.09 

57 Morus alba 0 0 0 3.33 3.146 1.29 

58 Myrisine africana 0 0 0 5.5 0 1.1 

59 Nepeta erecta 0 6.68 5.13 3.42 8.06 4.65 

60 Oenothera rosea 9.72 4.85 2.3 3.04 7.142 5.41 
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61 Olea ferrugenia 0 0 0 2.65 3.339 1.19 

62 Otostegia limbata 0 0 7.73 0 0 1.54 

63 Oxalis corniculata 0 10.08 9.65 7.03 10.934 5.57 

64 
Parthenium 

hysterophorus 
0 15.6 2.96 6.99 3.579 5.82 

65 Persicaria barbata 0 6.34 0 5.01 3.106 2.89 

66 Phlomis tuberosa 0 6.04 0 0 0 1.20 

67 Phyllanthus fraternus 0 6.68 4.47 1.93 0 2.61 

68 Pinus roxburghii 0 0 0 9.11 4.876 2.79 

69 Pistacia integerrima 0 0 0 0 3.88 0.77 

70 Plantago lanceolata 0 0 0 2.31 0 0.46 

71 Populus alba 0 0 0 3.83 3.995 1.56 

72 Pteris cretica 6.72 0 0 0 2.344 1.81 

73 Punica granatum 17.24 0 7.26 5.86 6.053 7.28 

74 Pyrus pashia 0 0 0 3.15 3.558 1.34 

75 Rhus cotinus 16.74 0 3.39 5.7 0 5.16 

76 Rosa macrophylla 0 15.83 0 3.74 0 3.91 

77 Rubus ellipticus 0 7.67 0 5.95 0 2.72 

78 Rubus fruticosus 10.79 0 0 12.21 3.326 5.26 

79 Rumex hastatus 10.79 0 0 0 1.726 2.50 

80 Rumex nepalensis 0 4.92 0 3.16 4.865 2.59 

81 Saccharum spontaneum 0 0 0 0 4.892 0.97 

82 Salix alba 0 0 0 1.88 4.505 1.27 

83 Setaria pumila 0 5.19 3.89 5.89 6.048 3.02 

84 Solanum nigrum 0 5.83 2.16 0 2.05 2.00 

85 Solanum viriginianum 0 0 1.92 0 0 0.38 

86 Sonchus asper 6.3 0 1.26 3.27 0 2.25 

87 Sorghum halepense 0 0 0 0 3.572 0.71 

88 Stellaria media 0 0 4.27 0 0 0.85 

89 Tagetes minuta 0 4.17 10.38 0 0 2.91 

90 Taraxacum officinale 0 0 2.3 1.8 4.432 1.70 

91 Themeda anathera 32.62 0 3.89 0 0 7.30 

92 Trifolium repens 0 5.36 0 6.4 0 2.35 

93 Verbascum thapsus 0 4.34 1.03 0 0.787 1.23 

94 Verbena tenuisecta 0 0 4.1 4.17 1.946 2.04 

95 Woodfordia fruticosa 0 0 6.71 0 0 1.34 

96 Xanthium strumarium 7.19 24.76 9.89 0 3.602 9.08 

97 Zanthoxylum armatum 0 0 7.26 3.5 0 2.15 

98 Ziziphus jujuba 10.79 0 0 3.04 2.666 3.29 

99 Ziziphus oxyhylla 0 0 7.26 4.24 2.519 2.80 

 
 

Arundo-Xanthium-Rosa Community was located in Subri at an altitudinal range of 
732m and was classified as a disturbed site comprising 37 species. The slope of the 
stand was about 0° to 30° (class 1). The site was located at west facing aspect. The 
dominant species of the stand were Arundo donax having IVI value of 29.74 followed 
by Xanthium strumarium having IVI value of 24.76, Rosa macrophylla having IVI 
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value of 15.83. The co dominant species were Dodonaea viscosa and Parthenium 

hysterophorus having IVI value of 15.49 and 15.6 respectively. Average value of 
diversity recorded were 0.96 and 2.47, species richness; 1.61, species evenness; 0.68 
and maturity index was 33.78 (Table 1) In the stand one seedling of Populus alba and 
Dalbergia sissoo and 2 seedlings of, Morus alba and Acacia arabica were recorded. 

Justicia-Euphorbia-Maytenus Community was located in Lawasi at an altitudinal 
range of 740m and was classified as a disturbed site. It was. The latitude and longitude 
of the area were 34°22’501” N and 73°29’769” E comprises of 46 species. The slope of 
the stand was about 30°to 60° (class 2). The site was located at west facing aspect. The 
dominant species of the community were Justicia adhatoda having IVI value of 45.39 
followed by Euphorbia hirta having IVI value of 13.22 and Maytenus royleana having 
IVI value of 13. The co dominant species were Tagetes minuta, Ajuga bracteosa and 
Lantana camara having IVI value of 10.38, 10.31 and 10.07 respectively. Average 
values of diversity index recorded in the community were Simpson’s and Shannon 
diversity; 0.97 and 2.76 respectively, species richness; 2.46, species evenness; 0.72 and 
maturity index value was 32.39 (Table 1). Single seedling of Melia azedarach, Grewia 

villosa, Dalbergia sissoo, Mallotus philippensis, Olea ferruginea, Celtis eriocarpa, 
Bauhinia variegata were recorded in the area. 

Indigofera-Rubus-Conyza Community was located in Sundgran at an altitudinal 
range of 760 m. and was classified as a control site. The latitude and longitude of the 
area were 34° 19’907” N and 073°30’299” E. Community comprises of 65 species. The 
slope of the stand was 0° to 30° (class 1). The site was located at east facing aspect. The 
dominant species of the stand was Indigofera heterantha having IVI value of 12.51 
followed by Rubus fruticosus having IVI value of 12.21 and Conyza bonariensis having 
IVI value of 11.6. The co dominant species were Pinus roxburgii and Avena sativa 
having IVI values of 9.11 and 7.66 respectively. Average values of diversity index 
recorded for communities were 0.98 and 3.02, species richness; 2.06, species evenness; 
0.74; and maturity index was 30.64 (Table 2). 

 
Table 2. Phytosociological parameters recorded from the investigated area 

Community 
No. of 
species 

Simpson 
diversity 

Shannon 
diversity 

Richness Evenness Maturity 

Disturbed site 1 22 0.91 2.19 1.20 0.70 41.81 

Disturbed site 2 37 0.96 2.47 1.61 0.68 33.78 

Disturbed site 3 46 0.97 2.76 2.46 0.72 32.39 

Average  0.94 2.47 1.75 0.7 35.99 

Control site 1 65 0.98 3.02 2.06 0.74 30.64 

Control site 2 59 0.97 2.88 1.98 0.70 39.41 

Average  0.97 2.95 2.02 0.72 35.02 

Average  0.95 2.71 1.88 0.71 35.50 

 

 

Cynodon-Duchesnea-Zanthoxylum Community was located in Garhi dupata at an 
altitudinal range of 1199m and was classified as a control site. The latitude and 
longitude of the site were 34°15’867” and 73°34’650” respectively. Community 
comprises of 59 species. The slope of the stand was about 0° to 30° (class 1). The site 
was located at south facing aspect. The dominant species were Cynodon dactylon 

having IVI value of 14.472 followed by Duchesnea indica having IVI value of 13.535, 
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Zanthoxylum armatum having IVI value of 11.608. The co dominant species were 
Dodonaea viscosa and Oxalis corniculata having IVI value of 11.242 and 10.932 
respectively. Average values of diversity recorded for community were 0.97 and 2.88, 
species richness; 1.98, species evenness; 0.70 and maturity index value was 39.41 
(Table 2). 

 
Table 3. Index of Similarity and Dissimilarity between the study sites  

Community 
Disturbed 

site1 

Disturbed 

site 2 

Disturbed 

site 3 

Control 

site 1 

Control site 

2 
 

Disturbed site 1 × 30.50 32.35 22.98 27.16  

Disturbed site 2 69.5 × 50.60 45.09 45.03 
 

Disturbed site 3 67.65 49.4 × 43.24 45.71 I.Ss 

Control site 1 77.02 54.91 56.76 × 66.12  

Control site 2 72.84 54.97 54.29 33.88 ×  

  I.Ds     
 

 

 

Figure 2. PCA Bi plot of the studied communities from the study site (For corresponding 

numbers please see Table 1) 

 

 

PCA biplot showed representative species of the area separated away along the X-
axis i.e. Arundo donax, Aristida purpurea representing their ultra-dominance in studied 
sites. Euphorbia hirta, Heteropogan controtus, Matyenus royleana, Cynodon dactylon 

were significantly correlated with the disturbed sites. Justicia adhatoda was 
significantly correlated with site 3 (Fig. 2). Cluster analysis grouped the data of 
disturbed and undisturbed sites in to the associations based on species correlation and 
dominance in communities. Cluster analysis had shown 5 associations of all 
communities (Fig. 3). 
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Figure 3. Dendrogram showing Cluster Analysis of the studied communities (For 

corresponding numbers please see Table 1) 

Discussion 

The study revealed that different factors affecting the vegetation of area like grazing, 
trampling, road construction, browsing and erosion. Soil erosion affecting vegetation 
development and also controlled by the response of vegetation (Shihong et al., 2003). 
Productivity of soil loss due to erosion because the top soil is removed, root depth 
reduced and plant nutrients like potassium, nitrogen, calcium are removed. When 
nutrients are removed by erosion then plant growth is stunted and overall productivity 
of soil decline. Due to erosion cover reduced, species richness decreased and succession 
slow down. Slope had negative impact on plant density and diversity, with increase in 
the degree of slope the recorded density and diversity was low in the area. At disturbed 
site 1 plant density and diversity low due to slope. Similar conclusion suggested by 
Walker et al. (2013) stating that slope and vegetation negatively relate to each other the 
less the slope the greater the density and diversity. On a steep slope erosion increase 
because the vegetation cover of annual plant decreases (Koulouri and Giourga, 2007). 
Aspect may also influence on soil erosion. On investigated area both aspects have same 
species so no clear differences were recorded. A slower recovery of vegetation and 
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higher erosion rates are expected in southern and western than in northern and eastern 
direction. As a result, southern exposed slopes usually have a lower vegetation cover 
than northern exposed slopes (Zuazo and Pleguezuelo, 2009). Species diversity was 
negatively related to the soil erosion. Average Shannon diversity index recorded was 
2.71 and Average Simpson diversity recorded was 0.95. At disturbed sites Shannon and 
Simpson diversity was low as compared to control sites. Higher diversity value shown 
by control sites (2.95) which is indicator of low disturbance and low diversity recorded 
at disturbed sites (2.47) showing more disturbances. Similar results drawn by Luo 
(1996) in Hetian Fujian that at disturbed sites diversity index low because vegetation 
cover low on eroded site and at control sites Shannon diversity index high due to 
increased number of species and also natural invasion increased. At disturbed sites 
average species richness was low (1.75) and at control sites average species richness 
was high (2.02). Similar results drawn by Uniyal et al. (2010) in Gharwal Himalaya that 
at disturbed sites richness was low due to high erosion intensity and other anthropogenic 
activities while at control site species richness was high which indicates the opening of 
canopies that favors the growth of plant species which gives overall stability to the 
communities. Results showed that at disturbed site 3 species richness increased as (2.46) 
due to invasion of non-native flora. Eroded site break the dominance of native species 
that creates a condition for fast growing invasive species to attain dominance (Tang et 
al., 2011). Species richness and diversity was low at site 1 with increasing altitude. Sher 
and Khan (2007) reported the similar findings that at high altitude cover remain low and 
species richness and diversity decreased with increased of altitude due to trampling, 
grazing and soil erosion in the area. The decrease in diversity and species richness at 
high altitude is due to the reduced growing season, low temperature and low 
productivity (Diemer and Körner, 1998). Average specie evenness recorded was 0.7. 
Specie evenness fluctuates between stands differently might be due to disturbance in the 
area (Fosaa, 2004). Higher species number was found at low disturbed areas and low 
species number was found at highly disturbed area (Erenso et al., 2014). High 
dissimilarity was recorded between control and disturbed sites (77.02). High 
dissimilarity is due to difference in level of disturbance, microclimatic condition and 
altitudinal range (Javed et al., 2006). Therophytes were the dominant life form which is 
the indicator of the subtropical zone; it was followed by Nanophanerophytes, 
Megaphanerophytes, Hemicryptophytes, Chamaephytes, Geophytes, Phanerophytes and 
Lianas. Life form classes are indicators of micro as well as macro habitat of the species 
(Guo et al., 2009). Therophytes are experts of occupying vacant niches as a result of 
disturbances (Pyšek et al., 2005). Leaf size classes showed that vegetation of the 
investigated area was dominated by Microphyll, indicating the impact of xeric 
conditions decreasing the leaf size (Kar et al., 2010). Low maturity index of plant 
communities showed unbalanced and heterogenous nature of local flora. This effect is 
also enhanced by anthropogenic disturbances or natural disturbances which inhibit the 
establishment of vegetation to reach a climax stage (Saxena and Singh, 1984). The 
vegetation attributes of both control and disturbed sites showed impacts overall 
disturbance in whole investigated area. 

Regeneration capacity was also examined on investigated sites. High regeneration 
was reported at disturbed sites while on control sites no seedlings were found. At 
disturbed sites adjacent to control sites, the dominant trees were Pinus roxburgii and 
Ficus palmata. Joshi (1990) also reported the presence of Pinus roxburghii at the 
disturbed sites adjacent to control sites. Climatic factors and biotic interference also 
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influence the regeneration of different species (Sen et al., 2008). Dominant grass species 
recorded from disturbed sites were Aristida purpurea, Arundo donax, Cynodon 

dactylon, Themeda anathera. These species help to stabilize the disturbed sites due to 
their dense cover. Vegetation restoration plays an important role for degraded 
ecosystem rehabilitation. Recovery after disturbance indirectly controls the soil erosion 
rates (Fenli et al., 2002). The establishment of grass species play a significant role in 
ecological restoration which have been successfully grown on degraded land (Török et 
al., 2008). Revegetation on eroded sites improves the soil aggregate stability by 
accelerating vegetation development (Burri et al., 2009).  

Conclusion 

Current investigation showed that Arundo donax and Justicia adhatoda were dominant 
species at site adjacent to control sites. Ajuga bracteosa, Arundo donex, Cichorium 

intybus, Cirsium arvense, Conyza bonariensis, Cynodon dactylon, Cynoglossum 

lanceolatum, Dichanthium annulatum, Duchesnea indica, Euphorbia prostrata, Nepeta 

erecta, Oenothera rosea, Oxalis corniculata, Parthenium hysterophorus, Persicaria 

barbata and Rosa macrophylla were common to both disturbed and undisturbed sites. 
Undisturbed sites had lower number of herb species as compared to disturbed sites. At 
disturbed sites, more shrubs and herbs were recorded due to open canopy as more light 
reached at forest floor sallowing more species to grow. 
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Abstract. Vegetable crops, more than other agricultural crops, are exposed to great damages caused by 
slugs. Current control methods rely on chemical molluscicides that are often ineffective and harmful to 
non - target organisms, specially Carabids. Parasitic nematode Phasmarhabditis hermaphrodita 
(Schneider) parasites many slugs and snails and has been formulated as biological molluscicide. In this 
investigation, effectiveness of P. hermaphrodita applied in recommended and half the recommended 
dose in slug control in greenhouse lettuce and cabbage was evaluated and compared with metaldehyde 
and methiocarb pellets. Tested mollusicides did not stop feeding of Arion lusitanicus Mabille and did 
not achieve long term protection from slug damage. The use of standard dose of P. hermaphrodita in 
lettuce and cabbage provided satisfactory protection from slugs to harvest. Half recommended dose of 
P. hermaphrodita showed lower level of protection compared with recommended dose. Repeated 
applications of half recommended dose of P. hermaphrodita could boost molluscicidal effect to the 
level of the efficacy reached by standard dose, so it could find their place in practice. Effective control 
of A. lusitanicus using parasitic nematodes provides great opportunity to replace chemical 
molluscicides in organic production and to reduce their negative side effect to non - target organisms 
and the environment. 
Keywords: Arion lusitanicus, cabbage, lettuce, molluscicides, parasitic nematodes 

Introduction  

Slugs are serious pests in many crops all over the world (Godan, 1979; Port and Port, 
1986; South, 1992) and present one of the most significant threats to sustainable 
agriculture (Barker, 2002). Their significance as pests is especially evident in vegetable 
growing. Leafy vegetables such as lettuce and brassica crops are particularly threatened. 
Slugs feed on plants but they also contaminate it with mucus and faeces (Port and Ester, 
2002). In recent years, the slug species Arion lusitanicus Mabille has become a serious 
pest throughout Central, Northern and Eastern Europe (De Winter, 1989; Fechter and 
Falkner, 1990; von Proschwitz, 1997; Briner and Frank, 1998; Turner et al., 1998). In 
Croatia, A. lusitanicus is the most common and the most damaging slug species in 
vegetable growing (Fischer et al., 1999; Grubišić et al., 2013). Current control methods 
rely on chemical molluscicides formulated into baited pellets that are often ineffective 
and can harm non-target organisms. Molluscicides contain metaldehyde or carbamates 
as active ingredient (Garthwaite and Thomas, 1996; Henderson and Triebskorn, 2002). 



Grubišić et al.: Slug control using parasitic nematodes  
- 1740 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1739-1747. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_17391747 
 2018, ALÖKI Kft., Budapest, Hungary 

In organic agriculture, the use of slug pellets containing metaldehyde or carbamates is 
restricted or not allowed. The European Union has baned methiocarb slug pellets since 
19 September 2014. The other major slug pellet product metaldehyde has come under 
pressure after the product has been found in watercourses. A new molluscicide based on 
iron phosphate has been recently registered in many European countries (Speiser and 
Kistler, 2002; Rae et al., 2009) and shows promise for slug control, particularly in 
organic agriculture (Iglesias et al., 2001). Tighter controls over metaldehyde-based slug 
pellets are likely in high-risk water catchment areas to try and cut pesticide levels in 
drinking water, which will leave only iron phosphate pellets as an alternative. In the 
meantime, it was evidented that high doses of iron phosphate increase mortality and 
reduce surface activity of earthworms (Langan and Shaw, 2006). Therefore, the new 
solutions for slug control must be investigated. In 1994, the nematode Phasmarhabditis 

hermaphrodita (Schneider) has been commercialized as a biocontrol agent for slug 
control (Glen et al., 1996). The nematodes are mass produced in liquid medium in 
fermenters of up to 20 000 L, in monoxenic association with Moraxella osloensis Bøvre 
& Henriksen (Rae et al., 2007). This nematode species is used as an inundative 
biological control agent lethal to many slug species (Wilson et al., 1993; Glen et al., 
1996; Speiser et al., 2001; Iglesias and Speiser, 2001; Grewal et al., 2003) although not 
all of them were killed at a similar rate, what indicated their different sensitivity to the 
nematode. It was noticed that sensitivity  to P. hermaphrodita decreases with increasing 
of body size in large slug specimens of the family Arionidae (Glen et al., 1996; Speiser 
et al., 2001; Grimm, 2002; Grewal et al., 2003). Also some authors reported that P. 

hermaphrodita causes significant reduction in the plant damage by inhibiting slugs 
feeding, without causing their death (Glen et al., 1996; Grimm 2002; Rae et al., 2009). 
Nematode P. hermaphrodita has been used to reduce slug damage in a number of 
agriculture crops (Rae et al., 2007) and has been successfully used in some vegetable 
crops like cabbage (Grubišić et al., 2003), asparagus (Ester et al., 2003a), Brussels 
sprouts (Ester et al., 2003b) and Chinese cabbage (Kozłowski et al., 2014). In UK, 
commercial growers routinely use P. hermaphrodita to reduce slug damage in 
asparagus, lettuce, Brussels sprouts, cabbage and celery (Rae et al., 2007). Biological 
products based on nematode P. hermaphrodita are more expensive than chemical 
molluscicides and are not available on some markets and to all vegetable producers. 
Some investigations were aimed in reducing treatment cost through the reducing 
numbers of nematodes applied, repeated applications of low doses (Ester et al., 2003a,b; 
Rae et al., 2006, 2009), application of the recommended rate of nematodes in bands or 
around individual plants (Rae et al., 2009) and immersion of plant roots (Kozłowski et 
al., 2014). A significant fact like is that P. hermaphrodita may survive approximately six 
weeks in soil (Kozlowska et al., 2014) or up to 99 days (Vernavá et al., 2004) indicates 
that it is not necessary to apply the product multiple times, what could bring significant 
reduction in costs of protecting plants by use of P. hermaphrodita based products. The 
aim of this study was to investigate the possibility of reducing the recommended dose of 
P. hermaphrodita, by using it in combination with metaldehyde and in half 
recommended dose, in control of  slug species A. lusitanicus in cabbage and lettuce 
crops. Also the aim was to check the efficiency of chemical molluscicides in control of 
A. lusitanicus, considering the dissatisfaction of producers with their effectiveness in 
practice and their limited use in organic production. 
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Materials and methods 

Greenhouse experiment was performed on a commercial lettuce farm at Petina near 
Zagreb Croatia from October 6 to November 9 2009. Investigation in cabbage was 
conducted in greenhouse at Čehi near Zagreb Croatia from March 30 to May 5 2010. In 
both locations prevail alluvial carbonate loamy soil. Mean daily temperature evidented 
at Petina, while conducting experiment in lettuce, was 9.3 ºC and the mean soil 
temperature at 10 cm depth was 11.8 ºC. Mean daily temperature evidented at Čehi was 
13.4 ºC, while the mean soil temperature at 10 cm depth was also 13.4 ºC. Lettuce 
(variety Lollo Bionda) and cabbage (variety Jetma F1) transplants were planted in rows 
30 cm apart. The slug species determined in greenhouse lettuce and cabbage was A. 

lusitanicus (Fig. 1). There were six treatments: (1) untreated control; (2) metaldehyde 
pellets (5% a.i., recommended rate); (3) methiocarb pellets (4% a.i., recommended 
rate); (4) P. hermaphrodita (30 nematodes per cm2, recommended rate); (5) P. 

hermaphrodita (15 nematodes per cm2, half the recommended rate) and (6) metaldehyde 
pellets (half the recommended rate) + P. hermaphrodita (half the recommended rate). 
There were four replicates (2 x 2 m) of each treatment arranged in a randomised block 
design. In experiment, commercial formulation of P. hermaphrodita known as 
Phasmarhabditis - System (Biobest N.V., Belgium) was used. The nematodes were 
stirred in watering can full of water and applied over the soil surface using a watering 
can fitted with a rose (Fig. 2. and Fig. 3). Pellets of molluscicides were broadcasted by 
hand. Slug damage in lettuce experiment (Table 1) was assessed visually by estimating 
the percentage of leaf area eaten by slugs 2, 7, 13, 19 and 33 days after treatment and in 
cabbage experiment 7, 10, 17, 23, 31 and 38 days after treatment (Table 2). All data 
were subjected to ANOVA and Duncan's New MRT (P=.05). Different intervals in 
estimating the slug damage were due to different speed of development of the lettuce 
and cabbage plants in different periods of the year. Also lettuce transplants were more 
sensitive and gentle so estimating started earlier. In cabbage, estimating lasted longer 
because of longer period since picking time. 

 

     

Figure 1. Slug species Arion lusitanicus  

in lettuce 

Figure 2. Application of P. 

hermaphrodita in lettuce 
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Figure 3. Application of P. hermaphrodita in cabbage 

Results 

In greenhouse experiment conducted in lettuce for 33 days (Table 1), from the second 
day onwards, damages evidented on all treatments were significantly less than on the 
untreated control, indicated good slug control. Up to day 7 all treatments were equally 
successful. On day 13 better protection than on the other treatments was provided by 
metaldehyde pellets applied in recomended dose. Methiocarb pellets were less effective 
than metaldehyde, what was also confirmed on the last day of assessment. On day 13 
recommended dose of P. hermaphrodita differed from the other treatments, provided the 
lowest level of slug control, but from day 19 to day 33 reduction in slug feeding was 
noticed. On day 33 the level of protection provided by recommended dose of P. 

hermaphrodita was higher than of other treatments. Since day 19 until the end of the 
experiment, damages on half recommended doses of P. hermaphrodita have been in 
progress. 

 
Table 1. Slug damage (in %) after chemical and biological molluscicides use in lettuce 

greenhouse experiment 

    Days after treatment   
No.  of 

treatment 
Treatment 2 7 13 19 33 

1 Untreated 65.25 a* 47.00a 50.75a 64.75a 43.00a 
2 Metaldehyde 2.00 b 1.75b 4.75c 4.50b 4.00bc 
3 P.hermaphrodita ½ 

dose 
3.75 b 2.25b 10.00bc 3.25b 4.00bc 

4 P.hermaphrodita ½ 
dose + ½ dose 
metaldehyde 

1.5 b 2.00b 6.25bc 3.00b 4.00bc 

5 P.hermaphrodita 
recommended dose 

3.25 b 1.75b 12.25b 4.50b 3.50c 

6 Methiocarb 0.3 b 2.00b 7.25bc 6.00b 5.00b 
 LSD P = 5% 5.484 3.677 5.836 5.164 1.263 

*means followed by same letter are not significantly different according to Duncan's multiple range test 
(P=.05) 
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In the experiment in cabbage (Table 2), all treatments were significantly different 
from the control, and of equal efficacy in slug control, from the first week to day 23 
after treatment. On day 23 metaldehyde showed significantly lower efficacy than other 
treatments. Towards the end of the experiment (day 38), leaf damages started to 
increase and the best efficacy in slug control was obtained by the recommended dose of 
P. hermaphrodita. Treatments 2, 3 and 4 did not differ significantly. Methiocarb was 
significantly less effective than recommended dose of P. hermaphrodita and, according 
to estimated slug damage, though not statistically, less effective than metaldehyde. 

Mean percentage of slug damage in lettuce experiment evidented on all treatments 
was 4,1% and in cabbage experiment was 17,5%. Considering assessed 43% damage on 
control plots in lettuce and 43,15 % in cabbage, all treatments significantly reduced slug 
damage, although they did not stop slug feeding. 

 
Table 2. Slug damage (in %) after chemical and biological molluscicides use in cabbage 

greenhouse experiment 

    Days after treatment    
No. of 

treatment 
Treatment 7 10 17 23 31 38 

1 Untreated 27,89a 48,2a 50,52a 20,97a 16,52a 43,15a 
2 Metaldehyde 0,5b 2,25b 1,92b 19,24a 12,77ab 15,44bc 
3 P.hermaphrodita 

½ dose 
1,71b 3,36b 3,23b 3,39b 4,71c 20,81bc 

4 P.hermaphrodita 
½ dose + ½ dose 
metaldehyde 

1,22b 2,22b 2,08b 9,04b 8,52bc 18,52bc 

5 P.hermaphrodita 
recommended dose 

0,68b 1,75b 2,17b 4,36b 3,78c 7,22c 

6 Methiocarb 3,11b 2,67b 2,33b 9,86b 6,99c 25,37b 
 LSD P = 5% 3,689 5,513 5,008 8,203 5,125 14,464 

*means followed by same letter are not significantly different according to Duncan's multiple  
range test (P=.05) 

Discussion 

Slug species A. lusitanicus is very hard to control, what has been observed by many 
vegetable producers (Grubišić et al., 2013). In the experiments in lettuce (lasting for 33 
days) and in cabbage (lasting for 38 days) slug feeding was evidented on all treatments 
and on every assessment day. In experiment conducted under laboratory conditions in 
Croatia (Grubišić et al., 2013) adult specimens of A. lusitanicus infected by P. 

hermaphrodita died within 3 to 30 days. Death of infected slugs within 4 to 20 days, 
depending on temperature and abundances of the nematodes, have also been reported by 
Glen et al. (2000) and Grewal et al. (2001, 2003). At the treatments metaldehyde and 
methiocarb slugs were dying in the period of 9 to 24 days (Grubišić et al., 2013). Food 
consumption was reduced on both chemical (methiocarb and metaldehyde) and 
biological (P. hermaphrodita) treatments but the most of adult specimens of A. 

lusitanicus continued to feed with different extent until death (Grubišić et al., 2013) 
what could explain slug damages evidented in lettuce and cabbage by the end of field 
experiments. Some previous investigations (Speiser et al., 2001; Grimm, 2002) also 
pointed at the negative effect of slug size on the efficacy of P. hermaphrodita as the 
reason of unsatisfactory pest control.  
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Mean percentage of slug damage in lettuce experiment evidented on treatments 2, 3, 
4, 5 and 6 the last day of assessment was 4,1%, so all treatments significantly reduced 
slug damage in relation to untreated control. Considering slug pest species A. 

lusitanicus and assessed 43% slug damage on control plots, even higher damages were 
expected on tested treatments. On day 13 and 19, mean percentage of slug damage on 
treatment with recommended rate of P. hermaphrodita was higher than on half the 
recommended rate (treatments 5 and 6), though not statistically. Considering results that 
D. reticulatum and A. ater actively avoid areas of soil where P. hermaphrodita is 
present at densities of 38 and 120 cm-2 (Wilson et al., 1999), and a density of 38 cm-2 is 
close to the recommended rate of P. hermaphrodita (30 cm-2), it is possible that at the 
plots where recommended rate of nematodes were applied, slugs were more of the time 
at the soil surface thus causing more damage to lettuce. Additionally, larger specimens 
noticed in lettuce crop usually stay on the soil surface (Frank, 1998) so it could be 
difficult for nematodes, which were applied on and live in soil to infect them. Many 
trials (Ester et al., 2003a,b; Grewal et al., 2001; Rae et al., 2009) have shown that 
repeated applications of low rate of P. hermaphrodita provided a significant reduction 
to slug damage, even as well as metaldehyde pellets. By the end of lettuce experiment 
(on day 33) equable results were evidented with only one application of half 
recommended rate of P. hermaphrodita and metaldehyde. On day 33 recommended rate 
of P. hermaphrodita expressed better control of slugs in lettuce than the other 
treatments and significantly better than methiocarb. Treatment with P. hermaphrodita 
was also superior to methiocarb treatment in several experiments reported by Wilson et 
al. (1994a,b) and Glen et al. (1996). Repeated application of half recommended rate of 
P. hermaphrodita could boost molluscicidal effect to the level of the efficacy reached 
by recommended rate of P. hermaphrodita at the end of the experiment.  

In cabbage experiment recommended rate of P. hermaphrodita protected plants from 
slug damage effectively to day 38. In previous investigations in cabbage crop in Croatia 
(Grubišić et al., 2003) recommended rate of P. hermaphrodita also provided 
satisfactory protection for 30 days after application, until picking time. Up to day 31 in 
cabbage experiment, half the recommended dose of P. hermaphrodita showed 
statistically equable results as standard dose of P. hermaphrodita, while on day 38 
damages on treatment with half recommended dose of  P. hermaphrodita increased. 
These results indicate that three to four weeks, after the first application of half the 
recommended rate, it should be applied again if vegetable is grown for a such a long 
period. Considering the results obtained by Ester et al. (2003a,b), Grewal et al. (2001), 
Rae et al. (2009) and the results achieved at the end of both experiments in lettuce and 
cabbage, the need of repeated application of half the recommended P. hermaphrodita 
rate, about three to four weeks after the first application, in order to maintain the level 
of efficacy to harvest, should be considered.Vernaváet al. (2004) found that nematodes 
were still in the soil 99 days after application of biological product based on P. 

hermaphrodita, but the height of nematodes population could be questionable.  

Conclusion 

All treatments, chemical (based on metaldehyde and methiocarb) and biological 
(based on parasitic nematode P. hermaphrodita), in both experiments significantly 
reduced slug damage in relation to untreated control. According to estimated slug 
damage on the last day of assessment in both experiments, though not always 
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statistically, recommended dose of P. hermaphrodita expressed better control of slugs 
than the other treatments. In practice, in some cases, higher yields or products of higer 
quality, means a lot to the producers, even the results were not statistically approved. 
Based on the results achieved in lettuce and cabbage experiment, it was noticed that the 
height of nematodes population could determine the effectiveness of nematodes in slug 
control, so re-application of half recommended doses of P. hermaphrodita, about three 
to four weeks after the first application, could be justified. This approach should be 
tested in further investigations. Re-treatments of chemical mollusicides, due to loss of 
efficacy, are not allowed because of the waiting period (21 days) and the proximity of 
harvest. Biological control of slugs using P. hermaphrodita should be tested in other 
vegetable crops in greenhouses but also in the field. The achieved results would be of 
great importance especially in organic vegetable growing and under the circumstances 
of the fewer number of limacides on the market. 
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Abstract. Tenebrio molitor has never been used as a model species for studying global warming effects. 
The objectives of this study were to measure the larval development and genetics of T. molitor under a 
free air CO2 enrichment (FACE) system, open roof ventilation greenhouse system (ORVS) and a rearing 
room system (RR). The correlation coefficient analysis showed that the head width: body length was the 
best character to measure the development (0.465, 0.940 and 0.893) in all systems. Our results show that 
there were no significant changes in the larvae samples under RR condition, however, slight and moderate 
changes were observed under FACE and ORVS. Neighbour-joining analysis using cytochrome c oxidase 
subunit I sequence revealed the genetic data parallel with the results of the correlation coefficient. The 
FACE F1 progeny showed the slowest development (0.080±0.018 mm) during 0-14 days of larval 
development, while the most rapid before pupation occurred in the ORVS F1 (0.1205±0.0028 mm). No 
significant differences were noted between the systems for 0-14 days and before pupation, except for RR 
F1 vs ORVS F1 and ORVS F1 vs FACE F1 (p = 0.000, p = 0.002). These data can be used to clarify the 
changes in T. molitor due to global warming effects, as CO2 could be one of the factors affecting the 
larval development. 
Keywords: correlation, Tenebrionidae, global warming, FACE, development growth, DNA, neighbour-

joining 

Introduction 

Tenebrio molitor L. (Coleoptera: Tenebrionidae), also known as yellow mealworm, 
has a high reproductive capacity and the capability to sense and avoid toxic fungi-
colonised diets (Morales-Ramos et al., 2011). This insect is also viewed as a major 
insect pest because it attacks several classes of stored grains, milled cereals, meat 
scraps, dead insects, flour and is even found feeding on sparrow droppings (Ye et al., 
2001). Traditionally, T. molitor larvae have also been used as a food source for pets, 
including reptiles, fish, and birds, because the larvae are a rich source of protein, 
vitamins, essential amino acids, minerals and essential fatty acids (Tang et al., 2012). 

The increment of CO2 concentration affects the performance of insect behavior, life 
history, and population abundance. Williams et al. (2003) showed that long-term 
exposure for an increment of 3.5 °C on Lymantria dispar shortened the insect 
development by reached pupation earlier. Consumption rates for Octotoma scabripennis 
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were higher than O. Championi when given CO2-grown foliage under lower 
temperature (Johns et al., 2003). Research done by Chen et al. (2005) revealed that 
fecundity of Aphis gossypii was increased through successive generation with 
increasing of CO2 concentration. 

Based on the review by Epenhuijsen et al. (2002), mortality rate shown by 
Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae) increased rapidly as the 
concentration of CO2 increased from 60 to 90% at elevated temperatures between 38-
42 °C. Furthermore, the developmental delay of cowpea bruchids was more severe 
under 2% O2 + 18% CO2 compared to 10% O2 + 10% CO2 (Cheng et al., 2012). Insect 
herbivore which consumed plant lowered nutritional quality as food will cause a 
reduction in their performance, including by reducing their growth rates and 
prolonging their development time (Goverde and Erhardt, 2003). Indirectly, the 
mortality imposed by natural enemies increase (Stiling et al., 2003), finally reducing 
the abundance, diversity, and richness of herbivore if compared to ambient CO2 
environments (Cornelissen, 2011). 

Evaluation and monitoring of insects morphological changes can be carried out 
through the morphometric analysis. For example, the measurement process on the 
capsule head size was conducted after the discovery of the sub-fossil weevil in that area. 
As a result, based on measurements and analysis performed, the sub-fossil remains 
belong to the Ectemnorhinus group of weevils. A total of 15 characters of weevil 
species have been measured and used as references for further systematic and 
population studies including total body length (TL), pronotum breadth (PB), femur 
length (FL), etc. (Janse van Rensburg, 2006). Based on the morphological and 
morphometric studies on insect herbivores by Stiling and Cornelissen (2007), it shows 
that their development time increase about 13.87%, while their relative growth rate and 
pupal weight are significantly decreased about 8.3% and 5.03% after being exposed to 
the elevated atmospheric CO2. 

One of the statistical methods used to show the relationship and the association 
between two variables is the analysis of Pearson’s correlation coefficient or simply 
referred as the correlation coefficient (Camargo et al., 2011). A study done by Loudon 
(1989) shows that a weak positive correlation was detected between tracheal sizes 
within individual larvae after correcting for larval size, which treated with a different 
level of oxygen separately (r = 0.53). Other study conducted on homopterous insects 
also indicates that relationship between wingbeat frequencies with wing loading to be 
significantly correlated only in insects weighing more than 0.03 g. The lack of 
correlation between these two parameters in small insects with less than 0.03 g maybe 
due to different flying strategies (Byrne et al., 1988). So, in the present study, the 
similar analysis can be used to identify whether different CO2 level affects the 
characters of T. molitor larvae. 

According to Brown et al. (2003), Tribolium castaneum is destined to become one of 
the three most important insect model systems as its genetics has convenient genetic 
setup. Several studies were conducted to create evolutionary trends from the family 
Tenebrionidae, but no phylogenetically informative molecular data are available for this 
genus (Mestrovic et al., 2006). Sequence analysis has been performed for a 642 bp 
fragment of the most conserved part of the mitochondrial cytochrome c oxidase subunit 
I (COI) gene in eight species of Tribolium, as well as in two outgroup species, Pimelia 

elevata and T. molitor (Mestrovic et al., 2006). 
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Some studies were done on other insects as subjects or model species predict similar 
results in T. molitor. Therefore, the aims of the present study were to (1) determine the 
correlation and differences between morphological characters of T. molitor larvae, due 
to changes in CO2 concentration in three different systems, and (2) determine the genetic 
changes in T. molitor larvae from FACE, ORVS and RR (as a control) populations. 

Materials and methods 

The study was conducted at two enriched-CO2 systems, including; FACE (N 
02°55.331’, E 101°46.965’) and ORVS (N 02°55.145’, E 101°46.465’), which was 
located at Universiti Kebangsaan Malaysia (UKM). 

 
Rearing room system (RR) 

The RR system was set up as a control room for observation of T. molitor during this 
experiment. The rearing room is a closed room which is free from insecticide and 
chemical contamination and is designed for rearing purposes. This room is specifically 
used to deter other animals from approaching the sample and to reduce any large 
impacts due to external temperatures and humidity. Larval and adult mortality might be 
caused by the temperatures higher than room temperature (Singh, 1982). The room size 
is 214 × 166 inch and samples were placed on the bench size 134 × 36 × 34 inch. The 
CO2 concentration in this system can reach about 441-553 ppm. 

 
Free air CO2 enrichment system (FACE) 

The FACE system is a new system which provides an environment with a high CO2 
level. It enables the design of a model to show how ecosystem respond to proliferating 
CO2 in the Earth’s atmosphere (Norby and Zak, 2011). The components of the FACE 
system include a smart control panel, a control system (valve 1, valve 2, valve 3 and 
buzzer), sensors (temperature, humidity, carbon dioxide and wind speed), a server, 
internet connection, PC application and mobile application. This system is operated by 
support from Xbee wireless sensors on four EZ sensor nodes and one wind speed (WS) 
sensor node. All four EZ sensor nodes contain built-in temperature, humidity, and 
carbon dioxide sensors, while the WS sensor node has wind speed meter. Sensor data 
were sent to the server immediately after receipt by Sensor Control Programmable 
(SCP) using gsm/gprs communication. Android and desktop applications were used to 
view the data stored on a cloud server database. 

Carbon dioxide emissions were controlled by opening and closing a pipe valve at 1 h 
intervals when the wind speed is below 15 km/h. Four carbon dioxide tanks were used 
to supply carbon dioxide and were changed for every 43 days. Valve 1 was opened for 
5 min at the Real Time Clock (RTC) hour. Later, valve 2 was opened for 5 min after 10 
min at the RTC hour and valve 3 was opened after 20 min at the RTC hour for 5 min. 
During the process of carbon dioxide gas emission, the buzzer was on, the date and time 
on the LCD were adjusted using the menu and keypad, and sensor data were sent to the 
server, together with a timestamp. The original CO2 concentration that has been 
released into the FACE system in the range of 800-950 ppm. FACE system of UKM 
shows in Figure 1b. 
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Open roof ventilation greenhouse system (ORVS) 

The ORVS system (Fig. 1a), had an average temperature of 34 °C and 63% 
humidity. The light intensity was 94-95% higher than the ambient level. CO2 was 
provided by continuous spraying of pure carbon dioxide automatically from 9 am to 11 
am for 2 h every day and was stopped once the concentration of CO2 reached about 
800-950 ppm. It was provided via a CO2 cylinder connected to the air delivery system of 
the open roof ventilation and air blower. The CO2 concentration in the chamber was 
monitored and managed with a CO2 analyzer. After 2 h, the CO2 concentration in the 
chamber and in ambient air was almost the same. The ORVS was automatically 
controlled by a system set up by the Climate Change Institute (IPI), UKM. 

 

 
a b 

Figure 1. Elevated CO2 systems (a) open roof ventilation greenhouse system; and (b) free air 

CO2 enrichment system 

 
 
Figure 2 shows the arrangement of the samples in ORVS and FACE during the 

process of rearing and monitoring. 
 

 
a b 

Figure 2. Experimental design of T. molitor study in (a) open roof ventilation greenhouse 

system, and (b) free air CO2 enrichment system 

 
 

Sample identification and preparation 

Samples of T. molitor larvae were obtained from a local supplier from Bandar Baru 
Bangi, Selangor, Malaysia. The species identification was confirmed morphologically 
using the species key by Bousquet (1990). 
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Rearing process of Tenebrio molitor 

Tenebrio molitor larvae were reared in the Cytogenetic 2 Laboratory, Universiti 
Kebangsaan Malaysia (UKM), from October 2015 until November 2015. The larvae 
samples were placed in 40 × 28 × 24 cm plastic aquariums and fed with oats and 
cucumbers as a food source during the rearing process (Siemianowska et al., 2013). 
Some parameters, including temperature, humidity, and CO2 concentration were 
recorded. The samples were observed and monitored until the emergence of the T. 

molitor adults. 
 

Isolation of samples of Tenebrio molitor adults 

The emerged T. molitor adults were collected from the rearing process and were 
separated into 30 of 19 × 14 × 12 cm aquariums. Forty randomly picked individuals 
were put into each aquarium, together with a 4 cm height of sawdust at the bottom and a 
4 cm height of sifted soil. Ten aquariums were placed in each of the three systems (Free 
Air CO2 Enrichment System (FACE), Open Roof Ventilation System (ORVS) and 
Rearing Room System (RR)). Larvae were collected two weeks later (14 days) and 
before pupation. 

 
CO2 treatment at different systems 

The data for CO2 from each system, as well as other parameters, including valve 
number, temperature, and humidity, were recorded at every sampling time (every 
2 weeks). 

 
Monitoring of Tenebrio molitor adult (parent) to larval stage (F1) 

Samples of adult T. molitor were observed once a week until the first group of larvae 
emerged. The survival of each individual from each aquarium was monitored and 
recorded (Crawley, 2007). The mortality rate of adults was also recorded by collecting 
the dead T. molitor individuals during the observation. 

 
Sampling of Tenebrio molitor larvae and adults 

Aquariums containing T. molitor samples exposed to high CO2 concentration were 
randomly collected every week. A forcep was used to collect the dead adult bodies and 
live larvae, which were placed into small containers and sorted according to the 
aquarium. The randomly picked larval samples consisted of about 40-60 individuals per 
session, depending on the larval size. Dead T. molitor adults were brought to the 
laboratory and recorded. 

 
Morphometric measurement of Tenebrio molitor 

Fifty larvae were picked randomly from each system and were used for 
morphometric measurements. The images of larvae and adults were captured and 
measured with a microscope (Dinolite 1.2). The characters of the larvae including the 
head width (HW), head length (HL), body width (BW) and body length (BL) were 
measured in millimeter. Generally, the width of the head capsule was measured because 
it exhibits distinct variations between larval stages (Hsia and Kao, 1987). 
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DNA isolation, PCR amplification, DNA purification sequencing analyses 

DNA was extracted from larvae from each treatment using a NucleoSpin® DNA 
Insect kit. The kit combines enzymatic lysis by utilizing mechanical disruption of cell 
walls with the NucleoSpin® Bead Tubes (Macherey-Nagel, 2016). The list of isolated 
samples, type of treatment and age of Tenebrio molitor larvae used for genetic study 
using cytochrome c oxidase subunit I (COI) and phylogenetic analyses were 
summarised in Table 1. A pair of primers designed by Folmer et al. (1994) [LCO1490 
5‟-GGT CAA CAA ATC ATA AAG ATA TTG G-3 (Forward) and HCO2198 5‟-TAA 
ACT TCA GGG TGA CCA AAA AAT CA-3 (Reverse)] was used to amplify the COI 
by singleplex PCR using a MyGene MG96G Asthermalcycler. 

The PCR conditions were as follows: 95 °C for 3 min as the pre-denaturation, 
followed by denaturation with 95 °C for 1 min, an annealing process of about 1 min, 
elongation and final elongation at 72 °C for 10 min 30 sec. The whole PCR process 
consisted of 35 cycles over 150 min. The PCR products were electrophoresed on a 1.5% 
agarose gel and the bands corresponding to the target PCR products were purified using 
the Geneaid Purification Kit. All PCR products were sent to the sequencing service 
company, First Base Sdn. Bhd., Petaling Jaya, Selangor. 

 
Table 1. List of samples, type of treatment and age of T. molitor larvae used for genetic 

study and phylogenetic analyses 

No. Code System Age (day) Accession No 

1 5RRF1 RR 71-84 MF155950 

2 6RRF1 RR 71-84 MF155953 

3 1ORVSF1 ORVS 85-98 MF155951 

4 2ORVSF1 ORVS 85-98 MF155952 

5 7ORVSF1 ORVS 85-98 MF155954 

6 8ORVSF1 ORVS 85-98 MF155955 

7 9ORVSF1 ORVS 85-98 MF155956 

8 13ORVSF1 ORVS 85-98 MF155959 

9 4FACEF1 FACE 43-56 MF155949 

10 11FACEF1 FACE 43-56 MF155957 

11 12FACEF1 FACE 43-56 MF155958 

12 14FACEF1 FACE 43-56 MF155960 

13 15FACEF1 FACE 43-56 MF155961 

14 16FACEF1 FACE 43-56 MF155962 

RR = rearing room; FACE = free air CO2 enrichment; ORVS = open roof ventilation greenhouse 
 
 

Pairwise alignment, basic local alignment search tool analysis (BLAST) and 

neighbour joining analysis 

All the sequence-based samples from the FACE, ORVS and RR systems were 
aligned using Clustal W to determine the similarity of characters between sequences 
(Thompson et al., 1994). The pairwise alignment results were optimized by manually 
editing these sequences using MEGA7. A BLAST search showed a maximum hit for 
the respective species only, as available in GenBank 
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(http://www.ncbi.nlm.nih.gov/genbank). The phylogenetic tree was constructed using 
Neighbour Joining (NJ) using PAUP 4.0 and the Kimura-2 parameter. 

 
Analysis 

Correlation and regression analysis for all parameters (characters) in all systems were 
performed using Excel 2013 and SPSS version 19 software. T-tests and standard errors 
were analyzed using Minitab 17 software. 

Environmental parameters control 

Free air CO2 enrichment (FACE) system 

FACE system is an open system that has been created to conduct research on the 
effects of elevated atmospheric CO2 concentrations, especially on plants. However, the 
system has been built by maintaining its environmental parameters including 
temperature, humidity, and wind, etc., which may reduce the effects of the CO2 
(McLeod and Long, 1999). According to Ainsworth and Long (2005), FACE system is 
the best system to carry out studies related to the elevated atmospheric CO2 level in 
plants and ecosystems. This is due to its characteristics as an open system without 
barrier, which provides or mimics the natural environment except for the concentration 
of CO2. 

Therefore, the results obtained from the experiments are very accurate and less bias. 
Based on previous studies, there are some data related to CO2 concentration levels were 
recorded in the FACE systems, which is in the range between 475-600 ppm (Ainsworth 
and Long, 2005), 550-600 ppm (Long et al., 2006) and 550-580 ppm (Norby and Zak, 
2011). These concentrations are at the similar rate as enrich-CO2 recorded during these 
sampling activities. The CO2 gas injection and release processes in the FACE system 
are conducted every 10 s by the two sets of the four tubes, where the process is strongly 
influenced by wind speed (m/s) (Okada et al., 2001). 

 
Open roof ventilation greenhouse system (ORVS) 

In contrast to FACE systems, an open roof ventilation greenhouse (ORVS) is a 
closed system with movable shade or open roof vents which are controlled by a 
computer system and a good PPFD sensor (Albright et al., 2000). Abiotic factors 
including temperature (°C), humidity (%) and CO2 concentration (ppm) do not 
significantly affect the performance of the system against wind speeds (Boulard and 
Draoui, 1995). The monitoring process is carried out inside and outside the greenhouse 
on humidity and temperature, where both parameters were measured using 
Psychrometers. The ventilation process has to be carried out by the greenhouse during a 
large proportion of the daytime to regulate the temperature (Boulard and Draoui, 1995) 
and also to ensure that the humidity can be reduced (Harmanto, 2006). 

When relative humidity inside the greenhouse exceeded 85%, 25% of the overall 
roof size was opened to lower the humidity rate (Sanchez-Guerrero et al., 2005). The 
gas tracer was supplied during closed vent with a concentration greater than 200 ppm. 
To ensure that the gas is mixed in the air uniformly, the vent is left closed for a while 
after the gas is released in the greenhouse (Kittas et al., 2005). In order to maintain 
the level of CO2 inside and outside the greenhouse during the process of ventilation, 
the CO2 was injected continuously and maintained at a concentration about 700-
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800 mmol-1, where it usually conducted when the vent roof of the greenhouse is closed 
in the early morning and the late afternoon (Nederhoff, 1994). 

Based on the information above, FACE system and ORVS are able to maintain and 
control other parameters such as temperature and humidity, and provide ambient 
conditions except for elevated CO2 during the experiment. It is able to directly observe 
the effect of CO2 concentration towards T. molitor larvae caused by different CO2 
concentration without affected by other environmental parameters in both systems. 

Results 

Correlation coefficient and significant studies on control and treated Tenebrio 

molitor larvae 

Correlation coefficient analysis shows the association between characters of T. 

molitor larvae from all systems (Table 2). 
 
Table 2. Correlation coefficients among Tenebrio molitor larvae (F1) characters in FACE 

(i), RR (ii) and ORVS (iii) 

Characters/System FACE RR ORVS 

HW vs HL -0.018 0.961** -0.21 

HW vs BL 0.465** 0.940** 0.893** 

HW vs BW 0.239** 0.956** 0.795** 

HL vs BL 0.001 0.924** 0.001** 

HL vs BW -0.02 0.929** -0.23 

BL vs BW 0.328** 0.979** 0.684** 

* and **: significant at the 0.05 and 0.01 level of probability, respectively 
HW = head width (mm); HL = head length (mm); BW = body width (mm); BL = body length (mm); 
RR = rearing room system; FACE = free air CO2 enrichment system; ORVS = open roof ventilation 
greenhouse system 

 
 
A weak positive linear and highly significant correlation was evident between HW 

and BW (r = 0.239, p = 0.000 < 0.01) and BL (r = 0.465, p = 0.000 < 0.01), and 
between BL and BW (r = 0.328, p = 0.000 < 0.01). A correlation similarity was also 
found among characters in the ORVS F1 and FACE F1, where a negative correlation 
was found between HL and HW (r = -0.018, p = 0.794 > 0.01) and BW (r = -0.020, 
p = 0.772 > 0.01) (Table 2i). 

The data on correlation coefficients between various parameters of RR larvae were 
presented in Table 2ii. All characters demonstrated strong positive linear correlations 
with significance at the 99% confidence level. The highest r value was between BL and 
BW (r = 0.979, p = 0.000 < 0.01), while the lowest r value was found between HL and 
BL (r = 0.924, p = 0.000 < 0.01). No negative correlation was found in any characters of 
the RR F1 larvae. 

A strong positive linear correlation was noted between HW and BL (r = 0.893, 
p = 0.000 < 0.01), a moderate positive linear correlation with BW (r = 0.795, 
p = 0.000 < 0.01) and a moderate positive linear correlation between BL and BW (r = 
0.684, p = 0.000 < 0.01). The result is accurate with a 99% confidence level for a 
significant correlation shown for all characters. A negative correlation was obtained 
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between HL and HW (r = -0.21, p = 0.679 > 0.01) and BW (r = -0.23, p = 0.660 > 0.01) 
(Table 2iii). 

 
Developmental size of Tenebrio molitor samples from FACE, ORVS, and RR systems 

The developmental size (HW/BL) of T. molitor larvae was measured at 0-14 days 
among the three systems. Figure 3 shows that FACE F1 had the lowest mean 
development (0.080±0.018 mm), while ORVS F1, at 0.1293±0.032 mm, had the 
highest. The descriptive error bars in a graph of experimental biology were used to 
determine whether the error of a reported measurement fits within the normal range. 
The type of error bar can be used to determine the significant differences among 
samples (Cumming et al., 2007). Figure 3 shows significant differences in the 
development of T. molitor larvae among systems (Table 3). 

 

 

Figure 3. Developmental size of Tenebrio molitor larvae at 0-14 days and different days before 

pupation from three different systems. (RR = rearing room; FACE = free air CO2 enrichment; 

ORVS = open roof ventilation greenhouse system) 

 
 
The data on development size of T. molitor larvae before they get pupated was 

depicted in Figure 3. The highest mean developmental size of larvae was recorded in 
the ORVS F1 (0.1205±0.0028 mm), followed by RR F1 (0.1121±0.0028 mm) and 
FACE F1 (0.1052±0.0023 mm). Overall, the size development of larvae before pupation 
at RR F1 and FACE F1 increase, while in ORVS F1 larvae showed a decrease 
compared to 0-14 days. 

The larval development of T. molitor samples showed significant differences 
between the RR F1 vs ORVS F1 (0-14 days) only with p = 0.000 (p > 0.05). 
Comparison of RR F1 vs FACE F1 (p > 0.05, 0.078) and ORVS F1 vs FACE F1 
(p > 0.05, 0.059) at 0-14 days revealed no significant difference based on the t-test 
analysis. Therefore, the t-test showed no statistically significant difference between RR 
F1 vs ORVS F1 (p > 0.05, 0.493) or RR F1 vs FACE F1 (p > 0.05, 0.565) before 
pupation, while the difference between ORVS F1 vs FACE F1 was statistically 
significant (p < 0.05, 0.002) (Table 3). 
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Table 3. Significant differences in Tenebrio molitor development (at 0-14 days and before 

pupation) 

System/Significant difference RR FI vs FACE F1 RR F1 vs ORVS F1 ORVS F1 vs FACE F1 

0-14 days 0.078 0.000 0.059 

Before pupation 0.565 0.493 0.002 

RR = rearing room; FACE = free air CO2 enrichment system; ORVS = open roof ventilation greenhouse 
system 

 
 

Genetic changes in Tenebrio molitor 

Tenebrio molitor DNA samples were amplified using PCR to determine the sequence 
changes after treatment with CO2. Phylogeny is a relationship classification between 
two species that can be represented as a phylogenetic tree (Rizzo and Rouchka, 2007). 
Neighbour-joining (NJ) trees were created from DNA sequencing analyzed by First 
Base Sdn. Bhd. 

Figure 4 indicates the similarity of DNA sequences from T. molitor induced with 
high CO2. Two clades are evident: both CLADE A and CLADE B, with 96% bootstrap 
values, respectively. The samples of ORVS F1 larvae induced with CO2 were separated 
from the RR F1 samples (which served as a control), except for some samples of FACE 
F1 which found in both clades. The RR F1 was included in one subclade, with a 97% 
bootstrap value, with Tenebrio obscurus and Tenebrio opacus samples as outgroups. In 
summary, the genetic data parallel with the results of the correlation coefficient. 

 

 
Figure 4. Neighbour joining (NJ) tree of Tenebrio molitor derived from NJ analyses with 

bootstrap values above nodes (1000 replications). (RR = rearing room; FACE = free air CO2 

enrichment system; ORVS = open roof ventilation greenhouse system) 

 
 
The sequence extraction revealed 11 FACE F1 with higher nucleotide dissimilarity 

from the other samples when outgroups were excluded. Certain sites, including 103 (C, 
T), 111 (A, G), 381 (A, G), 432 (A, G), 436 (T, C), 582 (C, T), 639 (A, G) and 642 (A, 
G), showed a division into two types of nucleotides in almost equal quantities (Table 4). 
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Table 4. Sites with nucleotide changes excluding outgroup sequences 

Plate no. Nucleotide sites 

1 19 21 22 30 43 44 51 60 

2 103 111 112 
     

3 201 237 
      

4 249 297 301 
     

5 329 330 357 381 
    

6 412 426 432 436 438 444 477 
 

7 489 495 501 519 540 558 561 
 

8 582 633 636 639 642 652 
  

9 683 685 686 687 688 
   

*Excluding outgroup sequences 

Discussion 

Larval development was measured in this experiment as a parameter to investigate 
the effects of exposure to elevated CO2 on insect species, specifically in terms of 
prolongation of development time and changes in their growth rate (Goverde and 
Erhardt, 2003), longevity (Werner et al., 2006; Coll and Hughes, 2008), body size (Roth 
and Lindroth, 1995), adult weight (Coll and Hughes, 2008), mortality (Epenhuijsen et 
al., 2002), and hatch rate or pre-oviposition time (Peltonen et al., 2006; Coll and 
Hughes, 2008). Morphological parts were assessed as these are more conspicuous than 
physiological aspects, therefore more easily measured. These developmental time 
changes, lower survivorship, reduced adult weight, etc. are not observed only in this 
insect, but are seen in herbivores as well. For example, Helicoverpa armigera, which 
consumes the fruits of many crop plants, undergoes extensive mortality and delays in 
development time in response to high CO2. Hence, the larvae are smaller when feeding 
on plants grown in elevated CO2 than in ambient air. This response is due to the 
reduction in N content of the plants, which directly affects their quality, even though 
plant size is significantly larger when compared to plants grown at ambient CO2 (Coll 
and Hughes, 2008). 

The developmental results presented here were further strengthened by t-tests 
conducted on larval development between RR F1 vs ORVS F1 (0-14 days) and ORVS 
F1 vs FACE F1 (before pupation). Significant difference was found, with p = 0.000 (0-
14 days) and p = 0.002 (before pupation). This finding indicates that increases in CO2 
above ambient levels have caused significant effects on T. molitor development, 
especially in the ORVS F1. It can be observed from the comparison of larvae 
development, where the development of ORVS F1 only shows a significant difference 
when compared to other systems. 

Elevated CO2 concentration also affects the development and growth of insects 
indirectly, such as through their diet. Myzus persicae is herbivore insect species that use 
pepper plants as a source of food. Based on previous research, the fitness level of M. 

persicae was decreased when feeding on the pepper plants grown under higher CO2 
concentrations. Similar results were recorded on species of Brassicaceae (Oehme et al., 
2011) such as Brevicoryne brassicae on Brussels sprout (Ryan et al., 2014), and 
Acyrthosiphon pisum on the broad bean (Ryan et al., 2014). Other than that, elevated 
CO2 also affects their morphology and physiology by reducing fertility and producing a 
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fewer number of offspring, as well as increasing chewing insects development duration 
(Dáder et al., 2016). 

Different results are shown between RR F1 vs FACE F1 where there was no 
significant difference in 0-14 days or before pupation. It is due to the relatively long 
duration of exposure to high CO2 concentrations by T. molitor larvae in the ORVS 
resulting in faster interruption of its development. Indirectly, the development time 
and rm of the grain aphid, Sitobion avenae were not affected when feeding on winter 
wheat which has been exposed to high CO2 concentration of 700 ppm (Awmack et al., 
1996). According to Zalucki et al. (2002), insect larval stages are suitable to be used 
as a subject study because it is very sensitive to any parameter changes in the 
environment. Limited information on the direct responses of insects to controlled 
atmosphere treatments has been recorded especially on their physiological and 
biochemical parts (Zhou et al., 2001), developmental time and consumption of 
herbivores (Yin et al., 2010). 

However, even though no radical CO2 effect was observed, high CO2 exposure still 
affected the various larval parameters and thus reflected in correlation results, as 
evident by the negative correlation of HL with HW and with BW in both ORVS F1 
and FACE F1 larvae. However, the exposure of the next generations of T. molitor to 
increased CO2 concentrations is expected to increase the possibility of effects on 
species development, especially changes in their morphological and molecular parts. 
A study was done by Yin et al. (2010) on cotton bollworm, Helicoverpa armigera 
Hubner (Lepidoptera: Noctuidae) larvae for first and second successive generations 
when they were fed on an artificial diet or C4 plants (maize) grown under two levels 
of CO2. It has resulted in prolongs larval duration, lower fecundity and reduced rm of 
cotton bollworms. Furthermore, it also increased the consumption rates of the 
individual, decreased the total consumption of their first generation populations but 
increased it in the second generation. 

The T. molitor larvae from the FACE, RR and ORVS systems showed positive 
correlations among several characters except for the correlation coefficient between HL 
vs HW, and HL vs BW, which were negatively correlated. Comparison of the 
correlation coefficient data, using the RR system as a control with ambient CO2 
concentration revealed a strong positive linear correlation for larval development 
between all characters at the 99% confidence level. Consequently, larvae exposed to 
higher CO2 concentration above ambient levels in the ORVS and FACE systems 
showed moderate, weak and negative correlations between characters. 

According to Loudon (1988), the final size of the larvae should be highly correlated 
with the size of pupae and the adult size in most insects. A high degree of correlation 
was observed for T. molitor, where the weight of a starved adult is highly correlated 
with pupal weight (r2 = 0.85, n = 50), and pupal weight is highly correlated with final 
larval weight (r2 = 0.91, n = 20). The development of larvae was measured using the BL 
(mm) and HW (mm) of larvae collected from each system. Generally, the head width 
capsule was measured because it displays different variations between larval stages 
(Hsia and Kao, 1987). Panzavolta (2007) used the data of head capsule width and BL to 
determine instar separation rules, which were analyzed using the Hcap computer 
program. Developmental studies of insects have also been related to body size 
evolution, which response to changes in the environmental conditions. For example, 
environmental parameters such as temperature may affect the development of insects by 
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changes from their original size at ambient temperature to a smaller size at higher 
temperatures (Yamada and Ikeda, 2000). 

Overall, the developmental size of larvae from all systems showed a growing pattern, 
except for ORVS F1. The ORVS F1 showed a decrease in the growth rate, with a size 
difference of about 0.0088 mm. The FACE F1 larvae had the smallest development size 
at the first 14 days and showed growths in the size of 0.0252 mm. Samples from the RR 
F1 (0.0111 mm) also showed an increase in the growth rate and final size. These 
findings support the hypothesis that CO2 concentration is able to inhibit larval growth 
(cited). However, further experiments using prolonged exposures of the gas on the next 
generations of larvae are needed to show a more pronounced effect. 

Previous study done by Harrison et al. (2006) showed that hypoxia or low oxygen 
levels affected the development of T. molitor. Ambient PO2 (APO2) values of 10 kPa or 
below resulted in a decrease in the species size. The body size of living organisms may 
be reduced under hypoxic conditions as these conditions signal the deterioration of 
environmental conditions and require rapid maturity and small body size for ecological 
success. High CO2 concentrations can also affect insect respiration; for example, 
Cryptolestes turcicus shows increased phosphine consumption when the CO2 level is 
increased (Ren et al., 1994). 

In the present study, T. molitor showed a longer development time following 
exposure to high concentrations of CO2, especially in the ORVS system, where 
development took 62 to 69 days longer than for the RR F1. Similar results were 
obtained from a study on cowpea bruchids by Cheng et al. (2012). Low CO2 
concentration exposure (10% O2 + 10% CO2) caused less developmental delay than was 
observed at a higher CO2 level (2% O2 + 18% CO2). Recently, strong evidence was 
reported showing that high levels of O2 have no effect on large insects, as oxygen 
delivery does not become more challenging in larger insects. A longer delay in the 
development time of cowpea bruchids is expected with a longer exposure of CO2. 
However, opposite results were reported for Anagasta kuehniella in which development 
from the egg-to-adult period was not influenced by CO2 (Junior and Parra, 2013). 

Apart from CO2, other parameters should also be studied to determine their direct 
impact on the development of T. molitor. For example, the temperature in the ORVS 
and FACE exceeded the optimal temperature suitable for T. molitor reproduction. 
According to Fiore (1960), the reproduction of T. molitor is very appropriate at their 
optimal temperature of about 25-27.5 °C. The total developmental time for this species 
is 80.0-83.7 days (Park et al., 2012). At a temperature of 25 °C, a decrease in humidity 
had no effect on adults, larvae or pupae of T. molitor, but it increased mortality at 10 °C 
(Punzo and Mutchmor, 1980). Other insects, such as the peach fruit moth, Carposina 

sasakii, show temperature dependence in their development processes. The 
development time of C. sasakii eggs was increased by decreasing the temperature below 
32 °C, whereas the developmental rates of both larvae (< 28 °C) and pupae (< 32 °C) 
were faster at the optimum temperature (Kim et al., 2001). 

Neighbour-joining (NJ) analysis applied in PAUP 4.0 was used to investigate the 
associations among taxa in the profiles according to Kumar et al. (2001). The 
subsequent classification of ‘test’ taxa is also important because of its strong track 
record in large species assemblage analysis (Kumar and Gadagkar, 2000). This method 
has the extra benefit of generating results faster than alternatives (Hebert et al., 2003). 
The COI gene is one of the most preferred for evolutionary time depth studies because 
of the ability to conserve protein-coding genes in the animal mitochondrial genome 
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(Brown, 1985). Moreover, the COI primer is very important in the studies of 
systematics metazoan invertebrates, including acoelomates and pseudocoelomates 
(Folmer et al., 1994). 

Nucleotide changes in DNA sequences were used to create a NJ tree (Fig. 4). The NJ 
analysis using COI sequences revealed ORVS F1 and RR F1 formed in different clades 
(A and B), with FACE F1 located in both clades. The results showed that the 
nucleotides in the DNA sequences of T. molitor larvae changed after exposure to CO2 
concentrations higher than ambient. The most significant changes were observed in 
ORVS F1 larvae due to the closed system state, which allowed CO2 gases to surround 
the insects and resulted in a higher exposure to CO2 in the larvae of T. molitor than was 
experienced in the FACE (open) system. 

A further difference between the FACE system and ORVS is that the FACE system 
has been built to expose plants to increments of atmospheric CO2 with minimal 
alterations of the natural environment in which the plants are naturally growing. Even 
so, short-term fluctuations in CO2 concentration and a substantial infrastructure 
presence are problems inherent with the FACE system. The FACE system also 
experiences some experimental restrictions, including the unavoidable presence of CO2 
concentration gradients along the wind direction (Miglietta et al., 2001). The instability 
displayed by this system, therefore, becomes a factor in the reduction of CO2 impacts on 
the sample. For this reason, the system itself could be a major factor affecting the 
distribution of FACE samples, including the appearance of FACE F1 in both Clade A 
and Clade B in the NJ tree. 

CO2 effects on T. molitor larvae in the FACE system were found in both clades of 
the NJ Tree. This result can be related to the location of the FACE system itself in the 
forest area. A forest habitat with a large number of plant species that use CO2 in 
photosynthesis will reduce the CO2 levels in FACE system and automatically decrease 
the exposure of CO2 by T. molitor larvae. A FACE system built in a field area, as 
described by Scherber et al. (2013), might be more suitable for use in conducting 
research on the impact of CO2 on insects. Less absorption of CO2 by plants will increase 
the chances that the larvae will be exposed to higher concentrations of CO2. 

Conclusion 

High levels of CO2 in the environment have the ability to affect the development and 
life cycle of Tenebrio molitor. Increments in CO2 cause a reduction in larval 
development and change the nucleotides in the DNA sequences of the mitochondrial 
COI gene. A strong positive correlation coefficient was shown in samples from the 
rearing room system (RR F1), and moderate or weak positive linear correlation 
coefficients in larvae from the FACE system (FACE F1) and the ORVS (ORVS F1) 
(significant at the 99% confidence level). A negative correlation coefficient was found 
for head length with a head width and body width in both the ORVS and FACE system. 
These results confirm that the T. molitor is able to survive by changing its genetic 
sequences and that it can adapt to climate changes through evolution. The results of this 
study clearly show a direct relationship between elevated CO2 and the decrease in larval 
developmental size, the analysis demonstrated the occurrence of nucleotide changes in 
certain individuals of T. molitor in response to increased CO2. The CO2 concentration 
can therefore be seen to affect the morphology of T. molitor, even though the changes 
are not drastic and take more than one generation. Further study should be conducted in 
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the future to increase our understanding of the direct impacts of climate change, 
including the increase of greenhouse gases, on animals and plants, and specifically on 
humans. As a suggestion, the next experiments should be conducted to determine the 
implications of elevated CO2 towards T. molitor development on different generations. 
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Abstract. Law enforcement efforts related to patrol routes may be sufficiently supporting forest 
protection around the world. However, the adequacy of patrol efforts of stable patrol routes, with regard 
to illegal activities on conservation at the local level, has infrequently been explored in the past time. This 
study is to compare the highest qualification of current threats to conservation in protected areas (PAs) of 
both Nam Tien and Hon Can forest stations (FSs) which belongs to Pu Hu and Xuan Lien Nature 
Reserves (NRs). A total of eleven-track was explored using a conventional patrol performance. Typically, 
forest rangers have established the permanent GPS-tracks through the areas with the highest potential of 
negative effects of conservation in the sub-area forest because of recording and preventing effective 
illegal activities. As a result, patrol-hours of patrolling routes in both sides were correlated to illegal 
activity encounters and the number of staff. In contrast, the number of illegal activity in Nam Tien FS was 
correlated with patrol-distance. It is concluded that forest management should not only consider on the 
number of staff, but also patrol-hours could be one of a specific indicator of working field in the short-
term period of adaptive patrol in the sustainable conservation. 
Keywords: law enforcement effort, conservation, forest, illegal activity, patrol routes 

Introduction 

Forest, as the largest natural benefit, plays an essential role in the activities of global 
conservation (Kusters and Belcher, 2004; Bach et al., 2005; Queiroz et al., 2013; Zhou, 
2015; Patarkalashvili, 2016a). Due to cattle grazing, logging, and poaching, that have 
been declining biodiversity (Struhsaker, 1997; He et al., 2009; Critchlow et al., 2016) 
by strengthened human preferences and human inefficiencies of collecting resources 
acquisition. Usually, there are several stakeholders in local areas with often have the 
conflict of interests in forest management. It should be noted that residents commonly 
gather fuelwood and timber illegally, as well as other NTFPs (Allendorf et al., 2007a). 
And the protective function hugely depends on the small-scale local situation (Teich 
and Bebi, 2009). Consequently, it has been affecting forest protection, especially in the 
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protected forest where the NRs resides (Araújo, 2003; Liang et al., 2011; Fuentes, 
2011). These issues get more complexes when disturbances to forest functioning and 
management have been shown off (Rist and Moen, 2013; Zhou, 2015). 

The key to conservation and protection of species and their natural habitat is to 
reduce human activities in such PAs that significantly play an outstanding role in 
biodiversity conservation (Stoll-Kleemann, 2010; Patarkalashvili, 2016) and request the 
observation and prevention of its (Young, 2017). To protect biodiversity effectively, 
PAs, as nature reserves and national parks in Vietnam, have been established (Bleher et 
al., 2006; Isbell et al., 2011; Ciccarese et al., 2012; Clark et al., 2013; Geldmann et al., 
2013). Conservation strategy in the PAs has been improving protection which involves 
stakeholders like local communities, the government authorities, and international 
organizations (Thi et al., 2017). And, noncompliance with regulations is often the rule 
from government or location areas, rather than reality, illegal activity and others of 
forest resource requirement grow continues (Arias, 2015). Particularly, to enhance 
management protection, a simple instrument is required for an assessment of human 
activity (Bleher et al., 2006). 

In all sub-stations from NRs, as special-use forest areas, forest rangers are greatly 
responsible for the protective action of a certain area where local people frequently have 
to change their behavior, as natural resources they were formerly using maybe come 
off-limits (Stevens, 1997). Local managers of NRs may apply for specific regulations of 
inside core-zone more strictly than outside forest protection. For example, whilst no 
activity extraction is allowed by law (Albers and Grinspoon, 1997; No 24/10/2010/ND-
CP, 2010). Regular on foot patrols focus on recording the extraction of timber, reduce 
poaching, avoid encroachment and restrict livestock grazing (Allendorf et al., 2007b), 
sometimes requires controlling illegal activity encounters. Thus, law enforcement 
practices by foot patrolling are commonly the approach to prohibit illegitimate activities 
in NRs, although the efficiency of such patrolling actions has often been questioned 
(Mukul et al., 2014). The following patrolling activity, the conventional styles of stable 
patrol routes on foot is applied and recorded by Global Positing System (GPS)-based 
monitoring (Jachmann, 2008a, c; Gandiwa et al., 2014; Wiafe, 2016). 

Few studies have informed increased law enforcement performance in response to a 
decline in illegal activities in the level of forest station in Asia and Vietnam protected 
areas (Jachmann, 2008a, c), due to stable patrol routes which have been typically 
applying for PAs. In addition to this, Gandiwa et al. (2014): and Wiafe (2016) presented 
the proportion of all illegal activity encounter were relatively high in man-days and 
distance covered in one PAs. Further, with respects to illegal activity distribution, lack 
of law enforcement patrolling have been combined to sink in biodiversity conservation 
as a result of the growth of illicit activities (Bassett, 2005; Ogutu et al., 2011). Even 
although, there are some forest stations which support and implement the regular patrol 
actions. However, relatively rare research on stable patrol efforts of forest station level 
have been conducted in effective conservation, thus it is still unknown or lacks 
sufficient law enforcement effort of permanent patrol routes to address the threats to 
conservation (Bleher et al., 2006). Equivocally, various inquiries of information on 
patrol effort are still blind under forest management without evaluation on sustainable 
forest management. Regularly, information on patrol routes is conducted and recorded 
in a productive manner and normal law enforcement performance on foot (Jachmann, 
2008a, c; Gandiwa et al., 2014; Wiafe, 2016). Crucially, almost of information on 
dangerous conservation derive from patrolling routes have been commonly recorded by 
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forest rangers (Jachmann, 2008a, c) or a supportive group of forest protection. It is 
openly significant for look into conservation activity based on two forest stations in the 
different nature reserves. Particularly, almost study have considered on patrolling in the 
long-term such as each quarter and year. Thus, in the short-term, there have not 
explored as filling as this research. 

Due to analysis the overall effect of patrolling exercises (distance and/or hour) and 
illegal activity encounters between Hon Can and Nam Tien FSs during the research 
period, that are independent and dependent variables (Gandiwa et al., 2013). Hence, the 
purpose of the study is to (1) compare law enforcement ranger in both forest stations by 
getting to explore the circumstances if patrol performance commonly show-off, (2) 
compare overall relative illegal activity richness and diversity amongst two forest 
stations (Werner and Raffa, 2000), (3) analyze efficient patrol efforts for effective 
conservation on stable patrol system of both stations in NRs if rangers have been 
frequently implementing their patrolling routes. It is crucial to recognize the areas 
where illegal activities were presented and focused in the short-term period because of 
concentrated conservation and management efforts (Rica et al., 2017). Addition to this, 
there is different patrol ranger efforts in both sides if rangers have been continually 
patrolling in this way. 

Material and methods 

Site description 

This study was conducted in both forest stations likely Hon Can and Nam Tien FSs 
in Xuan Lien and Pu Hu NRs respectively. Both forest stations are the closest to each 
town and the most crowded fringe population in buffer zone. Moreover, both nature 
reserves are the biggest in PAs in Thanh Hoa province. In local and national level, it is 
well-known patrol ranger effort amongst nature reserves. The description of two study 
areas, including foresters and effective patrol time, have been summarily presented 
(Table 1). 

 
Table 1. Summary of basic information on both study areas 

Name of 

stations 

Name of 

NRs 

Number of 

sub-areas 

Total 

areas (ha) 

Forest 

officers 

Effective patrol 

staff/times 

Distance from 

station (km) 

Average 

Elevation (m) 

Nam Tien Pu Hu 6 2,900 2 8 0.9-10 165-1,240 

Hon Can  Xuan Lien 4 2,400 4 6 0.1-6 90-1,549  

 
 
Specifically, Hon Can FS belongs to Xuan Lien NR located in Thuong Xuan district 

in Thanh Hoa province, in the northeast Vietnam, near the border with Nam Xuan 
biodiversity conservation area in neighboring Laos. And Xuan Lien NR covers an area 
of approximately 24,000 ha and is lied between latitude 19°52' to 20°02’N, longitude 
104°58’ to 105°15’E. Hon Can FS, among 5 forest stations, is the only one station 
controlling and patrolling 2,900 ha of the core-zone of the NRs (Table 1) and 
responsible for the law enforcement. The fully protected core-zone of Hon Can FS (the 
South of border NRs) is to consider on 355 households and 1,612 inhabitants in three 
adjacent villages in the buffer zones. Due to the high density in the buffer-zone, there is 
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constant pressure on the protected area with illegal activities like logging, 
encroachment, poaching etc. 

Pu Hu NR is located in two districts, such as Quan Hoa and Muong Lat in Thanh 
Hoa province, in the northeast Vietnam. It has a mountainous area of around 22,688 ha 
(latitude 20°30’ to 20°40’N and longitude 104°40’ to 105°05’E). There are separately 
seven protected areas of which Nam Tien FS is one station controlling and patrolling 
3,000 ha of the core-zone of the nature reserve. In the protected buffer zones, there have 
around 12 villages in Nam Tien and Thien Phu communities with 450 families and 
1,200 habitats. Particularly, the local citizen living in and around NRs often influence 
the ability of the PA to meet conservation commission (Ormsby and Kaplin, 2005). 
Similar to the issue of Hon Can FS area, there have been hunting, cutting, and grazing. 

 
Data collection 

The study focused on research in the Hon Can and Nam Tien protection areas and 
data collected from May to August 2017 (Fig. 1). The survey following the main track 
was conducted by author and rangers which forest stations have been frequently 
patrolling as law enforcement practice, and noting any observations indicating non-
permitted actives caused by humans or livestock (Ormsby and Kaplin, 2005). The 
observation was once of both forest stations how to patrol and what to explore. A 
comparison of these patrol activities was pointed out the estimation of patrolling 
efficiency in both sides. During the working field, the location of illegal activity was 
left marks in the land, tree, stone, etc. Addition to this, an observation of hearing, 
feeling, and directed observation the landscape was recorded by using GPS device and 
standardized data sheet (Gray and Kalpers, 2005; Jachmann, 2008c; Wiafe, 2016). Such 
indicator of illegal activities could be location and direction marks by humans made 
with stones, sticks or marks on trees. Additionally, slip or drag-marks on the ground 
caused by tree trunks, bamboo, branches or hunted animals. 

The primary observations of distinguishing marks and indicators of illegal activities 
were collected on such field trips and filed by local forest officers from both forest 
stations, sometimes Department of Science and International Cooperation and the 
Department of Law Enforcement of the Head-Office of both NRs as well as the Nature 
Protection Groups of the adjoining villages. The patrol tracks and coordinate-points (the 
longitude and latitude points of appearance of illegal activity (Jachmann, 2008a) from 
the GPS were tabulated with Microsoft Excel and transferred into MapInfo Software. 
Data for pressure and threat facing both forest stations were derived from an evaluation 
of protected areas patrol efforts effectiveness (Ayivor et al., 2013) which mainly carried 
out the forest rangers regularly. In order to avoid bias, author and the same rangers 
patrolled during the research. Even through, rangers have not been working the 
permanent location. 

 
Data analysis 

After collecting the data, descriptive statistics were designed to the summary of the 
characteristic of illegal activity found, and a Spearman’s rank correlation among 
variables such as illegal activity found, patrol-hours, patrol’s distance and man-patrol-
day (Jachmann, 2008c; Wiafe, 2016). The number of illegal activity found, and 
protection given by the government rangers between Hon Can and Nam Tien FSs were 
distinct among the patrolling tracks. Law enforcement efforts were simply analyzed the 
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effective patrol-distance and man-day derived (Jachmann, 2008a, b) or special patrol-
hour as well (Wiafe, 2016). A non-parametric Mann-Whitney (U) test was used to 
compare the relative abundance of illegal activity found and other variable law 
enforcement efforts between the two forest station areas. 

 

 

 

Figure 1. The location of both case study areas (2017) 

Results 

Totally, the findings from this study, following selected seven and six patrol-tracks, 
were normally patrolled on foot by forest officers of Hon Can and Nam Tien FSs 
respectively. Due to stable patrol-routes, almost patrolling tracks were thoroughly cross 
at least sub-areas of forest protection except for one track in Hon Can FS. These tracks 
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were presented with different priorities, like distance, time consumption, foresters and 
illegal activity found in protected areas. As all patrol-routes in both forest stations can 
be displayed (Fig. 1). 

 
Staff’s performance of patrolling 

The mean number of distance of patrol efforts was not significantly lower for Nam 
Tien FS (5.89 ± 1.71) compared to Hon Can FS (6.17 ± 3.02) (U = 23.5, p = 0.898). 
Similarly, the mean number of patrol-hours Nam Tien (3.43 ± 1.46) and Hon Can 
(4.84 ± 4.09) (U = 22.0, p = 0.749) as well. Furthermore, the trend of the proportion of 
illegal activity encounter and staffs in Nam Tien is slightly high to distance patrolled, in 
opposite to Hon Can. Due patrol-hour in both case studies, the trend of illegal activity 
found/staff improved more exponentially in Nam Tien than in Hon Can FSs (Fig. 2). 

 

  

a b 

Figure 2. Trends of proportion of illegal activity encounter/staff in term of (a) patrol-distance 

and (b) patrol-hour 

 
 
The number of forest officers were correlated with long routes in Nam Tien FS 

(rs = 0.791, p = 0.034), whilst Hon Can FS had different aspect (rs = 0.134, p = 0.775). 
However, our results of patrol-hour was opposite to Wiafe (2016) report when the 
number of staffs were correlated in both sides [Nam Tien, rs = 0.791, p = 0.034; Hon 
Can (rs = 0.802, p = 0.03)]. According to Jachmann (2008a), the relation between the 
number of staffs and illegal activity encounter was significantly correlated, and there 
was the similarity of Nam Tien (rs = 0.679, p = 0.034) and of Hon Can (rs = 0.802, 
p = 0.03). 

 
Differential illegal activity found 

A total of 61 and 71 illegal activity encounters were simultaneously captured in Nam 
Tien and Hon Can FSs respectively. The average illegal activity found was 8.71 
(± 3.546) Nam Tien and 10.14 (± 4.488) Hon Can (Fig. 3). The number of livestock 
grazing was the most popular amongst illegal activity found arounds coordinated points 
in Nam Tien and Hon Can FSs (19 and 17 respectively). Some examples for illegal 
activity founds are presented (Fig. 4). Bird’s nares (2 recording points) and transport 
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timber (2 recording points) were only found in Hon Can FS. Gunshot’s heard were 
higher in Hon Can FS (11 points) compared to Nam Tien FS (4 points). The number of 
illegal activity found in both stations were not significant (U = 59.5, p = 0.974). 

 

 
Figure 3. The diversity of encountered illegal activity 

 
 

  

a b 

  

c d 

Nam Tien FS Hon Can FS 

Figure 4. Human’s illegal activity found both sides: (a, b) Firewood collection; (c, d) Bamboo 

collection, 2017 (by author, 2013) 
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Fluctuation of illegal activity found from law enforcement efforts 

This study showed that the longer patrol-distance and patrol-hour by forest officer in 
both stations have led to higher number of illegal activity found (Fig. 5). Seemly, law 
enforcement efforts were increased, and illegal activity found was increasing too. 
Specifically, the relationship between patrol-hour and illegal activity encounters was 
statistically significant [Nam Tien (rs = 0.955, p = 0.001); Hon Can (rs = 0.857; 
p = 0.014)]. Contrast to patrol-distance, it was correlated with illegal activity found in 
Nam Tien (rs = 0.793, p = 0.033) while it was opposite to Hon Can (rs = 0.571; 
p = 0.18). In this case of encountered illegal activity, it was evident that the patrol hour 
is more important than the distance of patrol routes. 

 

  

Figure 5. The tendency of illegal activity found in term of patrol-distance and patrol-hour 

 
 
Interestingly, ratio of illegal activity found/patrol-distance, each case study, was not 

correlated to rate of illegal activity found/patrol-hour [Nam Tien FS (rs = -0.214, 
p = 0.645); Hon Can FS (rs = -0.36; p = 0.939)]. Furthermore, the relation of illegal 
activity found/patrol-distance and illegal activity found/patrol-hour, were not significant 
in both sides (U = 19, p = 0.482; U = 22, p = 0.749 respectively). However, the trend of 
illegal activity found/patrol-distance was directly increased in Hon Can FS, compared to 
contrary to Nam Tien FS situation with slight decline (Fig. 6). Particularly, there was 
not different in both forest stations for illegal activity found in term of distance 
(p = 0.52) and patrol-hour (p = 0.482). 

Discussion 

Patrol performance 

An understanding of the law enforcement that influence patrol effort can improve the 
forest management of natural resource (Abbot and Mace, 1999). Base on frequently 
patrolling routes of observation and prohibition of illegal activities sufficiently, the 
patrol effort by local rangers significantly depends on both distances and on the time-
consuming of each track. As a result, similarity to Jachmann (2008a) and Wiafe (2016) 
research, across all the patrol routes, due to distance patrolled and forest officers that 
were correlated in Nam Tien FS, in opposite to Hon Can FS as Risdianto et al. (2016) 
reported. Quite surprisingly, however, the patrol-hour in both was statically correlated 
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with number staffs. It was undoubted that the number of staff in Hon Can is higher 
100% than that is in Nam Tien, and implied that the few protection staff like Nam Tien 
FS lead to less opportunity to decline illegal activity (Jachmann, 2008c; Wiafe, 2016). 
According to Jachmann (2008a) and Wiafe (2016), they enabled to patrol for a long 
period. That was possible that manager might focus on the number of staff in Nam Tien 
FS instead of Hon Can FS somehow. 

 

 
Figure 6. Trend of encounter rate of illegal activity found/patrolling distance and patrol-hour 

 
 
Commonly, when the increasing number of staffs are similar to illegal activity found. 

Even though, there were certainly many influences of staffs to show off variable patrol 
(regarding distances and hours) or illegal activity found, however, it might hint that the 
protection staffs were the available indicator of patrol-hour and illegal activity explored. 
Actually, the patrol-hours from local rangers was depended on topography and several 
factors such as strict discipline of management characteristics, habit, serious issue of illegal 
activity found and senior staff efforts (Jachmann, 2008b). Based on buffer zone areas 
aspect, the cause given for illegal activities suggests that the economic, culture and 
unemployment should be accounted for the high consideration on patrolling in the richness 
of resources. Clearly, law enforcement may influence patterns of illegal activities in a 
comparison of two forest stations in different protected areas (Abbot and Mace, 1999). 

 
Illegal trend and patrol efforts 

It is undoubled that ecologic grazing always guaranteed adjacent community 
maintenance and it may lead to biodiversity conservation issues (Tichit et al., 2007) and 
influence to plant diversity (O’Connor et al., 2010). When comparing illegal activity 
encountered on stable patrol routes from both sides, mainly due to differences in 
visibility, there has been needed to distinguish between both FSs (Jachmann, 2008b). 
This is no surprise because this study showed that the longer patrol-distance and patrol-
hour by forest officer in both stations have led to higher number of illegal activity found 
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in the long-term period (Fig. 5) (Jachmann, 2008a, c; Ayivor et al., 2013; Gandiwa et 
al., 2014; Wiafe, 2016). It denoted average trends of illegal activity encounters both in 
terms of patrol-distance and patrol-hour used for patrolling in the different tracks 
respectively. In both areas, upward trends of the ratio of illegal activity found in term of 
patrol-distance and patrol-hour in both sides were increasingly observed (Wiafe, 2016) 
(Fig. 5). As Plumptre et al (2014) represented that the current patrol effort based on 
distance did not deter illegal activities beyond in short-term evaluation. 

Wiafe (2016) presented that there were many factors, e.g. the political plan, 
economy, and people’s knowledge that converted the trend of contribution to illegal 
activity and law enforcement efforts to bring it down. Additionally, there are internal 
factors such as leadership styles, political management, logistics provide that might 
have an impact on field patrolling and other related operations (Jachmann, 2008c). 
External factors, e.g. topography, social, motivation, and educational level should also 
be considered. However, this research did not consider it because of the time constraint. 

Conclusion 

Effective law enforcement is crucial for conservation of our case study (Holmern et 
al., 2007). Overall, the finding from this study found out that the index of staff and 
patrol-time was an important part of law enforcement in conservation areas as for 
example of analysis of two forest stations above. The way of monitoring system 
presented in this research quickly provided useful feedback the local level of forest 
protection management (Jachmann, 2008b) without time-consuming of fieldwork in the 
large area. Further, during patrol effort implied to patrol-hour as the important quality of 
law enforcement performance of patrolling and it correlated with patrol-distance. 

In the future, it is essential for the local level of management of the forest protection 
apply and compare the law enforcement practice among forest stations, due to the 
specific solution for excluding or at least minimizing these pressures and threat illegal 
activities (Mohseni, 2018) regarding the objectives of conservation. This research could 
be useful in the conventional law enforcement for observing the current situation and 
beginning the patrol planning strategy. However, it needs more thorough research about 
the law enforcement situation in the long-time period on both sides. The fluctuation of 
the amount of encountered illegal activity, in the similarity of patrolling routes, will be 
the subject of the forthcoming study. Addition to this, the strategies and planning from 
patrol staffs were freely altered, at any time, with regard to attaining patrol focuses but 
it relies on what the patrol forest officers have experienced and how the performance of 
patrol have been shown (Wiafe, 2016). Improving conservation is therefore essential for 
the conduct of law enforcement action from forest ranger that could be affected and 
supported protected areas. 
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APPENDIX 

In Hon Can station 

Firewood collection by local people Cattle grazing in nature reserve 

  
 
 

Collecting non-timber forest product Banana leaf harvesting 

  
 
 

Bamboo’s shoot harvesting Bamboo harvesting 
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In Nam Tien station 

Bamboo harvesting Basket of Bamboo shoot harvesting 

  
 
 

Bamboo shoot harvesting Thatch harvesting 

   
 
 

Camping hunter Bamboo harvesting 
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Abstract. This is the first study carried-out to understand the phytoplankton genera in the low light (less 
than 50 μmol/m2/s of photosynthetically available radiation) for the estuarine and coastal waters of Goa, 
India. There were 93 phytoplankton genera observed of which the most abundant were Skeletonema spp., 
Leptocylindrus spp., Thalassiosira spp., Cerataulina sp., and Fragilariopsis sp. The centric diatom 
Skeletonema spp. was the most abundant phytoplankton genera observed during all the seasons. Similarly, 
other abundant genera observed all through the year in low light in the coastal and estuarine waters were 
Cerataulina sp., Chaetoceros spp., Coscinodiscus spp., Leptocylindrus spp., Navicula spp., Nitzschia 
spp., Pleurosigma spp., Pseudo-nitzschia spp., and Thalassiosira spp. Phytoplankton observed only in 
estuarine waters were Bacillaria sp., Planktoniella sp., Biddulphia sp., and Asterionellopsis spp., while 
Enotia sp., Oxytoxum sp., were observed only in the coastal waters during the summer season. 
Contributions of chlorophyll a and fucoxanthin were relatively higher in low light regions, while the 
photoprotective pigment β-carotene was lower than observed at the surface. The maximum spectral light 
available at the low light region varied for water types, and was 537 to 581 nm in the coastal waters, 
while it shifted to longer wavelengths 561 to 648 in the estuarine waters. 
Keywords: coastal waters, estuaries, low light, photoacclimation, umbrophillic phytoplankton 

Introduction 

Light is the source of life on planet Earth. However, unlike the terrestrial 
environment where there is no dearth of solar light required for photosynthesis, the 
aquatic regions are not blessed to have sufficient light at all depths. Phytoplankton are 
planktons or ‘wanderers’ and have to survive wherever they are taken and hence 
phytoplankton have the abilities to survive at extreme light levels. The acclimation of 
phytoplankton under extreme light conditions are labeled related to light adaptations 
such as high light or sun or ‘heliophillic’ and adapted to low light or shade or 
‘umbrophillic’ (Ryther and Menzel, 1959). Photoacclimation is their way of life 
(Dubinsky et al., 2010). Though it has been shown in laboratory studies that the 
minimum light level required by phytoplankton is about 2 µmol/m2/s (Overmann and 
Garcia-Pichel, 2005), the actually observed light levels are reported to be even lower 
(Raven and Cockell, 2006). They are very efficient at utilizing the energy and it has 
been observed that at the very low light respiration rates are much lower. Most of the 
microscopic O2 evolving organism of cyanobacteria and eukaryotes can have 
photolithotrophic growth, i.e. using photons as the sole energy to compensate irradiance 
as low as about 0.35 µmol/m2/s (Raven et al., 2000). 

The light is spectral in nature with varying levels of energy inversely proportional to 
the wavelengths. Hence these phytoplankton in low light regions need to be studied for 
their photoacclimation and ‘chromatic acclimation’. Though it has been argued that the 
spectral light was inconsequential and was believed earlier that photosynthesis required 
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light in the PAR region (Dring, 1981), which however proved wrong with recent 
studies. Recent studies revealed that spectral light does play an important role in 
photosynthesis (Gorai et al., 2014). 

The light harvesting capabilities can be appreciated when it is observed that there are 
extensive deep chlorophyll maxima observed just near the 1% of light levels (Moore et 
al., 2006; Dubinsky, 2010). The global primary productivity estimations do consider 
light levels only till 1% and it has been evident from various studies and observations 
that there were plenty of phytoplankton even below this light levels whose contributions 
were significant and cannot be ignored. There also seems to hold some relations with 
regards to their light utilization for photosynthesis between the taxonomic groups of 
phytoplankton and cell sizes observed in low light (Richardson et al., 1983; Geider et 
al., 1986; Cullen and Macintyre, 1998; Finkel, 2001; Boyd et al., 2010). 

One of the earliest studies on phytoplankton community in the coastal and estuarine 
waters of Goa were from Devassy and Goes (1988) which provided information on the 
seasonal variations of phytoplankton communities in the coastal and estuarine waters. 
These drowned river valley type estuaries are known as ‘monsoonal estuaries’ and the 
monsoon has an influence on the phytoplankton community (Patil and Anil, 2011). 
Detailed studies of the phytoplankton in these estuaries exhibited the large diversities of 
the phytoplankton communities, with blooms and harmful algae (Matondkar et al., 
2007; Patil and Anil, 2011; Pednekar et al., 2012, 2014). 

Presently there is no information available of the phytoplankton composition in the 
low light regions of the waters of Goa. The availability of light at the benthic regions of 
the estuarine and coastal waters of Goa show spatial and temporal variations and there 
were regions in the water column that were under very low light. This is the first study 
that reports the phytoplankton genera at low light in these coastal and estuarine waters 
of Goa and the variations of physical, biological and optical parameters at these low 
light regions. 

Materials and methods 

Study area 

The field measurements were carried out in the coastal and estuarine waters of Goa, 
a site located between latitude 15.3° to 15.73°N and longitude 73.6 to 74.1°E at the 
central west coast of India (Fig. 1). The study areas included coastal waters and the 
two estuaries Mandovi and Zuari. One of the main factors that influence these waters 
are the rains during the southwest monsoon in the months of June to September hence 
they are often called as “monsoonal estuaries”. Tides are the sole driving force for 
circulation and mixing in the estuaries during the non-monsoon season (Shetye et al., 
2007; Vijith et al., 2009). There are much fewer discharges during the non-monsoon 
seasons and the waters are vertically well mixed. Monsoonal upwelling is the common 
feature observed during the south-west monsoon in the coastal waters of Goa, which 
plays an important role in the biogeochemistry of these waters. Seasonal hypoxia has 
been observed in the sub-surface waters during the post-monsoon period of September 
to October (Naqvi et al., 2000, 2006). The coastal waters have algal blooms of varied 
species, some of which are seasonal such as Trichodesmium blooms which were often 
observed during the summer season (Naqvi et al., 1998; Desa et al., 2005; Parab et al., 
2006; Gomes et al., 2008). Temperature inversions were also reported in these waters 
(Thadathil and Gosh, 1992). Large variations in the colored dissolved organic matter 
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(CDOM) were observed in these waters with contrasting features in the estuarine and 
coastal waters (Dias et al., 2017). 

The depth of the stations in the coastal waters varied between 2.5 to 26 m and 2 to 8 
m in the estuaries. The optical studies indicate that Secchi depth varies from 2.1 to 3.1 
m in the coastal waters and 1.2 to 2.4 m in the estuaries. 

 

 
Figure 1. Study area showing water sample collections sites in the coastal and estuarine waters 

of Goa, India 

 
 

Environmental data and sample collection 

There were two types of data used for the study, the one that was available from the 
measurements using in-situ profiling instrument and the other available from the water 
samples collected at the same stations as in-situ measurements. The measurements and 
water samples were collected during field measurement campaigns on a boat in the 
coastal and estuarine waters every month during fair weather conditions at pre-
identified stations (Fig. 1). No measurements were carried out in the coastal waters 
during the monsoon period. The data include from the period 2013 to 2016 covering 50 
stations of which 37 were in the estuaries and 13 in the coastal waters. 

Most of the earlier studies related to low light and photoacclimation were restricted 
in the lower region of PAR about 30 μmol/m2/s (Fisher et al., 1996; Anning et al., 2000; 
Zastrow, 2001; Staehr et al., 2002; Rodriguez et al., 2006; Finkel et al., 2006; Dubinsky 
and Stambler, 2009) the data used for this study included only data at depths with PAR 
values less than 50 μmol/m2/s, which is equivalent to about 12.5 W/m2 of solar 
irradiance in PAR region (Suresh et al., 1996). Though the minimum value of PAR 
measured was about 0.22 μmol/m2/s this could be within small error considering the 
detection limit of the radiometer. The mean of the spectral dark readings taken in the 
laboratory was about 0.2 μW/cm2/nm and dark current readings were taken care during 
processing. All optical, physical, biological and ancillary parameters were obtained at 
the same depths of low light observations (Fig. 2). 
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Figure 2. Solar irradiance at the surface of the water (straight line) and at low light region 

(dashed line) for the two stations in the coastal waters of Goa (left) and Mandovi estuary 

(right). Depth at low light is indicated in the top left corner of each diagram 

 
 
The water samples were collected either by Niskin water sampler or automated water 

sampler using silicon transparent pipe with the pump. The water samples were used for 
analysis in the laboratory for phytoplankton taxonomy with light microscope (Olympus 
BX 51) and scanning electron microscope (Hitachi TM3030), and the same water 
sample were used for deriving chlorophyll using fluorometric method (Trilogy-Turner), 
total suspended matter using the gravimetric method, CDOM using spectrophotometer 
(Shimadzu UV-2600) and pigments using HPLC (Agilent 1100 series). 

The water samples (250 ml) were collected in amber colored plastic bottles and 
preserved following the method described by Santhanam et al. (1987) using 2 ml of 
Lugol’s iodine solution. For microscopic analysis, samples were concentrated to 5-10 
ml by siphoning the top layer with a tube covered with a 10 µm nytex filter on one end. 
Sample concentrates were transferred to a 1 ml capacity Sedgwick-Rafter and counted 
using a light microscope (Olympus BX 50) at 20x and 40x magnification. 
Phytoplankton cell identifications were based on standard taxonomic keys (Tomas, 
1997). The results were expressed as numbers of cells L−1. 

The water samples collected at discrete depths were preserved and analyzed in the 
laboratory following the standard protocols. The biological parameter included colored 
dissolved organic matter (CDOM), chlorophyll (Chl), total suspended matter (TSM). 
The phytoplankton pigments were measured using HPLC. Apart from the biological 
parameters derived from the water sample analysis, the depth profiles of parameters 
such as CDOM, chlorophyll fluorescence were available from the optical sensors 
available with the hyper-spectral radiometer. 

The optical properties were measured in-situ using profiling optical instruments. The 
apparent optical properties were derived from the measurements using a hyper-spectral 
profiling radiometer Hyper-OCR (Satlantic, Canada), which provided profiles of 
downwelling irradiance, upwelling radiance, diffuse attenuation coefficients, PAR 
(photosynthetically available radiation (400-700 nm)) and surface solar irradiance in the 
spectral range of 350-800 nm. The mean of the spectral dark readings taken in the 
laboratory was about 0.2 μW/cm2/nm. This was considered as the detection limit. The 
surface irradiance data were available from a reference sensor mounted at a clear site on 
the boat. The inherent optical properties were measured using an AC-9 instrument (Wet 
Labs) which provided profiles of absorption and beam attenuation coefficient (without 
the contributions from pure water) at nine wavelengths. The instrument AC-9 was 
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calibrated in the laboratory prior to every field measurement using optically clean water, 
whereas hyperspectral radiometer was periodically factory calibrated. The optical data 
were processed following the standard protocols (Mueller 2003, Mueller et al., 2003). 
The radiometer data were processed using the latest software Prosoft provided by the 
manufacturer of the radiometer. 

The ancillary parameters such as temperature, salinity, and density were available 
from the profiling radiometer. Secchi depth was also measured. 

Results 

There were 93 phytoplanktons genera observed in the low light regions of coastal 
and estuarine waters of the study area and listed here are the 20 phytoplanktons genera 
and their abundance (Table 1). The abundance of phytoplankton genera is given as the 
percent of the total counts of all genera. Most of these genera listed here have also been 
reported earlier to reside in low light conditions such as Asterionella sp. (Zastrow, 
2001), Chaetoceros spp. (Finkel et al., 2006), Coscinodiscus spp. (Key et al., 2010), 
Cyclotella sp. (Fisher et al., 1996), Ditylum sp. (Staehr et al., 2002), Fragilaria sp. 
(Karst-Riddoch et al., 2009), Prorocentrum sp. (Rodriguez et al., 2006), Skeletonema 
spp. (Anning et al., 2000), Synechococcus spp. (Barlow and Alberte, 1987), and 
Thalassiosira sp. (Dubinsky and Stambler, 2009). Most of the genera observed here 
were diatoms and diatoms can adapt to all light levels (Richardson et al., 1983). 

 
Table 1. The physical environmental parameter for low light phytoplankton genera observed 

in coastal and estuarine waters of Goa 

Low light 

phytoplankton 
genera 

Mean 

percentage 
occurrence 

Minimum 

temp (°C) 

Maximum 

temp (°C) 

Minimum 
salinity 

Maximum 
salinity 

Minimum 

density 
(kg/m3) 

Maximum 

density 
(kg/m3) 

Skeletonema spp. 13.03 25.038 32.39 0.14 35.42 4.66 22.61 

Leptocylindrus spp. 7.65 25.038 32.09 0.14 35.42 4.66 22.76 

Thalassiosira spp. 7.46 25.038 31.18 2.81 35.31 4.66 22.61 

Cerataulina sp. 6.93 27.485 32.33 2.81 35.74 4.66 22.58 

Fragilariopsis sp. 6.70 32.346 32.35 31.88 31.88 18.61 18.61 

Chaetoceros spp. 5.56 25.038 32.33 0.39 35.74 4.66 22.61 

Asterionellopsis spp. 5.38 25.038 29.33 11.05 35.31 4.66 22.61 

Licmophora sp. 4.76 25.038 31.19 11.96 35.42 4.79 22.61 

Navicula spp. 4.70 25.038 32.35 0.14 35.74 4.66 22.76 

Oxytoxum sp. 4.70 32.284 32.28 26.67 26.67 14.75 14.75 

Coscinodiscs spp. 4.19 25.038 32.33 11.05 35.74 4.66 22.61 

Pseudo-nitzschia spp. 4.07 27.111 32.28 0.14 35.42 4.66 22.43 

Nitzschia spp. 3.76 25.038 32.35 0.14 35.74 4.66 22.76 

Heterocapsa sp. 3.50 32.284 32.28 26.67 26.67 14.75 14.75 

Prorocentrum spp. 3.22 27.275 32.33 0.39 35.74 10.69 22.58 

Cochlodinium sp. 3.20 27.275 32.33 11.05 35.09 4.66 22.52 

Pleurosigma spp. 3.08 25.038 32.35 0.14 35.31 4.66 22.61 

Bacillaria sp. 2.95 26.641 30.33 0.14 34.89 19.28 21.54 

Cyclotellas pp. 2.89 25.038 32.35 11.05 35.74 4.66 22.61 

Dactyliosolen sp. 2.53 25.038 32.09 0.39 34.81 4.66 22.61 
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There were about 80 genera observed in the “very” low light regions (less than 
5 μmol/m2/s of PAR). The leading twenty phytoplankton in these very low light regions 
as per their abundance were Skeletonema spp., Leptocylindrus spp., Thalassionema 
spp., Chaetoceros spp., Cerataulina sp., Bacillaria sp., Navicula spp., Nitzschia spp., 
Pseudo-nitzschia spp., Proboscia sp., Coscinodiscus spp., Prorocentrum spp., 
Dactyliosolen sp., Cylindrotheca sp., Lauderia sp., Pleurosigma spp., Licmophora sp., 
Thalassiosira spp., Eucampia sp. and Cyclotella spp. The images of ten most occuring 
low light phytoplankton are shown in Figure 3. 

 

 
Figure 3. Microscopic images of A) Asterionellopsis sp., B) Navicula sp., C) Nitzschia sp., D) 

Thalassiosira sp., E) Cerataulina sp., F) Pseudo-nitzschia sp., G) Cyclotella sp., and SEM 

(Scanning electron microscope) images of H) Chaetoceros sp., I) Coscinodiscus sp., and J) 

Skeletonema sp. 

 
 

Physical parameters 

The measurements on physical characteristics of the waters were taken during all 
seasons in estuarine and coastal (except monsoon) waters which showed large variations 
in salinity, temperature, and density over the period of study which were consistent with 
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the earlier observations by others for these waters. The range of physical environmental 
parameters observed at the occurrences of these twenty genera in low light are given in 
Table 1. The temperature varied between 25.0 and 32.9 °C, the salinity from 0.14 to 
35.7 and density from 4.6 to 22.7(kg/m3). 

 
Morphology 

The shapes of phytoplankton genera observed in low light were mostly cylindrical, 
rectangular box, a prism on parallelogram base and spherical. 

 
Spatial and temporal variations 

To study the temporal pattern the seasons were labeled as summer (March-May), 
monsoon (June-September), post-monsoon (October-November) and winter (December-
February) season. The phytoplankton genera were selective in their adaptations to the 
seasons and water types. There were distinct patterns of adaption of phytoplankton 
genera observed with those noticed only on coastal waters or estuaries and during a 
particular season and while others inhabiting in all waters at all times. 

Skeletonema spp., is a type of cylindrical, non-flagellated centric diatom group with 
cosmopolitan distribution and was the most frequently and abundantly observed genera 
in these waters during all season (Matondkar et al., 2007; Patil and Anil, 2011; 
Pednekar et al., 2014). Similarly, other genera observed all through the year in the 
coastal and estuarine waters were Cerataulina spp., Chaetoceros spp., Coscinodiscus 

spp., Leptocylindrus spp., Navicula spp., Nitzschia spp., Pleurosigma spp., Pseudo-

nitzschia spp., and Thalassiosira spp. 
Bacillaria sp., Planktoniella sp., Biddulphia sp., Isthmia sp., and Asterionellopsis 

spp., were only observed in estuarine waters (Matondkar et al., 2007). Enotia sp. and 
Oxytoxum sp., were observed only in the coastal waters during the summer season. 

 
Optical parameters 

There were two types of optical parameters, one that provided information on the 
amount of light available and the second that described the optical properties of water. 

The optical parameters observed at these low light regions that quantified the amount 
of light available were photosynthetically available radiation (PAR) 400-700 nm, the 
percentage of PAR (%PAR) and downwelling spectral solar irradiance (Ed) which were 
observed at depth and the spectral solar irradiance measured above the surface of the 
water. 

There were also optical properties of water that described the light in these water. 
These included apparent and inherent optical properties. The inherent optical properties 
were absorption, beam attenuation, and backscattering coefficients. These parameters 
characterized the light conditions and suggested the reasons for the low light conditions. 
The apparent optical properties included the downwelling irradiance (Ed), PAR and 
diffuse attenuation coefficient (Kd). The optical parameters that were indicators of the 
penetration of light were the transparency of water (Secchi depth) and first optical depth 
Z90. 

The statistics of the observed optical parameters are listed in Table 2, and these 
parameters were observed at the water column depths where the PAR values were less 
than 50 μmol/m2/s, which is equivalent to about 12.5 W/m2 (Suresh et al., 1996). The 
%PAR were less than 10 in these waters. 
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Table 2. Optical parameter observed during low light environmental condition at coastal 

and estuarine waters off Goa 

Parameters Minimum Maximum Mean SD 

PAR (μmol/m2/s) 0.21 50.86 13.45 15.79 

%PAR 0.01 8.21 1.33 1.70 

Wavelength of maximum solar irradiance at low light depth (nm) 534 648 577 21.90 

Maximum spectral irradiance of light at low light depth (μW/cm2) 0.14 9.26 2.90 2.88 

Wavelength of maximum surface solar irradiance (nm) 460 551 494 30 

Maximum of surface spectral irradiance (μW/cm2) 23.18 178.97 102 38.3 

Absorption at 412 nm (m-1) (without water) 0.29 12.74 2.33 2.46 

Absorption at 676 nm (m-1) (without water) 0.03 0.65 0.16 0.11 

Beam attenuation at 412 nm (m-1) (without water) 2.40 126.17 13.29 19.7 

Beam attenuation at 676 nm (m-1) (without water) 1.66 141.61 10.44 20.6 

Back scattering coefficient at 676 nm 0.02 0.90 0.16 0.18 

Diffuse attenuation coefficient at 490 nm 0.009 4.26 1.1 0.88 

Wavelength at maximum Z90 (nm) 481 582 561 24 

Maximum Z90 (m) 0.55 8.15 2.38 2.0 

 
 

Biological parameters 

The pigment data from HPLC analysis were available only for few stations in the 
low light region are reported here. From these limited data of phytoplankton pigments, 
apart from chlorophyll, the most abundant pigments were fucoxanthin, zeaxanthin, and 
β-carotene (Fig. 4). The contribution of the individual pigment to the total pigment was 
derived by normalizing the pigment values with the total pigments. Contributions of 
chlorophyll a and fucoxanthin were relatively higher in low light regions, while β-
carotene was lower than observed at the surface. One of the noteworthy observations 
was the contribution of chlorophyll a to be above 60% at the low light region, while at 
the surface it was about 50%. 

 

 
Figure 4. Phytoplankton pigments at the surface and low light region 
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Apart from the information on the phytoplankton pigments, the other parameters 
available from waters samples analysis were chlorophyll, CDOM, and total suspended 
matter and supporting biological parameters measured with optical sensors available on 
profiling radiometer were CDOM and chlorophyll fluorescence. pH was determined 
with a hand held pH meter (Table 3). The values of chlorophyll, CDOM, and TSM were 
appreciable to the mean value of these parameters observed in the water column. 

The presence of optically active substances that attenuate light and create low light 
conditions were evident from the high values of the optical properties such as 
absorption due to CDOM, absorption in the blue region at 412 nm, beam attenuation 
coefficients (attenuation and scattering), high backscattering coefficient and diffuse 
attenuation coefficient. The biological parameters like CDOM and TSM were also 
found to be higher at the bottom. CDOM absorb light particularly in the blue and green 
region, leaving less light in the PAR region, while particles scatter and attenuate light. 
The high TSM could be due to the river transport and resuspension from the bottom. 

 
Table 3. Biological parameters observed during low light environmental condition at coastal 

and estuarine waters of Goa 

Parameter Minimum Maximum Mean SD 

Chlorophyll a (mg/m3) 0.4 12.83 3.9 2.9 

Total suspended matter (TSM) (g/m3) 3.06 110 20.74 21.45 

CDOM absorption at 412 nm, ag (412) (m-1) 0.08 0.86 0.34 0.22 

CDOM fluorescence 0.02 15.91 2.38 2.43 

Fluorescence 0.3 3.74 1.32 0.83 

pH 7.12 8.18 7.63 0.31 

Discussion 

The low light regions are close to the bottom and the phytoplankton will require an 
adequate supply of nutrients for their sustenance. There is no dearth of nutrients in these 
estuaries (Verlencar, 1987). Mandovi and Zuari estuaries are also sources of nutrients to 
the coastal waters, though their concentrations are comparatively lower than estuaries. 
These help in the sustenance of the efficient light harvesting umbrophillic 
phytoplankton and seem to be the reason for the relatively higher chlorophyll found in 
these low light waters. 

Photoacclimation by phytoplankton to extreme levels of light affects pigment ratios 
of these phytoplankton. Our observations on the distributions of pigments at high and 
low light show that chlorophyll and fucoxanthin were higher at low light levels, which 
agree with earlier studies that show light-harvesting pigments increase under low light 
and particularly chlorophylls, phycobilins, fucoxanthin and peridinin under low light 
(Dubinsky and Stambler, 2009; Pinchasov-Grinblat et al., 2011). β-carotene help in 
photoprotective mechanism under high light conditions and in low light conditions they 
are inconsequential so β-carotene were relatively lower (Krinsky, 1989; Fan et al., 1995; 
Choudhury and Behera, 2001; Wang et al., 2003; Schagerl and Muller, 2006). 
Fucoxanthin is associated with diatoms and used to indicate its abundance and its level 
was higher at low light regions than the surface. Most of the species observed here were 
diatoms and they can adapt to all light conditions (Richardson et al., 1983). 
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Most of these species listed here have also been reported earlier by others reside in 
low light conditions such as Asterionella sp. (Zastrow, 2001), Chaetoceros spp. (Finkel 
et al., 2006), Coscinodiscus spp. (Key et al., 2010), Cyclotella sp. (Fisher et al., 1996), 
Ditylum sp. (Staehr et al., 2002), Fragilaria sp. (Karst-Riddoch et al., 2009), 
Prorocentrum sp. (Rodriguez et al., 2006), Skeletonema spp. (Anning et al., 2000), 
Synechococcus spp. (Barlow and Alberte, 1987), and Thalassiosira sp. (Dubinsky and 
Stambler, 2009). 

Apart from the metabolic rate (growth, photosynthesis, respiration) light utilization 
by phytoplankton is also influenced by their size and shape (Raven, 1984; Kirk, 1994; 
Finkel, 2001). Morphometric and allometric parameters of phytoplankton are important 
indicators of the phytoplankton ecology and are related to the nutrient uptake, light 
utilization for photosynthesis (Vadrucci et al., 2013). Phytoplankton such as 
Thalassiosira spp., and Skeletonema spp., are filamentous types. The filamentous shape 
has better light antennae and therefore can photosynthesize with high capacity at low 
ambient light (Reynolds, 1997). Phytoplankton genera have been categorized according 
to their shapes (Sun and Liu, 2003) and the phytoplankton shapes observed here in low 
light were mostly cylindrical, rectangular box, a prism on parallelogram base and 
spherical, suggesting these shapes could be of advantage in efficient light harvesting. 

The maximum solar light available was within the spectral range of 537 to 648 nm 
and the range varied for water types, and was 537 to 581 nm in the coastal waters, while 
it shifted to longer wavelengths 561 to 648 in the estuarine waters. The chromatic 
requirements can also be justified from the light absorbing properties by pigments in 
phytoplankton. The ubiquitous pigment present in all the phytoplankton is the 
chlorophyll a with major absorption occurring around 440 nm. The absorptions of other 
pigments chlorophyll b (Chlb), chlorophyll c (Chlc), fucoxanthin (Fuco), β-carotene (β-
caro), and peridinin (Peri), have absorption peaks in the blue-green regions. Thus, it is 
evident that for photosynthesis blue-green light is essential. The phytoplankton 
surviving at low lights have a high efficient mechanism of light harvesting and utilizing 
every photon available (Stambler and Dubinsky, 2007; Dubinsky and Stambler, 2009; 
Halsey and Jones, 2015). The spectral light availability could change in future due to 
anthropogenic activities and climate change affecting the river run-off that will affect 
the optically active parameters such as the concentrations of CDOM, particle load (algal 
and non-algal), which could alter the underwater light field and spectral light in water. 
Hence, there is a need to understand the chromatic acclimation of these phytoplankton 
species observed in the low light. 

Most of the primary production evaluated through models and measurements were 
limited to a lower limit of 1% light levels (Dubinsky, 2010) however it is noticed there 
were considerable amount of umbrophillic phytoplanktons below this 1% light levels 
and hence neglecting the contribution of these phytoplankton could underestimate the 
primary production and carbon related budgeting. 

Monsoon plays an important role in the variations of turbidity and nutrient levels in 
these waters. 

Conclusion 

The study focused on the phytoplankton species of the estuaries and coastal waters of 
Goa in low light regions, which has been attempted for the first time for these waters. 
The results of the studies, even with this limited data, provided sufficient evidence of 
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the various phytoplankton species, pigment variations, spectral light and the 
environmental conditions in the low light regions. 

Though this study has been limited and preliminary in only reporting the 
phytoplankton communities and bio-optical conditions at low light levels, this could lay 
a foundation for the further studies related to phytoplankton acclimation in these waters. 
There are lots to understand of phytoplankton in the extreme light levels (Dubinsky, 
2009). The light levels and nutrients in these estuaries and coastal waters could be 
affected by anthropogenic influence, monsoon and climatic changes and hence a 
continuous monitoring of the umbrophillic species of phytoplankton with regards to 
changes in these parameters will need to be studied to understand the phytoplankton 
acclimations in low light levels. There is also a gap in the present study without the 
information on the nutrients and this could have supplemented to understand the role of 
nutrients in the photoacclimation and light utilization efficiencies of these 
phytoplankton listed in the low light (Dubinsky and Schofield, 2010). Hence there is a 
scope to study the nutrient availability and the phytoplankton growth and related topics 
such as the limiting nutrient levels for the survival of various species of phytoplankton 
in low light depending on their size and characteristics, role of micro and macro 
nutrients, since the watershed of the estuaries of Goa include iron ore and manganese 
mines, the role micronutrients such as iron (Fe) need to be studied. 
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Abstract. Excess of salt and cadmium (Cd) damage the plant’s growth; however, Cd toxicity is more 
severe under saline condition. Triticum aestivum transmembrane 20 (TaTM20) and salt overly sensitive 

(SOS) respond to salinity. Moreover, wheat-Azospirillum association system leads to an increase in wheat 
tolerance to abiotic stresses. Less information exists related to the effect of salinity and Cd under wheat-
Azospirillum associated system. Therefore, this experiment was conducted to evaluate the effect of 
Azospirillum-wheat association under salinity and/or Cd stresses. Wheat seedlings (Sardari cultivar) 
inoculated with Azospirillum brasilense Sp7and grown for five days, and then transferred into hydroponic 
media for five more days with and without 200 mmol NaCl and/or 50 mg L-1 Cd, respectively. Root and 
shoot samples were separated and then dry weight, proline, photosynthetic pigments, catalase (CAT) and 
ascorbate peroxidase (APX) activities, Cd, Fe, Ca, Na, K were measured. Simultaneously, relative 
expression of TaSOS1 and TaTM20 in the root were measured. The results show salinity and/or Cd have 
increased root's TaSOS1 expression and higher upregulation was seen in inoculated seedlings. Meanwhile 
TaTM20 gene expression upregulated only under Cd and Cd plus salinity conditions. Salinity and/or Cd 
were increased root and shoot proline, CAT, APX, Na+ and Cd whereas dry weight, pigments, Fe, Ca, K 
were decreased. A. brasilense could improve salinity and Cd adverse effects by more upregulation of 
TaSOS1 transcript level, lower Na/K ratio and less Fe and Ca deficiency, higher pigments, proline and 
APX and CAT activities to produce more dry weight. 
Keywords: chlorophyll, carotenoid, Fe, Na, K, dry weight 

Introduction  

A considerably large portion of arable land (estimated 20% of total cultivated and 
33% of irrigated lands) in the world is affected by salinity (Nellemann, 2009). 
Furthermore, the salt affected lands are increasing 10% annually due to the low 
precipitation, high surface evaporation, weathering of rocks, irrigation with saline water, 
and poor cultivation. It has been estimated that more than 50% of the arable land would 
be salinized by the year 2050 (Jamil, 2011). Salinity has inhibitory effects on crop 
production (such as wheat) by altering phonological indexes through root growth 
(Neumann, 1995), root/shoot ratio (El-Hendawy, 2005), osmoticum components 
(Hamdia, 2004), ions imbalance (Wakeel, 2013) and total dry matter (Pessarakli and 
Huber, 1991). 

Cadmium (Cd) is a heavy metal, considered harmful to plants, animals and also 
human beings (Yamaguchi et al., 2009). It occurs naturally in the earth’s crust and can 
be added to the environment via water and soil through natural weathering and human 
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activities such as adding fertilizers, pesticides and industrial and/or domestic effluents 
(Alloway and Steinnes, 1999; Nriagu and Sprague, 1987; Sheppard et al., 2009). Its 
values range 0.2-1.0 mg Kg-1 of dry soil to 50 mg Kg-1 of agricultural soil. The 
maximum permissible addition (MPA) of the heavy metal/metalloid content in the soil 
is the key idea upon the standardization of the soil contamination (Vodyanitskii, 2016). 

Although Cd is not essential for plant and biological systems, different crops will 
take up and accumulate Cd differently depending on its availability in the environment 
(Grant and Sheppard, 2008). However, Cd induces oxidative stress, which damages 
cellular organelles in many plants (Yadav and Chandra, 2013). In addition, Cd could 
interfere with the uptake of some mineral nutrition such as iron and calcium (Astolfi, 
2012; Roth, 2006) and causes mineral concentration imbalance (Chang et al., 2012; 
Dražić et al, 2004; Lux et al., 2011). 

Salinity and heavy metals impose adverse effects on plant growth and its 
productivity especially in arid and semi-arid regions (Leblebici et al., 2011). Several 
researchers have reported higher toxic effects of Cd in saline condition (Khoshgoftar et 
al., 2004). Although the addition of NaCl causes higher sodium absorption by a plant 
which decreases plant production (Dražić et al., 2004). Chloride of NaCl forms CdCl2 in 
the present of Cd and therefore leads to more Cd absorption due to the much higher 
solubility of CdCl2 among its Cd components. CdCl2 has solubility limit of 1,680,000 
mg L-1 at 20°C in water (National Research Council, 1997). This condition causes more 
Cd toxicity for plant growth (Smolders et al., 1998).  

Plant growth promotion rhizobacteria (PGPRs) help the plant to grow better by 
different mechanisms. It has been reported that PGPRs act in favor of plant mineral 
uptake (Askary et al., 2009), more phytohormones production (Kang et al., 2014) as well 
as modification in some gene expression (Vargas-Garcia et al., 2012). Creus et al. (1997) 
also confirmed the reduction of adverse effects of salinity and osmotic stresses on the 
length and dry weight of wheat plants when inoculated by Azospirillum brasilense.  

Concerning inoculation and heavy metal, there are two consequences of using 
PGPRs in environments polluted by heavy metals. Some researchers believe that 
PGPRs can absorb and accumulate heavy metals and reduce soil and water pollution 
level (Belimov et al., 2005; Ma et al., 2009; Prapagdee and Khonsue, 2015), while some 
others believe PGPRs are able to reduce the availability of heavy metals in the soil and 
water which in turn lead to more growth and yield production (Belimov et al., 2005; 
Belimov and Dietz, 2000; Dell’Amico et al., 2008; Gao et al., 2012). In any way, one of 
the safe approaches to revert the detrimental effects of Cd and salinity on crop 
production is establishing an associated system between crops and soil microorganisms 
such as Azospirillum species with wheat cultivars. Azospirillum spp. not only can 
improve wheat productivity through higher root and shoot development (Amooaghaie et 
al., 2002), more nutrient uptake (Askary et al., 2009) and improvement of 
phytohormones but also can reduce adverse effects of salinity and Cd under saline 
(Upadhyay et al., 2011) and Cd-stressed conditions (Belimov and Dietz, 2000).  

Kim et al. (2008) showed Triticum aestivum transmembrane 20 (TaTM20) gene 
expression in wheat plant upregulated due to the excess of Cd. They also showed that this 
gene confers Cd tolerance to yeast transgenic containing TaTM20 gene. Ramezani et al. 
(2013) and Kim et al., (2008) The upregulation of salt overly sensitive 1 (TaSOS1) and 
TaTM20 under saline condition (Ramezani et al., 2013) and TaTM20 upregulation under 
Cd polluted conditions (Kim et al., 2008) are also reported. Xu et al. (2008) demonstrated 
SOS1 upregulation at both roots and shoots of wheat plants under saline condition. They 
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also showed that yeast transgenic containing TaSOS1 gene has higher salt tolerance as 
compared to non-transgenic ones. In addition, Taherinia et al. (2015) revealed that 
salinization was affected SOS1 transcript level positively in kallar grass (Leptochloa fusca 
L.) a halophyte plant which is highly tolerant to saline and sodic soil and water.  

Accordingly, it can be proposed that Azospirillum species may contribute to the 
upregulation of TaSOS1 and TaTM20 gene expression in wheat plants under saline and 
Cd polluted condition and improve salinity and Cd tolerance. Not only that, 
Azospirillum may help to limit Cd absorption by plant root. Therefore, this research was 
conducted to evaluate TaSOS1 and TaTM20 gene expression in the roots and also 
chlorophyll (a and b) and carotenoid of the shoots. Simultaneously other indexes such 
as Fe, Ca, K , Na, Cd, proline, antioxidant enzymes (CAT and APX) of the roots and 
shoots of wheat seedlings (Sardari cultivar) were measured under excess of salinity, Cd 
and inoculated conditions. 

Materials and methods 

Preparation of inoculants and seeds  

Azospirillum brasilense Sp7 (standard strain) was obtained from NCIMB Ltd, 
Germany. Then cultured in an NFb liquid medium supplemented with NH4Cl (0.25 g L-1) 
at 30°C (Brenner et al., 2005) in Erlenmeyer flasks for 48 h and used a rotary shaker at 
200 rpm (logarithmic phase). The growth was harvested by centrifuging (1000 g, 10 min), 
washed with sterile saline phosphate buffer and then re-suspended in phosphate buffer at 
concentration of 107 CFU ml-1 of A. brasilense Sp7 (Askary et al., 2009). 

Wheat (Triticum aestivum L., Sardari cv.) seeds obtained from Institute of 
Agricultural and Research, Isfahan, Iran. The seeds were surface sterilized by dipping in 
95% ethanol for 2 min and then in 1% sodium hypochlorite (NaOCl) for 1 min followed 
by six washes in sterile distilled water (Sauer and Burroughs, 1986). The sterilized 
wheat seeds were vernalized at 4°C for one night. 

For germination, sterilized seeds were kept in dark on water agar in autoclaved 
petridishes held at 25 °C temperature. After 24 hours, uniform seedlings were divided 
into two groups. The first group was inoculated by 107 CFU ml-1 A. brasilense Sp7 and 
the second group transferred into free bacteria phosphate buffer (Bashan, 1990) as 
control (non-inoculated). After 3 hours, all plants (inoculated and none inoculated) were 
transferred into pots containing sterile perlite and irrigated with 1/4 strength of 
Hoagland’s nutrient solution (Hoagland and Arnon, 1950). The plants kept in a 
glasshouse under 16/8 h (Light/Dark) photoperiod using white light (photon density 650 
µmol m-2 S-1) at 25±2 °C for 5 days. Then, besides control pots, both groups were 
treated with 200 mM of NaCl and/or 50 mg L-1 of cadmium as CdCl2 as treatment for 
five more days. This experiment conducted in a completely randomized design with 
three replicates. At day-10 of the experiment (five days after salt and Cd stresses 
applied), roots and shoots of plant samples were separated and washed with distilled 
water. Some of the separated plant samples immediately frozen in liquid nitrogen for 
real-time quantitative PCR and the remaining samples were used for different analysis. 

 
Real-time quantitative PCR  

Real-time PCR was performed using RB SYBR master mix (RNA Biotech, Iran). 
The total RNA was isolated from frozen roots using Iraizol reagent (RNA biotech, Iran) 
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and the first strand cDNA was synthesized using the M-MLV reverse transcriptase 
(Fermatas). Gene-specific primers were used for TaSOS1 (Gen Bank Accession No. 
AY326952), TaTM20 (Gen Bank Accession No. DQ323065) and G3PDH (Gen Bank 
Accession No. EU022331). The sequences of the primers designed to amplify TaTM20 
were as follows: 5'-CCGATCCTCTTGCACAACTA-3' and 5'-
ATGGACAGCATGAAGCTCAC-3'; (Kim et al., 2008) the primers for G3PDH were 
as follows: 5-TCACCACCGAGTACATGACC-3' and 5'-
TCGTCCTTGAGCTTGATGT-3' (Kim et al., 2008); and the primers for TaSOS1 were 
as follows: 5'-GGGATGATGAGGAACTTGGG-3' in sense direction and 5'-
CTTGTCAGGAACATCGTGGG-3' in anti-sense direction (Xu et al., 2008). The PCR 
conditions were 94 °C for 4 min followed by 40 cycles of 94 °C for 10 s, 62 °C for 40 s, 
72 °C for 60 s, followed by 7 min at 72 °C. Serial dilutions of cDNA were used to 
obtain optimized standard curve amplification efficiency and the best cDNA 
concentration for real-time PCR. The relative expression of each gene as the fold 
expression was calculated through Livak and Schmittgen’s method (2001).  

 
Plant pigment determination  

Chlorophyll a and b and carotenoid were performed according to Arnon (1967) with 
some modifications. 100 mg fresh leaves were homogenized in 2 ml 80% acetone with 
mortar. Homogenates were centrifuged at 4°C for 10 min (3500 rpm). Supernatants 
were used for the analysis of pigments. Absorbance of plant sample was determined at 
645, 663 and 470 nm, respectively and then the following equations (Eq. 1-3) were used 
for calculation of different pigments. 

 

   (Eq.1) 

 

      (Eq.2) 

 

     (Eq.3) 

 

Determination of sodium and potassium content 

Sodium and potassium content of shoot and root were measured based on the method 
described by Skoog et al. (2005). To do so, 100 mg powder of dry sample (70 °C for 72 
hours) was digested with 10 ml 3 % (w/v) aqueous sulfosalicylic acid for 24 h at 4 °C, 
then sample extract was purified using Whatman No. 1 filter paper. Na+ and K+ 
concentration were measured using flame photometry method (Gallenkamp flame 
analyzer, England). 

 
Determination of Ca, Cd, and Fe  

100 mg dry weight of each sample (roots and shoots separately) was digested in 3 
ml of a 1- 4 (v/v) mixture of 37% (v/v) HCl and 65% (v/v) HNO3 in Teflon cylinders 
for 7 h at 140 °C. After adjustment of volume to 10 ml with deionized water, Ca, Cd, 
and Fe was determined using an atomic absorption spectrophotometer (AAS, 
Shimadzu model 6200). 
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Determination of proline content 

Proline content of roots and shoots were determined using Bates et al. (1973) 
method. The fresh plant samples (100 mg) was homogenized with 4 mL sulfosalicylic 
acid (3.0%) in a mortar. The suspension was centrifuged at room temperature at 3000 
rpm for 5 min. The supernatant was mixed well with 4 mL acidic ninhydrin reagent. 
The reaction mixture was vortexed and the content of the tubes was placed in a boiling 
water bath for 60 min. Then, the content was cooled in the ice bath and the mixture was 
extracted with 4 mL of toluene. The absorbance of toluene layer was recorded at 520 
nm using Shimadzu spectrophotometer (Shimadzu UV-160, Japan). The concentration 
of the unknown samples was calculated using standard curve. 

 
Enzyme extract and antioxidant assay  

Plant’s shoot samples were extracted for enzymes assay by homogenizing in an ice-
cold 50-mM sodium phosphate buffer of pH 7.4 along with 1% (w/v) polyvinyl poly 
pyrrolidone (PVP) by a pre-chilled mortar and pestle. Homogenized mixture was 
centrifuged at 13000 g for 20 min at 4°C. The supernatant was directly used for various 
enzymatic assay as crude enzyme extract. The quantification of soluble protein present 
in the extract was done by Bradford’s method (Bradford, 1976) using bovine serum 
albumin (BSA) as standard. Catalase (CAT) activity (EC.1.11.1.6) was measured by 
estimating the breakdown of H2O2, which was determined at 240 nm as described by 
Beers and Sizer (1952). The enzyme activity was expressed as µmol decomposition of 
H2O2 min−1 mg−1 protein. Ascorbate peroxidase (EC.1.11.1.11) activity was done by 
using the method described by Nakano and Asada (1981) and the enzyme activity was 
expressed as µmol decomposition of ascorbate min−1 mg−1 protein. 

 
Statistical analysis 

MSTAT-C software was used for ANOVA calculation and Duncan’s multiple range tests 
were used to compare the mean values using 95% confidence interval. Excel was used to 
draw the necessary graphs. The experiment was a completely randomized design. 

Results  

Root and shoot dry weight 

The maximum amount of root (7.44 mg plant-1) and shoot (21.91 mg plant-1) dry 
weight was observed in inoculated plants not exposed to any salinity and/or Cd. At non-
inoculated condition, adding Cd to the nutrient media has caused a significant reduction 
in dry weight of root (24.1) and shoot (18.1%) as compared to their control (P ≤ 0.05), 
while dry weight of shoot and root wheat seedlings unaffected under 200 mmol NaCl 
(Fig. 1). The dual stresses of salinity and Cd lead to more reduction of roots (14.8%) 
and shoots (9.0%) dry weight when compared with the Cd stress alone.  

In inoculated plants not exposed to Cd and/or salinity, root and shoot dry weight 
significantly were increased by 22.97 and 9.7%, respectively in comparison to their 
control. At Cd stress condition, inoculation significantly alleviated harmful effects of 
Cd on shoot dry weight as compared to non-inoculated plants. Root and shoot dry 
weight of inoculated seedlings and also the seedling plants were grown under saline 
condition showed significant difference when compared with control seedlings. 
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Although in dual stresses a reduction in root and shoot dry weight of inoculated plants 
were observed, but inoculation significantly improved the root and shoot dry weight by 
12.8 and 16.67%, respectively when compared to non-inoculated ones. 

 

 
Figure 1. Effect of inoculation, salinity and Cd on average (n = 3 ± SD) dry weight of roots and 

shoots of wheat seedlings. Differences in lower and upper case letters on the bar graph indicated 

significant difference (P < 0.05) in their mean values based on Duncan’s multiple range tests. 
 
 

Root and shoot proline content 

Inoculated seedlings had lower proline in the root and the shoot when compared to 
control plants. Salinity didn’t have a significant effect on shoot proline, meanwhile, 
proline of root was increased from 0.7 to 1.14 µmol g-1 FW (P < 0.05, Fig. 2). Cd also 
showed a significantly (P < 0.05) increase in proline of root and shoot by 60 and 44%, 
respectively. Dual effect of Cd and salinity causes an addition of proline in the root 
(21.4%) and shoot (13.0%) of non-inoculated plants compared to control seedlings.  

 

 
Figure 2. Effect of inoculation, salinity and Cd on average (n = 3 ± SD) proline content of roots 

and shoots of wheat seedlings (n = 3 ± SD). Differences in small and cap letters on the bar 
graph indicated difference in their mean values based on Duncan’s multiple range tests. 
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The lowest amount of proline was measured in the root and the shoot of inoculated 
plants not exposed to Cd and/or salinity. However, the higher values of proline in the 
root was measured under excess of salinity and Cd and in the shoot belonged to Cd 
treatment. When seedlings were inoculated with Azospirillum brasilense then the high 
proline accumulation under Cd excess and/or salinity significantly has been reduced to 
lower amounts which were still higher than in control plants. 

 
Shoot pigments 

Inoculation caused addition (22%) of chlorophyll a when compared to control 
seedlings. In comparison to control plants, significantly less chlorophyll (P < 0.05, 
Table 1) was seen in the shoot of seedlings exposed to Cd or Cd+salinity (56.10 and 
51.22%, respectively). However, inoculation was increased chlorophyll a of seedlings 
exposed to Cd or Cd+slinity as much as control plants. The amount of chlorophyll b 
was reduced more under Cd than salinity in non-inoculated plants. In contrast, 
chlorophyll b was increased in inoculated plants under salinity and/or Cd, but it was still 
lower than control plants. Total chlorophyll (a and b) showed a positive relation with 
inoculation while a negative relation was observed in excess of Cd and/or salinity 
conditions with total chlorophyll. Cd (55.36%) and Cd+salinity (53.56%) significantly 
decreased total chlorophyll of non-inoculated seedlings as compared to control plants.  

Maximum total chlorophyll (0.65 mg Plant-1) was observed in inoculated not 
exposed to any treatment. The maximum reduction of total chlorophyll was seen under 
excess Cd and Cd+salinity in non-inoculated seedlings when compared to control 
plants.  

 
Table 1. Effect of inoculation, salinity and Cd on the mean values (n = 3) of chlorophylls (a, 

b, total) and Carotenoids in the shoot of wheat seedlings. Differences in the letters on the 

mean values indicated the significant difference in their means based on Duncan’s multiple 
range tests. 

 

Treatments  Chlorophyll a Chlorophyll b Total chlorophyll Carotenoids 

Control 0.41B 0.15A 0.56B 1.35D 

Inoculation (In) 0.50A 0.16A 0.65A 1.36CD 

Salinity (Sal) 0.40B 0.12C 0.52B 1.56B 

Cadmium (Cd) 0.18C 0.06D 0.25C 0.70E 

In + S 0.43B 0.13B 0.56B 1.70A 

In + Cd 0.41B 0.14B 0.54B 1.48BC 

Cd + Sal 0.20C 0.06D 0.26C 0.72E 

In + Sal + Cd 0.40B 0.14B 0.54B 1.40CD 

 
 

Antioxidant assays 

In most cases, the amount of APX and CAT activities were higher in the shoot than 
root seedlings and also the amount of CAT activity was higher than APX. The lowest 
and the highest activities of APX were observed in root and shoot of control and treated 
seedlings expose to Cd+salinity. Their amounts in the roots were 0.41 and 1.22 µmol 
min-1 mg-1 protein (P < 0.05, Fig. 3) and for shoot were 0.29 and 1.42 µmol min-1 mg-1 
protein, respectively. This is almost 197.5% addition in roots and 389.6% for shoots. 
Inoculation did not have any effect on APX activity of seedlings compared to control. 
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However, inoculation caused reduction of APX activities of the seedlings exposed to Cd 
and/or salinity but their amounts still were more than control seedlings.  

Change in CAT activities under different conditions was approximately similar to 
APX activities of the roots and shoots. The lowest and the highest activities of CAT 
were observed in root and shoot of control and treated seedlings expose to Cd+salinity. 
Their amounts in the roots were 0.5 and 1.35 µmol min-1 mg-1 protein (P < 0.05, Fig. 3) 
and for shoot were 0.25 and 1.17 µmol min-1 mg-1 protein, respectively. This is almost 
170.0% addition in roots and 368% for shoots. Inoculation did not have any effect on 
CAT activity of seedlings compared to control. However, inoculation also showed no 
changes in  CAT activities of the seedlings exposed to Cd or salinity but their amounts 
still were more than control seedlings.  

 

 

 
Figure 3. Effect of Salinity (Sal) and Cd, inoculation (In) and their interactions on the 

activities of APX and CAT  in the shoot of wheat seedlings in inoculated and non-inoculated 

condition. Mean  values ( n = 3) with the same letter are not significantly different at P < 0.05. 
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Cadmium, sodium, potassium, calcium and iron of root and shoot  

There was not any Cd in the root of seedlings of non-inoculated or inoculated plants 
under control and salinity conditions. While its amount in the root of treated seedlings 
was increased to 32.18 mg g-1 (Cd-treated), 28.27 (Cd and inoculated), 38.49 (Cd and 
salinity) and 33.29 mg g-1 DW for inoculated+Cd+salinity treated seedlings. It was 
found that the amount of Cd in Cd+salinity treated of non-inoculated plants was the 
highest and significantly (P < 0.05) higher than the other treatments. Also, inoculation 
reduced the Cd concentration of plant exposed to Cd. It is interesting that Cd in the 
shoot of inoculated seedlings (7.52 mg g-1 DW) did not show significant reduction 
compared to non-inoculated plants exposed to Cd (7.01 mg g-1 DW). At non-inoculation 
condition, the Cd of roots and shoots raised due to the combined effect of Cd+salinity. 

In non-inoculated seedlings, the amount of Fe in the roots and shoots (Table 2) was 
the highest (0.38 and 0.16 mg g-1 DW, respectively) and a significant reduction was 
observed in roots treated with Cd (21.05) and salinity (23.68%) stress, but inoculation 
couldn’t help the Fe uptake by the roots under Cd and/or salinity conditions. However, 
Azospirillum helped to increase the amount of Fe in unstresses seedlings to more than 
control plants and reached to 0.51 mg g-1 DW (the highest amount). Fe in the shoots and 
roots of inoculated and non-inoculated seedlings followed a similar trend.  

 
Table 2. Effect of various tested treatments on roots and shoots nutrients of seedlings wheat 

plants. Values with the same letter are not significantly different at P < 0.05. 

  Root (mg g-1 DW) Shoot (mg g-1 DW) 

Treatments  Cd Fe Ca Na K Cd Fe Ca Na K 

Non-inoculated 0.00D 0.38B 1.88B 1.32E 6.30B 0.00C 0.16B 2.22B 0.49B 18.28B 

Inoculated (In) 0.00D 0.51A 2.14A 0.80F 9.87A 0.00C 0.22A 2.46A 0.20E 22.50A 

Salinity (Sal) 0.00D 0.29D 1.15D 1.83A 4.81D 0.00C 0.11C 1.53D 0.60A 15.70DE 

Cadmium (Cd) 32.18B 0.30CD 1.07D 1.76AB 4.83D 7.01B 0.12C 1.57D 0.58A 15.50DE 

In + Sal 0.00D 0.32C 1.52C 1.59D 5.35C 0.00C 0.13C 2.04BC 0.30D 17.08BC 

In + Cd 28.27C 0.31CD 1.55C 1.62CD 5.34C 7.52AB 0.13C 1.95C 0.33CD 16.67CD 

Cd + Sal 38.49A 0.30CD 1.13D 1.71BC 4.72D 7.66A 0.11C 1.60D 0.56A 15.30E 

In + Sal+ Cd 33.22B 0.31CD 1.56C 1.55D 5.26C 7.71A 0.12C 1.92C 0.37C 16.18CDE 

 
 
Calcium concentration in the roots and shoots of inoculated plants not exposed to 

salinity and/or Cd increased by 13.83 and 10.81%, respectively when compared to 
control plants. Cd, or salinity and also salinity+Cd in both roots and shoots of seedlings 
caused a significant reduction in Ca content. However, inoculation was improved its 
amount in the root and shoot but their amount was still less than the control ones. 

In non-inoculated condition, the amount of Na in the root and shoot was 1.32 and 0.49 
mg g-1 DW. While application of salinity increased Na of the roots (38.63%) and shoots 
(22.45%) in non-inoculated plants. Dual effect of Cd and salinity show the highest 
amount of Na in the roots and shoots; however, its amount was less in inoculated plants 
exposed to Cd and/or salinity. When plants were inoculated then the amount of Na in the 
roots and shoots decreased by 39.4% and 59.2%, respectively. Simultaneously K of the 
roots and shoots increased by 56.6 and 23%, respectively. Inoculation decreased harmful 
effects of Cd and/or salinity via less Na and increase in K uptake and its accumulation in 
the roots and shoots of inoculated plants. In whole plant (root and shoot), the best and the 
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worst conditions for Na content were measured in inoculated (0.28 mg g-1 DW) and 
salinity (2.43 mg g-1 DW) seedlings, respectively. However, the worst and the best 
conditions for K were seen in seedlings treated with Cd+salinity (20.1 mg g-1 DW) and 
inoculated but not exposed to any treatment (32.3 mg g-1 DW), respectively. 

 
TaSOS1 and TaTM20 genes expression 

In non-inoculated condition, there was not any significant expression and difference 
for TaSOS1 of roots in control and inoculated seedlings (Fig. 4) while Cd (14.13 fold 
change) and salinity (32.43 fold change) significantly caused addition of expression of 
TaSOS1. In inoculated seedlings, the TaSOS1 experession significantly was decreased 
in Cd-treated seedlings as equal as control seedlings, but there was higher expression of 
TaSOS1 under saline condition (61.03). In dual effects of Cd and salinity, the TaSOS1 
expression was the highest (72.89 fold changes) and inoculation cause addition of its 
upreggulation under salinity but no effect under other treatments.  

 

 

 
Figure 4. Fold change expression of TaSOS1 and TaTM20 genes in the root of inoculated (A. 

brasilense, 10
7
 CFU ml

-1
) and non-inoculated wheat seedlings grown under saline and non-

saline (200 mmol NaCl) condition. The plant samples were obtained five days after salt 

application. The growth conditions were light density of 650 µmol m-2
S

-1
 and temperature of 25 

ºC. Each value represents mean of three individual measurements ± SE. Different letters 
represent significant differences at the 95% confidence interval. 
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There were no significant differences in TaTM20 gene expression in non-inoculated 
and inoculated seedlings when seedlins were not exposed to Cd or salinity. 
Simultaneously, salinity had no significant effect on TaTM20 expression either in 
inoculated or non-inoculated seedlings not exposed to Cd. However, Cd by itself could 
increase TaTM20 expression significantly (226.3 fold change) in non-inoculaed seedlings 
but when inoculated with A. brasilense there was significantly less TaTM20 expression 
when compared to control seedlings. The highest effect in TaTM20 expression was seen 
in combined treatments of Cd and salinity (308.3 fold change). While this effect was 
lower (188.3 fold change) in dual effects under inoculated with A. brasilense. 

Discussion 

A large portion of agricultural land suffers from salinity, which causes a reduction in 
agricultural production (Siadat, 1998). Simultaneously, the deficiency of plant nutrients 
causes fertilizer application to increase crop yields (Adams, 1991; Dobermann, 2000). 
Most chemical fertilizers especially phosphorous and also manure mainly contains 
unwanted elements such as Cd and nickel (He and Singh, 1994). This is because of the 
waste application and industrial activities. Many researchers have pointed out that crops 
are affected by the excess of salinity and heavy metals (Corwin and Ahmad, 2015; 
Leblebici et al., 2011; Shah et al., 2011). Cd and NaCl have been identified as important 
abiotic stresses in crop production (Corwin and Ahmad, 2015; Mahajan and Tuteja, 
2005).  

Our results indicated that root and shoot dry weight decreased under excess of Cd 
and salinity+Cd. This result is similar to that of Leblebici et al., (2011) who showed the 
relative growth rate of Lemnaceae plants (Spirodela polyrrhiza) was decreased under 
salinity+Cd condition. Excess Cd in the soil can reduce the growth of plants by direct or 
indirect effect on photosynthesis pigments, gas exchange parameters as well as plant 
nutrient imbalance (Gohar et al., 2003; Parida et al., 2003; Shah et al., 2011). Moreover, 
it is possible that shoot and root dry weight affected by the toxic effects of Cd due to 
mainly the chlorocomplexes formation (Weggler-Beaton et al., 2000). In contrast, plant 
growth promotion rhizobacteria (PGPRs) can reduce the harmful effects of salinity and 
Cd stress (El-Dengawy et al., 2011; Stout et al., 2010). Our results show Azosirilium 

brasilense improved salinity and/or Cd adverse effects on root and shoot dry weight. 
These results are accordance with the result obtained by Giller et al., (1998) who 
showed that bacteria can reduce the phytotoxicity of the contaminated soil by heavy 
metals. In addition, Stout et al., (2010) indicated that bacteria could serve as a 
phytoprotective factor in their relationship with Lemna minor, preventing uptake of 
toxic Cd. Also, El-Dengawy et al., (2011) reported that inoculation of Carob seedlings 
(Ceratonia siliqua L.) with A. lipoferum under saline condition could improve the 
reduction of seedling growth rate, K+/Na+ content and root characters. PGPRs can help 
the plant to grow better by different mechanisms such as efficient mineral uptake 
(Askary et al., 2009), more phytohormones production (Kang et al., 2014) and better 
tolerant to abiotic stresses (Vargas-Garcia et al., 2012).  

Salinity could lead to osmotic stress (Carillo et al., 2008), disruption of homeostasis 
and ion distribution (Zhang, 2008) as well as formation of reactive oxygen species 
(Matysik, 2002) in plant cell that has harmful effects on plant growth and its 
productivity. Proline production is one of the mechanisms that enable the plant to 
tolerate adverse effect of environmental stresses. Proline is thought to contribute to 
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osmotic adjustment, detoxification of ROS, and protection of membrane integrity 
(Heuer, 2010). Addition of proline in our experiment is similar to Tavakoli et al., (2016) 
who showed saline condition could accumulate the proline content of three Iranian 
wheat cultivars. In addition, Sharmila et al., (2017) also demonstrated that Cd-induced 
iron deficiency and promotes proline accumulation in Brassica juncea plants. Although 
there are numerous reports related to accumulation of proline in plant cells after 
inoculation with some Azospirillum Spp.. Our result showed a negative correlation 
between proline content of non-inoculated wheat seedlings and inoculation ones with A. 

brasilense Sp7. This result may be due to the fact that Azospirillum Spp. may facilitate 
its beneficial effects in different ways on the host plant. 

Many studies have shown a reduction in photosynthetic pigments in saline soil 
(Leblebici et al., 2011; Shafi et al., 2009; Tiwari, 2010 ; Jamil  et al., 2007). Our result 
also showed a reduction in photosynthesis pigments of shoots under saline condition 
which is similar to the result of El-Dengawy et al., (2011) who demonstrated 
chlorophyll content decreased in response to salinity in leaves of carob seedlings. It 
seems that reduction in chlorophyll could be due to less number of chloroplast and 
disorganization of thylakoid’s membrane structure in leaves under salt stress. In 
addition, our results are consistent with Cheng et al., (2013) who showed an increase in 
carotenoids of shoot as a way to cope with the saline condition, especially in glycophyte 
plants. Photosynthetic pigments may be negatively affected by Cd stress in different 
ways. For example, Cd prevented the chlorophyll production by affecting the synthesis 
of 5-aminolaevulinic acid, disabling the protochlorophyllide reductase (Stobart et al., 
1985) and Fe deficiency (Fodor et al., 2005; Wallace et al., 1992). In addition, the 
increase in Cd concentration caused loss of chlorophyll and damage to membrane in 
two maize cultivars (Ekmekçi, et al., 2008). The result of this experiment showed a 
reduction of shoot chlorophyll due to excess of salinity and/or Cd, meanwhile, A. 

brasilense was able to prevent further reduction of shoot chlorophyll under dual 
treatments (Table 1). This result in some way is similar to Zhang et al., (2008b) who 
indicated B. subtilis GB03 increases photosynthetic efficiency by increasing chlorophyll 
content in Arabidopsis. In addition, Wani and Khan (2010) showed that photosynthetic 
pigments of chickpea (Cicer arietinum L.) improved by Bacillus species under different 
Cd concentration. Reduction of chlorophyll in our experiment under Cd or salinity 
conditions should be one of the reasons for dry weight reduction and the higher 
reduction of dry weight in Cd+salinity could be due to more solubility of Cd under 
higher NaCl of the media. 

Antioxidant enzymes activity have been studied specially under stress conditions 
(Asada, 2006; Shafi et al., 2009). It has been reported that antioxidant enzymes activity 
could be increase due to stressful condition. Our result clearly demonstrated that salt 
and/or Cd significantly have increased APX and CAT activity, but their amounts were 
decreased when seedlings were inoculated with A. brasilense under stress condition. 
Similar results are reported by different researches. Shafi et al., (2009) showed salinity 
and Cd stress caused an increase in enzymatic antioxidants such as CAT in three wheat 
cultivars. In addition, Asada (2006) indicated that APX plays an important role in plant 
defense against oxidative stress by scavenging H2O2. Salinity and Cd generate oxidative 
stress in plants, leading to a limited growth and even plant death. Oxidative stress is one 
of the main causes of cellular damage in all organisms exposed to a wide variety of 
stress conditions (Lin and Kao, 2001; Liu, 2006). It is well known that some of PGPRs 
such as Azospirillum Spp. could help and improve the adverse effect of oxidative stress. 
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For instance, Bashan et al., (2005) showed inoculation of wheat plants with 
Azospirillum could increase auxiliary photoprotective pigments in shoot of plant which 
may protect chlorophyll from oxidation during exposure to salt stress. Furthermore, 
Othman (2015) showed the ability of A. brasilense Sp7 in production of ACC 
deaminase which may be responsible for better growth of rice seedlings. Under stress 
condition, excess ROS production leads to an increase in plant hormone such as 
ethylene to prevent the ROS induced damage to reduce the enzymatic antioxidants 
production (Cho and Seo, 2005). Afterward, degradation of the ethylene precursor ACC 
by bacterial ACC deaminase releases plant from ethylene induced stress (Figueiredo et 
al., 2008). In this experiment, inoculation could have alleviated the negative effects of 
salinity and/or Cd stress (Fig. 3). It appears that reduction in the activity of antioxidant 
enzymes may be due to the reduction of severity of stress experienced by inoculated 
seedlings. Omar et al., (2009) and Othman (2015) indicated that antioxidant enzyme 
activity significantly decreased in barely plants inoculated with A. brasilense.  

Uptake of mineral by plant’s root and its distribution was affected by a variety of 
factors such as heavy metals and salinity (Daneshbakhsh et al., 2013; Dražić et al., 
2004; Khoshgoftar et al., 2004; Khoshgoftarmanesh, 2009). Concerning the 
concentration of Cd of the roots (32.18) and the shoots (7.01 mg g-1DW) of non-
inoculated seedlings, a higher portion of the Cd taken up by wheat seedlings would 
remain in the roots rather than moving into shoots. This may be because of the cell wall 
polyanions and also accumulation of Cd in the vacuole of the root cells (Stolt, 2003). 
Liu et al., (2009) reported similar conclusion. They show that the accumulation of toxic 
heavy metals in winter wheat roots was significantly higher than in the aerial parts. 
Addition of Cd was most seen in the roots (19.61%) and then in shoots (9.27%) in non-
inoculated seedlings under salinity+Cd condition when compared to Cd-treated 
seedlings. Sodium chloride can increase the adverse effect of Cd via more mobilization 
of Cd in the soil solution and consequently more uptake of Cd by plant roots can happen 
(Khoshgoftar et al., 2004). In addition, Fe, Ca and K of root in non-inoculated seedlings 
significantly decreased due to the excess of salinity and/or Cd in the root media. 
Therefore excessive Cd and/or salinity affects the rate of uptake and distribution of 
certain essential nutrients in plants, and consequently, this phenomena may be 
responsible for mineral deficiency/imbalance which causes limited plant growth. Uptake 
of Cd occurs via the same transmembrane carriers used to uptake Ca2+ and Fe2+, so 
addition of Cd can decrease the concentration of calcium and iron in plant (Dražić et al., 
2004; Roth et al., 2006). Same conclusion reported by different researchers. Chang et 
al., (2012) found Fe2+ and K+ content of root and shoot significantly decreased in Cd-
treated rice seedlings. Also, Astolfi et al., (2012) showed that Fe deficiency enhanced in 
barley plants under excess of Cd availability. 

Under saline condition, the competition between uptake of sodium and potassium by 
non-inoculated plants favored sodium ions, but potassium uptake was increased in the 
wheat seedlings inoculated with Azospirillum (Table 2). Inoculation improved harmful 
effects of Cd and/or salinity via less Na and hight K uptake and accumulation in the 
roots and shoots of inoculated plants. At the same time, less sodium entry into the cell 
and less potassium leakage out of the cell maybe happen. Reduction of sodium in the 
roots of inoculated seedlings may be the result of higher expression of TaSOS1 under 
excess of sodium.  

PGPRs can affect the uptake of nutrient by changing root-uptake characteristics 
(Martinez-Toledo, 1991), and consequently change in relative growth rate (Rodelas et 
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al., 1999; Tinker, 1984). We observed that A. brasilense could help to prevent sodium 
uptake by plant in inoculated wheat seedlings. It has been reported that production and 
secretion of bacterial exopolysaccharides to the root environment and in turn reducing 
the availability of Na+ in the media is the cause of less Na uptake. This conclusion can 
be made on the basis of the result obtained by Upadhyay et al., (2011). They indicated 
that some of the native strains of bacteria which separated from the wheat rhizosphere 
of the soils were able to establish salt tolerance by bacterial secretion such as 
exopolysaccharides.  

Lin et al., (1983) reported that inoculation of Zea and Sorghum bicolor roots with A. 

brasilense increased the uptake of several mineral ions such as NO3-, K+, and H2PO4
-. 

Also, Chang et al., (2012) showed that Cd could decrease Fe and K+ concentration, 
increase APX and CAT activity antioxidant enzymes and also improve Fe status which 
is able to reduce the toxicity of rice seedlings. Furthermore, the low iron content of 
plants that are grown under the high level of heavy metals generally shows chlorosis, 
since iron deficiency inhibits both chloroplast development and chlorophyll 
biosynthesis (Imsande, 1998). 

The cell membrane plays an important role in metal homeostasis, via preventing or 
stimulation of nutrient passage into cell. Cd could alter the plasma membrane 
permeability by lipid peroxidation, reduction of ATPase activity (Fodor et al., 1995) and 
altering the activities of genes related to Na homeostasis. Our data showed Cd enhanced 
sodium of plant tissue (almost 24%) and eventually, the TaSOS1 gene expression 
significantly increased to 14.3 fold change in Cd-treated seedlings compared to control 
plants. Our result show under saline condition, the competition between uptake of 
sodium and potassium by non-inoculated plants favored sodium ions (Wakeel, 2013; 
Tester and Davenport, 2003). Thus, antiporters of plant cell plasma membrane (SOS1) 
should be involved to maintain the plant cell ion homeostasis. Our results are consistent 
with Taherinia (2015), Ramezani et al., (2013) and Xu et al., (2008) who demonstrated 
salt stress could increase the relative TaSOS1 gene expression. In addition, we observed 
inoculation of seedlings with A. brasilense Sp7 can contribute to salt tolerate via 
overexpression of TaSOS1 gene. Although there is not any report related to the effects 
of A. brasilense on the upregulation of TaSOS1 in wheat seedlings, Vargas-Garcia et al. 
(2012) showed ethylene receptors genes expression in rice plants upregulated due to the 
inoculation with A. brasilense Sp245. There are some other reports relate to an increase 
in transcripts of some other genes involved in nutrient uptake in response to A. 

brasilense (Cavalcante, 2007; Kim, 2015; Nogueira, 2001). 
Plant cell reduces the adverse effects of Cd through different mechanisms like 

secretion of organic acids (Nigam, 2001), using Casparian strip of the root plant cell 
(Lux, 2004), ABC transporters (Bovet et al., 2005; Verbruggen et al., 2009), antioxidant 
enzymes (Mishra, 2006) and expression of some genes which TaTM20 gene is one of 
them (Kim et al., 2008). So it is predictable that the TaTM20 gene expression for 
inhibition and detrimental effects to plant would be increased. Figure 4b shows not only 
Cd increased the relative TaTM20 gene expression to 226.32 fold change but also an 
additive effect was observed in its expression under combined Cd+salinity (308.14 fold 
change). When we use manure containing Cd in agricultural land, especially under 
saline condition, potassium content of the root reduces because of chloride 
complexation of Cd (Ciećko, 2004; Smolders et al., 1998). Also, Kim et al., (2008) 
demonstrated Cd stress could increase the relative TaTM20 gene expression as well as 
Cd tolerance through the stimulation of Cd efflux from the cell.  
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Under Cd+salinity stress, the relative TaTM20 gene expression in inoculated 
seedlings (188.36) was less than non-inoculated ones (308.14 fold change). 
Simultaneously we obtained better growth and less Na and higher potassium in the 
shoots and roots which indicated that inoculation provides a better condition for plant to 
grow. This result is in some ways similar to the result of Belimove and Dietz (2000) 
who showed that associative bacteria were capable of decreasing partially the toxicity of 
Cd for the barley plants through the improvement of nutrient uptake. Since the TaTM20 
gene is known recently, so there is not enough information to present a good 
conclusion. However, it is possible that Azospirillum contributed to plants to tolerate the 
stress condition through the extension of the root system, secretion of 
exopolysaccharides and alteration of TaTM20 expression, which in turn decreasing the 
Cd uptake and its accumulation in the cytosol of a cell. 

Conclusion 

In non-inoculated condition, a reduction of Fe, Ca, K content and addition of Na, Cd, 
proline, antioxidant enzyme (CAT and APX), chlorophyll (a and b) and carotenoid in 
the root and shoot were observed under excess of Cd. However, the changes in the 
measured indexes were higher for the excess of Cd under salinity. Losing of dry weight 
of roots and shoots was significantly correlated to measured indices. In excess of 
salinity or Cd, TaSOS1 expression was upregulated in the root of seedlings, and reached 
its maximum under dual effect of Cd and salinity (72.89 fold change). However, 
TaTM20 upregulation was more Cd dependent than salinity or inoculation but Cd had 
higher effect on TaTM20 upregulation under saline condition which might be because 
of more Cd solubility in the media. 

Inoculation with A. brasilense improved root and shoot dry weight, caused more 
accumulation of Fe, Ca and potassium but less uptake of Cd and Na in seedlings not 
exposed to Cd and salinity. Simultaneously, in inoculated seedlings there were less 
adverse effects on shoot’s pigments such as chlorophyll a and carotenoid under excess 
of salinity and Cd. These events coincided with upregulation of TaSOS1 under saline 
and/or Cd stress conditions. 
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Abstract. Among the intracellular bacterial symbionts, the genus Wolbachia (Rickettsiaceae: 
Rickettsiales) is one of the most abundant taxa associated with reproductive systems of various insects. It 
is cytoplasmic inherited endosymbiont that induce various reproductive alterations. Characterization 
analysis has revealed that a number of arthropods harbour Wolbachia sp. estimates from 20-80%, with 
emphasize on Coleopterous insects (41 species have been reported so far). Therefore, in the context of 
broad existence and unique phenotypic actions to alter reproductive systems of various insect, we aimed 
to determine the intriguing possibility of this endosymbiont from one of the deadliest palm pest, i.e. red 
palm weevil (RPW), Rynchophorus ferrugineus (Curculionidae) from different geographical locations 
using polymerase chain reactions (PCR) with four sets of Wolbachia-specific primers (SPs) along with 
one pair of universal bacterial primer (BP). Parallel analysis was also carried out with Wolbachia strain 
isolated from whitebacked plant hopper, Sogatella furcifera (Homoptera: Delphacidae), as a positive 
control. Our analysis confirmed the absence of Wolbachia sp. across the various life stages of RPW 

reared in laboratory or captured from the field. Moreover, the phylogenetic analysis of all closely related 
Wolbachia-mediated weevils were compiled and retrieved from NCBI database indicates the extent of 
transfection of this bacterium into RPW for the future work on biological control of RPW. This study 
may facilitate to understand further evolutionary consequences of Wolbachia infection in weevils. 
Keywords: RPW, biological control, endosymbiotic bacteria, Wolbachia, PCR 

Introduction 

A number of symbiotic bacteria associated with insects profoundly influence their 
host physiology. Among these endosymbionts, Wolbachia sp. belongs to order 
Rickettsiales, is widely distributed in invertebrates (Arthropods). The evidences are 
mounting that Wolbachia can infect a number of insect species (20-80%) (Werren and 
Windsor, 2000; Jiggins et al., 2001; Tagami and Miura, 2004; Hilgenboecker et al., 
2008; Zug and Hammerstein, 2012) from different orders including Diptera, 
Hymenoptera, Coleoptera, Lepidoptera, Orthoptera, and Hemiptera/Homopter (Werren 
and Windsor, 2000). Extrapolations of this percentage among the total number of 
insects and nematode species make Wolbachia one of the most abundant endosymbiont. 
This genus has also been reported from filarial nematodes, the causative agents of river 
blindness and elephantiasis in human (Fenn et al., 2006). Wolbachia has the potential to 
distort the host reproductive system by various phenotypic effects (Blagrove et al., 
2012; Ali et al., 2016) such as cytoplasmic incompatibility (Poinsot et al., 2003) (CI), 
parthenogenesis induction (Stouthamer et al., 1999) (PI), male killing (MK) (Jiggins et 
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al., 2001) and feminization (Negri et al., 2006). Among these phenotypes, MK, PI, and 
feminization are highly selective advantageous to female-biased sex ratio while the CI 
is related to decreasing the number of offspring by reducing the egg hatchability. 
Phylogenetic analysis has revealed that a total of 8-11 distant Wolbachia supergroups 
designated as A-K has been proposed so far (Lo et al., 2002; Casiraghi et al., 2005). 
Among these supergroups, A and B are high presumably distributed in arthropods while 
supergroup C and D belong to terrestrial nematodes with the exception of 
endosymbionts from Mansonella spp., which are recognized in supergroup F. Anyhow, 
new supergroups with the range of novel Wolbachia-mediated hosts has not yet been 
completely investigated, although new phylogenetic lineages along with novel host are 
progressively discovered (Casiraghi et al., 2005). 

Moreover, breeding behavior, (Gazla and Carracedo, 2009; Miller et al., 2010), sex 
determination, (Rigaud, 1997), eusociality (Stouthamer et al., 1999) and speciation 

(Bordenstein, 2003) of the host may also be profoundly affected or altered by 
Wolbachia sp. It is also known to play roles both protective or antagonistic in some 
RNA viral infections in Drosophila

 (Osborne et al., 2012) and establishes obligate 
associations as observed in all infected nematodes (Fenn and Blaxter, 2004; Fenn et al., 
2006) and rarely in some arthropods (Dedeine et al., 2005; Hosokawa et al., 2010). 
Remarkable biology, and diverse phenotypic effects of Wolbachia and its potential 
application for the control of vector-borne diseases such as dengue fever, malaria or 
filariasis (Kambris et al., 2009) offers promising tools to control various economically 
important invasive species of agriculture and medical importance. 

The beetle superfamily Curculionoidea (Insecta: Coleoptera) is one of the most 
plenteous, diverse, dominant and successful animal group containing more than 60,000 
described and likely to contain further 220,000 undescribed species (Oberprieler et al., 
2007). Among the Curculionoidea family, red palm weevil (RPW), Rhynchophorus 

ferrugineus (Olivier) is one of most invasive pest of almost 26 palm species (Malumphy 
and Moran, 2009) including date palm, Phoenix dactylifera L, oil palm, Elaeis 

guineensis (Murphy and Briscoe, 1999), coconut palm, Cocos Nucifera, and Canary 
Island date palm, Phoenix canariensis. The RPW is a concealed tissue borer which 

undergoes complete metamorphosis (life cycle going through egg, larvae, pupae and 
adult stages as shown in Fig. 1) and the greater part of its life stages are found inside the 
palm tree.  

Damage manifestations are showed by the presence of tunnels in the trunk, oozing of 
thick yellow to brown fluid from the tree, the presence of chewed up plant tissue in and 
around openings in the trunk, the occurrence of a fermented smell from the fluid inside 
infested tunnels in the trunk, and/or breaking of the trunk or toppling of the palm crown 
(Kaakeh et al., 2001). In China, damages of RPW initially reported in Guangdong 
during 1997 and spread rapidly to other parts (Chongqing, Fujian, Hainan Island, Hong 
Kong, Guangdong, Guangxi, Guizhou, Jiangsu, Jiangxi, Shanghai, Sichuan, Taiwan, 
Tibet, Yunnan and Zhejiang) (Li et al., 2009). Nowadays, this pest is widely distributed, 
found in Oceania, Asia, Africa, Europe (several countries around the mediterranean 
basin) and the Middle East (Howard et al., 2001). 

Symbiotic association between beetles and microbial consortia have been broadly 
investigated. From last few decades, more than thirty weevils have been investigated to 
harbor Wolbachia (Lachowska et al., 2010), with number increasing gradually (41 
beetles as shown in Table 1). Many of which belong to supergroup A or B, except the 
one discovered in Rhinocyllus conicus (Froehlich) that belongs supergroup F (Lo et al., 
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2002). In view of the widespread distribution as well as the manipulation of host mating 
and reproduction, Wolbachia has attracted the interest of biologists because they maybe 
used as a novel environmentally friendly tool for insect pest control. Bearing in mind 
the importance of Wolabchia, first, we investigate the presence of Wolbachia infection 
in RPW with the aim to explore the potential use of this endosymbiont as biological 
control agent against it. This is the first novel study to interrogate the existence of 
Wolbachia in RPW using PCR-based approach. Secondly, according to our best 
knowledge we compiled all weevils which have been proven to Wolbachia positive 
from previous literatures (Table 1) and finally, we constructed a phylogenetic 
relationship between previously identified Wolbachia strains in closely related 
coleopterans species with RPW for further understanding the evolutionary 
consequences of Wolbachia infection in weevils. 

 

 
Figure 1. Life cycle (egg to adult stage) of red palm weevil (RPW), Rynchophorus ferrugineus 

(Curculionidae). Number of days may vary according to envirnmental conditions 

Material and methods 

Insect collections and rearing 

The present study was conducted at the Key Laboratory of Insect Ecology, 
Department of Plant Protection, Fujian Agriculture and Forestry University, Fuzhou-
China. Specimens of RPW were collected from different geographical locations 
(Table 2 and Fig. 2) during 2014-2017 from infested palm trees. From every location at 
least 10 specimens were captured. Collected adults and larvae were placed in perforated 
plastic boxes with host plant tissues and transported to the laboratory for further rearing 
and DNA extraction. Laboratory population was maintained under control conditions 
(Temp 25-28 °C, RH 65-70%, 12:12 light-dark cycle) (Hou and Weng, 2010) and 
provided with sugarcane (Saccharum officinarum) for feeding and oviposition. 
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Table 1. Wolbachia infection on the basis of Wolbachia outer surface protein (wsp) and 

filamenting temperature sensitive mutant Z protein (FtsZ) in all known Coleopteran species 

reported so far 

Coleopteran hosts 
Accession no. of 

Wolbachia References 
Scientific name Family wsp gene ftsZ gene 

Sitophilus zeamais Curculionidae AB469362 - Kageyama et al., 2010 
Otiorhynchus sulcatus Curculionidae - - Son et al., 2008 

Adalia bipunctata Curculionidae AJ130714 - Hurst et al., 1999 
Naupactus cervinus Curculionidae GQ402145 - Rodriguero et al., 2010 

Xylosandrus germanus Curculionidae AB359039 - Kawasaki et al., 2010 
Ceutorhynchus obstrictus Curculionidae - HM012590 Floate et al., 2011 

Hypera postica Curculionidae - - Iwase et al., 2015 
Sitophilus oryzae Curculionidae - KP762388 Li et al., 2015 

Lissorhoptrus oryzophilus Curculionidae - GU478334 Chen et al., 2012 
Rhinocyllus conicus Curculionidae - - Campbell et al., 1992 

Conotrachelus nenuphar Curculionidae GU013552 - Zhang et al., 2010 
Tribolium madens Tenebrionidae AF275546 - Fialho and Stevens, 2000 

Tribolium confusum Tenebrionidae AF020083 - Ming et al., 2015 
Aulacophora nigripennis Chrysomelidae GU236978 - Jeong et al., 2009 
Chelymorpha alternans Chrysomelidae DQ842458 - Baldo et al., 2006 

Altica lythri Chrysomelidae KF163375 - Jackel et al., 2013 
Aphthona nigriscutis Chrysomelidae - AY136550 Roehrdanz et al., 2006 

Hermaeophaga mercurialis Chrysomelidae - KF163372 Jackel et al., 2013 
Callosobruchus latealbus Chrysomelidae AB545610 - Kondo et al., 2011 
Diabrotica virgifera zeae Chrysomelidae DQ091305  - Giordano et al., 1997 

Oreina liturata Chrysomelidae HG970634 - Montagna et al., 2014 
Oreina cacaliae Chrysomelidae HG325863 - Montagna et al., 2014 

Diabrotica virgifera virgifera Chrysomelidae - AY136551 Roehrdanz and Levine, 2007 
Diabrotica cristata Chrysomelidae - AY007556 Clark et al., 2001 

Callosobruchus chinensis Chrysomelidae AB038339  Kondo et al., 2011 
Diabrotica barberi Chrysomelidae - AY136552 Roehrdanz and Levine, 2007 

Brontispa longissima Chrysomelidae MG345108 - Ali et al., 2018 
Octodonta nipae Chrysomelidae MG551861             Unpublished data 

Harmonia axyridis Coccinellidae - KM288833 Goryacheva et al., 2015 
Pityogenes chalcographus Scolytinae DQ993183 - Avtzis et al., 2008 

Hypothenemus hampei Scolytidae AF389084 - Vega et al., 2002 
Byturus tomentosus Byturidae AJ585376 - Malloch et al., 2005 

Megabruchidius sophorae Bruchidae AB545607 - Kondo et al., 2011 
Callosobruchus analis Bruchidae AB469357 - Kageyama et al., 2010 
Oryzaephilus mercator Silvanidae KJ152808 - Li et al., 2015 

Oryzaephilus surinamensis Silvanidae AB469190 - Kageyama et al., 2010 
Luciola unmunsana Lampyridae FJ156729 - Jeong et al., 2009 

Lasioderma serricorne Anobiidae AB469359 - Kageyama et al., 2010 
Stegobium paniceum Anobiidae AB469917 - Kageyama et al., 2010 
Byctiscus venustus Rhynchitidae GU236986 - Jeong et al., 2009 
Anthrenus verbasci Dermestidae AB469915 - Kageyama et al., 2010 

Note: Scientific names, families and their accession numbers are given. Blank boxes indicates either not 
available or not known accession numbers from NCBI database 
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Table 2. Tested specimens of red palm weevil (RPW), Rynchophorus ferrugineus 

(Curculionidae), their collection year and place of collection 

S. No  
Date of 

collections 
Collected samples 

Strain 

name  
Host plant 

Original place of 

collections 

1 16/10/2015 Egg (lab collected) LE S. officenarum Fuqing, Fujian, China 
2 16/10/2015 Lab larvae LL S. officenarum Fuqing, Fujian, China 
3 16/10/2015 Lab pupa LP S. officenarum  Fuqing, Fujian, China 
4 16/10/2015 Lab adult male LM S. officenarum  Fuqing, Fujian, China 
5 16/10/2015 Lab adult female LF S. officenarum Fuqing, Fujian, China 
6 12/5/2014 Hainan adult male HM P. canariensis Hainan province, China  
7 12/5/2014 Hainan adult female HF P. canariensis Hainan province, China  
8 10/7/2014 Guanxi adult male GM P. canariensis Guanxi province, China  
9 10/7/2014 Guanxi adult female GF P. canariensis Guanxi province, China  

10 2/3/2015 Shangai adult male SM P. canariensis Shangai, China 
11 2/3/2015 Shangai adult female SF P. canariensis Shangai, China 
12 2/4/2015 Longyan adult male  LogM P. canariensis Longyan, Fujian, China 
13 2/4/2015 Longyan adult female  Logf P. canariensis Longyan, Fujian, China 
14 11/7/2015 Xiamen adult male XM P. canariensis Xiamen, Fujian, China 
15 11/7/2015 Xiamen adult female XF P. canariensis Xiamen, Fujian, China 
16 15/8/2015 Fuqing adult male FM P. canariensis Fuqing, Fujian, China 
17 15/08/2015 Fuqing adult female FF P. canariensis Fuqing, Fujian, China 
18 25/8/2016 Zhangzhou adult male ZM P. canariensis Zhangzhou, Fujian, China 
19 25/8/2016 Zhangzhou adult female ZF P. canariensis Zhangzhou, Fujian, China 
20 3/9/2017 Ningde adult male  NM P. canariensis Ningde, Fujian, China 
21 3/9/2017 Ningde adult female  NF P. canariensis Ningde, Fujian, China 

 
 

DNA extraction 

For DNA extraction all samples (Table 2 and Fig. 2) were sterilized with 75% 
alcohol and rinsed three times with autoclaved double distilled water. Total genomic 
DNA extraction was performed from various life stages (egg, larvae, pupa, male and 
female) of lab-reared specimens, while only field caught adult stage (male or female) 
from different geographical locations using DNeasy Blood and Tissue Kit (Qiagen, 
Valencia, USA) in accordance with the manufacturer’s protocol with final elution step 
repeated twice in 100 µl of buffer AE. The concentration and purity of the extracted 
DNA was quantified using a NanoDrop 2000 spectrophotometer (Thermo Scientific, 
Wilmington, DE). 

 
PCR amplification for Wolbachia detection 

The presence of Wolbachia in extracted DNA of RPW specimens was screened using 
PCR amplification with four Wolbachia SPs and a universal bacterial primer (Pu et al., 
2016) (Table 3). PCR reactions contained a total volume of 25 µl comprised of 2 µl of 
template DNA, 12.5 µl of 2X Taq PCR Master-mix (Tiangen Biotechnology Beijing, 
China), 1 µl of each primer, and 8.5 µl double distilled water. Each reaction run with a 
positive control (Wolbachia DNA from Sogatella furcifera (Horvath) and negative 
control (without DNA). Amplified PCR products were run on 1% agarose gel 
(0.5 ug/ml ethidium bromide, TRIS-EDTA-Buffer; Fisher, Waltham, MA) and 
visualized using UV illuminator. 
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Figure 2. Map of sampling sites from different geographic locations (Fujian, Guangxi, 

Shanghai and Hainan province) of china. Red palm weevil (RPW), Rynchophorus ferrugineus 

(Curculionidae) specimens collected from same locations represent same color, while different 

colors represent variable provinces of china. The map was obtained from google earth 

(https://www.google.com/earth/desktop/) 

 
 
Table 3. Four sets of Wolbachia specific primers (SPs) along with universal bacterial primer 

(BP) with PCR thermal cycling conditions used in this study 

Primer Primer sequence 
PCR cycling 

conditions 
FL Reference 

Wolbachia 
SPs 

1) wsp81F: 5'-TGG TCC AAT AAG TGA TGA AGA AAC-3' 
wsp691R: 5'-AAA AAT TAA ACG CTA CTC CA-3' 

94 °C for 4 min, 40 s 
at 94 °C, 40 s at  
55  °C, 1 min at 72 
°C, Extension step of 
10 min at 72 °C 

≈600bp Zhou et al., 1998 

 
2) wsp1: 5'-GGATCCGGGTCCAATAAGTGATGAAGAAAC-3' 

wsp2: 5'-GGATCCTTAAAACGCTACTCCAGCTTCTGC-3' 
-do- -do- Baldo et al., 2006 

 
3) wspF: 5′-GGGTCCAATAAGTGATGAAGAAAC-3′ 

wspR: 5′-TTAAAACGCTACTCCAGCTTCTGC- 3′ -do- -do- Ming et al., 2015 

 
4) FtsF: 5′-GTA TGC CGA TTG CAG AGC TTG-3′ 

FtsR: 5′- GCC ATG AGT ATT CAC TTG GCT-3′ 

95 °C for 10 min, 
1 min at 95 °C, 1 min 
at 55 °C, 2 min at 
70 °C, Extension step 
of 5 min at 72 °C 

≈750bp Kondo et al., 2011 

Universal 
BP 

1) 27F: 5'-TCG ACATCGTTTACGGCGTG-3' 
1492R: 5'-CTA CGGCTACCTTGTTACGA-3' 

94 °C for 3 min, 40 s 
at 94 °C, 40 s at 
55 °C, 1 min at 72 °C, 
Extension 5 min at 
72 °C 

≈1400bp Pu and Hou, 2016 

SPs: specific primers; BP: bacterial primer; FL: fragment length; PCR: polymerase chain reactions 
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Wolbachia positive strain 

Wolbachia strain used in this study as a positive control was originally isolated from 
a lab-reared adult of S. furcifera (Horvath) (Homoptera, Delphacidae) known to be 
infected by Wolbachia under the accession number of FJ713766.1 retrieved from 
National Center for Biotechnology Information (NCBI) database 
(https://www.ncbi.nlm.nih.gov/nuccore/224797910). PCRs were carried with total 
volume of 50 µl comprised of 4 µl of template DNA, 50 µl of 2X Taq PCR Master mix 
(Tiangen Biotechnology Beijing, China), 2 µl of each primer, and 17 µl double distilled 
water to amplify the targeted genes. The PCR products, after evaluation of positive 
amplification verified through gel electrophoresis, were subjected to cloning and 
transformations. A 2 μl of purified amplification product from 1% agarose gel extracted 
using MiniElute Gel Extraction Kit (Qiagen) was directly ligated into the pGEM T-Easy 
Cloning Vector (Promega, Madison, WI) in accordance with the protocol. Ligation 
products were transformed into T1 Competent Cells (Qiagen), which were plated on 
0.5% ampicillin Luria-Bertani broth (LB) selection plates (S-Gal LB Agar Blend, 
Sigma-Aldrich, St Louis, MO) and incubated overnight at 37 °C. At least three positive 
clones were picked and labeled according to sample and incubated in 1000 µl LB broth 
(0.5% ampicillin) for 10 h at 37 °C and 300 rpm. After shaking, 2 μl finally confirmed 
sample via diagnostic PCR were send to sequencing company (life science Company). 

 
Phylogenetic analysis 

We retrieved the sequences of previously identified Wolbachia strains (41 species) 
from closely related weevils to RPW by running search on NCBI GeneBank database 
(http://www.ncbinlmnih.gov/BLAST). All Wolbachia strains retrieved from the NCBI 
GeneBank were aligned using ClustalW and tree was constructed with MEGA5.05 
software (Tamura et al., 2011). The aligned sequences were corrected manually if 
necessary and best fit model was chosen for cladogram analysis. 

Results 

Detection of Wolbachia in RPW 

According to our PCR results, all four Wolbachia SPs (wsp81F-wsp691R, wspF-
wspR, wsp1-wsp2 and ftsF-ftsR) yielded negative results except for the positive control 
as shown in Table 4. Based on these results, we comprehensively rejected the 
hypothesis of the presence of this endosymbiont in field-collected, or lab-reared RPW 

samples (egg, larvae, pupa, and adult) and concluded that RPW is not naturally infected 
by Wolbachia sp. (Table 4). On the other hand, bacterial universal primer (27F, 1492R) 
showed visible bands (≈1400 bp) on agarose gel across the all tested life stages (Table 

4) except for the negative control which shows the purity of DNA isolated from all 
targeted specimens. Contrary with above assumptions, all four Wolbachia SPs including 
Wolbachia outer surface protein (wsp) and filamenting temperature sensitive mutant Z 
protein (ftsZ) genes were used against positive control (S. furcifera) yielded ≈600 bp 
and ≈750 bp respectively after running on 1% agarose gel electrophoresis (Table 4). To 
ensure the authenticity of targeted regions of wsp and ftsZ genes from positive control 
were blasted against NCBI database and the results demonstrated the same sequence 
fragments under the accession numbers of FJ713766 and JN560721 respectively. 
Visible fragments only in positive control indicates the integrity of DNA. 
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Table 4. Wolbachia infected (+) or uninfected (−) diagnostic PCR results against laboratory 
reared and field collected specimens of red palm weevil (RPW), Rynchophorus ferrugineus 

(Curculionidae) with four pairs of Wolbachia SPs and one pair of universal BP 

 
Sample 

Universal BP Wolbachia SPs 

27F 

1492R 

wsp81 F 

wsp691R 

wspF 

wspR 

wsp1 

wsp2 

ftsF 

ftsR 

Laboratory reared LE + - - - - 

 
LL + - - - - 

 
LP + - - - - 

 
LM + - - - - 

 
LF + - - - - 

Field collected HM + - - - - 

 
HF + - - - - 

 
GM + - - - - 

 
GF + - - - - 

 
SM + - - - - 

 
SF + - - - - 

 
LogM + - - - - 

 
Logf + - - - - 

 
XM + - - - - 

 XF + - - - - 

 FF + - - - - 

 ZM + - - - - 

 ZF + - - - - 

 NM + - - - - 

 NF + - - - - 

 NC - N/A N/A N/A N/A 

 PC N/A + + + + 

SPs: specific primers; BP: bacterial primer; N/A: not applied; NC: negative control; PC: positive control 
 
 

Phylogenetic relationship of previously described Wolbachia strains from order 

Coleoptera 

Wolbachia is widely distributed in Coleopteran insects and majority of weevil 
species have been reported Wolbachia infected which are taxonomically closely related 
to RPW. However, in our PCR assay, we were unable to detect the presence of 
Wolbachia sp. in RPW. Total length of alignments were ≈600 bp for 26 wsp and 
≈750 bp for 10 ftsZ gene sequences were used to construct phylogenetic tree, while 3 
weevils (Otiorhynchus sulcatus. Hypera postica, Rhinocyllus conicus) (Table 1), we 
were unable to find their Wolbachia sequence from NCBI database. We construct a 
phylogenetic relationship between previously identified Wolbachia strains in closely 
related coleopterans species with RPW in order to understand the future of Wolbachia 
transfection into RPW and exploit it in pest management. Wolbachia strains were 

named after the host insect species, and the GeneBank accession number are listed as 
well (Fig. 3). 
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Figure 3. Maximum likelihood (ML) phylogenetic tree of previously reported Wolbachia 

positive individuals in coleopteran insects based on wsp (A) and ftsZ (B) gene sequences. 

Bootstrap values shown next to nodes are based on 1000 replicates 



Ali et al.: Absence of Wolbachia in red palm weevil, Rynchophorus ferrugineus Olivier (Coleoptera: Curculionidae): a PCR-based 
approach 
- 1828 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1819-1833. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_18191833 
 2018, ALÖKI Kft., Budapest, Hungary 

Discussion 

Numerous invertebrates harbor endosymbiotic microorganisms, including terrestrial 
isopods (Rigaud et al., 2001), mites (Breeuwer and Jacobs, 1996), and all major orders 
of insects (Werren et al., 2000). Every insect species has its own set of endosymbiotic 
species that can vary greatly, even within the same insect species. The variation depends 
on factors such as sex, life stage, biotype, and geographic location (Pan et al., 2012). 
Wolbachia is one of the widespread ubiquitous intracellular bacterial symbionts that 
have evolved several phenotypic strategies (male killing, parthenogenesis, feminization 
and cytoplasmic incompatibility) to manipulate the reproductive system of the various 
insect, nematodes, crustacean etc. 

In various weevils, these endosymbionts are broadly investigated and reported to 
have extremely interdependent associations like in Nardonella and many members of 
Dryophthoridae. For example, West Indian sweet potato weevil, Euscepes postfasciatus 
(Fairmaire), when endosymbionts were removed through the utilization of antibiotics, 
its structure, size, body weight, and developmental rate was significantly reduced 

(Kuriwada et al., 2010). Wolbachia were reported from ≈30 weevils (Lachowska et al., 
2010) so far which is quite a large number as its abundance. However, as a whole, 
current knowledge of the bacterial communities and their associations with natural hosts 
are still limited. In the context of Wolbachia importance as a bio-control agent and 
broad existence in all arthropods especially in Coleopteran insects, we planned a study 
to unravel the question about the presence of Wolbachia sp. in RPW. Furthermore, to 
improve our previous knowledge about the existence of Wolbachia in weevils, we 
compiled up to date known Wolbachia-inherited weevils in this study. Based on our 
results, we confirmed that Wolbachia is not present in both laboratory reared and field 
collected specimens of RPW in any developmental stage. A PCR assay based study was 
conducted by Bordenstein et al. (2003) in a diverse set of nonfilariid species and the 
results dmonstrated the absent of Wolbachia in Nonfilariid Nematodes which is quite 
similar to our study conclusion. Other studies such as Voronin et al. (2015), McNulty et 
al. (2012) are also in line with our results. There could be several possible reasons such 
as co-evolution, stochasticity (Jansen et al., 2008), fitness costs incurred by infection 
(Sarakatsanou et al., 2011; Suh et al., 2013; Dykstra et al., 2014), high temperature, 

(Clancy et al., 1998), imperfect maternal transmission and/or agricultural application of 
bactericide (McManus et al., 2002), high host specificity all are behind the absence of 
Wolbachia in RPW but without any authentic surveys all explanation remains 
possibilities which still need to be determined. 

The congruence of Wolbachia sp. with filariid dated back to about 100 million years 
suggesting that Wolbachia sp. has coevolved with the host organism and became an 
integral organ of the host (Casiraghi et al., 2001). Lo et al. (2002) has suggested that 
Wolbachia sp. are highly host specific. However, recent studies have shown that this 
can be cultured in vitro as well as can be injected and manipulated in other non-host 
organisms which not only infects host soma but also infects somatic tissue and maintain 
this infection into various generation (stock populations of Drosophila melanogaster) 
after initial injections of Wolbachia sp. Transfection of Wolbachia sp. from naturally 
infected host to non-host organism such as RPW would open new avenues for 
developing an effective bio-control strategy against this devastating pest of palm trees. 
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Conclusion and future prospects 

Wolbachia species are widely distributed in arthropods, mites, terrestrial isopods and 
all major insect orders particularly in Coleopteran insects. However, in this study, there 
is no evidence of Wolbachia presence in all tested developmental stages either 
laboratory reared or field collected specimens of RPW at any geographical locations of 
China. Therefore, on the basis of our results we concluded that Wolbachia sp. is not 
present in the population of RPW. Greater awareness, in combination with rapidly 
expanding knowledge base of Wolbachia (particularly in the areas of genomics, cell 
biology and molecular biology) and comparable endosymbionts, offers new directions 
for incorporating them in bio-control programs. The capacity of Wolbachia that cause 
Cl in arthropod species has created interest in their use as a mechanism to drive 
desirable traits (for example resistance to disease) into insect vector populations. The 
use of Wolbachia infected males is also being developed as a mechanism to decrease 
pest populations by inducing elevated Cl, similar to the use of sterile male programs to 
control pest insects. However, incorporation of Wolbachia in biocontrol research 
strategies may be restricted by technical challenges. For example, infections can be 
manipulated by elimination, transfection or genetic modification. The former has been 
achieved in many cases, transfection has been accounted less frequently, and genetic 
modification has yet to be achieved. However, given advances in recent years, we are 
optimistic that results of ongoing and future research will expand opportunities to use 
Wolbachia and similar endosymbiotic bacteria in bio-control programs. 
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Abstract. The growth, biomass partitioning and reproduction of alpine Gentiana hexaphylla species in 
local microclimates have important ecological significance in the study of the adaptation strategies of 
alpine plants. At the eastern edge of the Qinghai-Tibet Plateau in China we set up eight sample positions 
surrounded by mountains at an altitude of 4000 m and subsequently transplanted and measured the 
indices of growth, biomass allocation and reproduction of Gentiana hexaphylla to investigate the 
adaptation strategies in different slope aspects. Our results showed that slope aspects significantly 
affected the survival and reproduction strategies of Gentiana hexaphylla. Plants growing on sunny slopes 
tend to reproduce sexually, and those growing on shady slope are inclined to reproduce asexually. Along 
the circumference of the mountain, from slope S to slope SW, the growth of plant height from the early 
vegetation stage to the full bloom stage showed a wave shape and biomass accumulation showed a “W”-
like pattern. The adaption strategy of Gentiana hexaphylla has a stronger correlation with soil organic 
carbon, soil total nitrogen and phosphorus than with light intensity, soil annual temperature and soil water 
content. Our results will help to understand the physiological adaptation of Gentiana hexaphylla in 
different slope aspects and explore the rule of plant functions and character responses to various habitats, 
so as to reveal the life cycle strategy. 
Keywords: Gentiana hexaphylla, slope aspect, adaption strategy, growth, biomass allocation, 

reproduction 

Introduction 

Alpine ecosystems, owing to their high altitude, high temperature differences around 
the clock, and highly varying and major abiotic factors, greatly affect the adaptation and 
evolution of plants. Ontogenetic modifications and modulation respond to the harsh 
alpine environment with a high degree of specialization through evolutionary adaptation 
(Körner, 2003). Embedded in different floras of the world, high mountains often bear 
greater biodiversity than those in their surrounding lowlands (Körner, 2003; Barthlott et 
al., 1996). Alpine plants can survive in extreme environments with different 
reproduction strategies to maintain the stabilization of populations (Stöcklin, 1992; 
Körner, 2003). Due to their extreme environmental conditions and high biodiversity, 
high mountain ecosystems are an ideal region for studying plant adaptations (Sun et al., 
2014). Studying the growth traits, biomass allocation and reproduction of plants in 
severe environments is conductive to understanding the reasons for the biodiversity of 
high mountain ecosystems. As a typical fragile and sensitive ecosystem, plant structure 
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and functional trait responses to different habitats were helpful for understanding the 
mechanisms of plant adaptation to extreme environments and predicting vegetation 
change under the background of climate change (Schneider, 1993; IPCC, 2001). 

Topography is a comprehensive indicator of habitat conditions that can create local 
microclimates (Cantón et al., 2004). As a vital topographic factor, slope aspect affects 
the daily cycle of solar radiation and has a strong influence on aspects of the 
microclimate, especially air and soil temperature, soil moisture and soil nutrition 
(Rosenberg et al., 1983; Fekedulegn et al., 2003; Auslander et al., 2003). Soil 
temperature and moisture significantly influence soil nutrient mineralization in different 
slope aspects (Sternberg and Shoshany, 2001; Ai et al., 2017). Previous studies found 
that the spatial variation in slope aspect was a determinant element for community 
structure, species diversity, ecosystem processes and plant functional traits (De Bello et 
al., 2006; Bennie et al., 2008; Carletti et al., 2009). Along the circumference of the 
mountain, the spatial variation in slope aspect displays a natural habitat gradient. Due to 
the complexity of the ecological environment and the specialization of alpine plants, it 
is important to conduct research on different slope aspects in alpine ecosystems. 

Plants inhabiting harsh environments have evolved highly specialized phenological, 
morphological and physiological mechanisms and structures (Caldwell, 1968, 1979; 
Nagy and Grabherr, 2009). Plant height (PH) and leaf number are indicators of plant 
interactions with their environment (Grassein et al., 2010), and biomass partitioning of 
plants drives carbon assimilation and nutrient absorption (Poorter et al., 2012). Specific 
leaf area (SLA) can show large variability in response to irradiance, temperature, and 
water availability (Pigliucci and Kolodynska, 2002; Poorter et al., 2009). Numerous 
studies have explored plant ecological adaptions and reproductive mechanisms (Ohba, 
1988; He et al., 2005; Yang and Sun, 2006; Peng et al., 2012). Flower structure traits 
indicate the ability of sexual reproduction (Mcintosh, 2002), while the branch numbers 
of plants indicate the ability for asexual reproduction (He, 2017). Allometric theory has 
been used increasingly in the relationship between plant plasticity response and plant 
functional traits (Weiner, 2004; Bonser and Aarssen, 2009). The change in habitat 
conditions caused by slope aspect deeply affects plant growth rhythm; to understand 
how plant functional traits respond to the topographic environment, the important 
ecological factors must be identified by researching the allometric growth relationships 
among plant traits for plants growing in different slope aspects. There are many studies 
on the effects of elevation on plant adaption, and several slope orientation studies have 
discussed the different effects of sunny vs shady slope position on alpine plant growth, 
but there is very little research concerning the effect of slope aspect along a continuous 
mountain level-curve ring. Gentiana hexaphylla, a perennial herbaceous species, grows 
well in the harsh alpine environment and distributed in all slope aspects around the 
mountains, but its growth differs. These plants reproduce both sexually and vegetatively 
from rhizomes (Bynum, 2001). At the same time, the flower of Gentiana hexaphylla 
was larger than that of other herbs at the sample sites, which was easy to observe. 
Different slope aspects are due mainly to the distribution of hydrothermal condition. 
There is a lack of research on the growth traits, biomass partitioning and reproduction of 
this taxon, and we have studied the effect of elevation (He et al., 2017) and now discuss 
the influence of slope aspects to make the research more systematic. We set 8 sites to 
investigate the different survival strategies on different slope aspects on a relatively 
isolated mountain. We proposed several hypotheses: (1) slope aspects significantly 
affected plant growth, biomass allocation and reproduction strategies; (2) along the 
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circumference of the mountain, the increasing of plant height and the increment of 
biomass from vegetation stage to full bloom stage were significantly affected by slope 
aspects; and (3) Gentiana hexaphylla grew on different slope aspects using different 
reproduction strategies to ensure the survival of individuals and the continuation of 
populations. Proposing these hypotheses will further our understanding of the 
physiological adaptive ability of Gentiana hexaphylla in different slope aspects and will 
clarify the patterns of responses to different habitats among plant traits. 

Materials and methods 

Site characteristics 

The study area was located in Snow Ridge (32°44′42″~32°44′46″ N, 
103°43′44″~103°43′49″ E) in Songpan County, Sichuan Province, at the eastern edge of 
the Qinghai-Tibet Plateau in China (Figs. 1 and 2). The average altitude of the study 
area is 4,005~4,074 m. Snow Ridge belongs to the Minshan mountain system. The 
climate of the study area is characterized by a long winter and a short summer. This 
region has the typical humid and semi-humid continental monsoon climate of the 
plateau cold temperate zone. It has a warm rainy season, and the air temperature varies 
significantly from day to night. The zone has a mean annual temperature of 2.8 °C and a 
mean month temperature from -7.6 °C in January to 9.7 °C in July, and there is no 
absolutely frost-free period. The mean annual solar radiation hours are 1827.5 h, and the 
average annual precipitation is 634.8 mm. The yearly accumulated temperature above 
10 °C is 428.6 °C (Chen, 2011). The soil belongs to the mountain brown meadow 
group. Vegetation is the alpine meadow type (Chen, 2008). 

 

 
Figure 1. Map of the location of sample sites 
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Figure 2. Habitat photos 

 
 

Materials 

Gentiana hexaphylla, distributed in alpine meadows, grassland and roadside slopes 
(2700-4400 m), is a perennial herbaceous species that develops two or three flowering 
shoots and a single terminal flower on each flowering shoot. Roots are mostly slightly 
fleshy and fibrous. Stems are clustered, diffuse, obliquely ascending, and papillate. 
Basal rosette leaves are absent or poorly developed. The calyx tube is narrowly obconic 
and the corolla is blue with a pale yellow-white base and dark blue streaks. Stamens are 
inserted at the basal part of the corolla tube, and anthers are narrowly ellipsoid. Stigma 
lobes are oblong, and capsules are ovoid-ellipsoid. Seeds are light brown and ellipsoid 
to ovoid. The flowering and fruiting period lasts from July to September. 

 
Experimental design 

One relatively isolated mountain was selected as the area of study. We set up 8 
sample positions as sites on the southern (S), southeast (SE), east (E), northeast (NE), 
northern (N), northwest (NW), west (W), and southwest (SW) slopes along the 
circumference of mountain. The target plants were selected and fixed beginning in May 
2016 after the snow melt. We dug up the whole plant (complete with roots) along with 
the original soil (10 cm ×10 cm) to ensure that the target plant was located in the centre 
position. We chose 800 plants with similar heights that were growing well, and then 
moved and fixed them to the 8 sites (100 plants per transplant site). Plants were then 
placed in a ditch that was dug before the experiment. The surrounding soil was used to 
ensure that the sample plants were flush with the ground. The plant samples were fixed 
at 50 cm intervals for the follow-up experiment. The plants (Gentiana hexaphylla) were 
transplanted to each of the 8 sites according to the above method. 

 
Sample collection and treatment in the laboratory 

At the full bloom stage in 2017, 30 individual flowering plants were randomly 
selected from each of the 8 sites along the slope. Fresh leaf samples were scanned by a 
flatbed scanner (CanoScan5600F, Canon, Tokyo, Japan), and then Photoshop CS4 and 
Matlab 7.9 were used to calculate the leaf area (Vile et al., 2005). Each sample was 
placed in an oven at 65 °C and dried to constant weight, and dried samples were 
weighed with an electrical balance of 1/10000 g resolution. At each sample position, 
three transplantable original soil samples were taken and sieved (< 2 mm); roots and 
visible organic debris were removed by hand. Light intensity was measured by a digital 
illuminance meter (TES-1332A) at 10: 00 every day during the flower stage. The 
surface soil temperature (10 cm) was measured by an RTE (iButton-TMEX). Soil water 
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content was measured by the oven drying method. Approximately 100 g of each soil 
sample was air-dried for analysis of soil properties (e.g., C, N, and P). Soil organic 
carbon was determined by potassium dichromate oxidation (Allen, 1989). The total 
nitrogen was determined by the Kjeldahl method (Allen, 1989), and the vanadium 
molybdenum yellow colorimetric method was used for the determination of total 
phosphorus (Bao, 2000). 

 
Statistical analysis 

One-way ANOVA was used to compare the differences in soil water content, soil 
organic carbon, total nitrogen, total phosphorus, plant height, branch number, leaf 
number, specific leaf area and biomass of different plant structures among sample 
positions. Principal component analysis (PCA) was conducted to demonstrate the 
effects of abiotic factors on plant traits and biomass allocation. Figures were drawn 
using Origin 9.0. All statistical analyses were conducted using SPSS 19.0 (SPSS Inc., 
Chicago, IL, USA). Differences were considered significant when P < 0.05. 

The relationships between aboveground biomass and belowground biomass, 
reproductive biomass and vegetative biomass, and photosynthetic biomass and non- -
photosynthetic biomass were analysed using the allometric model y = axb. The formula 
is expressed logarithmically as log y = log a + b log x (x and y represent biomass, a is a 
standardized constant, and b is the allometric growth index) (Niklas, 2005). 
Standardized major axis (SMA) slope-fitting techniques were used to calculate the slope 
(b) and intercept (log a) of the allometric growth equation (Wright et al., 2001; Warton 
et al., 2006). The above analysis was conducted in SMART Version 2. 

Results 

Environmental factors of different slope aspects 

The daily average temperature of increasing and decreasing temperature was higher 
on slopes S, SE, and SW than on slopes NW, NE, and N during the four stages of plant 
growth. Meanwhile, slopes E and W also showed a higher temperature than that on 
slopes NW, NE, and N (Fig. 3). There was no significant difference in light intensity 
among sites (F = 0.776, p = 0.616). The differences in mean annual temperature were 
significant (F = 34.886, p < 0.001). The mean annual temperature of slope E was 
significantly greater than those of the sunny slopes and slope W, while the temperatures 
of the sunny slopes and slope W were significantly greater than the temperatures of the 
shady slopes. There was a significant difference in soil water content among sites 
(F = 4.445, p = 0.006). Slope N had the highest soil water content (43.54%), but slope 
NW had the lowest (34.38%), and the difference was significant. At the same time, the 
soil water content of slope N was significantly higher than that of slopes S and E. There 
were significant differences in soil organic carbon (SOC), soil total nitrogen (STN), and 
soil total phosphorus (STP) among sites (F = 4.919, p = 0.004; F = 4.826, p = 0.004; 
F = 8.859, p < 0.001, respectively). Overall, the soil organic carbon, total nitrogen and 
phosphorus of slope W were the highest, and those of slope S were lowest (Table 1). 

 
Morphological traits at the full bloom stage under different slope aspects 

Plant height (F = 4.909, P < 0.001), branch number (F = 2.231, P = 0.033), specific 
leaf area (F = 9.958, P < 0.001) and leaf number (F = 2.601, P = 0.013) were 
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significantly different among sites. The plant heights on slopes S and E were 
remarkably higher than those on the other five slope aspects, except for slope NW. 
Branch number on slope N was the largest and significantly larger than those on slopes 
NW, NE, E and W. The specific leaf area on slope SW was significantly higher than 
those on the other slope aspects. The leaf number on slopes SW and NE were 
significantly greater than those on slopes NW and W (Fig. 4, Table 2). 

 

 
Figure 3. Daily mean soil temperature at sample position. A, B, C, and D represent the different 

stages of plant growth. S, SE, E, NE, N, NW, W, and SW represent the eight different slope 

aspects 

 
 

 
Figure 4. Plant height, specific leaf area, branch number, leaf number and flower traits on 

different slope aspects. The data were represent the mean ± SE (n = 30)
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Table 1. Comparison of environmental traits among different sampling sites 
 

Sample 
position 

Latitude and longitude 
Altitude 

(m) 
Light intensity 

(20 000 lux) 

Mean annual 

temperature (℃) 

Soil water 
content (%) 

Soil organic 
carbon (g/kg) 

Soil total nitrogen  
(g/kg) 

Soil total 
phosphorus (g/kg) 

S N 32°44′42″ E 103°43′47″ 4074  975.00 ± 36.66 3.24 ± 0.04b 38.81 ± 0.23b 29.57 ± 0.46d 2.69 ± 0.06d 0.61 ± 0.01d 
SE N 32°44′43″ E 103°43′49″ 4070  954.33 ± 46.00 3.06 ± 0.13b 39.16 ± 3.02ab 31.95 ± 2.94cd 2.80 ± 0.22cd 0.68 ± 0.04cd 
E N 32°44′45″ E 103°43′48″ 4063  900.00 ± 84.66 3.59 ± 0.32a 38.37 ± 1.39bc 31.21 ± 1.08cd 2.86 ± 0.11cd 0.72 ± 0.02bc 

NE N 32°44′46″ E 103°43′47″ 4050  894.33 ± 95.63 1.81 ± 0.00d 40.48 ± 0.52ab 33.66 ± 0.45a 2.93 ± 0.07bcd 0.66 ± 0.01cd 
N N 32°44′46″ E 103°43′45″ 4005  884.00 ± 86.12 2.20 ± 0.24c 43.54 ± 0.68a 37.03 ± 0.90ab 3.30 ± 0.07ab 0.79 ± 0.02ab 

NW N 32°44′45″ E 103°43′44″ 4010  848.00 ± 123.44 2.32 ± 0.01c 34.38 ± 0.83c 34.33 ± 1.08bc 2.79 ± 0.12cd 0.68 ± 0.04cd 
W N 32°44′44″ E 103°43′44″ 4055  874.00 ± 126.48 3.00 ± 0.00b 40.63 ± 0.59ab  38.92 ± 0.67a 3.38 ± 0.06a 0.83 ± 0.02a 

SW N 32°44′43″ E 103°43′45″ 4061  951.67 ± 62.01 3.09 ± 0.28b 40.56 ± 1.14ab 33.37 ± 1.57bcd 3.16 ± 0.14abc 0.82 ± 0.03a 
F   0.776 34.886 3.853 4.919 4.826 8.859  
p   0.616 < 0.001 0.012 0.004 0.004 < 0.001 

 

The data represent the mean ± SE (n = 3). Data with the same letters within the same column indicate no significant difference at the p < 0.05 level. The same below. 
 
 
Table 2. Effects of slope aspect on plant height, branch number, specific leaf area, leaf number and flower traits 
 

Slope aspect 
Plant height 

(mm) 
Branch number 

Specific leaf area 

(cm
2 g-1

) 
Leaf number 

Corolla length 

(mm) 

Calyx length 

(mm) 

Pistil length 

(mm) 

Stamen length 

(mm) 

S 74.77 ± 2.30c 5.70 ± 0.54ab 150.72 ± 4.66a 132.50 ± 11.77a 33.87 ± 0.10bc 5.70 ± 0.02bc 29.59 ± 1.07c 22.31 ±0.81c 
SE 63.23 ± 1.58ab 5.93 ± 0.33ab 160.83 ± 4.23bc 132.63 ± 8.29b 32.46 ± 0.10cd 5.40 ± 0.02c 30.93 ± 0.96bc 23.98 ± 0.84bc 
E 72.50 ± 1.90abc 5.00 ± 0.31b 143.35 ± 3.96bc 120.17 ± 6.59c 37.76 ± 0.09a 6.01 ± 0.02d 33.61 ± 0.98ab 23.83 ± 0.91bc 

NE 65.03 ± 1.65bc 5.00 ± 0.35b 184.92 ± 8.38c 136.67 ± 10.23c 36.26 ± 0.09ab 6.09 ± 0.01ab 33.53 ± 1.06ab 21.99 ± 0.58c 
N 68.30 ± 2.18abc 6.50 ± 0.55a 162.01 ± 5.38bc 127.20 ± 7.78c 32.16 ± 0.06cd 5.28 ± 0.02c 34.18 ± 0.84ab 26.75 ± 0.91a 

NW 71.27 ± 1.84a 5.13 ± 0.29b 171.93 ± 5.13abc 108.47 ± 6.21c 30.55 ± 0.10d 5.09 ± 0.02c 33.87 ± 1.30ab 25.19 ± 0.79ab 
W 64.04± 2.12c 4.96 ± 0.27b 196.09 ± 5.94ab 104.67 ± 8.22c 37.89 ± 0.09a 5.67 ± 0.02bc 28.28 ± 2.01c 16.61 ± 0.94d 

SW 66.27 ± 1.57bc 6.03 ± 0.38ab 208.07 ± 11.64a 147.17 ± 9.57b 38.96 ± 0.10a 6.33 ± 0.02a 35.71 ± 1.13a 21.83 ± 0.71c 
F 4.909 2.231 9.958 2.601 11.685 4.735 4.367 12.803 
p < 0.001 0.033 < 0.001 0.013 < 0.001 < 0.001 < 0.001 < 0.001 

 

The data represent the mean ± SE (n = 30). Data with the same letters within the same column indicate no significant difference at the p < 0.05 level. 
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Corolla length (F = 11.685, P < 0.001), calyx length (F = 4.735, P < 0.001), pistil 
length (F = 4.367, P < 0.001) and stamen length (F = 12.803, P < 0.001) were 
significantly different among the eight slope aspects. The corolla length of plants grown 
on slope SW was the largest and was significantly greater than that of plants grown on 
slopes NE, S, SE, N and NW, the calyx length on slope SW was the largest and was 
significantly greater than that of that on slopes S, W, SE, N and NW; the pistil length on 
slope SW was significantly greater than that on slopes SE, S and W; and the stamen 
length on slopes N and NW were significantly greater than those on the other slopes 
(Table 2). 

 
Biomass allocation of organs and allometric relationships on different slope aspects 

Root biomass allocation was significantly different among the eight slope aspects (F 
= 10.511, p < 0.001); root biomass allocation on slopes W and N were significantly 
larger than that on other slope aspects. Stem biomass allocation was significantly 
different among the eight slope aspects (F = 9.228, p < 0.001); the stem biomass 
allocation on slopes S, SW and E were significantly greater than that on slopes NW, SE, 
N and W, and that on slope W was remarkably lower than those on the other slope 
aspects. Leaf biomass allocation did not remarkably among slope aspects (F = 1.295, p 

= 0.254). Flower biomass allocation was not significantly different among the eight 
slope aspects (F = 1.390, p = 0.211). The ratio of belowground biomass/aboveground 
biomass was significantly different among the eight slope aspects (F = 16.165, p < 
0.001); the ratio on slope W was significantly larger than that on the other slope aspects, 
and the ratio on slope N was remarkably greater than that on slope S (Fig. 5, Table 3). 

 

 
Figure 5. Biomass allocation on different slope aspects. RB/TB represents root biomass 

allocation, SB/TB represents stem biomass allocation, LB/TB represents leaf biomass 

allocation, FB/TB represents flower biomass allocation, AGB represents aboveground biomass, 

and BGB represents belowground biomass. The data represent the mean ± SE (n = 30) 
 
 
There was a significant difference in the belowground/aboveground biomass 

relationships among different slope aspects (WALD = 18.672, p = 0.009). The 
relationship between belowground and aboveground growth was allometric. There were 
no significant differences between reproductive/vegetative biomass relationships among 
different slope aspects (WALD = 8.564, p = 0.267). The allometric relationship among 
the 8 sites had a common slope of 1.007, which was not significantly different from 1 
(chi square test: χ2

 = 0.015，p = 0.903). The relationship between reproductive and 
vegetative growth was isometric. Further examination showed that the intercepts of 
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reproductive and vegetative biomass in different slopes were not significantly different, 
and there was no significant coaxial drift. There was a significant difference between 
photosynthetic/non-photosynthetic biomass relationships among the different slope 
aspects (WALD = 17.394, p = 0.019). The relationship between photosynthetic and 
non-photosynthetic growth was allometric (Table 4). 

 
Table 3. Biomass allocation and root/shoot ratio of plants on different slope aspects 

Sample RB/TB  SB/TB  LB/TB  FB/TB  BGB/AGB 

S 0.15 ± 0.01d 0.28 ± 0.02a 0.38 ± 0.02 0.19 ± 0.01 0.75 ± 0.07e 

SE 0.22 ± 0.02bc 0.22 ± 0.01bc 0.38 ± 0.02 0.18 ± 0.02 1.09 ± 0.11bc 

E 0.17 ± 0.01cd 0.27 ± 0.01a 0.35 ± 0.02 0.21 ± 0.01 0.69 ± 0.04de 

NE 0.18 ± 0.01bcd 0.25 ± 0.01ab 0.36 ± 0.01 0.21 ± 0.01 0.70 ± 0.11cde 

N 0.26 ± 0.01a 0.20 ± 0.01cd 0.34 ± 0.01 0.20 ± 0.01 1.38 ± 0.11b 

NW 0.22 ± 0.01b 0.22 ± 0.01bc 0.33 ± 0.01 0.23 ± 0.01 0.95 ± 0.13bcd 

W 0.28 ± 0.01a 0.17 ± 0.02d 0.37 ± 0.01 0.18 ± 0.01 1.49 ± 0.18a 

SW 0.18 ± 0.01bcd 0.27 ± 0.01a 0.36 ± 0.01 0.19 ± 0.01 0.65 ± 0.04de 

F 10.511 9.228 1.295 1.390 16.165 

p < 0.001 < 0.001 0.254 0.211 < 0.001 

RB/TB, SB/TB, LB/TB, and FB/TB represent root, stem, leaf, and flower biomass partitioning, 
respectively. BGB/AGB represents aboveground/belowground biomass. The data represent the mean ± 
SE (n = 30). Data with the same letters within the same column indicate a not significant difference at 
the p < 0.05 level. 

 
 
Table 4. Allometric scaling exponents and the test of isometry between plant functional traits 

on different slope aspects 

Sample 

position 
R2 p 

Slope (95% confidence 

interval) 

Intercept (95% 

confidence interval) 

Test of 

isometry 

F p 

BGB- 
AGB 

S 0.529 <0.001 1.568 (1.206, 2.040)a -0.358 (-0.705, -0.011) 12.865 0.001 

SE 0.217 0.010 1.085 (0.776, 1.519)a -0.533 (-0.899, -0.166) 0.241 0.628 

E 0.121 0.060 1.805 (1.265, 2.576)ab -0.034 (-0.607, 0.540) 12.458 0.001 

NE 0.617 <0.001 1.693 (1.335, 2.147)ab -0.046 (-0.426, 0.334) 22.195 <0.001 

N 0.389 <0.001 0.902 (0.670, 1.215)ab -0.553 (-0.803, -0.303) 0.488 0.491 

NW 0.273 0.003 1.179 (0.852, 1.630)abc -0.426 (-0.782, -0.070) 1.048 0.315 

W 0.377 0.001 1.651 (1.199, 2.723)bc 0.245 (-0.312, 0.803) 10.955 0.003 

SW 0.431 <0.001 1.653 (1.240, 2.205)c -0.080 (-0.544, 0.385) 13.536 0.001 

FB- 
VB 

S 0.174 0.022 0.715 (0.507, 1.010) -0.913 (-1.132, -0.693)a 3.951 0.057 

SE 0.155 0.031 1.030 (0.727, 1.450) -0.688 (-1.044, -0.332)ab 0.029 0.867 

E 0.263 0.004 1.154 (0.833, 1.600) -0.459 (-0.801, -0.117)ab 0.788 0.382 

NE 0.353 0.001 0.819 (0.603, 1.113) -0.764 (-1.010, -0.519)a 1.753 0.196 

N 0.406 <0.001 1.156 (0.862, 1.552) -0.499 (-0.800, -0.197)abc 1.002 0.325 

NW 0.459 <0.001 1.130 (0.853, 1.497) -0.439 (-0.733, -0.146)bc 0.781 0.384 

W 0.241 0.009 1.148 (1.807, 1.631) -0.535 (-0.940, 0.129)c 0.627 0.436 

SW 0.312 0.001 0.939 (0.685, 1.288) -0.710 (-1.004, -0.416)c 0.160 0.693 
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PB- 
NPB 

S 0.312 <0.001 1.748 (1.275, 2.398)A 0.472 (-0.076, 1.019)  14.079 0.001 

SE 0.340 0.001 1.518 (1.114, 2.069)AB 0.328 (-0.186, 0.841) 7.824 0.009 

E 0.024 0.413 1.238 (0.852, 1.799)ABC -0.059 (-0.528, 0.409) 1.331 0.258 

NE 0.542 <0.001 1.471 (1.135, 1.906)AB 0.204 (-0.196, 0.605) 9.568 0.004 

N 0.723 <0.001 0.975 (0.796, 1.194)C -0.312 (-0.503, -0.122) 0.064 0.802 

NW 0.740 <0.001 1.278 (1.050, 1.554)ABC -0.041 (-0.286, 0.203) 6.603 0.016 

W 0.705 <0.001 1.034 (0.828, 1.291)C -0.202 (-0.455, 0.050) 0.094 0.761 

SW 0.719 <0.001 1.078 (0.879, 1.321)BC -0.170 (-0.407, 0.067) 1.556 0.462 

BGB-AGB represents above- and below-ground biomass, FB-VB represents reproduction- and 
vegetation- growth biomass, PB-NPB represents photosynthesis- and non photosynthesis- growth 
biomass. The data represent the mean ± SE (n = 30). Data with the same letters within the same column 
indicate a not significant difference at p < 0.05 level. 

 
 

Growth mass and biomass increment from early vegetation stage to full bloom stage 

There were significant differences in plant height increase (F = 3.574, p = 0.001), 
stem biomass increment (F = 5.421, p < 0.001), and belowground biomass increment (F 
= 2.682, p = 0.011). PN on slope S was significantly greater than those on slopes SW, 
NE, W and SE. SB on slope S was significantly greater than those on other slope 
aspects, except slope E. LB was not significantly different among the eight slope 
aspects. TB on slope S was remarkably greater than those on slopes SW and W. Along 
the circumference of the mountain, from slope S to slope SW, the increment in stem 
biomass, leaf biomass, total biomass, and the increase in leaf numbers showed a “W”-
like trend, while the increase in plant height and the increment in belowground biomass 
showed a wave shape. The increasing of plant height and the increment of belowground 
biomass showed different trends. From slope S to slope SW, PH had two spikes and 
three troughs of the wave. BGB on slope N was significantly greater than those on 
other slopes, except slope W and NW (Fig. 6, Table 5). 

 

 
Figure 6. The growth mass and biomass increment from vegetation stage to full bloom stage on 

different slope aspects 



Xue et al.: Plant traits and biomass allocation of Gentiana hexaphylla on different slope aspects at the eastern margin of Qinghai-
Tibet Plateau 

- 1845 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1835-1853. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_18351853 
 2018, ALÖKI Kft., Budapest, Hungary 

Table 5. Increase in plant height and biomass from the early vegetation stage to the full 

bloom stage among slope aspects 

Slope 

aspects 
P mm LN S g L g G g  g

S 53.27 ± 2.86a 48.27 ± 15.11ab 0.05 ± 0.01a 0.06 ± 0.01 0.02 ± 0.01b 0.17 ± 0.02a 

SE 41.73 ± 1.77d 48.40 ± 11.63ab 0.03 ± 0.00b 0.07 ± 0.04 0.02 ± 0.00b 0.14 ± 0.04ab 

E 51.00 ± 2.07ab 35.93 ± 9.02ab 0.04 ± 0.00ab 0.04 ± 0.01 0.02 ± 0.00b 0.13 ± 0.01ab 

NE 43.53 ± 1.93cd 52.43 ± 12.90ab 0.03 ± 0.00b 0.04 ± 0.01 0.02 ± 0.00b 0.12 ± 0.01ab 

N 46.80 ± 2.46abcd 42.97 ± 10.56ab 0.03 ± 0.00b 0.04 ± 0.01 0.03 ± 0.00a 0.15 ± 0.02ab 

NW 49.77 ± 2.20abc 24.23 ± 8.97b 0.03 ± 0.00b 0.04 ± 0.01 0.02 ± 0.00ab 0.14 ± 0.02ab 

W 42.96 ± 2.32cd 24.11 ± 10.31b 0.01 ± 0.00c 0.03 ± 0.00 0.03 ± 0.00ab 0.10 ± 0.01b 

SW 44.77 ± 1.86bcd 62.93 ± 13.36a 0.03 ± 0.00b 0.03 ± 0.01 0.01 ± 0.00b 0.10 ± 0.01b 

F 3.547 1.325 5.421 0.846 2.682 1.706 

p 0.001 0.239 < 0.001 0.55 0.011 0.108 

P represent the increase in plant height, LN represent the increase in leaf number, SB represent 
the increase in stem biomass, LB represent the increase in leaf biomass, BGB represent the increase 
in belowground biomass and TN represent the increase in total biomass. The data represent the mean ± 
SE (n = 30). Data with the same letters within the same column indicate a not significant difference at 
the p < 0.05 level. 

 
 

Effect of environmental factors on plant characters and growth 

There were two principal components that were composed of environmental factors 
and had remarkable eigenvalues. The cumulative variance proportion explained by the 
first two principal components was 81.92%. The first principal component (z1, 56.03%) 
mainly consisted of soil organic carbon, soil total nitrogen and soil total phosphorus. 
The second principal component (z2, 25.89%) was composed of light intensity, mean 
annual temperature and soil water content (Fig. 7). As interpreted in Table 6, F/V was 
significantly correlated with the second component (R2 = 0.717, p = 0.008), SB was 
significantly correlated with the first principal component (R2 = 0.0.537, p = 0.039), R/S 
and LB were significantly marginally correlated with the first principal component (R2 
= 0.464, p = 0.063; R2 = 0.464, p = 0.063), and BGB and TB were not significantly 
correlated with the principal component (R2 = 0.350, p = 0.122; R2 = 0.420, p = 0.082) 
(Fig. 7, Table 6). 
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Figure 7. PCA ordination diagram of environmental factors. Light represents light intensity, 

Water represents soil water content, Temperature represents mean annual temperature of soil, 

STP represents soil total phosphorus, STN represents soil total nitrogen and SOC represents 

soil organic carbon 

Table 6. Stepwise regression analysis of plant traits and biomass with principal components 

Dependent 

variable 

Independent variable 

(Partial R-Square) Intercept R2 p 

Z1 Z2 

PH - - 68.175 - - 

R/S 0.122 (0.464) - 0.961 0.464 0.063 

F/V - -0.016 (0.717) 0.259 0.717 0.008 

PH - -  - - - 

SB -0.004(0.537) - 0.031 0.537 0.039 

LB -0.005(0.450) - 0.043 0.450 0.069 

BGB 0.002 (0.350) - 0.020 0.350 0.122 

TB -0.008(0.420) - 0.132 0.420 0.082 

Discussion 

Effect of slope aspects on plant height, branch number, specific leaf area, leaf 

number and flower structure traits at full bloom stage 

Plant height, branch number, specific leaf area and leaf number were significantly 
affected by slope aspect. Alpine plants change their survival strategy to adapt to 
different environmental conditions. Plant height is a sign of the ability of plants to 
compete for space resources (Westoby, 1998, 2002). This ability can be understood as a 
race upwards for the light. The plant height was highest on slope S, and was 
significantly higher than plant that on shady and partially sunny slopes. Plants in harsh 
locations tend to decrease their height to adapt to strong wind environments (Kudo, 
1992; Chen, 2011). Studies haven shown that decreasing plant height plays an important 
role in avoiding the risk of shady slope with less light radiation, low temperature and 
strong wind (Körner and Neumayer, 1989; Méndez and Traveset, 2003). Plants prefer to 
grow shorter to reduce energy loss (Körner, 2003; Fabbro, 2004). At the same time, a 
reduction in plant size along elevational gradients can explain this question from other 
aspects (Körner et al., 1989; Fabbro, 2004; Fan, 2009). Leaf number is critical for the 
development of plants to enhance photosynthetic efficiency (Li et al., 2015), but light 
intensity among the eight slope aspects was not significantly different, so there was no 
significant difference between sunny slope and shady slope in leaf number. Increasing 
branch number is a way for asexual reproduction, which would be important for alpine 
plants as an adaption to harsh environments (He et al., 2017). In our results, the branch 
number of the plants on slope N was remarkably greater than that on the partial shady 
slope, slope E and slope W, which indicated that the shady slope was conducive to 
asexual reproduction. Bonser et al. (1994) reported that plants tend to increase branch 
number when solar radiation is strong, which is opposite to our results. There were 
more diverse communities of pollinators visiting low elevation populations than high 
elevation populations (Bingham and Orthner, 1998; Arroyo, 1982). The climatic 
conditions of the shady slope were severe compared to those of the sunny slope, which 
was similar to the comparison of high elevation to low elevation, as plants prefer to 
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increase investment to the propagules of asexual reproduction for population stability. 
The reasons may be that specific leaf area (SLA) can have large variability in response 
to irradiance, temperature, and water availability (Pigliucci and Kolodynska, 2002; 
Poorter et al., 2009). Specific leaf area is related to photosynthetic capacity and refers to 
the ability to acquire resources (Reich et al., 1997, 1999; Wright et al., 2004), which is 
associated with plant survival strategy. Many studies have shown that the lower SLA 
tends to be related more to lower leaf water content than to higher leaf thickness for 
herbaceous leaves with sclerophyllous leaves growing in a low temperature 
environment (Dijkstra and Lambers, 2010; Garnier and Laurent, 1994; Arendonk and 
Poorter, 1994; Shipley, 1995; Ryser and Aeschlimann, 1999). In our experiment, soil 
total nitrogen was higher on slopes W and SW, so SLA of Gentiana hexaphylla ion 
slopes SW and W was larger than on other slope aspects. For this reason, this finding 
was consistent with the research that species with tender leaves have few cell walls per 
unit leaf area and a high proportion of their volume is occupied by nitrogen-rich 
protoplasts (Reich, 1993; Garnier and Laurent, 1994; Vendramini et al., 2002). The 
carbon assimilation ability of these species was strong. 

Slope aspect significantly affects flower structure traits including corolla length, 
calyx length, pistil length and stamen length. As the reproductive organs of plants, 
flowers play an indispensable role in protecting the genes of continuity and supporting 
genetic diversity. Flower size was closely related to pollinator visitation (Fenster et al., 
2004). The vast majority of plants receive a variety of different species as visitors 
(Fenster et al., 2004). Meanwhile, flowers are the key factor affecting the evolution of 
plants and the guarantee of sexual reproduction (Goodwillie et al., 2010). The greater 
the flower number, the better is the possibility of producing offspring. Bynum (2001) 
says that Gentiana hexaphylla shows a low probability of autogamy because of the 
temporal and spatial separation of male and female reproduction traits, indicating the 
importance of pollinators for outcrossing. The experiments of Nilsson (1988) and 
Johnson and Steiner (1997) suggested that the reduction in corolla tube reduces 
reproductive success. In our study, corolla and calyx length were greater on slope SW 
than on slopes S and SE, and the lowest on slopes N and NW. Slope SW had a high rate 
of reproductive success. Above all, Gentiana hexaphylla grows in shady slopes, 
increasing asexual reproduction and investment of male organs to compensate for the 
influence of harsh environments of sexual reproduction in alpine ecosystems. 

 
Effect of abiotic environmental factors on resource allocation patterns and allometric 

relationships in alpine plants on different slope aspects 

Leaf biomass partitioning and flower biomass partitioning on different slope aspects 
did not significantly differ, but there were significant effects on other organ biomass 
partitioning. Plants adjusted their functional traits and biomass allocation to adapt to a 
harsh habitat when subjected to environmental stress or resource constraints to improve 
competitiveness and survival fitness (Sultan, 1992). Niklas and Enquist (2001) reported 
an isometric relationship between belowground and aboveground biomass across non-
woody plants. The resulting, belowground /aboveground biomass, had an allometric 
relationship, which means that the accumulating rate of underground biomass was 
greater than the rate of aboveground biomass. This result was opposite to that of Niklas 
and Enquist Most allocation issues were triggered by allometric growth, which can also 
be used to quantify the relationships between growth and partitioning (Weiner, 2004). 
To adapt to the harsh ecological environment in alpine ecosystems, more biomass is 
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allocated to the underground to produce fleshy roots. In this study, photosynthetic /non-
photosynthetic biomass growth showed that an allometric relationship expressed 
photosynthetic biomass accumulation faster than that of non-photosynthetic biomass. At 
the same time, photosynthetic biomass on the sunny slopes was significantly greater 
than those on the shady slopes and slope W, and there was no significant difference in 
leaf biomass allocation among the different slopes. Plants were prone to make full use 
of light conditions and increased area of photosynthesis for increasing plant adaptability 
to the environment (Körner, 2003). Leaf biomass partitioning was a rather conserved 
trait in cold high elevation climate regions. However, alpine plants tend to invest more 
biomass in photosynthetic tissue for growth and persistence than do herbaceous species 
in cold habitats (Körner, 2003; Patty et al., 2010). There was a significant correlation 
between R/S and soil nutrients. Soil organic carbon, total nitrogen and phosphorus on 
slope W were highest and these on slope S were lowest. The root biomass and 
proportion of biomass allocation among different slopes had the same trend as soil 
nutrients. In the experimental area, site E was the windward slope and site W was the 
leeward slope. Long-term operating soil weathering and erosion processes accelerated 
lower soil nutrients in shady slopes and slope E (Rech et al., 2001). Northern slopes 
exhibited a higher productivity and water content was an important limiting factor for 
plant growth (Gong et al., 2008), which was opposite to our results. The annual direct 
radiation on slope S was higher than on slopes SW, W and N (McCune and Keon, 
2002). Higher radiation resulted in higher soil temperature (McCune and Keon, 2002), 
which led to faster decomposition of soil organic matter, meaning that slope S 
accumulated less soil organic carbon than did slopes SW, N and W. Thus, plants 
growing on slope west-facing slope and shady slopes inclined to increase belowground 
biomass, while plants growing on sunny slopes were more conductive to increase 
aboveground biomass. 

 
The relationship between plant growth from the early vegetation stage to the full 

bloom stage and environmental factors on different slope aspects 

Slope aspect was an important topographic variable that substantially modified light 
radiation, soil temperature and soil water content, influencing the ecological processes 
and creating microclimates that differ significantly from the regional climatic conditions 
(Buffo et al., 1972; Flint and Childs, 1987; Nikolov and Zeller, 1992; McCune and 
Keon, 2002; Bennie et al., 2008; Zhang et al., 2015). The micro-environmental 
conditions on different aspects may have marked effects on the growth and 
development of the plants (Li et al., 2013). There was a significant relationship between 
growth and environmental factors composed of light intensity, mean annual temperature 
and soil water content. The sunny slopes had a larger light intensity and higher mean 
annual temperature, which was more beneficial for herbs to grow higher and increase 
biomass (Poorter et al., 2012). The reason why plants grown on slope N were larger 
than those grown on partially shady slopes may be associated with soil water content. 
Gong et al. (2008) showed that water was an important factor for plant growth. 
Gentiana hexaphylla adopted a different growth strategy. Soil organic carbon, soil total 
nitrogen and soil total phosphorus were the primary factors influencing the increment 
from the early vegetation stage to the full bloom stage. Soil nutrients are restrictive 
factors for plant growth, affecting the material circulation of plants (Sterner and Elser, 
2002). The herbs growing on the slope contained more nutrients and were prone to 
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increase root biomass, and those growing in lower nutrient places tend to increase 
aboveground biomass. 

Conclusion 

Slope aspect had marked effects on the growth and reproduction of Gentiana 

hexaphylla. The plants grown on a shady slope inclined to increase belowground 
biomass, while plants grown on a sunny slope were more conductive to increase 
aboveground biomass. This phenomenon was more related to soil organic carbon, soil 
total nitrogen and phosphorus than to light intensity, soil temperature, and soil water 
content. Gentiana hexaphylla inclined to increase sexual reproduction investment on 
sunny slopes and increase male organ input and asexual reproduction on shady slope. 
Along the circumference of the mountain, from slope S to slope SW, the growth of plant 
height from the early vegetation stage to the full bloom stage showed a wave shape, and 
the increment in organ biomass showed a “W” shape. 
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Abstract. The field experiment was conducted to evaluate how row intercropping of the lentil with naked 
oats as a supporting plant impacts macro- and micronutrient content of two lentil varieties ‘Tina’ and 
‘Anita’ as well as a mixture of these two varieties. Additionally, amino acid content and fatty acid 
composition of lentil seeds were determined. Lentil was sown at a row spacing of 20 and 25 cm. In var. 
‘Tina’ seeds, a higher content of K, Ca, Mg, Mn and B was determined than in var. ‘Anita’. ‘Anita’ seeds, 
in turn, were characterized by a higher content of fat, N, P, Cu, Zn and Fe. Lentil seeds sown at a spacing 
of 20 cm had a higher content of P, K, Ca, Cu, Zn and B compared to a spacing of 25 cm, but they 
contained less nitrogen. The presence of oats as a supporting crop deteriorated the quality of lentil seeds 
by contributing to a reduced content of N, P, K, Cu, Zn, Mn, Fe and B compared to sole cropped lentil. A 
higher content of C18:0, C18:2, C18:3, C20:0, OMEGA 3, and OMEGA 6 acids was determined in 
‘Anita’ seeds. Var. ‘Tina’, in turn, contained more C16:0, C18:1 acids. In ‘Anita’ seeds, the content of 
most evaluated amino acids was determined to be significantly higher than in ‘Tina’ seeds. 
Keywords: nutritional components, Lens culinaris, cultivation with supporting plant, lodging degree, 

organic farming 

Introduction 

Legume seeds are a valuable high-protein dietary component of high biological value 
(Kowalczyk et al., 2007; Grusak, 2010; Kahraman, 2016). The lentil (Lens culinaris 
Medic.) is one of the oldest cultivated plants (Alghamdi et al., 2014; Kahraman, 2016). 
The chemical composition of lentil seeds meets the “ideal diet” requirements because they 
contain little fat (about 0.7-3.4%) and a lot of protein (21-29%) of high nutritional value 
(Ionescu and Roman, 2013; Alghamdi et al., 2014). Apart from that, lentil seeds and 
sprouts are a rich source of phytoestrogens, folic acid, vitamins E and C, micronutrients as 
well as substances with antioxidant properties (Szwejkowska, 2012; Świeca, 2015). In 
Poland traces of lentil cultivation date back to the early Middle Ages. Seeds of this species 
are a valuable protein food of high biological value. Registration of the first native lentil 
varieties has been a great success of Polish plant breeding. This species has low soil, 
fertilizer and water requirements. It is a valuable component of crop rotation that improves 
the stand for the succeeding crop (Zawieja, 2006; Żabiński, 2008; Alghamdi et al., 2014). 
It is worth mentioning that Fabaceae plants have the ability to live in symbiosis with 
rhizobia that fix free atmospheric nitrogen. The use of lentil in an organic farm is justified 
by its natural ability to fix atmospheric nitrogen. An additional source of nitrogen can 
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reduce competition between crops in nitrogen uptake and increase the amount of nitrogen 
available to the succeeding crop (Duchene et al., 2017). Especially in organic farms, lentil 
plays an extremely important role in crop rotation. It contributes to an increase the yield of 
succeeding plants by improving soil structure as well as reducing diseases and pests. 

Lentil is characterized by high susceptibility to lodging, which adversely affects seed 
yield and significantly impedes harvesting with a combine harvester (Peñaloza et al., 1992; 
Zawieja, 2006). Intercropping can effectively reduce lodging of crops susceptible to it. A 
condition for using this type of cropping is to select a supporting crop and its proportion in 
the mixture that will help reduce crop lodging, while in the case of a low lentil yield, the 
supporting component largely decreases the risk of total yield loss (Zawieja, 2006; 
Duchene et al., 2017). However, it is important to select an appropriate crop species 
performing the supporting function because mutual shading of the component crops can 
reduce biological nitrogen fixation and consequently decrease yields (Fujita et al., 1992). 

The study hypothesized that row intercropping of lentil with a supporting crop would 
effectively reduce crop lodging and in consequence improve seed quality. In the case of 
low lentil yield, the supporting component would also perform the role of a yield 
producing crop. Sowing a mixture of lentil varieties may contribute to better use of crop 
space, reduce the spread of fungal pathogens and increase yield stability when adverse 
conditions occur during the growing season. 

The aim of this study was to evaluate the chemical composition of seeds of lentil grown 
in pure stand and in a variety mixture (50% + 50%) as well as row intercropped with naked 
oats as a supporting crop at a row spacing of 20 and 25 cm under organic farming system.  

Materials and methods 

Field experiment and cultivation management 

During the period from 2014 to 2016, a controlled field experiment was conducted at 
the Model Organic Farm in Chwałowice (Municipality of Iłża, Radom County, Masovian 
Voivodeship) belonging to the Agricultural Advisory Center in Brwinów, Radom Branch, 
Poland (51°18’N, 21°30’E) (Fig. 1). The experiment was established on brown soil, with 
an organic carbon content of 14.11 g kg-1 and a pH of 6.15 in 1 M KCl. The soil was 
characterized by the following nutrient content: P – 73.9 mg kg-1; K – 1430 mg kg-1; Mg – 
1765 mg kg-1; B – 1.98 mg kg-1; Mn 494 mg kg-1; Cu – 5.67 mg kg-1; Zn – 47 50 mg kg-1; 
Fe – 1125 mg kg-1. 

The experimental factors were as follows: 
A) Lentil (Lens culinaris Medic.) variety 
 Tina 
 Anita 
 mixture of varieties: Tina (50%) + Anita (50%) 

B) Row spacing 
 20 cm 
 25 cm 

C) Lentil cropping method 
 sole cropping (without a supporting crop) 
 row intercropping with naked oats (Avena nuda L.) var. ‘Polar’. 
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The varieties ‘Tina’ and ‘Anita’ are the only Polish lintel varieties. ‘Tina’ was 
registered in the National List of Varieties in 1998. It was created as a spontaneous 
mutant with LGR – 2, while var. ‘Anita’, in turn, was registered in the National List of 
Varieties in 1999. This is a local population from the Lublin region, introduced by 
inbreeding and individual selection. These varieties are medium high (40-60 cm) and 
have a medium number of nodes per stem. They produce green leaves consisting of a 
large number (more than 11) leaflets. Their flowers are white colored, with three 
flowers per node. The pods are short, medium wide, and sharp pointed. These varieties 
differ in seed color – ‘Tina’ produces green seeds, whereas ‘Anita’ yellow ones. The 
seeds germinate at a temperature of 4-5 °C. This plant requires lighter and permeable 
soils with a pH close to neutral (COBORU, 2000). 

 

 
Figure 1. Localization of the study site (Public Domain, 

https://commons.wikimedia.org/w/index.php?curid=89531) 

 
 
The experiment was set up as a split-block design with three replicates. The area of a 

single plot was 8 m2. Each year the total number of plots in the experiment was 36. A 
legume/cereal mixture was the previous crop for the experimental stand. Before sowing, 
15 t ha-1 of manure based compost was applied and ploughed in. Lentil seeds at a rate of 
90 kg ha-1 and oat seeds at a rate of 50 kg ha-1 were sown in the second 10 days of 
April. Naked oats were sown separately in the interrows of the lentil crop (Fig. 2). 
Sowing was carried out using self-propelled plot drill Øyjord Wintersteiger (Austria). 

Lodging index of lentil plants was determined according to the formula (Szpryngiel 
et al., 1998): 

 

   
 

K – lodging index 
H – height of lentil plants in the field [cm] 
L – length of lentil stem measured in laboratory conditions [cm] 
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Lentil was harvested when the lower pods were brown and the seeds were hard. 
Anita and Tina varieties intercropped with oat as supporting crop as well as in sole crop 
mature at a similar rate, which resulted in the fact that the harvest could be done at the 
same time. Before harvest, plants of lentil and oat have been cut by hand from 2 m2 
sampling areas in each plot. Collected samples were threshed using laboratory thresher 
Wintersteiger LD 180. The remaining plants were harvested using Winterstiger 
combine. 

 

 

Figure 2. Canopy of lentil cultivated with naked oat as a supporting crop 

 
 

Weather conditions 

Weather conditions during the study period varied substantially. The growing season 
in 2014 was wettest, with a particularly high rainfall recorded in the months of May and 
July. In 2015 the air temperature was at a similar level as in the first year of the study, 
but the amount of rainfall was much lower (by 40% on average). The year 2016 should 
be characterized as hot and dry, since the air temperature was higher by almost 6 °C 
than in the previous years, whereas the total rainfall was three times lower compared to 
2014 (Table 1). 

 
Chemical analysis of lentil seeds 

Each year, material for analysis was collected at commercial maturity. The following 
were determined in seed samples taken from each plot: total protein (mineralization in 
sulfuric acid; determination by the Kjeldahl distillation method; titration detection), N 
(mineralization in sulfuric acid and oxygenated water; determination by the Kjeldahl 
distillation method; titration detection), P (mineralization in sulfuric acid and 
oxygenated water; determination by the vanadium-molybdate spectrophotometric 
method; Spekol spectrophotometer, Carl Zeiss Jena, Germany), K and Ca 
(mineralization in sulfuric acid and oxygenated water; determination by flame 
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photometry; Jenway PEP7 photometer, UK), Mg (mineralization in sulfuric acid and 
oxygenated water; determination by atomic absorption spectrometry; Perkin-Elmer 
spectrometer, USA), Cu, Zn, Mn, Fe (mineralization in perchloric and nitric acid (1:4); 
determination by atomic absorption spectrometry; Avanta spectrometer, GBC Scientific 
Equipment, Australia), B (oven mineralization with Ca(OH)2; determination by the 
spectrophotometric curcumin method; Spekol spectrophotometer). Moreover, the 
following were determined in ‘Tina’ and ‘Anita’ seeds: fat content (Soxhlet method), 
fatty acid composition by gas chromatography (according to standard PN-ISO 5509), 
and amino acid content by ion-exchange chromatography (INGOS amino acid analyzer, 
Czech Republic). 

 
Table 1. Rainfalls and temperature in the vegetation seasons of the years 2014-2016 

according to the Meteorological Station at Model Organic Farm in Chwałowice 

Years 
Months 

Sum/Mean 
IV V VI VII VIII 

 Rainfalls (mm)  

2014 56.9 181.4 46.7 157.7 30.0 472.5 

2015 49.5 142.0 46.0 31.7 13.5 282.7 

2016 17.8 41.7 37.8 26.9 30.7 154.9 

 Temperature (°C)  

2014 10.2 14.0 14.7 20.7 21.6 16.2 

2015 8.6 13.0 17.3 20.1 22.4 16.3 

2016 14.9 21.1 25.6 24.6 24.1 22.1 

 
 

Statistical analysis 

The obtained results were statistically analyzed by analysis of variance. The means 
were compared using least significant differences based on the Tukey’s test (P ≤ 0.05). 
Calculations were made using the ARSTAT statistical program, developed at the 
Faculty of Applied Mathematics and Information Technology of the University of Life 
Sciences in Lublin. 

Results and discussion 

Naked oats intercropped with lentil performed well its function, preventing lodging 
of the lentil crop. In the plots with oats used as the supporting crop, the varieties ‘Tina’ 
and ‘Anita’ as well as their mixture were less prone to lodging, which is evidenced by 
the significantly higher value of the lodging index compared to lentil cultivation without 
the supporting crop (Fig. 3). 

The content of macro and micronutrients in lentil seeds significantly depended on 
weather conditions during plant growth (Figs. 4 and 5). The highest content of Fe and 
the lowest content of N, P, Ca, Cu, Mn and B was found in the year 2014 which was 
characterized by the highest rainfall compared to the growing season of 2015 and 2016. 
In the second year of the study, lentil seeds contained the highest amount of K and Ca 
but the content of Mg, Zn and Fe was the lowest. In turn, the lowest K content and the 
highest Zn and B content was found in the last year of the study which was hot and dry. 
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Figure 3. The effect of cultivar and lentil cropping method on lodging index of lentil crop (mean 

for 2014-2016) (different letters indicate significant difference at P ≤ 0.05) 

 
 

 
Figure 4. Macroelements content (g kg

-1
) of lentil seeds during the study years (independent on 

experimental factors) (different letters indicate significant difference at P ≤ 0.05) 

 
 

 
Figure 5. Microelements content (mg kg

-1
) of lentil seeds during the study years (independent 

on experimental factors) (different letters indicate significant difference at P ≤ 0.05) 



Kraska et al.: Evaluation of chemical composition of lentil seeds in sole crop and row intercropped with naked oats in an organic farm 
- 1861 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1855-1867. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_18551867 
 2018, ALÖKI Kft., Budapest, Hungary 

The highest content of N, P, Cu, Zn and Fe was determined in var. ‘Anita’ seeds 
while, in turn, the ‘Tina’ variety was characterized by the highest content of K, Ca, Mg, 
Mn and B (Tables 2 and 3). Lentil sown in wider rows (25 cm) produced a higher 
amount of nitrogen in its seeds, whereas a higher seed content of P, K, Ca, Cu, Zn and B 
was determined for lentil sown at a spacing of 20 cm. Seed Mg, Mn and Fe content was 
not dependent on row spacing. Sowing lentil with oats as a supporting crop significantly 
reduced the seed content of N, P and K as well as of all micronutrients (Cu, Zn, Mn, Fe, 
B) compared to sole cropped lentil. This could have been due to the competition for 
nutrients between the intercropped components. 

 
Table 2. The effect of cultivar, row spacing and lentil cropping method on macroelements 

content (g kg
-1

) in lentil seeds (mean for 2014-2016) (T
1
 – Tina; A

2
 – Anita; SC

3 – sole 

cropping of lentil without a supporting crop; RI
4
 – row intercropping of lentil with naked 

oats; ns
5
 – not significant at P ≤ 0.05) 

Treatment N P K Ca Mg 

Cultivar 

T 1 4.14 5.35 11.47 0.631 1.178 

A2 4.39 5.58 11.30 0.423 1.127 

T+A 4.33 5.53 11.14 0.461 1.040 

LSD 0.05 0.028 0.035 0.157 0.0130 0.0338 

Row spacing 

20 cm 4.28 5.52 11.38 0.529 1.112 

25 cm 4.30 5.45 11.23 0.481 1.118 

LSD 0.05 0.019 0.024 0.106 0.0091 ns5 

Lentil cropping 
method 

SC3 4.31 5.55 11.44 0.502 1.114 

RI4 4.27 5.42 11.17 0.509 1.116 

LSD 0.05 0.019 0.024 0.106 ns ns 

Cultivar x row 
spacing 

T × 20 cm 4.15 5.37 11.25 0.649 1.185 

T × 25 cm 4.14 5.33 11.69 0.613 1.170 

A × 20cm 4.33 5.59 11.36 0.429 1.124 

A × 25cm 4.44 5.56 11.25 0.417 1.130 

T+A × 20cm 4.35 5.59 11.54 0.509 1.028 

T+A × 25cm 4.32 5.47 10.74 0.414 1.052 

 LSD 0.05 0.049 0.061 0.271 0.0232 ns 

Cultivar x lentil 
cropping method 

T × SC 4.17 5.44 11.65 0.626 1.157 

T × RI 4.12 5.26 11.29 0.637 1.199 

A × SC 4.41 5.63 11.32 0.433 1.131 

A × RI 4.37 5.52 11.28 0.413 1.124 

T+A × SC 4.35 5.58 11.32 0.446 1.054 

T+A × RI 4.32 5.49 10.96 0.476 1.026 

 LSD 0.05 ns 0.061 0.271 0.0232 0.0585 

 
 
In the study by Özer and Kaya (2010), the seed K content in different lentil varieties 

ranged from 2.85 to 4.63 g kg-1, P 0.57-1.35 g kg-1, Mg 0.46-0.73 g kg-1, while Zn 12.8-
38.9 g kg-1. These values are markedly lower than in the present study. At the same 
time, these authors showed a higher content of Ca (0.54 to 2.17 mg kg-1) and Fe (72.4 to 
310.3 mg kg-1). Analyzing the mineral composition of 35 lentil genotypes, Alghamdi et 
al. (2014) found K and P content to be significantly dependent on the genotype, and this 
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content was from 6.74 to 10.61 g kg-1 and from 2.87 to 5.47 g kg-1, respectively. Zia-Ul-
Haq et al. (2011), in turn, found a lower content of K, P, Fe, Zn and Mn, and a higher 
content of Ca and Cu in seeds of four lentil varieties compared to the present study. 

 
Table 3. The effect of cultivar, row spacing and lentil cropping method on microelements 

content (mg kg
-1

) in lentil seeds (mean for 2014-2016) (T
1
 – Tina; A

2
 – Anita; SC

3 – sole 

cropping of lentil without a supporting crop; RI
4
 – row intercropping of lentil with naked 

oats; ns
5
 – not significant at P ≤ 0.05) 

Treatment Cu Zn Mn Fe B 

Cultivar 

T 1 8.55 51.76 23.13 91.76 8.67 
A2 9.58 57.10 20.54 98.58 8.28 

T+A 8.42 52.12 20.98 93.70 8.02 

LSD 0.05 0.091 0.664 0.388 1.057 0.066 

Row spacing 
20 cm 8.94 54.09 21.57 94.55 8.99 
25 cm 8.76 53.22 21.53 94.81 7.65 

LSD 0.05 0.062 0.451 5ns ns 0.045 

Lentil cropping 
method 

SC3 9.42 55.27 21.92 97.55 8.69 
RI4 8.28 52.04 21.17 91.82 7.96 

LSD 0.05 0.062 0.451 0.264 0.718 0.045 

Cultivar x row 
spacing 

T × 20 cm 8.27 52.71 23.00 89.99 9.73 
T × 25 cm 8.83 50.82 23.26 93.53 7.60 
A × 20 cm 9.68 56.99 20.92 98.31 9.61 
A × 25 cm 9.48 57.21 20.16 98.86 6.95 

T+A × 20 cm 8.89 52.59 20.79 95.35 7.65 
T+A × 25 cm 7.97 51.65 21.17 92.06 8.39 

 LSD 0.05 0.157 1.148 0.671 1.829 0.115 

Cultivar x lentil 
cropping method  

T × SC 9.96 53.55 23.06 91.61 8.91 
T × RI 7.14 49.97 23.20 91.92 8.43 
A × SC 9.76 59.26 20.23 102.96 9.19 
A × RI 9.40 54.94 20.85 94.20 7.37 

T+A × SC 8.53 53.01 22.48 98.07 7.98 
T+A × RI 8.31 51.22 19.48 89.33 8.07 

 LSD 0.05 0.157 1.148 0.671 1.829 0.115 

 
 
A statistically proven interaction between lentil varieties and row spacing revealed 

that var. ‘Tina’ sown at a spacing of 25 cm, compared to a 20 cm spacing, was 
characterized by a significantly higher content of K, Cu and Fe and, at the same time, a 
lower content of Ca, Zn and B. In the case of var. ‘Anita’, the use of a wider row 
spacing significantly increased the seed content of protein, N and B, whereas the Cu and 
Mn content decreased. 

The effect of row intercropping on macro- and micronutrient content in lentil seeds 
was dependent on the variety. Compared to sole cropping, the ‘Tina’ variety 
intercropped with oats as a supporting crop showed a significantly lower content of P, 
K, Cu, Zn and B. The presence of oats in the ‘Anita’ crop significantly reduced the P, 
Cu, Zn, Fe and B content in lentil seeds while, in turn, row intercropping of the variety 
mixture with a supporting crop brought about a decrease in the content of elements such 
as P, K, Cu, Zn, Mn and Fe. At the same time, the Ca and B content was found to 
significantly increase. It is worth noting that, as regards the sole cropping treatments 
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and the treatment with the mixture of varieties, the seed content of protein and nitrogen 
in lentil row intercropped with oats was lower than in lentil grown in pure stand. 
Nevertheless, the revealed relationship only had a trend character and was not 
statistically significant. 

In the opinion of Szwejkowska (2012) as well as Stępniak-Sołyga and Wojtasik 
(2003), a limited amount of rainfall during the growing season in combination with 
elevated air temperature promotes the accumulation of total protein in legume seeds. 
This was confirmed to a certain extent by this study. In the years 2015 and 2016, when 
the total rainfall was lowest and the average air temperatures highest, the total protein 
content in lentil seeds was significantly higher than in the wet and slightly colder year 
of 2014 (Table 1 and Fig. 6). At the same time, in 2016 the highest fat content in lentil 
seeds was determined. On the other hand, the low fat content found in 2015 is probably 
attributable to the fact that the highest seed yield was obtained this year, which in turn 
resulted from favorable rainfall conditions, in particular in the months of May and June. 

 

 
Figure 6. Total protein and fat content (g kg

-1
) of lentil seeds during the study years 

(independent on experimental factors) (different letters indicate significant difference at 

P ≤ 0.05) 

 
 
Higher content of total protein was determined in var. ‘Anita’ seeds than the ‘Tina’ 

variety (Table 4). In a study by Wang et al. (2009), the seed protein content in different 
lentil varieties was at a similar level as in the present study (251.5 to 290.5 g kg-1). In 
studying 10 lentil varieties, Özer and Kaya (2010) determined the seed protein content 
at a level of 266.6 to 278.5 g kg-1, whereas Hamdi et al. (2012) found this content to 
range from 241.8 g kg-1 to 315.2 g kg-1. Costa et al. (2006) showed a slightly lower 
content of this component (206 g kg-1), whereas Ionescu and Roman (2013), in 
evaluating the chemical composition of 7 organically grown lentil varieties, determined 
the protein content at a level from 211.4 g kg-1 to 228.5 g kg-1

. In the opinion of 
Karadavut and Genc (2010), lentil varieties exhibit distinct variation in terms of their 
ability to accumulate total protein in seed. Similar conclusions arise from a study by 
Szwejkowska (2012). 

A significantly higher fat content was determined in var. ‘Anita’ seeds. Compared to 
‘Tina’, this variety also exhibited a higher content of C18:0, C18:2, C18:3, PUFA, 
OMEGA 3 and OMEGA 6 acids. However, it contained less C16:0, C18:1, SFA and 
MUFA acids (Table 4). Evaluating several lentil varieties originating from organic 
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farming, Ionescu and Roman (2013) found the seed fat content to range from 2.95 to 
3.40%. In a study by Karadavut and Genc (2010), the fat content in lentil seeds was 
several times higher than in this study, from 25.3 g kg-1 to 30.6 g kg-1. Alghamdi et al. 
(2014) determined the fat content in lentil seeds at a level of 9.9 g kg-1, while in the 
study by Özer and Kaya (2010) it ranged between 7.6 to 14.4 g kg-1, thus at a similar 
level to that found in the present study. 

 
Table 4. Total protein, fat content (g kg

-1
) and fatty acids profile (%) in lentil seeds (mean 

for 2014-2016) (T
1
 – Tina; A

2
 – Anita; SFA

3
 – Saturated fatty acid; MUFA

4
 – Mono 

unsaturated fatty acid; PUFA
5
 – Poli unsaturated fatty acid; ns

6
 – not significant at P ≤ 

0.05) 

Chemical composition 
Cultivar 

LSD 0.05 
T1 A2 

Total protein  265.2 281.1 1.76 

Fat  7.9 8.3 0.17 

C14:0 0.71 0.75 ns6 

C16:0 15.15 12.76 1.318 

C18:0 2.01 2.71 0.695 

C18:1 27.78 22.61 1.494 

C18:2 35.66 42.17 1.035 

C18:3 13.11 15.28 0.350 

C20:0 1.01 1.17 ns 

Others 4.57 2.55 0.242 

SFA3 21.10 18.29 0.054 

MUFA4 29.71 23.91 0.062 

PUFA5 49.19 57.99 0.089 

OMEGA 3 13.43 15.53 0.055 

OMEGA 6 35.66 42.17 0.073 

 
 
Taking into account the amino acid content in lentil seeds, the least favorable 

weather conditions occurred in 2016. The highest air temperature during growing 
season and insufficient amount of rainfall noted in this year significantly decreased the 
content of Thr, Met, Asp, Glu, Pro, Ser and Gly, compared to 2014 and 2015 (Figs. 7 

and 8). At the same time, the content of Arg in 2016 was the highest.  
In the opinion of Alghamdi et al. (2014), different lentil genotypes show large 

variation in seed amino acid content, which was confirmed in the present study. The 
‘Anita’ variety was characterized by a significantly higher content of most of the amino 
acids evaluated. Only the Cys, Met and Tyr content was higher in var. ‘Tina’ seeds. In 
turn, the Phe content was the same in seeds of both varieties (Tables 5 and 6). Among 
the amino acids evaluated, the highest content was found for glutamine (from 44.5 to 
45.7 mg g-1). Hefnawy (2011) also determined the highest content of glutamine in lentil 
seeds. Alghamdi et al. (2014) drew special attention to arginine content, which was 
quite high in all lentil genotypes evaluated, ranging from 6.6 to 10 g kg-1. In turn, 
Kahraman (2016) determined the isoleucine content in six lentil genotypes at a level 
from 4.57 to 4.76%, leucine from 5.21 to 5.68%, methionine from 0.92 to 1.49%, 
phenylalanine from 3.85 to 4.30%, threonine from 2.47 to 3.37%, tryptophan from 0.56 
to 1.37%, and valine from 4.35 to 5.01%. 
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Figure 7. Essential amino acids content (mg g

-1
) of lentil seeds during the study years (independent 

on experimental factors) (different letters indicate significant difference at P ≤ 0.05) 

 
 

 
Figure 8. Nonessential amino acids content (mg g

-1
) of lentil seeds during the study years 

(independent on experimental factors) (different letters indicate significant difference at P ≤ 0.05) 

 
 
Table 5. Essential amino acids content (mg g

-1
) in lentil seeds (mean for 2014-2016)  

(T
1
 – Tina; A

2
 – Anita;ns

3
 – not significant at P ≤ 0.05) 

Amino acid 
Cultivar 

LSD 0.05 
T1  A2 

Thr 10.17 10.60 0.035 
Val 12.47 13.00 0.035 
Met 8.56 8.24 0.040 
Ile 10.08 10.37 0.042 
Leu 18.70 19.00 0.051 
Phe 12.70 12.70 ns3 

His 6.49 7.00 0.043 
Lys 19.57 20.03 0.242 
Arg 17.97 18.67 0.069 
Trp 5.48 5.68 0.043 
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Table 6. Nonessential amino acids content (mg g
-1

) in lentil seeds (mean for 2014-2016)  

(T
1
 – Tina; A

2
 – Anita) 

Amino acid 
Cultivar 

LSD 0.05 
T1  A2 

Asp 32.33 32.50 0.056 
Glu 44.50 45.70 0.127 
Pro 11.29 12.00 0.028 
Ser 13.57 13.97 0.039 
Gly 10.55 10.94 0.040 
Ala 11.23 11.57 0.060 
Cys 3.82 3.44 0.035 
Tyr 6.83 6.72 0.021 

Conclusions 

The results of this study reveal that the organically grown ‘Anita’ variety was 
characterized by a higher content of N, P, Cu, Zn and Fe in grain as well as most of 
evaluated amino acids than the ‘Tina’ variety. At the same time, a higher content of 
total protein, fat and Omega 3 and Omega 6 polyunsaturated fatty acids was determined 
in var. ‘Anita’ seeds. Lentil sown in wider rows produced a higher total protein content 
in its seeds. The presence of oat as a supporting crop in the lentil crop decreased the 
accumulation of total protein, N, P, K and all micronutrients evaluated (Cu, Zn, Mn, Fe, 
B) compared to the treatment with sole cropped lentil. 

In organic farming, there is a constant need to seek new, more effective solutions for 
control of agricultural pests. Due to the high nutritional value of lentil and its suitability 
for cultivation under organic farming conditions, in the future it seems necessary to 
undertake research on the possibility of reducing the incidence of fungal pathogens, 
taking into account intercropping, sowing varietal mixtures, and different crop densities. 
Testing other plant species that could be used as supporting crops in lentil cultivation 
seems an interesting aspect. At the same time, it is worth to include more varieties of 
lentil in the study to draw more general conclusions. 
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Abstract. Human society must strive to reduce the greenhouse gas emissions in order to control the 
global climate warming, but the carbon emission reduction behavior will affect the investment and 
consumption demand. This paper has modified the IS-LM-EE models in the existing literature. Using the 
new IS-LM-EE models of carbon tax system and of carbon emission cap-and-trade system, the paper 
analyzes the effect of the carbon emissions cap on the equilibrium output. The research results show that 
the carbon tax system has less impact on equilibrium output than the carbon cap-and-trade system if other 
conditions are the same. The carbon emissions cap and the carbon abatement investment will bring out 
the crowding-out effects and decrease the equilibrium output. 
Keywords: cap-and-trade, carbon tax system, IS-LM-EE model, environmental macroeconomic policy, 

crowding-out effects 

Introduction 

Under the support of the world’s two biggest polluters, the United States and China, 
the Paris Global Climate Agreement had come into force legally on the November 4, 
2016 (the threshold of agreement entering into effect is that more than 55 countries of 
producing at least 55% of global emissions have ratified the Paris Agreement). It is a 
major stride to keep global warming at a maximum of 2 °C and to pursue efforts to limit 
it to 1.5 °C (UNFCCC, 2015). The objective of the Paris Agreement is to put forward 
the urgency of enhanced and immediate mitigation action of the climate change. In 
order to meet the Paris Global Climate Agreement target of staying well below 2 °C and 
pursuing a 1.5 °C target, the United Nations Environment Programme (UNEP) pointed 
out that countries of the Intergovernmental Panel on Climate Change (IPCC) need to cut 
down about 12~14 billion tons of greenhouse gas emissions before 2030 based on the 
intended nationally determined contributions (INDCs) (UNEP, 2016). 

Natural resources are limited, and the carrying capacity of the environment ultimately 
limits the scale of economic growth (Rezai and Stagl, 2016). In order to maintain 
sustained economic growth and environmental quality, we need to adopt positive 
environmental policies to reduce exhaustible resources consumption, waste discard and 
greenhouse gas emissions. The macroeconomic policy tools will promote the sustainable 
economic growth (Fontana and Sawyer, 2016; Halkos and Paizanos, 2015; Jackson and 
Victor, 2016; Rezai et al., 2013; Taylor et al., 2016; Zhang and Lee, 2017). 

The mitigation action of the greenhouse gas emissions requires that environmental 
policy tools, financial policy tools and monetary policy tools should match and 
coordinate each other. Therefore, Daly (1991) constructed the theory of environmental 
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macroeconomics with the environmental constraint, Heyes (2000), Lawn (2003), Sim 
(2006), Decker and Wohar (2012) researched the financial policy tools and monetary 
policy tools matching and coordinating to realize the sustainable development with the 
limited environmental resources by using the IS-LM-EE model. Lawn (2007) and 
Razmi (2016) analyzed the main role of the environmental macroeconomics policy tools 
in open economy. IS-LM-EE model mainly studies the decision issues of the 
equilibrium output and equilibrium interest rate among the equilibrium product market, 
equilibrium money market and equilibrium environmental market. IS curve and LM 
curve respectively represents the combination of different output and interest rate in the 
equilibrium product market and the equilibrium money market. The environment 
equilibrium curve (EE) serves as of all interest–output combinations when the 
consumed natural capital (such non-renewable resources as oil, coal, etc., or such 
renewable resources as lumber, river flow for hydropower, etc., or such waste discard as 
waste gas, waste water, waste residue discharge.) in production process exactly offsets 
the natural environment’s ability to regenerate (or absorb) them. The relation of 
complementariness or substitution between the natural capital and physical capital (or 
manmade capital) will affect the slope of EE schedule. The environmental quality will 
become better (worst) when the intersection point of IS and LM curve is on the left 
(right) of EE curve. The economy can achieve sustainable development when the 
intersection point of IS and LM curve is on the EE curve. As a result, the economy 
achieves sustainable development. 

The difference between IS-LM-EE models is that the same combination of fiscal 
policy and monetary policy has different effects on economic growth. For instance, the 
tight fiscal and expansionary monetary policy will promote economic growth on the 
Heyes (2000) and Sim (2006) IS-LM-EE models, but the same policy combination will 
lead to economic recession on Decker and Wohar (2012) IS-LM-EE model. Meanwhile, 
IS-LM-EE models of Heyes (2000), Lawn (2003), Decker and Wohar (2012) lack 
further automatic adjustment mechanism, although Sim (2006) model analyzes the 
automatic adjustment mechanism by using the conception of the “output gap”, but the 
lag of adjustment mechanism will bring great threat to environmental quality. 

Considering that the global warming will affect the economic sustainable 
development, therefore, the motive of government constraining carbon emissions cap is 
to promote the sustainable development of human society and economy. The 
government or manufacturers will invest the equipment of clean energy or technology 
of carbon capture and storage in order to realize the targets of carbon abatement. 
Assumed the fund of the government abatement investment come from carbon tax 
revenue and the fund of the manufacturers abatement investment come from a part of 
productive funds. So, the traditional analytical framework of the IS-LM-EE models 
have neglected the influence of manufacturers or government carbon abatement 
investment on IS curve. 

Natural capital will provide renewable or nonrenewable resources and ecological 
services (such as, absorption of wastes, basic life-support functions, and amenity 
services) in production process (Ekins et al., 2003; Fontana and Sawyer, 2016). But the 
concept of natural capital is also controversial (Burkett, 2003). This paper will modify 
the EE curve. We use total carbon allowance to substitute the amount of natural capital 
in EE curve and introduce the investment of carbon abatement into EE Curve. The 
carbon abatement investment behavior of manufacturers or government will affect on 
the aggregate demand; therefore, this paper also modify the IS curve by introducing the 
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investment of carbon abatement. This paper builds up the new IS-LM-EE model by 
using adjusted IS and EE curve and traditional LM curve and analyzes the effect of the 
carbon emission capon equilibrium output. 

Equilibrium output of new IS-LM-EE model 

Constructing new IS-LM-EE model 

The new IS-LM-EE framework includes the following variables: 
Y = real total output 
r = real interest rate 
Icar = investment of carbon abatement 

car
E  = given carbon emissions cap 

C = consumption expenditures 
C0 = autonomous consumption expenditures 
G = autonomous government expenditures (assumed to be exogenous) 
I = investment expenditures 
I0 = autonomous investment expenditures 
T = total tax 
TR = government transfer expenditure 
Tcar = total carbon tax 
M

P
 = real money supply 

M = nominal money supply 
P = price level (assumed to be constant) 
Pcar = carbon tax rate or carbon price 
E = natural capital 
Λ = institutional parameters of environmental regulation 
 

a) Adjusted environment equilibrium curve (EE) 

The Heyes’s (2000) and Sim’s environment equilibrium curve (EE) equation is as 
follows: ( , , , ) 0EE Y r E   . It is very difficult to solve the equilibrium solution of IS-
LM-EE Model when EE curve is parabolic. For the convenience of analysis, We use 

car
E  and 

car
I respectively to substitute for E  and   and obtain the adjusted EE curve 

equation: ( , , ) 0,ca car rE EE Y r I  . We expand the left side of the adjusted EE curve 

equation by using the first order Taylor expansion; therefore, we will obtain adjusted 
linear EE curve equation: 

 
 

carbon carbonY r I E      (Eq.1) 

 
Equation 1 is the adjusted linear equilibrium curve (EE) with the fixed carbon 

emission target. Where,   is the carbon emission intensity to the total output with 

given technical level，   is the interest rate sensitivity coefficient to the carbon 
emissions, according to the Heyes’s (2000) hypothesis of the substitute between natural 
capital and man-made capital, there is 0  .   is the emissions reduction investment 
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coefficient. Following Heyes’s (2000) opinion, we assume that the EE curve of the 
negative slope is steeper than the IS curve. 

The position of EE curve will be determined by the investment scale of the carbon 
abatement and the carbon emissions cap on the Equation 1. It will increase the more 
space of economic growth when the investment scale of the carbon abatement or the 
carbon emissions cap increases. Therefore, adjusted EE curve will move towards right, 
and vice versa. In order to carry out the international obligations of the reducing 
greenhouse gases (GHGs), some governments determine their carbon emission cap 
based on the intended nationally determined contributions (INDCs), but the stringent 
carbon abatement control goals will affect the economic growth, which is perhaps one 
of the reasons for the Trump administration’s decision to pull out of the Paris Global 
Climate Agreement on June 1st 2017. 

 
b) Adjusted IS curve 

Following view of Keynes’s macroeconomics, we assume that the aggregate demand 
consists of consumer demand, investment demand and government demand in the 
closed economy. Without consideration the carbon abatement investment, we can 
assume that the function of consumer demand, of investment demand and of 
government demand are respectively as follows: 

Function of consumer demand (Eq. 2): 
 
 0 ( )C C c Y T TR     (Eq.2) 

 
Function of investment demand (Eq. 3): 
 
 0I I br   (Eq.3) 

 
Function of government demand (Eq. 4): 
 
 G G  (Eq.4) 
 
Here, (0 1)c c  stands for the marginal propensity to consume, ( 0)b b   stands for 

sensitivity coefficient of investment to interest rates. Therefore, the traditional aggregate 
demand function is as follows (Eq. 5): 

 
 0 0( ) ( )Y C c Y T TR I br G        (Eq.5) 

 
Case one: 

If we assume that the government takes on the carbon abatement investment 
responsibility by levied carbon tax with the manufacturers according to the polluter 
paying principle, and the total carbon tax revenue are used in the activity of government 
carbon abatement investment and the manufacturers do not invest the carbon abatement 
activity. Namely, car car

I T . Meanwhile, the function of investment demand and of 

government demand will be unchanged. 
So, the adjusted function of consumer demand is as follows (Eq. 2a): 
 

https://xue.glgoo.com/scholar?hl=zh-CN&as_sdt=0,5&q=negative+slope
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 0 ( )
car

C C c Y T T TR      (Eq.2a) 

 
Equation 5 will change as follows (Eq. 5a): 
 
 0 0( ) ( )

car
Y C c Y T I TR I br G         (Eq.5a) 

Namely, adjusted IS curve equation is as follows (Eq. 6a): 
 
 0 0(1 )

car
c Y br cI C I cTR G cT         (Eq.6a) 

 
Case two: 

If we assume that the government encourage the manufacturers to invest carbon 
abatement activity by the carbon cap-and-trade system, and the manufacturer 
investment will be divided into productive investment and emission abatement 
investment. The emission abatement investment is unproductive investment, to increase 
the emission abatement investment increasing means the productive investment 
decreasing when the total capital is fixed. Meanwhile, the function of consume demand 
and of government demand will be unchanged. 

The adjusted function of investment demand is as follows (Eq. 3a): 
 
 0 car

I I br I    (Eq.3a) 

 
Therefore, Equation 5 will change as follows (Eq. 5b): 
 
 0 0( ) ( )

car
Y C c Y T TR I br I G         (Eq.5b) 

 
Namely, adjusted IS curve equation is as follows (Eq. 6b): 
 
 0 0(1 )

car
c Y br I C I cTR G cT         (Eq.6b) 

 
Equation 6a or 6b is the adjusted IS curve with the investment of carbon emission 

reduction. 
Obviously, the investment scale of the carbon abatement will determine the position 

of IS curve. 
 

c) LM curve 

In order to facilitate the analysis, we still adopt the traditional LM curve in the 
money market (Eq. 7): 

 

 
M

gY hr
P

   (Eq.7) 

 
Where, ( 0)g g  is the sensitivity coefficient of money demand to national income, 

( 0)h h   is the sensitivity coefficient of money demand to the real interest rate. 
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d) New IS-LM-EE model 

Case one: 

Equations 1, 6a and 7 constitute new IS-LM-EE model based on the carbon tax 
system. The model is as follows (Eq. 8a): 

 

 

0 0(1 )
car

car car

c Y br cI C I cTR G cT

M
gY hr

P

Y r I E  

       
  


 

 (Eq.8a) 

 
Case two: 

Equations 1, 6b and 7 constitutes new IS-LM-EE model based on the carbon cap-
and-trade system. The model is as follows (Eq. 8b): 

 

 

0 0(1 )
car

car car

c Y br I C I cTR G cT

M
gY hr

Y r I E

P

  

       
  

  



 (Eq.8b) 

 
Equilibrium solution of the IS-LM-EE model 

In the systems of equations (Eq. 8a), we obtain the equilibrium solution of output, 
interest rate and investment of carbon abatement (Eqs. 9a, 10a, 11a): 

 

 
0 ( )

(1 )x

r

a

a

t

cE
M

hA b c ch
PY

cg ch gb h c

 





  

  


  
 (Eq.9a) 
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 (Eq.10a) 
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  (Eq.11a) 

 
In order to assure the nonnegative investment of carbon abatement, we assume 

(Eq. 12a): 
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 (Eq.12a) 
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In the systems of equations (Eq. 8b), we obtain the equilibrium solution of output, 
interest rate and investment of carbon abatement (Eqs. 9b, 10b, 11b): 

 

 
0 ( )

(1 )trade

car

M
hA b hE

h

PY
g gb h c

  

  

  


  
 (Eq.9b) 
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 (Eq.10b) 
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  (Eq.11b) 

 
In order to assure the nonnegative investment of carbon abatement, we assume 

(Eq. 12b): 
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 (Eq.12b) 

 
Obviously, there is tax trade

Y Y  and tax trade

car car
I I when 0 1c  . This shows that it has 

less impact on equilibrium output when the government takes on the carbon abatement 
investment responsibility by levied carbon tax with the manufacturers. 

 
We assume that the carbon tax rate is car

P . Based on the previous analysis, the real 

carbon emissions of the manufacturer is car car
I E  . So, the total carbon tax revenue is 

( )car car car car carT EI P I   . Therefore, the carbon tax rate must be satisfied (Eq. 13): 

 

 

0

1

[ (1 )]

( [ (1 )] [ (1 )])

ca

car

r

car

P
cg gb h c

M
g A c gb h c

ch E

h
P

b E

  
 



 

  







    

 (Eq.13) 

 
Equation 13 shows that the carbon tax rate will be affected by fiscal policy, or the 

monetary policy, or the carbon emission goal. For example, the carbon tax rate will 
increase when the government implements the expansionary fiscal policy, or 
expansionary monetary policy, or decreasing the carbon emission cap. But the carbon tax 
rate will be very difficult to change in the short period when the government levies the 
carbon tax to the manufacturer with the fixed carbon tax rate. The new IS-LM-EE model 
with the carbon tax system will be very difficult to realize new equilibrium with the 
change of the environmental macroeconomic policy tool. But the new IS-LM-EE model 
with the cap-and-trade system will automatically realize the new equilibrium with the 
change of the environmental macroeconomic policy tool. In this sense, the manufacturer 
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taking on the carbon abatement investment responsibility is better than the government 
taking on the carbon abatement investment responsibility by levied carbon tax. 

 
Crowding-out effects of the carbon emissions cap on the new IS-LM-EE model 

IS curve and LM curve will decide equilibrium output and the carbon abatement 
investment is null if the government does not restrain the carbon emissions cap. The 
equilibrium output is as follows (Eq. 14): 

 
0

*

(1 )

M
hA b

PY
c h bg




 
 (Eq.14) 

 
Owing to the government restrains the carbon emissions cap and the carbon 

abatement investment is unproductive investment, the carbon emissions cap and the 
carbon abatement investment will bring out the crowding-out effects and decrease the 
equilibrium output. 

Let, *
tax tax

Y Y Y   , *
trade tradeY Y Y   . 

Therefore (Eqs. 15 and 16): 
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 (Eq.16) 

 
Obviously, there is tax trade

Y Y    when 0 1c  . This shows that the crowding-out 

effects of carbon tax system is less than of carbon cap-and-trade system. 

Environmental macroeconomic policy analysis in the new IS-LM-EE model 

The equilibrium solutions have the similar form in two kinds of new IS-LM-EE 
model. So we only analyze the effect of any environmental macroeconomic policy tools 
change in the new IS-LM-EE model with the carbon cap-and-trade system. 

According to the hypothesis, the EE curve of the downward sloping is steeper than IS 

curve of, namely, 
1

, 0
c

b

 



    . 

 
Expansionary fiscal policy 

The derivatives of Equations 9b and 11b on government expenditures G are as 
follows: 

 

 0
(1 )

trade
dY h
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 (Eq.17) 
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 (Eq.18) 

 
Equations 17 and 18 show that the equilibrium output and the equilibrium 

investment of the carbon abatement will increase when the government implements the 
expansionary fiscal policy by enlarging the government purchase expenditure. 

As shown in Figure 1, IS0, LM and EE0 curve will achieve the equilibrium in point 
A. The IS curve will shift to the right from the IS0 to IS2 when the government 
implements the expansionary fiscal policy, so the expansionary fiscal policy will 
increase total output, also increases of carbon emission, so the manufacturer needs to 
increase the investment of carbon abatement, so, the EE curve also shift to the right, the 
IS curve starts to shift to left from the IS2 to IS1 when the manufacturers increase the 
investment of the carbon abatement. The IS1, LM and EE1 curve will achieve new 
equilibrium at the point B. 
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Y Y0 
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Figure 1. Expansionary fiscal policy 

 
 

Expansionary monetary policy 

The derivatives of Equations 9b and 11b on money supply are as follows: 
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 (Eq.20) 

 
Equations 19 and 20 show that the equilibrium total output and the equilibrium 

investment of the carbon abatement will increase when the government implements the 
expansionary monetary policy by enlarging the money supply. 

As shown in Figure 2, IS0, LM0 and EE0 curve will achieve the equilibrium in point 
A. The LM curve will shift to the right from the LM0 to LM1 when the government 
implements the expansionary monetary policy by increasing nominal money supply, the 
total output increasing will lead to the carbon emission increasing, so the manufacturer 
needs to increase the investment of carbon abatement,the EE curve also shifts to the 
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right, the IS curve starts to shift to left from the IS1 to IS0 when the manufacturers 
increase the investment of carbon abatement. The IS1, LM1 and EE1 curve will achieve 
new equilibrium at the point B. 
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Figure 2. Expansionary monetary policy 

 
 

Raising carbon emissions cap 

The derivatives of Equations 9b and 11b on carbon emissions cap are as follows: 
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Equation 21 shows that the equilibrium output will increase when the government 

increases the carbon emissions cap. Equation 22 shows that the investment of the 
carbon emission reduction will decrease when the government increases the carbon 
emissions cap. 

As shown in Figure 3, IS0, LM0 and EE0 curve will achieve the equilibrium in point A. 
 

IS1 

IS0 

r 

Y Y0 

A 

B 

EE0 

EE1 

LM0 

EE2 

 
Figure 3. Decrease carbon emissions cap 
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The EE0 curve will shift to the left to the position of EE2 curve when the government 
decreases the carbon emissions cap. The carbon emission in production process at the 
intersection A of the IS0 curve and LM0 curve will exceed the given carbon emission 
cap, so the manufacturer needs to increase the investment of the carbon abatement, the 
EE2 curve will shift to the right to the position of EE1 curve. Owing to increasing the 
investment of the carbon emission reduction, the IS curve start to shift to left from the 
IS0 to IS1. The IS1, LM0 and EE1 curve will achieve new equilibrium at the point B. 

 
Macroeconomic policy tools portfolio 

Next, we research the effect of the environmental macroeconomic policy portfolio on 
the equilibrium output with the fixed carbon emissions cap and the unchanged 
investment of the carbon emission reduction. 

The perfect differential of Equations 9b and 11b are as follows (Eqs. 23 and 24): 
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If we assume that the fixed carbon emissions cap and the investment of the carbon 

emission reduction remain unchanged, and the government implements the 
expansionary fiscal policy by enlarging the government purchase expenditure. 

Therefore, 0dA dG , 0trade

cca arr
dEdI   , 

)(

(1 )

dM g dGh

P b c

 
 


 


, and 

[ (1 ) ]

[ (1 )][ (1 )]trade

h c bg g dGh

h b
dY

g gb h c c

   
 


   


 

   


   
. 

This shows that the expansionary fiscal policy needs to collocate tight monetary 
policy when the fixed carbon emissions cap and the investment of the carbon emission 
reduction remain unchanged. The expansionary fiscal and tight monetary policy 
portfolio decreases the equilibrium output, vice versa. This conclusion is similar to the 
implication of macroeconomic policy portfolio on Heyes’s IS-LM-EE model. 

Conclusion 

This paper revises the IS curve and EE curve under the constraint of given carbon 
emission cap and the investment of carbon abatement based on previous studies, and 
sets up two kinds of the IS-LM-EE model with carbon tax system and the IS-LM-EE 
model with carbon cap-and-trade system. The research results show that the equilibrium 
output of carbon tax system is more than of carbon emission cap-and-trade system. But 
the new equilibrium will be very difficult to realize with the fixed carbon tax rate in the 
IS-LM-EE model with carbon tax system when the environmental macroeconomic 
policy instruments change; however, the new equilibrium will automatic realize in the 
IS-LM-EE model with carbon cap-and-trade system at same condition. Thus, the carbon 
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cap-and-trade system is more reasonable and practicable than the carbon tax system in 
practice. The new IS-LM-EE models will automatically achieve new equilibrium by 
adjusting the investment scale of the carbon abatement when any policy tool of 
environmental macroeconomic policy changes. There exists the crowding-out effects of 
the investment of the carbon abatement in the new IS-LM-EE model. The expansionary 
fiscal policy needs to collocate tight monetary policy when the fixed carbon emissions 
cap and the investment of the carbon emission reduction remain unchanged. This policy 
portfolio will decrease the equilibrium output, vice versa. 

The conclusion of this paper is based on Heyes’s (2000) hypothesis of the substitute 
between natural capital and man-made capital and the EE curve of the negative slope 
being steeper than the IS curve. The conclusion can be changed if the hypothesis of the 
substitute between natural capital and man-made capital, or of the negative slope EE 
curve being steeper than the IS curve changes. Thus, we need to study the effect of 
carbon emission cap on equilibrium output with complementarity between natural 
capital and man-made capital in new IS-LM-EE model. We also need to study the effect 
of carbon emission cap on equilibrium output with new IS-LM-EE model in the open 
economy in the future. 
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Abstract. Sustainable use of nanoparticles (NP) in the agriculture requires a deep understanding in order 
to determine their benefits potential as well as their toxicological impacts. Common bean plants were 
growing and irrigated with suspensions of magnetite, ferrihydrite, hematite, zinc oxide, or titanium 
dioxide NP at 0, 3, or 6 g L-1 in a 120 days’ greenhouse experiment, in order to investigate the effect of 
these NP on growth and development of common bean. None of the five NP modified significantly the 
chlorophyll content of common bean plants, while at least one concentration of hematite, ferrihydrite or 
magnetite increased significantly the total N of roots or shoots, the number of pods, dry weight of pods, 
the number of seeds, and yield of common bean. Additionally, at least one concentration of zinc oxide or 
titanium dioxide decreased significantly the number of pods, the fresh weight of pods and the number of 
seeds. These finds are an important factor to take into account with regard to the applicability of NP for 
long-term use in crops, but the selection of the proper NP at their adequate concentration is important for 
realizing higher benefits for an agrosustainable target. 
Keywords: agro-food industry, agronanotechnology, chlorophyll content, potential hazard or risk of 

nanoparticles, sustainable development, nanofertilizer, Phaseolus vulgaris L. 

Introduction 

While nanoparticles (NP) occur naturally in the environment and have been 
intentionally used for centuries, the production and use of engineered NP has seen a 
recent spike, which makes environmental release almost certain (Maurer-Jones et al., 
2013). Keller et al. (2013) estimated that 63–91% of over 260,000–309,000 metric tons 
of global engineered nanomaterials production in 2010 ended up in landfills, with the 
balance released into soils (8–28%), water bodies (0.4–7%), and atmosphere (0.1–
1.5%). It is well known that hundreds of NP are being used worldwide in a wide range 
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of products or devices, however, at our knowledge there are not standardized techniques 
nor laws governing the proper management of NP during their production, distribution, 
use, and confinement. This implies that NP may be released into the environment 
despite their potential harmful effects on human and environmental health. 

Among some properties that comprise the bean are their high content of iron, vital 
for a proper brain development, help to correct biliary disorders, rheumatic diseases, 
lower cholesterol level and is effective against anemia, and their consumption can 
prevent some types of cancer. Per 100 common bean grams, 20 g are protein, 5.8 g are 
fat and 3 g are fiber (Lépiz et al., 2010). 

In some prior research conducted on this topic, the results were varied, some of them 
showed favorable aspects due to the use of nanoparticles as the case of Ma et al. (2010), 
whose experimental data evinced that the TiO2 nanoparticles at concentrations of 2.5-40 
g kg-1 soil, improved the growth of the spinach. Other results exhibited no significant 
effects, as presented by Doshi et al. (2008), where aluminum nanoparticles did not show 
a significant effect on common bean studies performed in sand columns with 
concentrations up to 17 mg L-1 of aluminum. In addition, some studies present negative 
effects on the development and growth of established crops. Canas et al. (2008) 
indicated that monolayer carbon nanotubes caused significant affectations in the root 
elongation of crops such as tomato, cabbage, carrot and lettuce. 

There have been published some studies that intend to demonstrate that some 
metallic NP are able to increase the growth and development of some crops, i.e., the NP 
are used as if they were fertilizers (Burke et al., 2015; Rico et al., 2011). However, the 
potential effect of NP on yield and yield components has not been studied when NP are 
considered as a collateral consequence of the NP polluted environment. It is still a 
challenge assessing most of the effect of NP in natural soils. It should be noted that NP 
have different pathways, effects, fates and behaviors that might vary within living 
organisms, soils and contaminants (Cornelis et al., 2014; Rodrigues et al., 2016). In this 
regard, the objective of this research was to investigate the effect of different 
nanoparticles such as iron, titanium and zinc oxide on growth and development of 
common bean plants cropped in an agricultural soil under greenhouse conditions, as a 
contribution to the new emerging field called econanotoxicology. 

Materials and methods 

Experimental site 

This study was carried out in a greenhouse of the ‘Programa de Sustentabilidad de 
los Recursos Naturales y Energía del Cinvestav-Saltillo’ located in Saltillo, Coahuila, 
Mexico. This area is located in the southeastern state of Coahuila, centered at 25° 31’ N, 
101° 37’ W, at an altitude of 1,600 m above sea level. According to FAO/UNESCO soil 
classification system, the soil is a Haplic Xerosol with pH 7.3 and electrolytic 
conductivity 4.8 dS m-1, a water holding capacity (WHC) of 865 g kg-1, an organic 
carbon content of 1.5 g C kg-1 soil, and a total N content of 0.7 g N kg-1 soil. 

 
Biological material 

Common bean seeds were donated by ‘INIFAP-Celaya, Mexico’. All seeds were 
kept in the dark at 4 °C until use. Pinto Saltillo was developed to solve the problem of 
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traditional varieties of ‘pinto’ type, which has a reduced postharvest life, due to the 
accelerated darkening of the seed coat. 

 
Nanomaterials 

Nanoparticles of magnetite, ferrihydrite and hematite were manufactured according 
to Pariona (2012), while nanoparticles of zinc oxide and titanium dioxide were 
purchased from ‘Materiales nanoestructurados S.A de C.V. (San Luis Potosí, México)’. 
Its crystallographic system was cubic, hexagonal or tetragonal (Table 1). The X-ray 
diffraction was conducted to verify the pure phase samples (Fig. 1), and the magnetic 
properties of the samples were measured by MicroMagTM 2900 Alternating Gradient 
Magnetometer (Fig. 2). 

 
Table 1. Physicochemical characteristics of nanoparticles used to irrigate common bean 

crop (Phaseolus vulgaris L.) in a 120 days greenhouse experiment. 

Oxide 
Molecular 

formula 
Color 

Particle 

size 

Crystallographic 

system 
Magnetic properties 

Magnetite Fe3O4 Black 6 a 20 nm Cubic Superparamagnetic 

Ferrihydrite FeOOH•xH2O Dark brown 2 a 3 nm Hexagonal Antiferromagnetic 

Hematite α-Fe2O3 Red ochre 80 a 94 nm Hexagonal Weakly antiferromagnetic 

Zinc oxide ZnO White < 50 nm Tetragonal Weakly ferromagnetic 

Titanium dioxide TiO2 White < 50 nm Hexagonal Weakly ferromagnetic 

 
 

Cultivation of plants in the greenhouse 

The full experimental setup was repeated three times. The first one was carried out 
from January to May, 2016, the second one, from February to June, 2016, and the third 
one from March to July, 2016. Sixty sub-samples of 3,500 g soil, i.e., five kinds of 
nanoparticles (nano-Fe3O4, nano-FeOOH•xH2O, nano-α-Fe2O3, nano-ZnO, and nano-
TiO2) × three replicates × four concentrations, were added to square plastic pots whose 
length, width, and height were 17 × 15 × 17 cm, respectively. Five treatments 
(nanoparticles) at four concentrations (zero, one, three, and six g L-1) were applied to 
the soil during irrigation so that we sprayed each plastic pot with 500 mL of a zero, one, 
three, or six g nano L-1 suspension, throughout the experiment. Three seeds of common 
bean were planted in one hundred and eighty plastic pots, i.e., five nanoparticles × three 
replicates × four concentrations on three experiments. The seeds were placed at two cm 
depth in each plastic pot. Five days after planting, the seedlings were thinned to one 
plant per plastic pot. The plastic pots were placed in the greenhouse for 120 days. A 
plastic container was placed under each plastic pot to collect drained liquid. However, 
irrigation was well controlled so that no leaching was observed. Thirty, 60 and 120 days 
after sowing, three plastic pots were selected at random from each treatment and each 
concentration. The entire soil column was removed from the plastic pot and the 0-7.5 
cm and 7.5-15 cm depth, where the samples were taken with care not to damage the root 
structure. The roots were manually separated from the shoots of the plant. Then the soil 
was carefully disaggregated with the hands to avoid the rupture of the roots. 
Subsequently, the soil was sifted gently to extract the pieces of root that may have been 
left in it, in order to be sure that 100% of the roots were removed, washed and weighed. 
After that, the root was extended and measured along with the shoots length. The roots 
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and shoots were dried at 70 °C, were weighed and analyzed for Ti, Fe, Zn, and total N. 
The soils from 0-7.5 cm and 7.5-15 cm of depth were analyzed for pH, CE, Ti, Fe, and 
Zn. The amount of chlorophyll was quantified every two days after sowing, beginning 
at day 15 (Fig. 3). The temperature and moisture content inside the greenhouse during 
the experiment were 24 °C and 35-45%, respectively. 

 

 
Figure 1. X-ray diffraction patterns of nanoparticles of a) Magnetite, b) Ferrihydrite, c) 

Hematite, d) ZnO, and e) TiO2. 
 
 

Chemical analyses 

The pH was measured in 1:2.5 soil or wastewater sludge/H2O suspension using a 716 
DMS Titrino pH meter (Metrohm Ltd. CH.-901, Herisau, Switzerland) fitted with a 
glass electrode (Thomas, 1996). The EC was determined in a 1:5 soil/H2O suspension as 
described by Rhoades et al. (1989). The organic C in soil was measured in a total 
organic carbon analyzer TOC-VCSN (SHIMADZU, USA). The inorganic C was 
determined by adding 5 mL 1 M hydrogen chloride (HCl) solution to 1 g air-dried soil 
and trapping CO2 evolved in 20 mL 1 M NaOH. Total N in soil, root and shoot was 
measured by the Kjeldahl method using concentrated H2SO4, K2SO4 and CuSO4 to 
digest the sample (Bremner, 1996). Soil particle size distribution was defined by the 
hydrometer method as described by Gee and Bauder (1986). Water holding capacity 
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was measured on 6.5 kg soil placed in a PVC tube (length 50 cm and  16 cm), water-
saturated, stoppered with a PVC ring and left to stand overnight to drain freely. The 
WHC is defined as (Gardner, 1986), WHC = [(soil water-saturated - soil dried at 
105 °C) / soil dried at 105 °C] * 1000. The units of WHC are expressed in g kg-1. The 
amount of chlorophyll was measured with a Minolta SPAD-502 Chorophyll meter 
(Markwell et al., 1995). The Fe, Ti and Zn were determined by inductively coupled 
plasma mass spectrometry (ICP–MS). 

 

 

Figure 2. Magnetization curves of a) Magnetite, b) Ferrihydrite, c) Hematite, d) ZnO and  

e) TiO2. 

 
 

Statistical analyses 

The data were subjected to an analysis of variance (ANOVA) and means compared 
with the Tukey test using Statistical Analysis System (SAS) software version 8.0 for 
Windows (SAS Institute, 1989). Soil and plant characteristics were subjected to one-
way analysis of variance using a general lineal models procedure (PROC GLM) to test 
for significant differences between treatments (P < 0.05). Methodology for PCA 
analysis may be found in Fernández-Luqueño et al. (2016). All analyses were 
performed using the SAS statistical package (SAS Institute, 1989). All data presented 
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were the mean of three replicates in soil from three different plots, while the whole 
experiment was repeated three times (n = 27), sampled after 30, 60, and 120 days. 
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Figure 3. SPAD units of bean plants (Phaseolus vulgaris L.) cultivated in an agricultural soil 

irrigated with 500 mL of zero, one, three, or six g nanoparticle L
-1

 suspension. Nanoparticles of 

Fe3O4, FeOOH•xH2O, α-Fe2O3, ZnO, and TiO2 were used. Data are the mean of three pots × 
three different soils × three experiments × three measurements by each plant, i.e., n = 81. Each 

experiment lasted 120 days. 
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Results 

SPAD units 

The concentration of the chlorophyll quantified on leaves of common bean plants 
cultivated in an agricultural soil irrigated with 500 mL of zero, one, three, or six g 
nanoparticle L-1 suspension, during 120 days after sowing is shown in Figure 3. SPAD 
Units data are related to the chlorophyll content, which maintained slightly unchanged 
over the time with values between 40 to 50 SPAD units in most of the experiment, 
excepting the HEMATITE treatment (HEM-1) which the SPAD units reached 55. The 
lowers chlorophyll values were presented in all the treatments during the onset of the 
measurements and at the end of the growing stage, i.e., at 15 and 95 days after sowing, 
respectively. 

 
Plant characteristics and crop yield 

Most of the plant and yield characteristics (root fresh weight, root dry weight, root 
length, shoot fresh weight, shoot dry weight, shoot length, and SPAD units) were not 
significantly different between nanoparticles treatments, compared with the CONTROL 
treatment (P < 0.05) (Table 2). FERRIHYDRITE treatments at 3 and 6 g L-1 and 
HEMATITE at 1 g L-1 increased significantly the concentration of total N in roots, 
compared with the CONTROL treatment. All FERRIHYDRITE treatments and 
HEMATITE at 3 and 6 g L-1 increased significantly the concentration of total N in 
shoots, compared with the CONTROL treatment (Table 2). 

The MAGNETITE and FERRIHYDRITE treatments at 6 g L-1 increased 
significantly the number of pods, compared with the CONTROL treatment. However, 
the ZINC OXIDE and TITANIUM OXIDE treatments at 6 g L-1 decreased significantly 
the number of pods, compared with the CONTROL treatment (Table 2). The fresh 
weight of pods decreased significantly when plants were amended with 
MAGNENTITA or HEMATITE at 3 or 6 g L-1, and when they were amended with 
FERRIHYDRITE or ZINC OXIDE at 6 g L-1, compared with the CONTROL treatment 
(Table 2). The dry weight of pods decreased significantly when plants were amended 
with FERRYDRITE at 3 g L-1, but MAGNETITE at 3 or 6 g L-1 increased significantly 
the dry weight of pods, compared with the CONTROL treatment (Table 2). 
MAGNETITE and FERRIHYDRITE increased significantly the number of seeds when 
plants were amended with 6 g L-1, while HEMATITE increased it significantly when 
plants were amended with 3 or 6 g L-1. However, plants amended with ZINC OXIDE or 
TITANIUM DIOXIDE decreased significantly the number of seeds, compared to the 
CONTROL treatment. MAGNETITE or HEMATITE at 3 or 6 g L-1 and 
FERRIHYDRITE at 6 g L-1 increased significantly the yield, while ZINC OXIDE or 
TITANIUM DIOXIDE decreased it significantly, compared with the CONTROL 
treatment (Table 2). Nanoparticles did not affect significantly the SPAD units. 

The seed number was strongly significantly correlated with fresh or dry weight of 
roots, length of root or shoot, total nitrogen of shoot, and with number, fresh or dry 
weight of pods (Table 3). Seed yield was strongly significantly correlated with fresh 
weight of root, total nitrogen of root, dry weight of shoot, total nitrogen of shoot, with 
number, fresh or dry weight of pods, and with seed number. In addition, SPAD units was 
strongly significantly correlated with total nitrogen of shoot and with yield (Table 3). 
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Table 2. Characteristics of common bean (Phaseolus vulgaris L.) cultivated in an agricultural soil irrigated with 500 mL at zero, one, three, or 

six g nanoparticle L
-1

 suspension. The whole experiment was repeated three times (the first time, from January to May, 2016; the second one, 

from February to June, 2016; and the third one, from March to July, 2016). Each whole experiment lasted 120 days. Root and shoot data are the 

mean of values measured after 30, 60 and 120 d, i.e., n = 81. The pods and seeds data are the mean of values measured after 120 d, i.e., n = 27. 

SPAD unit’s data are the mean of three measures twice a week during 14 weeks, i.e., n = 1,988 (3 soils × 3 replicates × 3 measures per plant × 3 
sampling dates × 2 measures per week × 14 weeks). 
 

Treatments / 

g NP L-1 

Root Ø Shoot Pods Seeds SPAD 

Fresh 

weight 

Dry 

weight 
Length 

Total 

Nitrogen 
Fresh 

weight 

Dry 

weight 
Length 

Total 

Nitrogen 
Number 

Fresh 

weight 

Dry 

weight 
Number Yield Units 

Control 
0 13.6 a∑ 1.1 a 28.1 ab 25.8 c 17.9 a 2.8 a 21.4 ab 27.3 e 14.6 cd 20.5 de 5.5 cd 49.6 cd 3.6 fg 35.8 ab 

Magnetite (Fe3O4) 
1 10.0 a 1.0 a 24.9 ab 26.4 bc 15.6 a 1.7 a 22.0 ab 30.3 cde 15.7 bcd 20.9 cde 5.9 c 48.7 cde 3.9 defg 38.4 a 
3 11.3 a 0.8 a 24.0 ab 28.9 abc 14.5 a 1.5 a 22.7 ab 29.8 cde 16.3 bc 22.5 bc 6.6 ab 49.0 cde 4.8 ab 35.8 ab 
6 13.5 a 1.2 a 19.0 ab 30.4 abc 17.3 a 1.9 a 25.9 b 32.1 bcde 17.3 ab 26.0 a 7.1 a 64.3 a 4.7 bc 36.4 ab 

Ferrihydrite (FeOOH•xH2O) 
1 11.8 a 1.0 a 28.9 ab 30.5 abc 17.8 a 2.6 a 21.4 ab 33.8 abcd 14.7 cd 20.7 cde 5.5 cd 55.0 bc 3.6 g 36.0 ab 
3 11.6 a 1.1 a 27.8 ab 32.1 a 16.7 a 2.9 a 21.9 ab 34.9 abc 15.3 bcd 20.3 cd 4.5 e 51.0 cd 3.8 efg 36.0 ab 
6 12.3 a 1.3 a 27.1 ab 32.0 a 15.7 a 2.7 a 19.2 ab 35.0 abc 19.3 a 26.9 a 5.6 cd 67.0 a 4.2 cd 36.6 ab 

Hematite (α-Fe2O3) 
1 14.7 a 1.3 a 25.1 a 31.0 ab 18.3 a 3.0 a 20.2 ab 32.3 bcde 15.7 bcd 22.0 bcd 5.5 cd 53.7 bcd 4.0 def 37.6 ab 
3 14.3 a 1.3 a 28.2 ab 30.0 abc 19.5 a 3.2 a 17.0 ab 37.2 ab 15.0 cd 23.6 b 5.9 c 60.0 ab 5.2 a 35.7 ab 
6 14.8 a 1.4 a 31.0 ab 30.0 abc 18.1 a 2.9 a 19.4 ab 38.5 a 16.0 bcd 25.9 a 5.9 bc 60.7 ab 5.1 a 36.6 ab 

Zinc Oxide (ZnO) 
1 11.1 a 0.9 a 21.2 ab 28.1 abc 15.7 a 2.4 a 17.0 ab 29.8 cde 15.0 cd 19.4 e 5.2 cde 45.3 def 4.0 defg 35.3 ab 
3 11.9 a 1.0 a 19.6 ab 29.1 abc 15.5 a 2.2 a 15.7 a 30.2 cde 15.3 bcd 21.1 cde 5.5 cd 40.7 ef 3.9 defg 34.9 ab 
6 13.1 a 0.8 a 21.1 ab 28.6 abc 16.8 a 2.6 a 18.2 ab 30.4 cde 12.3 e 23.8 b 5.2 cde 37.7 fg 4.1 de 36.7 ab 

Titanium dioxide (TiO2) 
1 11.1 a 0.9 a 17.6 ab 27.7 abc 13.8 a 2.1 a 17.5 ab 28.3 e 14.0 de 19.2 e 5.0 de 31.3 gh 4.0 defg 34.7 b 
3 11.9 a 1.0 a 17.1 b 30.0 abc 13.3 a 2.4 a 15.7 a 28.8 de 15.7 bcd 21.1 de 5.3 cd 23.7 h 3.9 defg 35.7 ab 
6 11.5 a 1.0 a 22.0 ab 28.5 abc 18.2 a 2.0 a 16.3 a 29.5 de 12.0 e 21.9 bcd 5.0 de 26.3 h 4.1 de 34.2 b 

MSDπ 9.05 0.64 13.5 5.0 9.4 1.7 9.2 5.4 2.0 1.9 0.7 8.5 0.4 3.5 
ØFresh or dry weights are expressed in g; Length is in cm; Total nitrogen is in g N kg-1 dry plant; Yield is in g per plant. 
∑Values with the same letter within the columns are not significantly different (P < 0.05). 
πMinimum significant difference (P < 0.05). 
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Table 3. Correlations between characteristics of common bean crop (Phaseolus vulgaris L.) cultivated in an agricultural soil irrigated with 500 mL 

at zero, one, three, or six g NP L
-1

 suspension. Data were pooled among five treatments, three soils and the three replicates of the whole experiment. 

Each experiment lasted 120 days. 
 

Plant 

characteristics 

RootØ Shoot Pods Seeds 

Fresh 

weight 

Dry 

weight 
Length 

Total 

Nitrogen 
Fresh 

weight 

Dry 

weight 
Length 

Total 

Nitrogen 
Number 

Fresh 

weight 

Dry 

weight 
Number Yield 

Root dry weight 0.867***             

Root length 0.891*** 0.834***            

Root total N -0.238*** 0.005 -0.289***           

Shoot fresh weight 0.839*** 0.870*** 0.762*** 0.142          

Shoot dry weight 0.894*** 0.876*** 0.852*** -0.062 0.883***         

Shoot length 0.848*** 0.815*** 0.809*** -0.075 0.837*** 0.780***        

Shoot Total N   -0.037 0.245*** -0.041 0.839*** 0.313*** 0.150 0.121       

Pods number 0.279 0.428*** 0.210 0.155 -0.064 -0.108 0.297*** 0.166      

Pods fresh weight 0.344*** 0.462*** 0.155 0.332*** -0.278 -0.121 0.078 0.501*** 0.292***     

Pods dry weight 0.062 0.130*** 0.023 0.005 -0.218 -0.429*** 0.379*** 0.112 0.272 0.341***    

Seed number 0.415*** 0.616*** 0.647*** 0.058 0.115 0.195 0.492*** 0.421*** 0.480*** 0.400*** 0.343***   

Seed yield 0.200*** 0.241 0.060 0.396*** -0.183 -0.301*** -0.013 0.622*** 0.276** 0.475*** 0.295*** 0.270***  

SPAD Units -0.039 0.001 -0.008 0.099 -0.014 -0.017 0.023 0.186*** 0.182 0.122* 0.121 0.149 0.341*** 

*P < 0.005; **P < 0.001; ***P < 0.0001 
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Principal component analysis 

Loading for parameters obtained after VARIMAX rotation are given in Table 4. The 
plants characteristics had three significant PCs. The first principal component (PC1) 
explained 31% of variation and was related to root fresh weight, root dry weight, root 
length, shoot total nitrogen, number of pods, pod fresh weight, seed yield, number of 
seeds, and SPAD units. The second principal component (PC2) explained 20% of 
variation and was related to shoot fresh weight and shoot dry weight, while the third 
principal component (PC3) explained 14% of variation and was related to root total 
nitrogen but negatively related to shoot length and pod dry weight. The three principal 
components explained 65% of variation (Table 4). 

On the scatter plot with PC1 and PC2, the kinds of NP or their concentrations are 
clearly separated from each other (Fig. 4a). HEMATITE and FERRIHYDRITE can be 
found in the upper right quadrant, while MAGNETITE, ZINC OXIDE or TITANIUM 
DIOXIDE lie in the two left quadrants. The CONTROL treatment lies in the lower left 
quadrant (Fig. 4a). On the scatter plot with PC1 and PC3, the treatments are visually 
distinct (Fig. 4b). The HEMATITE, FERRIHYDRITE, and CONTROL treatments lie 
in the two-right quadrant, while MAGNETITE, ZINC OXIDE or TITANIUM 
DIOXIDE lie in the two left quadrants (Fig. 4b). 

 
Table 4. Rotated loading on the PC of bean plants characteristics (Phaseolus vulgaris L.) 
cultivated in an agricultural soil irrigated with 500 mL at zero, one, three, or six g NP L

-1
 

suspension. NP of Fe3O4, FeOOH•xH2O, α-Fe2O3, ZnO, and TiO2 were used. Data were 

pooled among the five treatments and three experiment repetitions. The whole experiment 

was repeated three times (from January to May 2015; the second one from February to June 

2015; and the third one from March to July 2015). Each whole experiment lasted 120 days. 

Statistical and measurements 
Principal components a 

PC1 PC2 PC3 

Eigenvalues 4.27 2.83 1.94 

Proportions 0.31 0.20 0.14 

 Rotated loading on three retained components 

Root fresh weight 65*,b 14 30 

Root dry weight 80* 32 5 

Root length 67* 61 -9 

Shoot fresh weight 20 74* 10 

Shoot dry weight 24 79* 42 

Shoot length 35 12 -80* 

Root total nitrogen 33 -50 59* 

Shoot total nitrogen 70* -31 44 

Number of pods 57* -10 -26 

Pod fresh weight 64* -40 6 

Pod dry weight 36 -37 -54* 

Seed yield 52* -60 12 

Number of seeds 80* 17 -29 

SPAD units 43* -31 -9 
aOnly principal components with Eigenvalues>1 and that explain > 10% the total variance were retained 
bParameters with significant loading (> 0.4) on the within column principal component. 
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Figure 4. Principal component analysis performed on characteristics of bean plants (Phaseolus 

vulgaris L.) cultivated in an agricultural soil irrigated with 500 mL of zero, one, three, or six g 

nanoparticle L
-1

 suspension. Nanoparticles of Fe3O4, FeOOH•xH2O, α-Fe2O3, ZnO, and TiO2 

were used. Data are the mean of three square plastic pots with 3.5 kg dry soil each one, for 

three different soils and three experiments, i.e., n = 27. Each whole experiment lasted 120 days. 

The first two factors explain 51% of the variation. MAG-1 (500 mL of 1 g NP-Fe3O4 

suspension), MAG-3 (500 mL of 3 g NP-Fe3O4 suspension), MAG-6 (500 mL of 6 g NP-Fe3O4 

suspension); FERR-1 (500 mL of 1 g NP-FeOOH•xH2O suspension), FERR-3 (500 mL of 3 g 

NP-FeOOH•xH2O suspension), FERR-6 (500 mL of 6 g NP-FeOOH•xH2O suspension); HEM-1 

(500 mL of 1 g NP-α-Fe2O3 suspension), HEM-3 (500 mL of 3 g NP-α-Fe2O3 suspension), 

HEM-6 (500 mL of 6 g NP-α-Fe2O3 suspension); ZnO-1 (500 mL of 1 g NP-ZnO suspension), 

ZnO-3 (500 mL of 3 g NP-ZnO suspension), ZnO-6 (500 mL of 6 g NP-ZnO suspension); TiO2-1 

(500 mL of 1 g NP-TiO2 suspension), TiO2-3 (500 mL of 3 g NP-TiO2 suspension), and TiO2-6 

(500 mL of 6 g NP-TiO2 suspension). 
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Discussion 

All treatments showed a lower chlorophyll content during the onset of the 
measurement at 15 days after sowing. This behavior suggests that the common bean 
plants were not in the fullness of the photosynthetic process. SPADS curves commonly 
show a decreasing trend due to the measurement was done leaf by leaf at the beginning 
of vegetative growth (Ribeiro de Cunha et al., 2015). About the SPAD units, Gómez et 
al. (2011) reported values near to 40 – 45 SPAD units. Anderson and Ryser (2015). 
However, measured leaves chlorophyll concentration in common bean reported range 
between 30 and 40 SPAD units. In this study, none of the treatments increased the 
chlorophyll content of bean plants, nevertheless the SPAD units’ values are consistent 
with the values reported by other authors. Fernández-Luqueño et al. (2008, 2010) stated 
that the SPAD units decreased abrupt and significantly as soon as onset the plant 
senescence processes. Additionally, Hong et al. (2005) reported that leaves of spinach 
(Spinacia oleracea L.) treated with TiO2 nanoparticles had higher levels of 
photosynthesis compared to untreated leaves.  

Several studies on the application of nanoparticles in a relatively broad range of 
species have attempted to understand the effect on plant growth. For instance, Lin and 
Xing (2007) reported that ZnO nanoparticles can inhibited seed germination of ryegrass. 
On the other hand, Stampoulis et al. (2009) did not found a cause-effect on seed 
germination, root elongation and biomass of zucchini (Cucurbita pepo L.) amended 
with nanoparticles in hydroponic solutions. In this study root fresh weight, root dry 
weight, root length, shoot fresh weight, shoot dry weight, shoot length, and SPAD units 
were not significantly different between nanoparticles treatments, compared to the 
CONTROL treatment (P < 0.05), i.e., NP did not change significantly some biomass 
parameters such as root or shoot dry weight. NP did not affect significantly the growing 
processes, but whether some characteristics related to yield components such as those 
linked to pods or seeds. It is assumed that in this study the NP-induced toxicity might 
not affect the plant growth. However, it has to be noted that other modes of actions as 
photo-induced toxicity and NP-dissolved ion effects might elicit toxicity (Fernández-
Luqueño et al., 2014). 

In this research, we found that at least one concentration of HEMATITE, 
FERRIHYDRITE or MAGNETITE increased significantly the total N of roots or 
shoots, the number of pods, dry weight of pods, the number of seeds, and yield of 
common bean. Burke et al. (2015) reported that Fe3O4 nanoparticles can affect the root 
system as wells as leaf phosphorous content from soybean plants (Glycine max (L.) 
Merr.), but Quoc et al. (2014) found that iron NP increased up 16% the yield of soybean 
in comparison with the control sample. In addition, Martinez-Fernandez et al. (2016) 
found reduction of the root functionality from sunflower plants (Helianthus annuus L.) 
by iron oxide nanoparticles. On the other hand, at least one concentration of 
HEMATITE, FERRIHYDRITE or MAGNETITE decreased significantly the fresh or 
dry weight of pods. Jeyasubramanian et al. (2016) stated that Fe2O3 nanoparticles 
increased the stem and root lengths and biomass production of spinach plant (Spinacia 

oleracea L.), while the effects were dependent of time and dose. 
At least one concentration of ZINC OXIDE or TITANIUM DIOXIDE decreased 

significantly the number of pods, the fresh weight of pods and the number of seeds. 
Jacob et al. (2013) found that TiO2 NP did not affect biomass production in common 
bean plants grown in nutrient solutions at 0, 6, and 18 mmol Ti L-1. However, Adhikari 
et al. (2016) stated that application of nano-zinc oxide particles enhanced the auxin 
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indole-3-acetic acid (IAA) production in plant roots of maize (Zea mays L.), soybean 
(Glycine max L.), pigeon pea (Cajanas cajan L.), and ladies finger (Abelmoschus 

esculentus L.), which subsequently improved the overall growth. In addition, it has been 
reported that independent of NP type, a concentration of 250 mg kg-1 of TiO2 and ZnO 
NP promoted the highest plant height, root length, and biomass (Raliya et al., 2015). 
These authors stated that zinc oxide NP had a twin role of being an essential nutrient 
and a co-factor for nutrient mobilizing enzymes. 

It is well known that NP are up taken by the vascular network but the accumulation 
rate in tissue is different for root and shoot systems from each plant species, while each 
NP type might have a differential interaction ship with cells as effect of the growing 
stage, NP size, time exposition, and biotic and abiotic factors. These considerations 
could be the main reason for the wide variability of results when attempting know the 
effects of NP on plants. Additionally, it has to be highlighted that some plants NP-
treated do not show any observable phenotypic changes in overall growth indicating 
that environmental NP pollution could be dangerously unnoticed. 

Conclusions 

None of the five kinds of NP used in this experiment (magnetite, ferrihydrite, 
hematite, zinc oxide or titanium dioxide) modified significantly the chlorophyll content 
of common bean plants as witnessed by the SPAD units’ values. However, 
nanoparticles of magnetite, ferrihydrite, hematite, zinc oxide or titanium dioxide 
modified significantly at least one plant characteristic or one yield component of 
common bean, such as SPAD units, root length, root total N, shoot length, shoot total 
nitrogen, pod number, pod fresh weight, pod dry weight, seed number or yield. The 
nanoparticles with Fe such as magnetite, ferrihydrite, or hematite were those that 
increased significantly more crops characteristics such as total N of roots or shoots, the 
number of pods, dry weight of pods, the number of seeds, and yield of common bean. 
These finds are an important factor to take into account with regard to the applicability 
of NP for long-term use in crops but, the selection of the proper NP at their adequate 
concentration is important for realizing higher benefits for an agrosustainable target. 
Additionally, there is the need of generating more data on chronic effects from long 
terms and concentration exposure of nanoparticles in plants, which is important for a 
better understanding of the potential hazard or risk of these nanoparticles, while more 
studies are also necessaries in order to identify the highest potential of NP in the rural 
sector and in the agro-food industry worldwide. 
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Abstract. Cyprinion macrostomus Heckel, 1843 naturally thriving in river systems of Euphrates and 
Tigris is a species with economic importance. In this study genetic diversity of C. macrostomus 

populations was determined based on gene sequencing analysis of mitochondrial DNA cytochrome c 
oxidase subunit I (mtDNA COI) locus. Seven polymorphic sites and eight haplotypes were detected 
taking 41 samples from two populations. Mean haplotype diversity (h) and nucleotide diversity (π) were 
calculated to be h = 0.529 and π = 0.00158; respectively. All values obtained from two populations after 
neutrality tests were calculated to be negative and were statistically insignificant (p > 0.05). Results 
obtained with this research are the data noted for the first time for C. macrostomus species thriving in 
Turkey. Certain haplotypes (H3, H5, H6, H7 and H8) determined for mtDNA COI locus are the new 
results to the literature and created a novel data set for genetic diversity of this species. 
Keywords: Cyprinidae, genetic diversity, polymorphism, Euphrates River, Tigris River 

Introduction 

Euphrates and Tigris River Systems have a great deal of important capacity and 
potential for fish biodiversity and fishery for Turkey. Euphrates and Tigris Rivers 
undergo considerable change as the result of human activities. Numerous dams were 
built on these rivers in order to provide water for production of energy, agricultural 
fields and neighboring cities. Thus, differences occurring in riverbed have led to 
significant variation in physical, chemical, and biological composition of the river. 
Furthermore, environmental factors such as industrial factors, intensive fishery, and 
destruction of habitats will lead to extinction of several species or decrease of 
populations (Kuru, 1986; Ünlü et al., 1997). 

Consumption of freshwater fish which are an alternative to meet protein needs of the 
population that has been elevating especially because Syrian immigrants have been 
moving to Southeastern Anatolia in recent years, has increased. The fish species 
preferred most by people with economically low level of income was identified to be C. 

macrostomus. Body of this fish, that is maximum 20 cm long, is covered by scales and 
laterally flattened. The mouth is large, flat, and located ventrally. Caudal fin is forked, 
free edges of dorsal and anal fins are concave. This omnivorous species feeds on 
phytoplanktons and zooplanktons (Bilici, 2009). 

C. macrostomus species belonging to Cyprinidae family has distribution in Iraq, Iran, 
Syria, and Turkey (Kelle, 1978; Kuru, 1980). This species inhabits in Euphrates and 
Tigris River Systems and Orontes (Asi) River in Turkey (Kuru, 1975; Kelle, 1978; 
Balık, 1988; Timur et al., 1983; Taysı, 2014). 

Some studies conducted on this species include; karyotype analysis in Malatya Karakaya 
Dam Lake by Gaffaroğlu and Yüksel (2004); hematology in Sivas Topardıç Stream and 
Balıklı Çermik localities by Duman and Şahan (2014); phylogenetic and phylogeographical 
relationship of C. macrostomus, C. kais, Carasobarbus chantrei in Euphrates and Tigris 
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Rivers studied by Durna et al. (2012) via nuclear DNA-ISSR (microsatellite) and mtDNA 
(PZR-RFLP) methods; histological characteristics of pancreas, liver, intestines in Sivas 
Balıklı Hot spring by Taysı (2014); morphological differences between C. macrostomus 

populations in Euphrates River by Bilici et al. (2015). 
C. macrostomus is caught by fishermen and has economic importance because it is 

consumed by local people. Genetic diversity and population structure of that species 
need to be known in order to manage and protect the species possessing economic 
importance. There is only one study (Durna et al., 2012) about genetic diversity of this 
fish species amongst the studies which have been carried out on C. macrostomus up to 
the present time, that study did not included any DNA sequencing analysis. The goal of 
this research is to determine genetic diversity of C. macrostomus populations in 
Euphrates and Tigris Rivers by practicing sequence analysis for mtDNA COI locus. 
mtDNA is generally considered to be an ideal indicator for studies of population 
genetics because it is maternally inherited and has rapid mutation rate (Avise, 1987). 
Besides its use for distinguishing similar species, mtDNA COI locus is one of the most 
used molecular markers for determination of the differences between populations of the 
same species (Croos and Palsson, 2010; Keskin and Atar, 2012). 

Materials and methods 

Study area, sample collection, DNA extraction and amplification of mtDNA COI 

The localities of Euphrates River (Adiyaman) and Tigris River (Diyarbakır) System 
were found to be appropriate for sampling because of the number of populations, the 
availability of land conditions, the availability of sufficient number of fishermen and the 
proximity to the city center. 18 individuals from the Adıyaman, 23 individuals from 
Diyarbakır (Fig. 1), 41 in total, were caught by fishing method, transferred in to 
laboratory alive preserving within chambers with ice. 2 g specimen were dissected from 
muscle tissues at the base of pectoral or dorsal fins of samples caught, kept in 
refrigerator at +4 °C until DNA isolation process by placing inside 1.5 ml centrifuge 
tube containing 95% ethanol. 

 

 
Figure 1. Location of study area and geographic distribution of haplotypes 
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In this study, total DNA isolation from muscle tissue was practiced using GeneJET 
Genomic DNA Purification Kit (Thermo Scientific). Total DNAs were obtained by 
applying the protocol for this kit. In order to control the existence of DNA, 2 μl was 
taken from DNA samples of each individual, placed in to tank including 0.8% agarose 
gel, 0.5xTBE (Tris/Boric acid/EDTA Buffer) solution with the addition of 2 μl stain (3x 
Loading dye) and SYBR Green, run in electrophoresis at 120 V for 30 min, then viewed 
in device giving off ultraviolet (UV) light. The 5-end of the mtDNA COI region was 
amplified using the following primers: COI-625F (5’-
CAACCAACCACAAAGACATTGGCAC-3’), COI-625R (5’-
GACTTCTGGGTGGCCAAAGAATCA-3’) (Darabi et al., 2014). 

The PCR process was carried out by using BIO-RAD T100TM Thermal Cycler 
device. Protocols of PCR were completed in totally 35 cycles including; initial 
denaturation at 95 °C for 3 min, denaturation for 30 s at 95 °C, 30 s at 61 °C for 
annealing, and 45 s at 72 °C for extension, and finally terminated keeping specimens at 
72 °C for 5 min. PCR mixture used in order to amplify this locus is as follows; totally 
25 μl consisting of 13.9 μl dH2O, 2.5 μl 1x PCR buffer, 2 μl MgCl2, 0.5 μl dNTPs, 1 μl 
primer (F + R), 0.1 μl Taq polimeraz and 50 ng template DNA. 2% agarose gel was 
used in order to check resulting products of PCR process. Sequence analysis was carried 
out in 3500 XL Genetic Analyzer (Thermo Fisher Scientific) by sending obtained PCR 
products to a commercial company. 

 
Sequence analysis of mtDNA COI 

Raw data of mtDNA sequences, which were delivered by commercial company, 
were evaluated and converted in to FASTA format by using ChromasPro v 2.0.1 
(Technelysium Pty Ltd). Resulting sequences of all individuals in FASTA format were 
aligned utilizing BioEdit software version 7.2.5 program. 
The number of polymorphic sites and haplotypes, diversity of haplotypes and 
nucleotides, Tajima D and Fu’s Fs statistics were calculated for populations by using 
DnaSP5.10.01 program. The phylogenetic relationship between haplotypes was 
identified by Network version 5.0 software. Phylogenetic analyses were performed in 
MEGA 7 program with respect to Neighbor joining tree model using K2 parameter and 
phylogenetic tree was built. Bootstrap test (1000 repeats) was used for testing reliability 
of nodes (branches) on the tree. Sequences obtained from the present study were 
compared to sequences found in GenBank and phylogenetic tree was established. 

Results 

Genetic variation 

Seven variable sites and eight haplotypes were identified by sequencing an average 
of 600 bp fragments of mtDNA COI 625 locus in totally 41 C. macrostomus samples 
from Euphrates and Tigris Rivers. Nucleotide variations of this region are shown in 
Table 1. Haplotype diversity (h), the nucleotide diversity (π) and the neutrality tests for 
each population were given in Table 2. 

As seen in Table 3, totally 2 (H1-H2) haplotypes in Euphrates population and all of 
the 8 haplotypes in Tigris population were indentified. Haplotype which is common in 
both populations and represented with the highest number of individuals is H1 (Fig. 2). 
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Table 1. Nucleotide variations and haplotypes of mtDNA COI 625 

Haplotypes 190 316 334 421 436 508 550 

H1 A G C C C C C 

H2 . A . . . . . 

H3 . A . T . . . 

H4 . . . . . T . 

H5 G . . . T . . 

H6 . . . . T . . 

H7 . A T . . . . 

H8 . A . T . . T 

 
 
Table 2. Genetic diversity and neutrality tests of C. macrostomus populations (n = number 

of individuals, Nh: number of haplotypes, h: haplotype diversity, π: nucleotide diversity) 

Locality n Nh h π Tajima’s D Fu’s Fs 

Euphrates River 18 2 0.111 0.00018 -1.16467 -0.794 

Tigris River 23 8 0.759 0.00252 -0.67096 -2.925 

Total 41 8 0.529 0.00158 -1.18176 -3.637 

 
Mean haplotype diversity was calculated as (h = 0.529); mean nucleotide diversity as 
(π = 0.00158). Population of Tigris was the one to have both higher haplotype diversity 
(h = 0.759) and higher nucleotide diversity (π = 0.00252). 

 
 
Table 3. The haplotypes distribution according to populations 

Haplotypes Euphrates River Tigris River Total 

H1 17 11 28 

H2 1 2 3 

H3 - 2 2 

H4 - 1 1 

H5 - 3 3 

H6 - 2 2 

H7 - 1 1 

H8 - 1 1 

 
 
 

 
Figure 2. Haplotype network of C. macrostomus haplotypes 
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Eight haplotypes in total were determined in Median-Joining Network of haplotypes 
created for 41 C. macrostomus samples analyzed, resulting network shows the existence 
of a haplotype (H1) indicating an evolutionary connection. This haplotype was detected 
to be the most abundant one in both of the populations (Fig. 2). 

As seen in Table 4, similarities were compared by blasting H1 haplotype sequence, 
which was obtained in or study and is an ancestry one in GenBank (available at http:// 
blast.ncbi.nlm.nih.gov). 

 
Table 4. Information about sequences of H1 haplotype obtained in our study showing the 

maximum ident in GenBank 

Species Country Accession  Maximum ident % 

Cyprinion sp. Iranian KM590431.1 100 

Cyprinion sp. Iranian KM590430.1 99 

Cyprinion macrostomus Iranian KM590433.1 99 

Cyprinion sp. Iranian KM590432.1 99 

Cyprinion sp. Iranian KM590429.1 98 

Cyprinion watsoni Iranian KM590434.1 99 

Cyprinion watsoni Iranian KM590435.1 99 

Cyprinion semiplotum Japan AP011253.1 90 

Cyprinion semiplotum India KF511536.1 90 

Cyprinion semiplotum India KJ957768.1 90 

 
 
Phylogenetic tree drawn based on 8 haplotypes of mtDNA COI locus from 

populations Euphrates and Tigris and sequences of species from genus Cyprinion in 
GenBank are seen in Figure 3. 

 
 Hap.5

 Hap.6

 Hap.1

 Hap.4

 KM590433.1 Cyprinion macrostomus

 KM590431.1 Cyprinion sp.

 KM590430.1 Cyprinion sp.

 Hap.2

 KM590432.1 Cyprinion sp.

 Hap.7

 Hap.3

 Hap.8

 KM590435.1 Cyprinion watsoni

 KM590434.1 Cyprinion watsoni

 KM590429.1 Cyprinion sp.

 AP011253.1 Cyprinion semiplotum

 KF511536.1 Cyprinion semiplotum

 KJ957768.1 Cyprinion semiplotum

 
Figure 3. Neighbor-joining tree based on haplotypes of Cyprinion genus 
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Two major branches are seen on the tree in Figure 3 and samples of this study and 
samples from Iran are placed on one branch, Cyprinion semiplotum species from India 
and Japan is on the other branch. Samples of Iran, Cyprinion sp (KM590430.1 and 
KM590431.1) have haplotype H1, Cyprinion macrostomus (KM590433.1) H4, 
Cyprinion sp. (KM590432.1) H2; these are similar with haplotypes in our research. 

 
Neutrality tests 

Neutrality tests are used broadly to reveal the past population history. In present 
study Tajima’s D (1996) and Fu’s Fs (1997) tests were applied for the deviation of 
populations from the standard neutral mode. Tajima’s D value; was negative in both 
Euphrates (-1.16467) and Tigris (-0.67096) populations, and it was also negative in sum 
(-1.18176) which was found to be statistically insignificant (p > 0.05). Fu’s Fs tests 
were negative in Euphrates (-0.794) and Tigris (-2.925) populations as well, it was also 
negative in sum (-3.637) and found to be statistically insignificant (p > 0.05). 

Discussion 

Genetic diversity of populations were researched in this study via sequencing 
mtDNA COI 625 of totally 41 C. macrostomus individuals including 18 samples from 
Adıyaman 23 individuals from Diyarbakır. Seven polymorphic and eight haplotypes 
were indentified on this locus. While only 2 haplotypes (H1-H2) were found in 
population of Adıyaman, all haplotypes were observed in population of Diyarbakır. 
Different haplotype diversity of both populations results from the fact that the habitat 
where samples were taken was either stream or dam lake. Because, all of the individuals 
representing Adıyaman population were obtained from Atatürk Dam Lake, all of the 
individuals representing Diyarbakır population were collected from river. Since rivers 
have richer habitats than lakes, it is expected for Diyarbakır population to have greater 
genetic diversity. In addition, it is also expected for geographical isolation resulting 
from dams built on these rivers to lead to genetic variations between populations of fish. 
Haplotype H1 was seen in totally 28 individuals and it is possible to declare that 
haplotype H1 is ancestry because it is the most abundant haplotype in both populations. 
It was estimated that occurrence of ancestral haplotype in both populations was 
associated with geological localization of both rivers in the past. Upper parts of 
Euphrates and Tigris in Pleistosen were flowing to fresh water lakes located behind the 
sea retreating in late Miyosen, lower parts were flowing to inland lake, then to Persian 
Gulf (Demirsoy, 1999). 

With the same primer, Parmaksız and Ekşi (2017) determined 6 polymorphic sites 
and 7 haplotypes from populations of Capoeta trutta and Parmaksız et al. (2017) 2 
polymorphic sites and 3 haplotypes from populations of Barbus grypus. The number of 
polymorphic sites and haplotypes in our study were higher compared to these two 
studies. 

Data obtained as the result of analyzing mtDNA COI 625 sequences of certain fish 
species inhabiting in Euphrates and Tigris Rivers Systems in Turkey and data of this 
study were given in Table 5. 

According to Table 5, both the number of haplotypes (8) and nucleotide diversity 
(0.00158) in this study are higher compared to other species. Nucleotide diversity is a 
precise method used for genetic analysis of populations (Nei and Li, 1979). Genetic 
diversity could be influenced by life period, characteristic of populations, environmental 
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conditions and population size (Nei, 1987; Avise, 2000). Barbus grypus is the species 
with the lowest nucleotide variety. The reason for this is supposed to result from 
decreased number of individuals because it is the most fished species. 

 
Table 5. Data of fish species studied by using mtDNA COI 625 in Turkey 

Species  n Nh h π Tajima’s D Fu’s Fs 

Capoeta trutta 47 7 0.642 0.00138 -1.08945 -2.946 

Barbus grypus 36 3 0.246 0.00045 -0.91306 -1.098 

Cyprinion macrostomus 41 8 0.529 0.00158 -1.18176 -3.637 

 
 
In Median joining network analysis, we can see that haplotype H1 is located in the 

center of network and dominant, also all haplotypes are consisted of haplotype H1 
(Fig. 2). We can also report that haplotype H1 is connected with other haplotypes on 
Neighbor joining tree and therefore haplotype H1 is ancestry haplotype (Fig. 3). In 
addition, mtDNA COI 625 primer distinguishes species resplendently. It placed 
Cyprinion watsoni and Cyprinion semiplotum species on a branch separated from 
Cyrinion macrostomus species. 

Tajima’s D ve Fu’s Fs values were negative in populations of Euphrates and Tigris, 
all of the resulting values were not statistically significant (p > 0.05). These values 
predict that populations are in neutral balance. 

All of the results obtained by this study are the data extracted for the first time for C. 

macrostomus species thriving in Turkey. Despite the fact that haplotypes H1, H2 and 
H4 for mtDNA COI 625 locus were determined in studies conducted in Iran, haplotypes 
H3, H5, H6, H7 and H8 identified in this research are new results for the literature, 
created a new data set for genetic diversity of this species. 

Conclusions 

Since the number of individuals and populations used in the present study was low, it 
is likely for variations by chance to occur. Therefore, it will be useful for genetic 
diversity of this fish species to study on greater number of individuals and more 
populations in further research. 
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Abstract. The objective of the study was to test the transferability of previously developed SSR markers 
for different Ficus species to Ficus carica. A total of 54 SSR simple sequence repeats (SSRs) primers 
previously developed for Ficus montana, F. septica, F. sycomorus, F. (sycomorus) racemosa, F. 

(urostigma) rubiginosa, and F. insipida were tested on 32 fig (Ficus carica L.) genotypes. Out of 54, 38 
primers amplified the genomic DNA of Ficus carica genotypes, while the remaining 16 primers showed 
either no amplification or unreadable gel images. Out of 38, 17 primers were polymorphic and produced 
62 alleles with an average of 3.64 bands per locus. The transferability rate from different Ficus species to 
Ficus carica varied from 90.9% (F. rubiginosa and F. racemosa) to 33.3% (F. septica). Some of the 
primers from donor species namely Frac13, Frac83, Frac241, Fsyc07, FinsA1, FM4-15, and FM4-70 
resulted in similar banding patterns in the Ficus carica genome, suggesting that they were developed 
from the same loci and primer binding sites are conserved. Three loci (Fsyc11, FinsQ5 and FinsN3) 
produced more alleles in Ficus carica than donor species. Sixty-two SSR alleles, could distinguish all fig 
genotypes thoroughly, and UPGMA cluster analysis grouped them into two groups. As a conclusion, 17 
primers developed for related Ficus species successfully amplified polymorphic bands in Ficus carica 
and distinguished all fig genotypes thoroughly. The transferability of SSRs to Ficus carica from related 
species affirmed the possibility of being used of these markers for genetic diversity, mapping and 
comparative genetic analysis. 
Keywords: fig, microsatellite markers, molecular characterization, genetic diversity, genetic relationship 

Introduction 

Fig (Ficus carica L.), one of the oldest fruit crops in the world, belongs to the family 
of Moraceae which includes 60 genera and more than 2000 species of trees, shrubs and 
herbs. The genus Ficus includes over 1000 species classified into about 48 subgenera 
(Condit, 1969; Storey, 1975). There are two basic types of figs: caprifig and edible figs. 
Caprifig bear both male and female flowers whereas edible figs bear only female 
flowers. The only Ficus species cultivated for their fruits are the F. carica and F. 

sycamorus. Ficus carica L. is cross-pollinated and has a diploid (2n = 26) genome 
(Darlington and Wylie, 1955). 

There are limited numbers of researches in Ficus carica aiming to understand the 
genome structure and determine the genetic character of genetic sources. Molecular 
markers are useful tools for genetic diversity, population structure and genetic mapping 
studies. There are also morphological and biochemical methods for detection of genetic 
variations, however being limitless and not affected by growing stage of the plant and 
environmental conditions makes molecular markers preferable (Rahnavard, 2016). 
There are different molecular marker systems such as random amplified polymorphic 
DNA (RAPD), sequence-related amplified polymorphism (SRAP), amplified fragment 
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length polymorphism (AFLP) and simple sequence repeat (SSR) used for determination 
of genetic variation among the plant genotypes. Microsatellite markers (simple 
sequence repeats- SSR) are widely used marker systems since they are reliable, 
codominant, highly polymorphic and suitable for automation. However microsatellite 
markers are species-specific and developing SSR markers is time consuming and 
expensive. SSR primers developed for one species could be transferred into related 
species. There have been several reports on the transferability of SSR markers among 
the related crops (Pierantoni et al., 2004; Gasic et al., 2009; Mnejja et al., 2010; Fan et 
al., 2013). Transferability of SSR markers among the Ficus species is significant in the 
previous studies. Giraldo et al. (2005) evaluated 26 SSR markers in 13 different Ficus 
species. Nazareno et al. (2009) tested 15 microsatellite loci, previously developed for 
Ficus (Pharmacosycea) insipida, Ficus (Sycomorus) racemosa and Ficus (Urostigma) 
rubiginosa for cross amplification in specimens of F. citrifolia and F. eximia. Heer et al. 
(2012) developed seven primers from Expressed sequence taq (ETS) libraries of F. 

citrifolia and F. popenoei (subgen. Urostigma sect. Americana) and successfully 
transferred these markers along with five previously developed anonymous loci to basal 
subgenus Pharmacosycea sect. Pharmacosycea and seven species of the derived 
subgenus Urostigma (F. citrifolia, F. colubrinae, F. costaricana, F. nymphaeifolia, F. 

obtusifolia, F. pertusa, and F. popenoei). 
The usefulness of the transferred markers was also tested for estimating the genetic 

diversity and relationships of the population in the above mentioned studies and current 
study. The choice of the effective marker is very important for phylogenetic, genetic 
mapping and evolutionary genetic studies for achieving effective and reliable results. 
The amplification performance of the marker is measured by producing reliable, 
repeatable and polymorphic fragments. 

The objective of the current study was to examine the transferability of 54 SSR 
markers previously developed for F. montana, F. septica (Zavodna et al., 2005), F. 

sycomorus (Ahmed et al., 2007), F. (Sycomorus) racemosa, F. (Urostigma) rubiginosa 
(Crozier et al., 2007) and F. insipida (Vignes et al., 2006) to Ficus carica. To ensure the 
effectiveness of the markers, all successfully transferred microsatellites have been 
evaluated for determining genetic diversity and relationship among the 32 fig genotypes 
(Ficus carica L.). 

Material and method 

Plant material and DNA extraction 

Total genomic DNA was extracted from young, frozen leaves of 32 genotypes (16 
male, 16 female) previously collected from trees located at Fig Research Center, Aydin, 
Turkey and kept at -20 °C. DNA extraction was performed based on the modified 
cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle, 1990). DNA 
samples were electrophoresed on 1% agarose gels stained with ethidium bromide and 
adjusted to 30 ng/μl final concentrations. 

 
Amplification conditions 

Initially 54 SSR markers were screened using four genotypes to see the amplification 
performance. The PCR with the non- amplified primers was repeated. Then based on 
amplification performance 38 primers across all 32 genotypes were selected to be used. 
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Polymerase chain reactions (PCRs) were performed in a total volume of 15 μl 
containing 30 ng/μl genomic DNA template, 1 μl of 10×PCR buffer,1 μl of 2.5 mM 
dNTP mixture, 1 μl of 25 mM MgCl2, 0.5 μl each of forward and reverse primer (10 
pmol/μl), and 0.1 μl of 5 U/μl Taq polymerase. Labeled primers were used (IRD700 and 
IRD800) following the protocol described by Schuelke (2000). Forward primers were 
labeled with a adaptor sequences (GGAAACAGCTATGACCAT) at its 5’ end. The 
reactions were performed with the following conditions: 94 °C for 3 min, then 35 cycles 
of 94 °C for 40 s, 53-65 °C for 50 s, and 72 °C for 1 min, and a final step at 72 °C for 
10 min. PCR products (15 μl) were mixed with 50 μl formamide loading buffer (98% 
formamide, 10 mM EDTA, 0.25% bromophenol blue, 0.25% xylenecyanol, pH 8.0) and 
denatured for 3 min at 95 oC, and cooled on ice. Separation was performed on a Li-Cor -
IR2 4200 Genetic Analyzer (Li-Cor Biosciences) using 5.5% denaturing polyacrylamide 
gel on 25 cm plate. 

 
Data analysis 

Only reproducible bands with high intensity were scored as present (1) or absent (0). 
The genetic similarity matrix was calculated using Numerical Taxonomy Multivariate 
Analysis System (NTSYS-pc) version 2, 1 software package (Exeter Software, Setauket, 
NY, USA) (Rohlf, 2000). Based on the similarity matrix, a dendrogram showing the 
genetic relationships between genotypes was constructed by the unweighted pair group 
method with arithmetic average (UPGMA) using SAHN module of the software NTSYS-
pc. In addition, principal component analysis (PCA) was performed using the EIGEN and 
PROJ modules based on Jaccard’s similarity coefficient. 

The transferability (amplification rate) of SSR marker developed for each donor 
species were calculated by counting the amplified markers in Ficus carica regardless of 
polymorphism according to formula by Kuleung et al.(2004) (Eq. 1): 

 
   %        100 /    Amplification number of amplified markers x total number of markers  (Eq.1) 

Results 

A total of 54 SSR markers were screened with four genotypes for amplification 
performance and 38 microsatellites were successfully amplified. Thirty-eight SSR loci 
were then employed to detect genetic diversity and relationship among the 32 Ficus 

carica genotypes and a total of 89 alleles were produced with the 2.34 average alleles 
per locus. In the present study, of the 38 loci transferred, 21 of which were 
monomorphic and 17 were polymorphic for Ficus carica and produced 62 alleles. The 
number of polymorphic bands per SSR locus ranged from 2 to 14 with a mean of 3.64 
alleles per locus. The sizes of the fragments ranged from 110 to 310 bp. The primer 
FM4-15 produced highest number of band (14) in Ficus carica comparing the other 
primers, indicating amplification of more than two loci (Table 1). 

Similarity matrix was used to study genetic diversity among 32 genotypes. The 
highest value of similarity was 0.80 found between the genotypes ‘Noire de Caromb’ 
and ‘Kavak’ and genotypes ‘Armut ilek’and ‘Bostancı’. Minimum similarity value was 
0.47 between genotypes ‘Buyukkonkur’ and ‘Morözer’. To test the usefulness of the 
transferred primers for analysis of genetic diversity on Ficus carica population the 
clustering pattern of the genotypes was assessed. 
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Table 1. Transferability and characterization of Ficus racemosa and Ficus rubiginosa 

(Crozier et al., 2007), Ficus sycomorus (Ahmed et al., 2007), Ficus insipida (Vignes et al., 

2006), F. montana and F. septica ((Zavodna et al., 2005) SSR loci in 32 Ficus carica 

genotypes 

Microsatellite 

marker 
Species Primer sequence (5’–3’) TA PA 

Product 

length 

Frac13 F. racemose 
F: CACGTTCACGCTGCAAACT 

4 4 127-141 
R:GATAGAGAAGGCATATCCAGAG 

Frac29 F. racemose 
F: CCAGGCATATGCATCTTGTGTA 

1 M 200 
R: CTCGCAGCTTTCCTCGCA 

Frac83 F. racemose 
F: TGAACCTTCAATAACATCGGGTT 

3 3 175-225 
R: CTCATGCAATCATAGCACTCA  

Frac86  F. racemose 
F: TGTCACTGTTCTGTTTGTGC 

1 M 180 
R: CAGCCAACCCTCAAGTATAAGA  

Frac110 F. racemose 
F: CCAGAACAGGTTGGACGTAAC  

1 M 240 
R: GGATTACCCGCGCTATGAAGT 

Frac113 F. racemose 
F: CTGGGTCCTCTCTATTACCAAC 

3 3 231-233 
R: GCTGATCTTCTCGGATGCT 

Frac154 F. racemose 
F: ACCCAAGAGCCCAAACTCGT 

NA  ─ 
R: TCAACCCTTGTGCTCCTTGC 

Frac202 F. racemose 
F: AGAGATATGATGTTCTAGTGCA 

1 M 200 
R: CTCGCTCCCACTTAAATACAAG 

Frac222 F. racemose 
F: ACCCATATAGCAGTCTTCAGA 

1 M 215 
R: GCTTGTTGACTCCGCAACTA 

Frac241 F. racemose 
F: GGCTCAAGCAAGGGATGGA  

3 3 280-294 
R: CGAGCTCATTTGTTTATCGACC 

Frac244 F. racemose 
F: ACCTAGAATCATAACCCTTCA  

1 M 310 
R: CCCATAAACTACGATACATAAGA  

Frub29 F.rubiginosa 
F: CCACTTTGGAATGTCACTTGGA 

1 M 225 
R: TGAACACGCCAACTGAGAATG  

Frub38 F.rubiginosa 
F: TGAACACGCCAACTGAGAATG  

2 2 205-215 
R: ACAGCTGCCCAATTCCTTGA 

Frub61 F.rubiginosa 
F: GTACACTCTCTTAGCTGCC 

1 M 160 
R: TACCTTTCTCTGGACATTC 

Frub93 F.rubiginosa 
F: GATATTTCAATAACATCTCCTCAAC 

NA  ─ 
R: TACGTTTGTTATGGACTTTGGC  

Frub391 F.rubiginosa 
F: AGATGTCAAATAAGGTCAGCT  

1 M 164 
R: AGATGCAGTTCCATACAATTC 

Frub398 F.rubiginosa 
F: GTACCTTAGATTCTAGTGTGAG 

1 M 204 
R: TGGGATCTCATGAACTATTTAC 

Frub412 F.rubiginosa 
F: ACATCAAATTTCTTAGATCGGTTG 

1 M 220 
R: ATCCAGAGCGGCAAACACACAAG 

Frub415 F.rubiginosa F: GCACGTAGTCGGTGTTAAGC 1 M 162 
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R: CTGTGCGGAATAAAAGCTAGC 

Frub416 F.rubiginosa 
F: CAGCAATGATCTTGACCT 

5 2 240-280 
R: GTACTCATCAATATCTCTAAACAAC 

Frub422 F.rubiginosa 
F: GCGTGAAATTTATGCTATGA 

1 M 196 
R: GCGTGAAATTTATGCTATGA 

Frub436 F.rubiginosa 
F: GTACTGTGATTAGTATCTTTGA 

2 2 175-180 
R: CTAGCAATAACTCACTGATATTG 

Fsyc01 F.sycomorus 
F: CAAATGAAAAACACAAATTTGCCAAC 

NA  ─ 
R: TGCAAGTACTAATTCCTCTGCCGTG 

Fsyc02 F.sycomorus 
F: CAGCAGCAGATTATCATTATGGC 

NA  ─ 
R: GTTTCTTCGTAAACTATATTCTCTGCCAGCC 

Fsyc04 F.sycomorus 
F: CAAACTACGCCTTCATTTCTTCCAC 

1 M 200 
R: CGCAAGCAAGCTGCTCCTC 

Fsyc05 F.sycomorus 
F: CCGGAGGCTCGAAAGACAAG 

1 M 260 
R:TCAAATTTCCAATCCCAAACCC 

Fsyc06 F.sycomorus 
F: GGGCTTCGAATTGCTTCCAG 

1 M 197 
R: GTTTCTT-TTCGTCCTTCGTTTGCGATG 

Fsyc07 F.sycomorus 
F: TCTACAAGACACTTAACAATTTTAGCACC 

2 2 140-160 
R: TCACATCGAGTTGTGCTTGC 

Fsyc08 F.sycomorus 
F: TCTCTTTGTGGTTGATGCCA 

3 3 211-215 
R: CGCCAATTGGAGAGACTACATT 

Fsyc09 F.sycomorus 
F: GCTTACTCCCAGCCGTTATG 

2 2 110-113 
R: AATTGAACAAATTGTCCTGTATGC 

Fsyc11 F.sycomorus 
F: CACAAGGTGGAGAGTGCTCG 

3 3 280-310 
R: TTCCCTACTCATTTACCTTCTCCTTC 

Fsyc12 F.sycomorus 
F: ACACATGATATTTGAATAGCACTCTTTC 

NA  ─ 
R: CCACGATGGTTAGAAAACCG 

Fsyc13 F.sycomorus 
F: TGGAGATGTGAATATCATTGGACGTG 

NA  ─ 
R: CGACGAACAGTTAGTATCGGTAACAGC 

FinsI12 F F. insipida 
F: GAACCTTCAACCTCAATCAA 

NA  ─ 
R: CTCCCCTTTCCTAGTCCTTA 

Finsj10 F. insipida 
F: AGGTGGAATGAGGAGAGAGT 

1 M 180 
R: AAACATCCTTTCTGGACTTG 

Finsk9 F. insipida 
F: ACGCACTTAACCCTTTCAG 

NA  ─ 
R: TTCGAGTCAACGAAACAAA 

FinsM5 F. insipida 
F: ATGAATGGTGAAATCCTGAA 

NA  ─ 
R: CATGGCCTCAACTTAGAAAC 

FinsN1  F. insipida 
F: AGGGCTGAGATAGGTTGATT 

NA  ─ 
R: TAAGTTGGTGTGTGGCATC 

FinsN3 F. insipida 
F: AAAACTTCTCCTCTGCTATTTT 

3 2 185-198 
R: TTTGCTTCTTCTCTGTTTGAC 

FinsP8 F. insipida 
F: TGAAGAAAACGGAGCTTG 

1 M 180 
R: CTAAATCTGACGGTTCAAAA 
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FinsQ5 F. insipida 
F: CATGTCAGGAGGTGTCTAGG 

5 4 164-178 
R: CTCCAAATGGGTATGTCAAG 

FinsQ6 F. insipida 
F: TTCTCCAATTAAACCTCCAA 

1 M 120 
R: CATGAAATCACCTTCCTCAT 

FinsT7 F. insipida 
F: GAATCTGGAGGTGGAATAAAC 

NA  ─ 
R: AAAGATCGCTCGTCAACC 

FinsU7 F. insipida 
F: CGTGTATTGATGTGTGTGTG 

NA  ─ 
R: TCACCTCCTCCTTCTTTTG 

FinsA1 F. insipida 
F: AATCCCCGTACTTCACTTG 

5 5 194-222 
R: AGAACTTATTGCACGGACAG 

FinsH5 F. insipida 
F: GACCGTATAGATGATTTGGG 

1 M 270 
R: CATCCTGTGAACGACACTT 

FM4-15 F. montana 
F: ATCTTCGTCGGTATTGCTTTCACT 

14 14 200-285 
R: GGAAGAGAACCCTTTTTGTATTGG 

FM4-18 F. montana 
F: CGTATGGCCCATGCTTGACTCAC 

1 M 185 
R: CTCGGATTGCCACGTGTAGGTTG 

FM1-27 F. montana 
F: GTGATTTGCGATGGCGTGGTTTA 

NA  ─ 
R: TCTTCGCTTGCTCGTCAGTGTCC 

FM3-64 F. montana 
F: GATGGTGTTGTTGTCGATGGTCAT 

NA  ─ 
R: GCGGCTCGGTGGAACTTGAG 

FM4-70 F. montana 
F: CAGATGAGGTTGACGATGTTATTG 

7 6 202-232 
R: TAAACCCTCTTCAAATTCACTCTC 

FS4-11 F. septica 
F: AAGGCAACGGGGATAAAGTATTCA 

NA  ─ 
R: CTCCGAGAGCAACTCCATCACG 

FS3-31 F. septica 
F: CATCATCCCCGTCAGAAAGTGAGG 

2 2 240-242 
R: TGAGGCGGTGATGGTGATTGAAT 

FS3-37 F. septica 
F: CAAACGAGGAACAACACATACAGC 

NA  ─ 
R: GATGCACAGGAGTTAACGGGAATG 

Total   89 62  

 
 

Seventeen SSR loci could distinguish the 32 fig genotypes with 62 alleles and 
UPGMA cluster analysis grouped these individuals into two main clusters with genetic 
similarity ranging from 0.63 to 0.80. Cluster I is divided to two subclusters (1-A and 1-
B) at the similarity level of 0.65 and included 29 genotypes, while Cluster 2 consisted of 
3 genotypes. ‘Noire de Caromb’ and ‘Kavak’ stayed on close to and grouped into 
Cluster I along with ‘Beyaz Orak’. Two genotypes ‘Armut İlek’ and ‘Bostancı’ were 
appeared to very close (80%) on the dendrogram. Three genotypes,‘Sarılop’, ‘Sarıkilis’ 
and ‘Turnaboyu’ separated from the majority of the genotypes and placed on the Cluster 
2 (Fig. 1). The male and female genotypes were randomly placed on the dendrogram. 
Although a few female genotypes namely ‘Noire de Cromb’, ‘Kavak’, ‘Beyaz Orak’ 
and ‘Mor özer’ and male genotypes namely ‘Derviş Ali’, ‘Kızılay’, ‘Bostancı’ and 
‘Armut İlek’ placed on together in a small cluster the rest of the genotypes clustered 
regardless of the gender (Fig. 1) The male and female genotypes were partly grouped in 
the two dimensional graph as well, a few male genotypes placed on the upper part and 
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some female genotypes on the bottom of the matrix. But most of the male and female 
genotypes scattered randomly on the two dimensional graph as expected (Fig. 2). 

Discussion 

In current study overall, 70.37% (38/54) of the tested SSRs successfully amplified at 
least one PCR product in Ficus carica (Table 1). Mnejja et al. (2010) obtained similar 
results with Prunus and successfully transferred 63.9% of SSRs to other Prunus species. 
Dirlewanger et al. (2002) transferred 41 primers developed in peach successfully to 
sweet cherry (80.5%). In the present study, the highest transferability rate (90.9%) was 
observed with SSRs developed for F. rubiginosa (Frub) and for F. racemosa (Frac). 
The transferability rate of Fsyc (F. sycomorus), FM (Ficus montana) and Fins (Ficus 

insipida) primers were 63.6%, 60% and 53.84%, respectively. The lowest transferability 
rate (33.3%) was obtained with SSRs developed for F. septica (FS). Nazareno et al. 
(2009) reported high transferability (80%) of microsatellite markers developed from 
Ficus insipida (Fins), Ficus racemosa (Frac) and Ficus rubiginosa (Frub) to Ficus 

citrifolia and Ficus eximia. In present study, Frub loci developed for F. rubiginosa and 
Frac loci developed for F. racemose showed a high transferability rate. However, these 
two SSRs are monomorphic in both loci in the current studied population. They may 
produce polymorphic loci in different population. 
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 Hamza(M) 
 Akilek(M) 
 Midilli(F) 
 KizilBurun(M) 
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1-A 

1-B 

 
Figure 1. The dendrogram based on average distance coefficients among 32 individuals (16 

female 16 male) with 62 SSR markers 
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Figure 2. Two-dimensional plot from PCA of 32 fig genotypes (16 female, 16 male) analyzed 

with SSR markers 

 
 
In current study 38 SSR loci produced 89 alleles with the 2.34 average alleles per 

locus. Comparing this results with previous studies; Giraldo et al. (2005) developed and 
tested 26 SSR loci on 15 Ficus carica cultivars and obtained 79 total bands with the 
average of 3 bands per SSR. The amplification pattern of the FM4-15 in our study was 
similar that of Zavodna et al. (2005) in which they obtained 14 alleles in donor species, 
Ficus montana. This may indicate that some of the region on Ficus carica and Ficus 

montana genome may be conserved. Of the 54 primers tested 16 did not amplify on 
Ficus carica. Similar result was reported by Giraldo et al. (2005). They tested 26 
microsatellite SSR primers developed for Ficus carica on 13 different Ficus species and 
eight primers did not give amplification on Ficus species and they did give 
amplification on two Morus species. 

Amplified markers from related species generally resulted in similar banding patterns 
in the Ficus carica genome, suggesting that they were developed from the same loci and 
primer binding sites are conserved. Similar alleles and length of amplification products 
were obtained with Frac13 (120, 135, 196), Frac83 (175-192-225), Frac 241 (280, 285, 
294), Fsyc07 (140-160), FinsA1 (194-222), FM-4-15 (200-285) FM4-70 (202-232) 
when compared with the donor species (Crozier et al., 2007; Ahmed et al., 2007; 
Zavodna et al., 2005). There were some differences in a few SSR loci with the 
originally developed species and Ficus carica. Three loci (Fsyc11, FinsQ5 and FinsN3) 
produced more alleles in Ficus carica than the originally developed species (Ahmed et 
al., 2007; Vignes et al., 2006). Nazareno et al. (2009) indicated that most of the primers 
(Frac86, Frub29, Frub61, Frub391, Frub415, Frub422) produced more than one band in 
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Ficus citrifolia and Ficus eximia whereas in the current study all of these primers 
amplified monomorphic bands in the Ficus carica (Table 1). This argued that the 
genetic diversity in Ficus carica may be less than Ficus citrifolia and Ficus eximia. 

Conclusion 

As a conclusion, 38 primers successfully transferred to Ficus carica of which 17 
were polymorphic and produced 62 alleles. The polymorphic microsatellites are later 
employed to determine the genetic diversity among the Ficus carica genotypes. The 
produced 62 alleles discriminated the 32 Ficus carica genotypes successfully which 
shows the effectiveness of the markers. 

Our results indicated a high level of transferability between Ficus carica and related 
Ficus species which provides a growing number of SSR for Ficus carica. This is an 
important benefit for species with genomic studies are limited. Transferred SSR 
markers can be used in the future studies for linkage and QTL mapping studies and 
molecular characterization of the genetic resources of Ficus carica. The 21 SSR primers 
produced monomorphic bands in the current studied population should be tested in the 
future studies to see the polymorphism levels in different population. 
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Abstract. When empirical research provides incomplete data, it is often not accepted, especially if the 
primary data is slightly controversial. This article investigates this situation exactly, where there is little 
data and quite unexpected results. A conceptual modeling approach is applied here to supplement the 
empirical research and to examine the yield obtained from the Silphium perfoliatum energy plant under 
certain environmental conditions in Lithuania. The designed conceptual model is based on an analysis of 
informational relationships within the “donor-acceptor” (“source-sink”) plant (sub)system. It was found, 
that the chlorophyll-a amount did not affect the yield, what according to the model, may be determined by 
the different acceptor activity. Nitrogen and potassium influenced the biomass positively, possibly 
through the activation of acceptor metabolism and assimilate transport, and the consequent signaling on 
the photosynthetic apparatus (via cytokinin and sugar). Meanwhile, the high phosphate amount in soil 
negatively influences the yield. A hypothesis of yield limitation by signaling through the high phosphate 
levels in the case of slowed down photosynthesis is proposed. In addition to determining the causality of 
the yield formation, the conceptual modeling enables us to make use of limited empirical data to design 
future experiments, aimed at testing the hypothesis and verifying the model. 
Keywords: energy plant Silphium perfoliatum; yield formation conceptual model; system dynamics 

methodology; donor-acceptor causal relationships; yield inhibition via phosphate 

Introduction 

The list of crops grown both in Europe and in Lithuania is constantly supplemented 
with new, poorly investigated energy plants. These plants grow rapidly and create a 
large biomass, although because of economic and ecological reasons, they are grown in 
poorly cultivated soils (McKendry, 2002a; Jakienė et al., 2015; Allen et al., 2014). Not 
only is productivity important while growing such plants, but also their ecological 
impact, i.e. less harmful environmental impact. In seeking to obtain a sufficient yield in 
non-fertile soils, it is necessary to apply agricultural practices aimed at addressing the 
main yield-limiting factor, otherwise the yield sharply decreases. The same strategy (to 
affect the limiting factor) is applied while seeking to reach the proper ecological effect – 
to minimize any impurities that pollute the environment and complicate the 
technological process. So we face challenges in achieving both a higher plant yield and 
a positive ecological effect. 

One of the less investigated energy crops, Silphium perfoliatum L., is suitable for 
biochemical conversion, i.e. methane extraction via anaerobic digestion. This is 
achieved because of the large biomass of this plant and its easily degraded materials, i.e. 
the stems are filled with a spongy core. The average yield of S. perfoliatum is 13-15 
t/ha, and high yields may be obtained up to 15-17 t/ha (Gansberger et al., 2015). So the 
dry matter yield per hectare of S. perfoliatum may be approximately equal to that of 
maize, while some authors reported an approximately 20% lower yield per hectare for S. 

perfoliatum than for maize (Aurbacher et al., 2012). Meanwhile, other authors reported 
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(Stockmann et al., 2013) a 20-50% lower yield per hectare for S. perfoliatum than for 
maize. While growing these plants, it is also important to be aware of the ecological 
impact during the methane extraction process – slag formation, which depends on the 
biomass ash content. The following impurities could be present: particulates, tar, N, S 
and alkali compounds. The problem of slag formation is caused by the alkali content of 
the biomass (McKendry, 2002b). So while growing S. perfoliatum, it is important to pay 
attention to the yield increase along with its quality. 

Up until now, plenty of empirical data has been accumulated about energy crop yield 
formation accomplished through the use of fertilizers, liming soils, etc. (Douglas et al., 
1987; Wrobel et al., 2013; Šiaudinis et al., 2012). Many authors also suggest that further 
research is needed in the following directions: first year trial equipment optimization, 
control of weeds and pests, opportunities to use a form of different geographical origin 
for both economic activity and plant-breeding, and the application of energy plants 
(incl. S. perfoliatum) in medicine (Kowalski and Wolski, 2003; Gansberger et al., 2015). 
However, up until now, the empirical viewpoint has prevailed in the field research of 
energy plants, so the typical results obtained lack an explanatory nature and (eco)system 
level conceptualisation (Adegbidia et al., 2001; Borkowska et al., 2009; Maughan et al., 
2012; Jasinskas et al., 2014; Šiaudinis et al., 2015). They are not oriented enough 
towards the causality of agroecosystem processes and their interconnections. Such an 
examination of individual processes encompasses a broad spectrum of topics and a great 
number of unrelated experiments and field trials. 

When empirical research provides little or incomplete data, it is often not accepted, 
especially if the primary data is even slightly controversial. This article investigates this 
situation exactly, where there is little data or quite unexpected results (for example, 
when a significant correlation between chlorophyll concentration and biomass is absent, 
or when the phosphate concentration in a soil has a negative influence on biomass). A 
systemic conceptual approach, which is applied here to examine the yield obtained from 
the S. perfoliatum energy plant under certain environmental conditions, is based on an 
analysis of informational relationships that are important for photosynthesis control 
within the “donor-acceptor” (“source-sink”) plant (sub)system. The resulting causal 
model of yield formation includes both internal (donor-acceptor) and external 
(fertilization, illumination, etc.) factors, which enables us to analyse all the experimental 
field results from the chosen conceptual viewpoint. Moreover, the conceptual model 
itself can be further formalized and refined, constructing a simulation model, which can 
then be investigated in computer experiments in order to supplement weak empirical 
data with a new set of synthetic data. To sum up, the representation of sparse or 
incomplete empirical data via a conceptual model can help in identifying the origins of 
contradictions, to reveal their significance, to explain causality of factors, and thus, to 
provide more added value to the research results. 

The underlying concept of “donor-acceptor” (“source-sink”) applied here takes into 
account that the photosynthesis and yield formation processes directly depend on the 
activity of a leaf, as a donor (source) of photoassimilates (Rossi et al., 2015; Yu et al., 
2015). Meanwhile, it is known that the intensity of photosynthesis is also regulated via 
signals related with the acceptors (sink), i.e. areas involved in the metabolic activities of 
growing and reserving (Mokronosov, 1981; Nancy, 1994; Chikov, 2008; Paul and 
Foyer, 2001; Fatichi et al., 2014; Yu et al., 2015; Rossi et al., 2015). In particular, the 
latter is confirmed by positive correlations detected between photosynthetic activity and 
the acceptors’ growth indices (relative and absolute growth rate) (Mokronosov, 1981). It 
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is also known that some photosynthesis genes (Rubisco small subunit, plastocyanin 
genes, etc.) are turned off by feedback control loops when carbohydrates are not used 
enough in acceptors, and they accumulate in the leaves (Paul and Foyer, 2001; Tognetti 
et al., 2013). The main signal substances in this regulation network are soluble 
carbohydrates, mostly sucrose. Meanwhile, photosynthesis throughout the entire plant 
level is regulated from other parts of the plant system, i.e. acceptors, and the 
productivity of photosynthesis depends to a great extent on systemic determination. 

It is important to keep in mind that photosynthesis may be limited by any component 
of the “donor-acceptor” system, and it depends on specific environmental conditions – 
the amount of light, water content in the soil, and mineral nutrition components 
(Mokronosov, 1981; Brown, 1988; Rossi et al., 2015). From the donor side, the 
limitation of photosynthesis is possible because of insufficient light, or when the CO2 
fixation becomes insufficient and limits the growth and yield. It should be mentioned 
that in a situation when the amount of sugar is not sufficient, growth is not reduced 
directly, but through regulatory mechanisms, i.e. SNrK1 kinase activation, thus, growth 
is suppressed and adapted to the donor potency (Lastdrager et al., 2014; Yu et al., 2015). 
Alternately, when the donor activity and sucrose amount increase, the amount of signal 
carbohydrate trehalose 6-phosphate (T6P) also increases, which indicates good donor 
functioning and inhibits the kinase SNrK1 activity, thus stopping the suppression of 
growth. Photosynthesis can be also limited through the growth limitations of acceptors, 
and this can be caused by different factors (for example, a phosphates deficit) (Rychter 
and Rao, 2005; Lawlor and Paul, 2014). In this case, a smaller amount of sugar is used, 
and photosynthesis slows down because of feedback control. It is also important to note 
that the interaction between donor and acceptor changes during ontogenesis, for 
example, during the later ontogenesis phases, an entirely new group of acceptors, i.e. 
generative structures, are formed. Then, with the assimilates more oriented towards 
inflorescence, root nutrition may suffer, which slows down photosynthesis and limits 
the yield (Mokronosov, 1981; Chikov, 2008) Thus, the systemic determination of 
photosynthesis is non-static, i.e. it changes through the influence of both environmental 
conditions and ontogenetic drift. 

The study deals with the following research issue: which of the investigated system 
components, i.e. either donor or acceptor, limits the yield of an S. perfoliatum energy 
crop under the influence of specific environmental conditions (Lithuanian climate, 
Cambisols, different soil NPK in the experimental plots). The aim of the study is to 
design a conceptual model of the S. perfoliatum energy plant’s productivity, enabling 
the identification of such limiting components and to delineate further research 
directions for it. In particular, the study will assess the relationships of the chlorophyll 
content within the S. perfoliatum biomass and the influence of the amount of root 
nutrition medium indices (general amounts of nitrogen, mobile phosphorus and 
potassium available) to the S. perfoliatum biomass. It will also compare the influence of 
different factors (chlorophyll content in the leaves and nitrogen, phosphorus and 
potassium present in the soil) to S. perfoliatum productivity. As already mentioned, the 
primary data from the experimental fields is incomplete and somewhat controversial, 
however, at the same time, is quite interesting and provocative, inviting further 
interpretation. To make use of it, it is combined with known physiological assumptions 
to produce a conceptual model of energy plant productivity, based on the analysis of 
informational relations that are important for the control of photosynthetic productivity 
within the “donor-acceptor” (“source-sink”) plant (sub)system. 
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Materials and methods 

The object and location of investigation 

The object of investigation was the cup plant (Silphium perfoliatum L.), which 
belongs to Asteraceae family (Wrobel et al., 2013). It is a perennial C3 plant, which is 
used as an energy crop. The possibility of using this plant in biogas production has been 
determined by its botanical characteristics, i.e. its large biomass, as each plant grows 
10-25 stalks, having 8-12 internodes with a length of 20-30 cm (Wrobel et al., 2013). Its 
easy degradation is ensured by the spongy core that fills the stalks. 

The experiment location – Lithuania, Šiauliai district, Bubiai eldership, Bagdoniškės 
village. Coordinates: 55.766919, 23.1864474. 

Although native to North America, S. perfoliatum has also adapted to different 
European climates (Kowalski and Wolski, 2003; Stanford, 1990). The optimal growth 
temperature for these plants is about 20C, although they survive under the temperature 
as low as -30C (Stanford, 1990; Gansberger et al., 2015). These plants grow mainly in 
places with high air humidity and soil moisture (Stanford, 1990; Gansberger et al., 
2015). Its very strong root system (30-150 cm in length) allows S. perfoliatum to 
survive during drought periods (Stanford, 1990; Grebe et al., 2012; Schoo et al., 2013). 
The minimum water requirement is around 400-500 mm per year and 200-250 mm per 
vegetation period, similar to maize (Grebe et al., 2012). This plant has also been 
introduced in Lithuania, where both the temperature and precipitation amounts (600-650 
mm in the experimental area) are proper for its cultivation. 

Currently, only seeds of a different geographical origin are available, but no 
approved varieties with typical characteristics (Biertümpfel et al., 2013; Grebe et al., 
2012). S. perfoliatum has a wide genetic range. In our case, the seeds were obtained 
from Germany. 

Plant growing and the study area selection 

Seedlings were grown in cassettes with a substrate composed of peat, sand and 
compost soil (at a ratio 2:1:1). The cassettes were kept in a greenhouse about 60 days till 
the stage of three-four leaves. Then the seedlings were planted in soil (at the end of June). 
Plants were not applied with fertilizers, and were watered only in the greenhouse. The 
yield was taken in the second and third year. This paper examines the third year yield. 

Two fields, named A and B, were chosen for growing S. perfoliatum and the same 
conventional cultivation process applied in each field. Two plots with plants of different 
size were chosen for each field to study the differences in yield. After this, the plots 
were named I, II (from field A) and III, IV (from field B). Each plot covered 3 m2. The 
plots were divided into 3 parts, each part being 1 m2, and samples of soil, leaves and 
green mass were taken from them. 

Plant leaves, soil and plant biomass samples collection 

S. perfoliatum leaves were taken from the investigated plots (I, II, III, IV), seeking to 
identify the concentrations of chlorophyll. Three leaf samples were randomly picked 
from each plot (one from each 1 m2 plot area). The samples were taken from the same 
apical positions of the plants. Samplings were made 3 times during 2014: on September 
18th, September 25th and October 2nd. 

Soil samples were taken from investigated plots I, II and IV, seeking to identify the 
soil pH, granulometric composition and total nitrogen, mobile potassium and 
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phosphorus amounts. To form the samples, 20 cm of the upper soil layer were taken 
from each plot (one from each 1 m2 plot area), and a common sample for each entire 
plot was formed. The soil samples were taken on July 1st, 2014. 

The S. perfoliatum green mass yield from plots I, II, III and IV was estimated on 
October 2nd, 2014. Three green mass yields were cut from each plot and weighed (one 
from each 1 m2 plot area). 

Determination of chlorophyll a concentration, soil sample investigation and biomass 

weighing 

The concentration of chlorophyll in the S. perfoliatum leaf tissues was estimated 
according to the protocol of Hiscox and Israelstam (1979). The chlorophyll was 
extracted using dimethyl sulfoxide (DMSO) and quantified by spectrophotometry at the 
645nm and 663nm wavelengths. The concentration of chlorophyll a was expressed in 
g/l of fresh weight using the following equation: (g/l) = 0.0127 × A663 – 0.00269 × 
A645 (Arnon, 1949; Eleuch et al., 2012). 

The soil pH was estimated in a 1 mol/l KCl suspension. The concentrations of total 
nitrogen (N), mobile phosphorus (P2O5) and mobile potassium (K2O) were estimated by 
the acetate-lactate Egner-Riem-Doming (A-L) method, as this method is the most 
appropriate for potassium and phosphorus detection in sandy loam soils (Mažvila et al., 
2006). The research results were obtained from air-dry soil samples at the Agrochemical 
Research Laboratory (Lithuanian Research Center for Agriculture and Forestry). 

The plant biomass was estimated, having cut the above-ground parts of all the plants 
growing in each 1 m2 and measuring their fresh weight with a balance. The data 
obtained was expressed in kg/m2. As the water requirements were equally fulfilled in 
the investigated plots, the measured fresh weight differences should reflect the 
differences of dry mass as well. 

Statistical analysis and the conceptual model design 

The yield of the investigated plots was evaluated using the ANOVA method. The 
criterion p shows the significance of differences between the variants (plots), and the 
detected criteria of LSD0.05 and LSD0.01 allowed estimating the significance of the yield 
differences between the particular plots. The amount of chlorophyll a and amount of total 
nitrogen, mobile phosphorus and mobile potassium in the soil had an influence on the S. 

perfoliatum biomass, and this influence was estimated using the linear regression method. 
The systemic conception of photosynthesis regulation was applied to perform the 

causal analysis of the yield formation process. It is based on the detailed analysis of the 
“donor-acceptor” relationships within the plant system (Mokronosov, 1981; Lerbs et al., 
1984; Hirel et al., 2007; Paul and Foyer, 2001; Sandmann et al., 2011; Rychter and Rao, 
2005; Lemoine et al., 2013). The preliminary conceptual model of the yield formation 
was created, in which the causal relationships were represented by the material and 
informational flows between the identified system components. 

Results 

The green matter of the S. perfoliatum yield in the investigated fields was estimated. 
The results of the ANOVA statistical method showed that the growing location 
influenced the yield: p = 0.033 ( < 0.05) (Fig. 1). To estimate the significance of the 
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yield differences between the fields, the LSD0.5 and LSD0.1 statistical indices were 
calculated. Based on this criterion, the statistically significant yield differences were 
determined for the I and III plots (0.05 significance level) and between the I and IV 
plots (0.01 significance level) (see Fig. 1). 
 

 
Figure 1. Green mass yield of S. perfoliatum in the investigated fields. The standard errors of 

the mean are shown 

 
 

During the vegetation period, the assimilate donor (leaf) characteristic, chlorophyll a 
concentration, was estimated dynamically; the measurements were made 3 times (Table 

1, Fig. 2). It was found that the chlorophyll a concentration had influenced the S. 

perfoliatum biomass insignificantly (the yield correlation indices from the different 
chlorophyll measurements:  r2 = 0.106, r2 = 0.198, r2 = 0.0609). 

 

 
Figure 2. Green mass dependency on the chlorophyll a concentration found in the S. 

perfoliatum leaves (chlorophyll concentration on 2014 10 02) 
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Table 1. The statistical indices of linear regression between the chlorophyll a concentration 

and green mass (Y = a + bx) 

Date of 

determination 
r

2
 Slope (b) P(b) Intercept (a) P(a) 

2015 09 18 0.106 228.708 233.884 -1.875 4.526 

2015 09 25 0.198 237.149 150.743 -0.919 2.585 

2015 10 02 0.0609 91.829 114.074 1.371 2.172 

 
 

The mineral nutrition factors, such as the concentrations of total nitrogen (0.102 – 
0.118%), mobile potassium (164 – 332 mg/kg) and mobile phosphorus (228 – 291 
mg/kg) in the soil of the investigated field plots were estimated. It was determined that 
the total nitrogen concentration in the soil had positively influenced the biomass of S. 

perfoliatum (r2 = 0.58), the influence of the mobile potassium to biomass was also 
similar (r2 = 0.55) (see Figs. 3A, 3B). So the amount of the plant biomass was larger in 
the plots where the nitrogen and potassium concentrations in the soil were higher. 
Meanwhile, a higher mobile phosphorus concentration in the soil reduced the S. 

perfoliatum biomass (r2 = 0.54) (see Fig. 3C). 
 

 
Figure 3. Green mass dependence on the nutrient concentrations in the soil: A – from the total 

nitrogen (%), B – from mobile potassium (mg/kg), C – from mobile phosphorus (mg/kg) 
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In summarizing the results, it can be stated that the concentration of the light 
absorption component, chlorophyll a, influenced the yield of S. perfoliatum 
insignificantly. The influence of the mineral nutrition factors on the S. perfoliatum 
biomass was also estimated: the total nitrogen and mobile potassium concentrations 
influenced the biomass positively, whereas the mobile phosphorus concentration had a 
negative influence on the biomass. 

Discussion  

It was found that an important donor’s characteristic, the chlorophyll a concentration, 
insignificantly influenced the yield of S. perfoliatum within the described limits (the 
determination coefficients of the three investigation periods were as follows: r2 = 0.106, 
r2 = 0.198, r2 = 0.0609) (see Fig. 2; Table 1). This is a little contradictory of well-known 
facts regarding the correlation between chlorophyll concentration and biomass 
(Andrianova and Tarchevskii, 2000). Meanwhil, it does not contradict with another 
well-known fact, that the photosynthesis of C3 plants (such as S. perfoliatum) is not 
limited by summer illumination conditions, i.e. chlorophyll and light reactions have 
some reserve opportunities (Hall and Rao, 1994). The finding that the correlation 
between the chlorophyll a and biomass was absent and also the fact that there was no 
limitation by the air nutrition conditions lead to the assumption that the dispersion of the 
photosynthetic productivity of the S. perfoliatum energy plant at different chlorophyll a 
concentrations may be explained by other factors limiting photosynthesis and yield. 
This is a precondition in searching for an explanation by employing the systemic 
conception of photosynthesis regulation, which is based on the “donor-acceptor” 
relationships. The main hypothesis made by the authors is that the yield differences may 
be explained by the different acceptors’ activity, which determines the photosynthesis 
through signalling (informational flows). 

Thus, the conceptual modeling approach was employed by the authors for further 
analysis and interpretation of the yield formation process. To develop a conceptual 
model of the energy plant’s productivity, both empirical results and physiological 
assumptions were used together with the known literature data available. The 
suggested causal conceptual model is presented in Figure 4A. The model causal loop 
diagram was created based on several sources; one of them is the conceptual scheme 
of A. T. Mokronosov (1981), which shows the relationships between the donor and 
the acceptor. To reveal the functioning of the donor and acceptor in more detail, the 
original scheme was expanded by including the influence of external factors 
(controlled and uncontrolled) previously discussed by other authors (Mokronosov, 
1981; Lerbs et al., 1984; Nancy, 1994; Hirel et al., 2007; Paul and Foyer, 2001; Taiz 
and Zeiger, 2006; Sandmann et al., 2011; Rychter and Rao, 2005; Lemoine et al., 
2013). The novelty of the proposed model is that it employs a methodology of systems 
dynamics modeling (Sterman, 2000) and makes a clear distinction between material 
and informational flows within the donor-acceptor system of the plant. Besides, 
comparing to the conceptual schemes mentioned above, it includes two new feedback 
loops, representing signalling through the levels of cytokinin and, especially, through 
phosphate.  

An in-depth analysis of the interaction of individual components may require further 
refinement of the conceptual model’s specifications. To accomplish this, it was 
proposed that very detailed diagrams of the plant’s biochemical processes be summed 



Šimkūnas et al.: From an empirical to conceptual modeling view of energy crop productivity 
- 1927 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1919-1933. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online)  

DOI: http://dx.doi.org/10.15666/aeer/1602_19191933 
 2018, ALÖKI Kft., Budapest, Hungary 

up at a higher abstraction level. In particular, the authors summarized the detailed 
biochemical pathways of the photosynthesis-phosphate interaction (presented in Heldt 
and Piechula, 2011; Huber and Huber, 1992; Nielsen et al., 2004; Taiz and Zeiger, 
2006) and brought them to a higher conceptual level, which is more practically sound 
and helpful for typical agronomic research. This conceptual phosphate-photosynthesis 
sub-model is presented in Fig. 4B and is discussed in detail below along with the 
interpretation of the results of the field experiments presented in the previous section.  

 

 
Figure 4. The causal loop diagrams for the conceptual model of photosynthesis and yield 

formation under specific environmental conditions (A) and for the sub-model of phosphates 

interaction (B) 
 
 

The results of field experiments show the positive influence of the total nitrogen 
concentration in soil on S. perfoliatum biomass (r2 = 0.58, see Fig. 3A). This increase in 
photosynthetic productivity while fertilizing with nitrogen is consistent with the fact 
that the CO2 and NO2

– reductions carried by photosynthesis do not compete in terms of 
reduction, even under average illumination conditions (Alekhina et al., 1996). 
Moreover, it is known that with better root nutrition with nitrogen and when the entire 
root system is functioning well, the cytokinin signal is transmitted to the shoots, 
informing them about the need for more photoassimilates, so photosynthetic genes 
(including Rubisko, carbonic anhydrase, etc.) are activated, stomata are opened and, 
thus, photosynthesis is intensified (Lerbs et al., 1984; Paul and Foyer, 2001) (see Fig. 

4A.: Informational flow “N – sink – cytokinine – source”). Plus, nitrogen is important 
for cell division processes and for the metabolic activity of acceptors in sucrose 
utilization (Nancy, 1994; Hirel et al., 2007). In growing acceptors, sucrose utilization 
depends on the supply of amino acids (Paul and Foyer, 2001). Because of these reasons, 
better nutrition with nitrogen can lead to the increased activity and sucrose consumption 
of acceptors, which lessens the suppression of photosynthesis and leads to a growth in 
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productivity (see. Fig. 4A: Informational flow “N – sink (epigenesis) – sucrose – 
source”). To sum up, in assessing productivity, a sufficiently large dispersion of yield at 
various chlorophyll a concentrations may be identified by differences in the activity of 
the acceptors, dictated by mineral nutrition, and then following by the signal’s impact 
(gibberellin, sugar, etc.) on photosynthetic metabolism. The study shows that the mobile 
potassium concentration also influenced the S. perfoliatum biomass positively (r2 = 
0.55, see Fig. 3B). The mobile potassium concentration varied greatly – from 165 to 330 
mg/kg in the soils of the field plots, i.e. the investigated soils ranged from medium to 
very high in regard to their potassium content (Mažvila et al., 2006). According to the 
literature, the influence of potassium on photosynthesis can occur by promoting the 
transport of assimilates from the leaves (Sandmann et al., 2011). Potassium promotes 
the removal of sucrose from leaves, and it reduces its concentration in leaves. Thus, this 
feedback control reduces the inhibition of photosynthesis and increases the entire 
plant’s productivity (see. Figure 4A: Informational flow: “K – transport of assimilates – 
sucrose – source”). 

Carbon and nitrogen intake in plants takes place according to a certain ratio, while 
maintaining a functional balance between the above-ground part and roots (Bastow 
Wilson, 1988). The required carbon assimilation, while maintaining a defined C/N ratio 
is not only achieved by the photosynthetic intensity regulation described in the 
preceding paragraph, but also by the required formation of leaf surface area. It is known 
that the leaves of dicots have significantly longer growth zones than roots (Dale, 1982; 
Ivanov, 2011). It helps them to achieve the required growth rate of leaf surface area, and 
it also means an increase in photosynthetic productivity. The authors found that the 
meristem of monocots, specifically of grasses, may be about 3 times longer than now 
supposed (Šimkūnas et al., 2018). These observations additionally confirm the fact that 
carbon assimilation (either by changing the intensity of photosynthesis or the 
assimilating surface area) reaches its scale or level in different ways, which are affected 
by acceptor activity and mineral nutrition. 

It should be mentioned that the limitation of photosynthesis and yield resulting from 
a phosphate deficiency is often encountered and almost exclusively described in the 
literature (see the review by Rychter and Rao, 2005). The inhibition of photosynthesis 
caused by a phosphate deficiency may occur especially in acidic soils, where 
phosphates are chemically bound and not readily available for plants. In this study, we 
found some unexpected negative influence on the S. perfoliatum biomass (r2 = 0.54) 
(see Fig. 3C) attributable to the mobile phosphate concentration in the soil. The mobile 
phosphorus concentrations in the soils ranged from 228 to 291 mg/kg, i.e. these soils 
ranged from sufficient to high saturation according to the amount of phosphorus they 
contained (Mažvila et al., 2006). 

It is known that reduced triose phosphate and glucose-6 phosphate concentrations are 
accompanied by an increased phosphate concentration in the cytosol, thus, a relatively 
high phosphate content produces a signal indicating slow photosynthesis and a low 
metabolic level in plant cells (Nielsen et al., 2004). Since the sucrose synthesis pathway 
enzymes are inhibited by this signal (fructose 1,6-bisphosphatase is inhibited through 
fructose-2,6 phosphate, and sucrose phosphate synthase is inhibited by phosphate 
allosterically and through SnRK1), the sucrose synthesis rate is “adapted” to the low 
energy status of cells (see Fig. 4B) (Huber and Huber, 1992; Nielsen et al., 2004; Heldt 
and Piechula, 2011; Tognetti et al., 2013). As already mentioned, photosynthesis may 
be slowed down by a lack of acceptors activity when there is a deficiency of N and K or 
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by other factors. During slowed down photosynthesis, when the external phosphate 
content available increases, the relative amount of phosphates increases even more in 
the cytosol. It such a way, it can provide a signal indicating extremely slow 
photosynthesis, which can lead to additional suppression of sucrose synthesis, and 
therefore, the plant biomass decreases (see. Figs. 4B and 4A, informational flow: “P – 
signal PO4

3– – source”). Besides this, according to the literature data, when a plant is 
supplied with sufficient phosphates, an increase in their quantity may precipitate zinc 
(Zn) in plant tissues (Fageria, 2006; Hafeez et al., 2013). A lack of Zn or its low 
concentration increases phosphorus transport to the shoots and its concentration in 
leaves, which can cause the mentioned suppression of photosynthesis in plants 
(Mousavi et al., 2012). The detected suppression of photosynthesis by phosphates in the 
background of a nitrogen and potassium deficiency shows the importance of a balance 
of nutrient ions for the formation of plant productivity. 

The essential role of acceptors in photosynthesis and yield limitation through sucrose 
and giberellin signalling is predicted by the conceptual model. The limitation of 
photosynthesis and yield attributable to signalling caused by high phosphate levels is 
also emphasized. Therefore, the informational flows, which are usually a subject of 
biochemical investigations, need to be incorporated in further field trial experiments as 
well, in order to facilitate the verification of the conceptual model. First, the specific 
growth characteristics of acceptors (meristemic growth on the morphometric, 
cytological, etc. levels) and the intensity of photosynthesis under various nutritional 
conditions should be evaluated, thus assessing the potential limitations of 
photosynthesis because of growth. In particular, it is worth estimating the change in 
photosynthesis intensity during the saltatory changes of the acceptors’ growth under the 
influence of various stressors. Second, to prove that the yield limitation can be caused 
by the inhibition of the acceptors’ growth, we propose that the hypothesis regarding the 
high concentration of sucrose and low concentration of cytokinin (signal compounds) in 
some compartments of leaves in the case of slow acceptors’ growth be checked 
experimentally. Finally, the influence of large phosphate concentrations in a soil on 
photosynthetic productivity in the case of inhibited growth should be investigated in 
more detail. 

In parallel, these regularities could be also validated under controlled conditions. In 
particular, an integrated climatic-hydroponic system developed by the authors provides 
all the necessary conditions required for such kind of validation experiments (Šimkūnas 
et al. 2018). The results of all these experiments should be directly used to refine the 
conceptual model proposed here. As the model expresses a generic conception of yield 
formation, it, therefore, can be used also for other energy plants and in a variety of 
environmental conditions. Meanwhile, the model can be refined according to a 
particular case, so it can reveal also a different causality for yield limitation. The energy 
plants are very fast growing, and the yield limitation through acceptors (i.e. the growing 
parts) could be more frequently met. 

Conclusions 

The designed conceptual model of S. perfoliatum productivity provides a significant 
methodological value while interpreting scarce and sometimes controversial empirical 
results. The model employs a systemic view of the concept of the “donor-acceptor” 
plant system and is based on the analysis of both material and informational 
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relationships between the system components. To develop such a model of energy plant 
productivity, both empirical results and physiological assumptions along with known 
literature data are used. The representation of the field experimental data through use of 
the conceptual model provides a missing link between the field experiment’s results and 
the molecular-biochemical investigations of the informational flows that regulate 
photosynthesis. 

The field trial (empirical) results show the absence of dependence between the donor 
characteristic (chlorophyll a concentration) in regard to yield. According to the designed 
conceptual model, the yield differences may be explained by the differences in acceptor 
activity, which determines photosynthesis through signalling (informational flows). 

The total nitrogen and mobile potassium concentrations in the soil positively 
influenced the productivity of S. perfoliatum. The article argues that nitrogen influenced 
the growth of biomass positively through the metabolic activation of acceptors, 
signalling the photosynthetic apparatus (through the increased cytokinin and the 
decreased sugar concentration). Meanwhile, the positive influence of potassium on 
biomass growth may express itself through the activation of the transport of assimilates 
from leaves (i.e. signalling through the decreased sugar concentration in leaves), thus 
promoting photosynthesis through feedback control. 

In this study, some unexpected negative influence attributable to the mobile 
phosphate concentration in the soil on the S. perfoliatum biomass was found. To 
interpret this observation, the hypothesis of photosynthesis and yield limitation by 
signalling through high phosphate levels in the case of photosynthesis that has already 
slowed down is proposed. 

To verify the conceptual model and test the underlying novice hypothesis, further 
research is needed. A detailed plan for that is delineated in the Discussion section. In 
particular, it is proposed that the study of plant information processes (carbohydrate, 
gibberellin and phosphate signalling) be incorporated in field research, along with 
synchronous measurements of the donor’s (photosynthesis) activity characteristics and 
acceptor’s growth rates. 
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Abstract. The indiscriminate burning of vegetation is a common practice in the Guinea savanna of 
Ghana. Burning begins at the onset of the dry season (November) and lasts until the end (April). This 
study investigated the effects of time of burning on tree diversity and density in the Mole National Park, 
Ghana. A total of 36 (10 m x 10 m) quadrats were randomly demarcated in three treatments of early and 
late dry season burning and non-burning study plots. Samples were taken in March, a few weeks after the 
late burning period. Twenty seven different species belonging to fourteen families were recorded in all 
the treatments. Most of the species identified belonged to the families Combretaceae, Fabaceae and 
Leguminoceae. Vitellaria paradoxa, Terminalia avicennioides, Combretum adenogonium and Combretum 

molle were the most common and abundant in all treatments. Late burning plots recorded the lowest 
diversity amongst the three treatments. Non-burning plots had higher tree density than burnt plots. Early 
burning treatment recorded more diverse individual species but had the lowest density. Higher tree 
densities would enhance carbon sequestration. However, ecosystem resilience is also dependent on the 
diversity of biotic communities among other factors. Sustainable land use practices including protections 
of trees on farms and prescribed early dry season burns could be an option to contribute to the mitigation 
of climate change in the region. Late dry season fires are a threat to tree species populations and should 
be discouraged. 
Keywords: burning frequency, species composition, Guinea savanna, Mole National Park 

Introduction 

Savannas are known to support a large number of plant species with usually only one 
or a few kinds of grass and some common tree species (Scholes & Walker, 1993; 
Burgess, 1995). Anthropogenic disturbance including the use of fire is an important 
driver of vegetation types and diversity in the savanna (Sheuyange et al, 2005; Andersen 
et al, 2012). To a large extent, however, most savanna species have adapted different 
mechanisms to survive persistent fires, which include developing fire-resistant barks, 
roots that grow deeply into the ground and growing dormant buds. Thus, African 
savannas have been influenced by fire and have adapted to it over long periods of time. 
(Trollope, 1984; Beringer et al., 2007; Van Wilgen, 2009). 

Fire is used by most rural dwellers in savannas to stimulate the growth of fresh 
forage for animals, for the tapping of honey and the hunting of animals. Fire is also used 
with the aim of minimising labour cost on land preparation and to increase agricultural 
production and productivity. It is used frequently and extensively by groups as well as 
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individuals for hunting, compared to the other methods of hunting. Vast areas are burnt 
through these activities, thus affecting the main sources of livelihood for local people 
(Eriksen, 2007; Adongo et al., 2012).The savanna ecological zones (Guinea, Sudan and 
Coastal Savanna) of Ghana, cover about two-thirds of the country (Bagamsah, 2005; 
Armah et al., 2011). They are characterised by  scattered trees and shrubs usually 
interspersed with arable crops and referred to as ‘agroforestry parklands’ (Callo-Concha 
et al., 2013; Sinare and Gordon, 2015). A bulk of annual crops such as cereals, legumes, 
yam, as well as livestock are produced here, mainly for household consumption and for 
the local market and these are often the very drivers for the annual practice of bush 
burning in these ecoregions.  

The Northern Region of Ghana contains about 50% of all the savanna areas in the 
country and has recorded higher occurrences of fires (40-80%) in the last 40 years, 
compared to all the other regions of Ghana (Korem 2005; Amanor, 2002; Kugbe et al., 
2012). The frequent and uncontrolled fires may influence plant diversity and densities in 
the already sparsely populated tree ecosystems (Andersen and Williams, 2012). 
Consequently, this could exacerbate the impact of land degradation on ecosystems, 
which are already characterised by prolonged drought spells such as the Guinea and 
Sudan Savanna zones of Ghana. Some studies (Thonicke et al., 2000; Andersen et al., 
2012) have shown that ecosystem degradation reduces carbon sequestration and thus 
may turn carbon sinks to sources thereby exacerbating the impacts of climate change in 
the region. Although fires rarely kill large trees, many other life forms are significantly 
affected. Saplings and some grass species may die as a result (Trollope, 1984).  

However, fires are purported to break dormancy of some plant species source which 
results into enhancing the recruitment of many other species with different traits that 
might be adaptive in fire-prone environments (Auld and Bradstock, 1996). Fire is also 
reported to be effective in the elimination of competing plants and improving habitats 
(Denslow, 2002). However, fire has differential impacts on landscapes within savannas 
due to differences in factors such as ground water content, topography and plant type 
(Sheuyange and Weladji, 2005). Thus late season fires may be detrimental to some plant 
species and may cause the extinction of some plants. Slash and burn has been reported 
to affect the recovery and succession of species. Although fires are purported to be an 
indispensable tool for managing savanna ecosystems, including grassland and rangeland 
vegetation quality and monitoring, the influence of fire on plant species density and 
diversity still need to be studied further. This is because the regime of burning or non-
burning has influence on tree populations and diversity, which is a major determinant of 
the health of terrestrial ecosystems (Brookman-Amissah et al., 1980; Kutiel, 1997). 

The time of ignition of fire during the long period of drought in the savanna may 
have serious ecological implications on all life forms, particularly on plant species. The 
explicit role of the time and frequency of burning or non-burning in savanna ecosystem 
management is very significant in this regard. However, very few studies have been 
conducted on how the time of burning influences species composition in the savannas of 
Ghana. Some studies have shown that the frequency at which the vegetation is burnt 
determines the species that dominates a plant community but not the time of burning 
(Brookman-Amissah et al., 1980; Sackey and Hale, 2008). Sheunyang et al. (2005), 
argued that fires decreased shrub species richness, but positively influenced tree species 
richness. The study further showed that different plant species responded to fire 
differently. Thus, different fire regimes may favour the growth of different plant species 
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or gradually cause in the extinction of some plants (Myers et al., 2004; Penman, Binns 
and Kavanagh, 2007). The season of burning might affect different species differently. 

This study, therefore, was conducted to investigate the effect of the time of burning 
on abundance and species diversity of trees. The assumption was that the time of 
burning in the dry season influences the composition of tree species in the Guinea 
savanna ecosystem of the Northern region of Ghana. We hypothesized that the time and 
frequency of burning does affect species composition. The paper also discusses the 
implication of tree species abundance and diversity for climate change mitigation.  

Materials and methods  

Study area  

The study was conducted on study plots in the Mole National Park (Latitude 9°12' - 10°06' 
N; Longitude 1°25' - 2°17 'W with an elevation of 150m). The Park is 484.4 sq km and located 
in the West Gonja District of Northern Region of Ghana. It contains a wide variety of 
ungulates (Waterbucks, Hippos, Bushbuck Duikers, Warthogs, Elephants) birds and tree 
species. The park has a total of 32 fringe communities.  

 

 
Figure 1. Location of the study: Mole National Park, Northern region, Ghana 

(Created by Hadgu Hishe, 2015) 

 
 

The climate is semi-arid and sub-humid with a unimodal rainfall distribution. The 
rainy season begins in May and ends in October with a mean monthly rainfall ranging 
from 900 mm to 1000 mm during the peak between July and September (Boubacar et 
al., 2005).  
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The vegetation is Guinea savanna characterized by drought resistant woody species 
such as Vitellaria spp, Combretum spp, Burkea spp, and Isoberlinia spp. The Guinea 
savanna occupies about 60 % total land area of the Northern Savanna zone.  

The soils are laterite concrete formations of granite, votaian shale and sandstones. 
They are comparatively low in organic matter, with low moisture content as a result of 
their high drainage characteristics than soils in southern Ghana (Mikkelsen and 
Langohr, 1998; Owusu-Bennoah et al., 1991).  

The region experiences long periods of drought from November to April with little or 
no rainfall. Maximum temperatures typically 40 °C occur towards the end of the dry 
season and minimum temperatures in December and January, with a mean annual 
temperature of 27 °C. The Harmattan winds, which occur during the months of 
December to early February, have a considerable effect on the temperatures in the 
region, which may vary between 14 °C at night and 40 °C during the day (Siaw, 2001). 
These dry conditions and the strong Harmattan winds facilitate vegetation burning. 

Data collection and analysis 

Information on vegetation burning as obtained from the Faculty of Renewable 
Natural Resources, University for Development Studies and the Management of the 
Mole National Park indicated that smaller portions in the Park are demarcated for early 
burning, late burning and non-burning for study purposes for the Natural Resource 
Management students at the University for Development Studies and the Kwame 
Nkrumah University of Science and Technology in Ghana.  

Burning is prescribed in the Park for both late and early dry season burn, firstly, to 
prevent the vegetation from transitioning into thickets or closed woodland which may 
not be favorable for the variety of animals that inhabit the Park and also to stimulate 
more grass growth for the animals so that animals in the Park do not stray into the fringe 
communities.  

Tree sampling was carried out in plots exposed to early burning (EB), late burning 
(LB) - and non-burning (NB). The plots were demarcated in 1994 in areas that were 
already subjected to prescribed early burning and late and non-burning. An area within 
the Mole Park was excluded from burning for study purposes. This was made possible 
because the area is bounded by roads, which serve as fire breaks. The early season burns 
are carried out between November and December, depending on the time the rains end, 
whereas the late dry season burning is carried out towards the end of February up to the 
ending of March. The map below indicates areas that are burnt early and late within the 
park. The non-burning area is not indicated on the map below, because it is a relatively 
small portion of land located behind the Park headquarters meant for study purpose, 
otherwise the whole park experiences some form of burning within the year. 

Sampling of tree species was conducted to examine the impact of early season 
(November-January) late season (February-April) and non-burning regimes on tree 
diversity and densities. A total of 36 quadrats were laid in the three (200 m by 200 m) 
plots. Three (10 m x10 m) quadrats were located randomly within 4 (50 m by 50 m) 
subplots in each plot, about 50 m away from the plot boundaries to reduce edge effects. 
Trees of diameter at breast height >3 cm and height > 0.5 m tall were identified by their 
scientific names in each quadrat. This was done with the assistance of Warden, who has 
been working in the park for over 30 years. The numbers of species identified in quadrat 
was also recorded. 
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Figure 2. Fire management plan, Mole National Park 

(Source: Mole National Park Management, 2017) 

 

 

A Geographical Positioning System was used to obtain the coordinates of location of 
treatment plots. EB (9°16'15.30"N, 1°51'02.90"W), LB (9°17'02.36"N, 1°49'08.11"W), 
NB (9°'15 40.20"N, 1°51'10.18"W). Sampling was done between 27th and 28th March 
2015 and 29 and 1 April 2017, a few weeks after the late season burning. 

The data collected on tree census in late burning, early burning, and non-burnt plots 
were extrapolated to a hectare as a measure of density per treatment. This was carried 
out to determine the influence of fire on tree population. Data was statistically analysed 
using GraphPad Instat 3 which tested for normality using Kolmogorov Smirnov and 
analysed the significance using Kruskal-Wallis. The means, standard deviation and 
frequencies of species were calculated in Microsoft Excel to compare the presence, 
abundance and composition of species in the treatments.  

Results 

The result of species frequency and tree density estimates are shown in Table 1 

below. The data did not pass a normality test. A non-parametric statistics test (Kruskal 
Wallis) was used to compare the mean between treatments. A post hoc was not 
performed, p=0.99.  

Twenty seven different species, belonging to 14 families were identified in all the three 
treatments. Seven species were found common all the treatments (EB, LB and NB). 
Generally, species that recorded relatively higher (pooled) frequencies belong to 
Combretaceae, Leguminoceae Sapotaceae Celastraceae, Meliaceae and Rubiaceae 
whilest those occurring in low frequencies belonged to Anacardiaceae, Olacaceae, 

Ebenaceae, Moraceae, Bixaceae, Phyllanthaceae, and Asparagaceae (Table 2). 
Combretaceae had a higher occurrence of individual species (Terminalia avicennioides 
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Guill. & Perr, Combretum molle R.Br. ex G.Don, Combretum adenogonium Steud. Ex A. 
Rich) and were more common to all treatments (Fig. 3) than species of the other families. 

Seven species, including Diospyros mespiliformis Hochst. ex A. DC were found to 
be common in early season burning and non-burning treatments. Anogeissus leiocarpa 

(DC.) Guill. & Perr. was found in non-burning and late burning treatments.  
Pterocarpus erinaceus Poir., Combretum nigrican Lepr. ex Guill. & Perr, Trichilia 

rubescens Oliv. were found common in early burning and late burning treatments.  
Some species were exclusive to the different burning treatments. These species were, 

however, relatively low in frequencies (Table 2). Ditarium microcarpum Guill. & Perr 

Detarium microcarpa and Isoberlinia doka Craib & Stapf. and Pteleopsis suberosa 
Engl. & Diels were present in early burning treatment only. Chochlospermum 

angolense, Daniellia Oliveri and Ficus glumosas Delile, and Anacardium occidentale 
were in late season burning treatment only. Dracaena species and Pseudocedrela 

kotschyi (Schweinf.) were identified in non-burning treatments only. Vitellaria 

paradoxa C. F. Gaertn was present in all treatments, with the highest frequency in non-
burning treatment. All other species identified in non-burning treatment plots were also 
present in early burning and late burning plots (Fig. 3).  

 

 
Figure 3 Species identified in early burning, late burning and non-burning treatments  

(Field data, 2017) 

 

A total of 19 species were identified in early burning treatment. Two species, 
Terminalia avicennioides and Combretum adenogonium were found in relatively high 
frequencies (Table 1). The remaining 17 species including Pteleopsis suberosa, 

Isoberlina doka, Combretum molle, Maytenus senegalensis, Burkea africana, Nauclea 

latifolia, Lannea acida, Detarium Microcarpa, Ximenia americana, Diospyros 

mespiliformis were found in relatively low frequencies. The least occurring species were 
more even in frequency than the dominant species (Table 1).  
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Table 1. Influence of fire on species population in treatments  

Species 
 

EB 
 

LB 
 

NB Pooled 
Freq 

Family 
 

Freq Mean±SD Freq Mean±SD Freq Mean±SD 

Afrormosia 

laxiflora 
10 2.43±0.91 15 2.30±1.25 20 2.84±1.67 45 Leguminoseae 

Anarcadium 

occidentale 
0 0.000 1 0.29±0.08 0 0 1 Anacardiaceae 

Anogeissus 

leicarpa 
0 0.000 2 0.39±0.17 78 12.05±6.50 80 Combretaceae 

Burkea africana 5 0.69± 0.46 0 0 1 0.29±0.083 6 Fabaceae 
Cochlospermum 

angolense 
0 0.000 6 0.68±0.5 0 0 6 Combretaceae 

Combretum 

adenogonium 
41 3.47±3.73 33 4.94±2.75 16 1.23±1.33 90 Combretaceae 

Combretum 

molle 
13 1.40±1.18 11 2.39±0.912 5 1.16+0.48 29 Combretaceae 

Combretum 

nigricans 
1 0.31±0.09 0 0 0 0 1 Combretaceae 

Crossopteryx 

febrifuga 
3 0.65±0.27 0 0 0 0 3 Rubiaceae 

Daniellia oliveri 0 0.000 4 0.78±0.33 0 0 4 Fabaceae 
Detarium 

Microcarpum 
3 0.65±0.27 0 0 0 0 3 Leguminoseae 

Diospyros 

mespiliformis 
1 0.30±0.09 0 0 3 0.45±0.25 4 Ebenaceae 

Dracena palm 0 0.000 0 0 1 0.28±0.08 1 Asparagaceae 

Ficus glumosa 0 0.000 6 1.24±0.5 0 0 6 Moraceae 
Hymenocardia 

acida 
0 0.000 9 2.30±0.75 1 0.28±0.08 10 Phyllanthaceae 

Isoberlinia doka 10 1.14±0.91 0 0 0 0 10 Leguminosae 

Lannea acida 3 0.65±0.27 0 0 5 0.99±0.42 8 Anacardiaceae 
Maytenus 

senegalensis 
8 1.56±0.72 0 0 9 1.29±0.75 16 Celastraceae 

Nauclea latifolia 4 0.51±0.36 15 2.63±1.25 1 0.29±0.08 20 Rubiaceae 
Piliostigma 

thonningii 
1 0.30±0.09 2 0.39±0.17 6 0.80±0.50 9 Fabaceae 

Pseudocedrela 

kotschyi 
0 0.000 3 0.45±0.25 13 3.18±1.08 16 Meliaceae 

Pteleopsis 

suberosa 
10 2.43±0.0.91 0 0 0 0 10 Combretaceae 

Pterocarpus 

erinaceus 
0 0.000 2 0.39±0.167 0 0 2 Fabaceae 

Terminalia 

avicennioides 
55 2.72±5.0 239 14.59±19.92 89 

5.567±7.41
6 

388 Combretaceae 

Trichilia 

rubescens 
1 0.30±0.09 10 0.84±0.83 0 0 11 Meliaceae 

Vitellaria 

paradoxa 
17 1.86±1.55 11 0.99±0.92 349 19.916±29.083 377 Sapotaceae 

Ximenia 

americana 
1 0.302±0.91 0 0 1 0.2887±0.083 2 Olacaceae 

Total number of 
species 

187 0 369 0 598 0 
  

Density (hectare) 1,558 
 

3,075 
 

4,983 
   

p-value p=0.99 
       

Kruskal-Wallis Statistic 1.929 
      

(Field data, 2017) 

http://www.gbif.org/species/6715
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A total of 15 species were identified in the late burning treatment. Of the four 
common dominant species, (Terminalia avicennioides, Combretum adenogonium, 

Afrormosia laxiflora and Nauclea latifolia), Terminalia avicennioides was found to be 

the most dominant. The least occurring species were Piliostigma thonningii and 

Pterocarpus erinaceus (Table 1). 
Non-burning treatment recorded a total of 17 different species, Out of which 

Vitellaria paradoxa was found to be the most dominant (Table 1). Terminalia 

avicennioides, Combretum adenogonium and Isoberlinia doka also recorded relatively 
high frequencies. Lannea acida, Anogeissus leiocarpa and Burkea africana, Afrormosia 

laxiflora were amongst the least occurring species.  
Species with relatively low frequencies were more even in occurrence than the 

dominant species in all the treatments (Table 1). Terminalia avicennioides was present 
in all treatments. However, it had the highest frequency in the late season treatment 
whilst Vitellaria paradoxa recorded highest frequency in the non-burning treatment.  

Discussion 

Species richness and abundance  

The characteristics of trees in this ecological zone are defined by the response to 
regeneration after fire, thus most are fire and drought resistant (Renes, 1991; Russell-
Smith et al., 2012; Sinare and Gordon, 2015). However, some of the species identified 
may be absent or present in an uncontrolled fire disturbed savanna which may vary with 
the extent of disturbance and land use type (Denslow, 2002; Chimsah et al., 2013).  

With the exception of Anacardium occidentale which was rare in occurrence in late 
burning treatment, all other species are native to the Guinea savanna (Sinare and 
Gordon, 2015; Cardoso et al., 2016). Anacardium occidentale was most probably 
brought in by animals or some other agents of dispersal from fringe villages that grow 
them on their farms.  

The most dominant and widespread species identified in all three treatments 
belonged to the Combretaceae, Leguminoceae and Fabaceae which confirms other 
studies that most Sudano-Guinean savanna woodland species typically fall within these 
families (Aubréville, 1949). They thrive under harsh weather conditions and areas 
where fires are recurrent. Although the species Parkia biglobosa, was known to be a 
predominant species associated with the Leguminoceae in the Guinea savanna 
woodland as purported by Aubréville (1949), the species was not recorded in any of the 
treatments in this study and confirms the IUCN listing of the tree as a vulnerable 
species. Isoberlinia doka, Anogeissus leiocarpa and Combretum nigrican which were 
also predominant Combretaceae species that previously defined the Guinea savanna 
woodland recorded in a very low occurrence, thus may be threatened by the frequency 
and season of fire (Legris and Blanco, 1979). Most of the species identified in the early 
season and the late season burning treatments were present in the non-burning treatment 
(Fig. 3). This shows non-burning treatment as a replica of both the late and early season 
burning treatments. The species found solely in the non-burning treatment were 
Dracaena and Pseudocedrela Kotschyi.  

Those species found exclusive to burning treatment are hardy and can withstand the 
frequency of burns, thus confirming findings from other studies that fire breaks seed 
dormancy of some savanna species ensuring natural regeneration after fire (Trollope, 
1984; Higgins et al, 2000).  
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Practicing non-burning may suppress the growth of some savanna species, which 
require fire to germinate. Also, the high leaf litter observed during sampling in the non-
burnt treatment may not be a desirable condition for the growth of light tolerant species, 
thus the lowering prevalence of such species.  

The higher species richness and evenness was observed in the early season burning 
treatment, which had the lowest tree density (Table 1). This could be attributed to the 
fact that there was not much dryness at the time of burning. Hence the fire did not 
destroy sensitive seeds and saplings, but rather enhanced the germination of the seeds 
by breaking their dormancy, increasing the diversity in early burnt areas of the park 
(Gijsbers et al., 1994). This also means that early burning favours the growth of 
different species in the savanna, compared to late burning, as observed in this study. 
Thus early season burning could be prescribed to promote diversity where particular 
species need moderate fire for regeneration.  

Late burning had a relatively adverse effect on diversity, probably because late 
season fires are usually so hot that plant species may not be able to survive the intensity. 
Late season burns, as observed, do not not only kills grasses but tree species as well, 
depending on the intensity and duration of fire (Trollope, 1984; Cardoso et al., 2016).  

The higher tree population in the non-burning treatment confirms that savannas are 
not climax vegetation; when disturbance is minimised, they can gradually transform into 
a woodland or forest (Bond and Midgley, 2001; Bassett et al 2003). This condition will 
allow seeds buried in the soil to germinate and grow, and if there is no disturbance, 
where initially grass was abundant, eventually tree species will dominate. The relatively 
low tree density identified in the burning treatment compared to the non-burning 
indicates that  higher burning frequency in general, has a negative influence on tree 
density as it was also revealed in study conducted in the savanna of Ghana and Cote 
d’Ivoire (Brookman-Amissah et al., 1980 Basset et al., 2003).  

The most common species identified regenerate from seed, but also through 
resprouting and this may not need a longer time lapse for regeneration after fire (Lovett 
and Haq, 2000; Sackey and Hale, 2008). Most Combretaceae species and Leguminoceae 
are tolerant to fires, drought and also to fire exclusion, with a higher probability of 
regeneration from resprouting after fire and other disturbances (Gijsbers et al., 1994; 
Higgins et al., 2000; Sackey and Hale, 2008). This explains their higher presence in all the 
treatments. Most of the species in this family are normally dehiscent or indehiscent and 
need fire to enhance germination which reflected in the very low presence in non-burning 
treatment, which presupposes that these species are also tolerant to late season fires. 
Vitellaria paradoxa, on the other hand, does regenerate easily by seed and also by 
resprouting as revealed by these others (Lovett and Haq, 2000), hence the higher number 
of species recorded in the non-burning treatment (Table 1). 

Although fire plays a role in the structure and function of savanna ecosystems, a report 
on the Park management (Mole Park Management Report, 2005) indicated that some 
species are associated with types of soil in the park which, implies that the species 
identified in the various treatments may not solely be influenced by fire but also by the 
soil type (Van Wilgen, 2000; Dzwonko et al., 2015). 

Implications of burning and tree populations and diversity for climate change mitigation 

All vegetation absorbs carbon dioxide; however trees do absorb carbon on a larger 
scale than other forms (Scholes and Walker, 1993; Resh et al., 2002). Trees thus play an 
imperative role in climate change mitigation. A few studies purported that most savanna 
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trees are of the C3 photosynthetic pathway and therefore has a considerably greater 
atmospheric carbon exchanges than savanna grasses, which are mainly of the C4 
photosynthetic pathway (Downton and Tregunna, 1968; Lloyd et al., 2008). Therefore, 
tree populations and species diversity may be used as a valuable proxy for healthy and 
resilient savannas, to mitigating the impacts of climate change through stocking and 
sinking carbon. The United Nations Framework Convention on Climate Change 
(UNFCCC) envisages mitigation through creating or enhancing carbon sinks and 
reducing anthropogenic emissions sources of CO2. Thus, sustainable land use practices 
including traditional agroforestry practices such as the maintenance of agroforestry 
parkland in the Guinean-Sudano savanna would enhance mitigation (Bassett at al., 2003). 

Frequent anthropogenic fires in the savannas, according to Murphy and Bowman 
(2012) are contributing to the loss of vegetative carbon to the atmosphere accounting for 
about 44% of the global emission (Van Der Werf et al., 2010). Thus, more fires in the 
savanna may exacerbate the impact of climate change by releasing carbon into the 
atmosphere and destroying carbon sinks (trees and grasses). Increasing wind, and 
rainfall, coupled with the high transpiration during the dry season according to Hulme, 
(2005) and Sheuyange, (2005) are a favourable condition for dry season burns, where 
the grass serve a fuel for burning. With this trend, it is apparent that large wildfires can 
be expected to increase in frequency, intensity and severity (Bassett et al., 2003; Hulme, 
2005). Studies in tropical savannas in Australia have confirmed an apparent in change in 
fire conditions (hot temperatures and high fuel load), which will result in extensive fires 
(Cary, 2002; Catchpole, 2002).  

The higher tree density as observed in the non-burning treatment could enhance  
carbon sequestration as most savanna trees with smaller leaf sizes are drought tolerant and 
have high carbon intake even in the dry season. Also, Langevelde et al. (2003) indicated 
that soil moisture availability is one of the main factors that regulate the growth of trees 
and grasses in the savanna. However, during the Harmattan (windy dry season in north of 
Ghana), as a result of the  high evapotranspiration, coupled with high evaporative cooling, 
all the grass species wither, thus the process of carbon sequestration is halted (Simpson, 
2013). More trees  guarantee an all year round carbon intake when extrapolated to a larger 
scale (Lugo and Brown, 1992). Growing more tree through afforestation, reforestation 
and good forest management practices and also non-burning should be encouraged. Early 
season burns, on the other hand, could enhance diversity of some tree species and should 
also be encouraged (Fig. 3). Higher tree diversity contributes to building resilient 
terrestrial ecosystems, which is very important with the changing climates (Elmqvist et 
al., 2003). A characteristic of the resilient ecosystems is their ability to withstand and 
adapt to extreme weather conditions. The diversity of species implies a stable and 
sustainable ecological function: different tree species may have different levels of 
sequestering carbon and providing other ecosystem services better than others (Resh et 
al., 2002; Mandal et al., 2016). The study confirms previous studies (Myers et al., 2004; 
Fernandes et al., 2013) which found that prescribed early season burning plays a  in 
savanna ecosystems by improving on vegetation diversity. However, annual late season 
burning that occur even under a good management system will consequently result in 
reduction of species density and diversity.  
In the north of Ghana, the Hamattan conditions could enhance intensive and extensive 
fires, thereby the lost of  more species during late season burns (Brookman-Amissah et 
al., 1980; Kasei et al, 2014). The heavy rains (900 mm to 1000 mm) but short rainy 
season (between June and October) are conditions conducive to the growth of grass 
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species, thus to the accumulation of more fuel load for burning during the dry season 
(Trollope and Trollope, 2002; Bassett et al., 2003; Kugbe et al., 2012).  The continuous 
indiscrimate dry season burning and particularly, late dry season burning, will to a large 
extent affect the health and resilience of the Guinea savanna if not regulated. This could 
hamper mitigation efforts against rising global temperatures.  

Conclusion 

The study revealed that seasonal burning had a negative effect on tree density, 
relative to non-burning within treatments. Non-burning however promotes tree 
population density, rather than diversity. The annual burning had a negative effect on 
tree density, relative to non-burning within treatments. Species richness and evenness 
were higher in burning treatments than in non-burning. Burning promoted the growth of 
Terminalia Avicennioides and other Combretum species whereas non-burning was a 
desirable condition for Vitellaria paradoxa (Sapotaceae). Thus, non-burning would 
increase the populations of species which are not fire-dependent for recruitment. The 
protection of Vitellaria Paradoxa from fire and other disturbances would easily increase 
populations which would have greater benefits for communities in the north of Ghana 
because of the role it plays in rural livelihoods.  

A balance between tree density and diversity will be most desirable; therefore the 
frequency and time burning play a very important role in sustaining ecosystems for 
climate change mitigation. Non-burning should be encouraged in fire-degraded 
ecosystems to restore species and habitats and also enhance carbon sequestration.  

 This study could serve as a baseline for scaling-up of studies on burning, species 
diversity and density and also for further studies on unmanaged areas with unplanned 
fire regimes in the Savanna and Forest Transition zones of Ghana. There is the need to 
monitor the annual fires in the study site (Mole Park) to see what the Park is gaining or 
losing in terms of animal species diversity and populations through the fires. The 
findings calls for the strengthening of community sensitization and collaborative 
stakeholder engagement on the impact of burning and non-burning on species including 
economic species like Vitellaria paradoxa.  

Traditional tree-based land use practices, such as agroforestry should be encouraged 
to minimise the conversion of savanna woodlands into grasslands. This is because grass 
species wither and die as a result of the Hammattan conditions, their efficacy of all year 
sequestration of carbon is reduced.  

Prescribed early dry season burns should be the best option against indiscriminate 
burning as practiced in unprotected and community managed woodlands; this can be 
achieved through advocacy by district assemblies and other relevant stakeholders.  
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Abstract. Regional soil moisture monitoring has always been a difficult point in many researches. The 
traditional point measurement and the large scale remote sensing monitoring are always unable to obtain 
information of medium and small scale regional soil moisture. As a new type of mesoscale soil moisture 
condition monitoring method, the cosmic ray neutron method can obtain the soil moisture information 
within 300 m radius of the source region, which covers the shortage of the point measuring method and 
remote sensing method. This study utilized cosmic ray neutron instrument (CRS) to constantly monitor 
soil moisture, and conducted the applicability research of cosmic ray neutron method in soil moisture 
monitoring. Results show high consistency of CRS and time domain reflectometer (TDR) measurements, 
the fitting degree is 0.847, the root mean square error is 0.020 kg/kg. Also, CRS is sensitive to 
precipitation, it can clearly show the increase of soil moisture under different conditions, while the 
sensitivity of TDR is relatively poor. This research can provide a reference for dynamic change 
monitoring of regional mesoscale soil moisture. 
Keywords: soil moisture, CRS, TDR, mesoscale, precipitation 

Introduction 

At present, there are dozens of methods for measuring soil moisture, and traditional 
methods for measuring soil moisture include drying method, actual volumetric method, 
specific gravity method, ray method (Klenke et al., 1991), dielectric property method 
(Gong et al., 1997; Roth et al., 2004) and so on. Although these methods can accurately 
estimate the moisture content of soil profile, they are point measurement methods with 
small measurement scales, and measurement results can only represent the soil moisture 
status of this point, so spatial representation is small. Due to soil heterogeneity (Kim et 
al., 1997; Desilets et al., 2010), traditional point measurement methods can meet the 
requirements only by increasing to a larger area proportionally. Therefore, sufficient 
point measurement data are required for calculation, which greatly increases the cost 
and is only technically possible (Zreda et al., 2008; Hejazi et al., 2017). The use of 
remote sensing method for soil moisture monitoring at abroad began in the late 1960s, 
and in the 1970s, the study of soil moisture monitoring by remote sensing has achieved 
rapid and all-around development. Remote sensing technology has advantages such as 
fast aging, strong dynamic contrast, long-term dynamic large-area monitoring and good 
spatial-temporal resolution (Njoku et al., 1996), but it also has disadvantages such as 
shallow measuring depth, poor penetration, poor sensitivity, and short satellite flight life 
(Entekhabi et al., 2004; Andreasen et al., 2016; Hashemi, 2017). 

In recent years, the technology of measuring regional soil moisture content using 
cosmic-ray neutron method has been rapidly developed. This method works based on 
the principle that cosmic-ray neutrons are moderated by the hydrogen atoms in soil 
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water (Chrisman et al., 2013; Radan et al., 2017). The soil moisture content can be 
calculated only by passively measuring the intensity of neutrons near the ground after 
moderating (Villarreyes et al., 2011; Vazdani et al., 2017). It has characteristics such as 
large spatial coverage, and low requirements for soil salinity, soil density, soil texture 
and so on, and it can meet its power needs by using solar energy as energy, with the 
maximum measuring range of about 670 m and measuring depth of 12~76 cm (Gong et 
al., 1997; Desilets et al., 2013; Xiao et al., 2017). In this paper, nearly three months of 
continuous monitoring of soil moisture of Huibei Water Scientific Experiment Station, 
the East of Henan Water Conservancy Administration using a cosmic-ray neutron probe 
was conducted, and the results were compared and analyzed with the measurement 
results of TDR (Time Domain Reflectometry) to study the application of cosmic-ray 
neutron method in agricultural areas in the plains. 

Principle of cosmic-ray neutron method for measuring soil moisture 

Technical principle 

The high-energy particle streams coming from the Milky Way Galaxy are captured 
into the atmosphere due to the Earth’s magnetic field, and interact with the nuclei in the 
atmosphere to produce secondary cosmic rays, which collide with the nuclei in the soil 
to produce fast neutrons with 1-2 MeV of energy. These fast neutrons gradually collide 
with various nuclei in the atmosphere and the Earth’s surface and thus are moderated, 
then become thermal neutrons with 0.025 eV of energy and epithermal neutrons with 1-
10 eV of energy. One part of the moderated fast neutrons are absorbed by the soil and 
the other part the moderated fast neutrons are scattered into the air (Zreda et al., 2012; 
Yang et al., 2017). 

The intensity of underground neutron is determined by two characteristics, namely 
soil scattering and soil absorption. The two most important soil scattering characteristics 
are: 1. Scattering cross section of material. 2. Average logarithmic energy attenuation 
per collision, namely effective collision times (Gong et al., 1997). Studies show that 
because the moderating power of hydrogen atoms exist widely in the soil in the nature, 
and hydrogen atoms exist in water, the greater the soil moisture, the greater the number 
of hydrogen atoms in the soil, and the stronger the capacity of soil to moderate and 
absorb fast neutrons, and the fewer the number of fast neutrons measured on the Earth’s 
surface. Measurement of high heterogeneous soil using cosmic-ray neutron method 
showed that the neutron intensity was inversely proportional to soil moisture content 
(Chrisman et al., 2013). Therefore, the measurement of intensity of the moderated 
neutrons on the Earth’s surface can well reflect the soil moisture content. 

 
Measuring range and depth 

The size of measuring range of CRS method did not depend on soil moisturecontent, 
instead, it was inversely proportional to atmospheric pressure (Chrisman et al., 2013). In 
thin air, the air density was small, and there is a small number of molecules per unit 
volume of air, so the propagation distance of neutrons was farther. Typically, the 
relationship between source zone radius and atmospheric pressure can be represented by 
Equation 1 (Jiao et al., 2013): 
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where R0 was measuring radius under reference pressure P0 (300 m, radius under one 
standard atmospheric pressure, was usually used), R was radius under current pressure 
P. The perennial mean pressure in the study area was about 105 Pa, and the calculations 
showed that the measuring radius of the source area was about 304 m. 

Measuring depth had a very strong correlation on soil moisture. Because the higher 
the soil moisture, the larger the number of hydrogen atoms in the soil, and the stronger 
the capacity of soil to moderate and absorb fast neutrons, thus, fast neutrons cannot 
continue to propagate downward, so the measuring depth was not very great. According 
to the simulative results of MCNPX (Monte Carlo N‐Particle eXtended), the variant 
range of measuring depth was from 12 cm (simulated moisture content was 0.40 m³/m³ 
when soil was moist) to 76 cm (simulated moisture content was 0 when soil was dry) 
(Gong et al., 1997). The measuring depth can be obtained by calculation using 
Equation 2 proposed by Franz (Deng et al., 2007; Klenke et al., 1991): 
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 (Eq.2) 

 
where Z was effective measuring depth (cm); 

bd was soil bulk density (g/cm3); 
w  was 

the density of liquid water, the default was 1 g/cm3;   was lattice water content 
(0~0.05, the mass ratio of minerals in soil to bound water of soil particle, which was 
ignored in the calculation in this paper), and 

m  was the mass water content of soil 

(kg/kg). 
 

Correction method and inversion function 

Related researches showed that the propagation of fast neutrons is affected by many 
factors in addition to soil moisture, and factors having the most significant effect on the 
propagation of fast neutrons are atmospheric pressure and atmospheric vapor. 

 
(1) Atmospheric pressure correction 

For a certain source region, the higher the atmospheric pressure, the greater the 
density of gas molecules, the greater the chance that fast neutrons collided with 
atmospheric particles, and the lower the intensity of neutrons near the ground measured 
by neutron probe, on the contrary, the lower the atmospheric pressure, the higher the 
intensity of neutrons near the ground measured by neutron probe, thereby leading to 
error of calculated results. The effects of atmospheric pressure can be corrected by using 
correction coefficient 

pf  (Villarreyes et al., 2011) as shown in Equation 3: 
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where P was atmospheric pressure during sampling; P0 was mean atmospheric pressure 
during the experiment; L was mass attenuation length of high-energy neutron, which 
was 128 g/cm2 in high latitude region and 142 g/cm2 in low latitude region, during the 
period it showed progressive change. 
 
(2) Atmospheric vapor correction 

Through experiment, Rosolem et al. (2013) concluded that the intensity of neutrons 
near the ground measured by neutron probe was completely determined by the soil 
moisture when the air did not contain any atmospheric vapor, while the intensity of fast 
neutrons near the ground measured by neutron probe was affected at different levels 
when the air contained different levels of atmospheric vapor. Therefore, he put forward 
Equation 4 of atmospheric vapor correction coefficient (CWV) to correct atmospheric 
vapor: 

 
 ）（ 00051.01  CWV  (Eq.4) 

 
where   was the actual density of atmospheric vapor (g/m3); 0  was the absolute 

density of atmospheric vapor on the Earth’s surface, which usually took 0. 
To sum up, the intensity of fast neutrons after atmospheric pressure correction and 

atmospheric vapor correction was finally obtained (Eq. 5): 
 
 raw p

N N f CWV    (Eq.5) 

 
where N was the intensity of fast neutrons after atmospheric pressure correction and 
atmospheric vapor correction; Nraw was the original intensity of fast neutrons measured 
by neutron probe (Heidbüchel et al., 2015). 

Introduction to the study area 

In this study, Huibei Water Scientific Experiment Station, the East of Henan Water 
Conservancy Administration was chosen as the study area. Located in Xinglong 
Village, Kaifeng County, Henan Province, 114°35′ east longitude, 34°40′ north latitude, 
it is formed by alluvion of the Yellow River, featuring low and flat, mostly clay, loam 
and sandy soil, single underlying surface condition, suitable for crop cultivation. It has 
warm temperate continental monsoon climate, with an annual average temperature of 
14.52 °C, most rain falling between June and September, and an annual mean 
precipitation of 662.8 mm. During the experiment of April 2016~July 2016, wheat and 
corn were planted in the source region. 

Material and methods 

Sampling and determination of measuring depth 

(1) During the experiment, soil samples 50 m, 100 m, 200 m, 300 m in the east, 
south, west, north of the cosmic-ray neutron probe were taken and treated, and the 
sampling depths were 0~10 cm, 10~20 cm and 20~30 cm, respectively. The location of 
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the cosmic-ray neutron probe and the distribution of the sampling points are shown in 
Figure 1. 

 

 
 

a b 

Figure 1. (a) The location of instrument and sampling points: red star denotes cosmic-ray 

moisture senser; dots represent 14 locations in CRS footprint; rectangles represent time domain 

reflectometry. (b) The location of the cosmic-ray sensing probe 

 
 
Soil moisture content (the arithmetic average of multiple sampling points within 

measuring range) and oil bulk density were obtained by calculation after drying and 
weighing, 29 cm, effective measuring depth of CRS was obtained by calculation by 
Equation 2. 

(2) According to the measuring range and effective measuring depth of CRS, a 
sampling point 150 m in the east and west of the cosmic-ray neutron probe were chosen 
respectively using the existing TDR device in the study area, and moisture probes were 
placed in three levels, namely 0~10 cm, 10~20 cm and 20~30 cm, and the arithmetic 
average of data measured by TDR was conducted and then converted into mass water 
content. 

 
Parameter calibration 

Desilets et al. (2010) created a function relationship between the number of neutrons 
an soil moisture on the basis of MCNPX (Monte Carlo N‐Particle eXtended) model, as 
shown in Equation 6: 
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N  (Eq.6) 

 
where   (N) was the mass water content of soil (kg/kg); N was the number of fast 
neutrons after atmospheric pressure correction and atmospheric vapor correction；N0 
was the number of fast neutrons when the air in the sane source region did not contain 
any atmospheric vapor, which was a constant value; 0 1 2, ,    were parameters, and 

0 1 20.0808, 0.372, 0.115      when the soil moisture content was greater than 

0.02 kg/kg. 
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By using the number of fast neutrons in the source region after atmospheric pressure 
correction and atmospheric vapor correction and the soil moisture content after 
conducting arithmetic average method using weighing method, and N0 can be obtained 
through inverse deduction. 

Results analysis and discussion 

According to N0 after parameter calibration and Equation 6, changes in soil moisture 
of the source region per hour from April 27, 2016 to July 7, 2016 were obtained by 
calculation. By comparing CRS data and TDR observation results, the following 
conclusions can be drawn: 

(1) Figure 2 shows that the soil moisture content range measured by CRS was 
0.11~0.21 kg/kg, with an average soil moisture content of the source region of 
0.15 kg/kg; the soil moisture content range measured by TDR was 0.12~0.17 kg/kg, 
with an average soil moisture content of 0.14 kg/kg. Thus, the monitoring results of the 
two were consistent. Among which, the data with absolute error smaller than 0.01 kg/kg 
accounted for 51.42% of total data, and the data with absolute error greater than 20% 
accounted for 12.92% of total data, their fitting degree was 0.847 (Fig. 3), and root 
mean square error (RSME) was 0.020 kg/kg. It showed that the soil moisture content 
range measured by CRS was quite consistent with that measured by TDR, thereby 
providing real-time soil moisture conditions for farm management decisions to meet the 
needs of production practice. 

 

 
Figure 2. The comparison of CRS and TDR soil moisture in experiment period 

 
 

 
Figure 3. The comparison of CRS and TDR daily soil moisture in experiment period 
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(2) Figure 4 shows that during the experiment there were 16 rainfalls, regardless of 

the size of rainfall, CRS had good responsiveness to each rainfall, namely, the soil 
moisture content immediately increased when there was a rainfall, and the response lag 
time was about 1 h; while TDR only responded to four large rainfalls (May 14, May 27, 
June 14 and June 24), with soil moisture content range of 0.01~0.02 kg/kg, and did not 
respond to small rainfalls. Thus, the following conclusions can be drawn: CRS had 
more sensitive response to different rainfall events compared with TDR, and can better 
reflect the changes in soil moisture corresponding to the rainfall. 

 

 
Figure 4. The response of CRS and TDR for precipitation in experiment period 

Conclusion 

The cosmic-ray neutron method had many advantages in determination of soil 
moisture: low requirements for soil type, a mesoscale, non-invasive and non-contact 
measurement mode, without radioactive sources, easy to be automated, and can be 
combined well with remote sensing technology. This technology can bridge the 
traditional gap between traditional point measurement and remote sensing large-scale 
detection. 

Through nearly three months of analysis of CRS, TDR and other related 
meteorological factors, the following conclusions can be drawn: the cosmic-ray neutron 
probe had good applicability in agricultural areas in the plains. The soil moisture 
content range measured by CRS was quite consistent with that measured by TDR, their 
fitting degree was 0.847, and root mean square error (RSME) was 0.020 kg/kg; in 
addition, though CRS and TDR can perform automatic and continuous monitoring of 
soil moisture, CRS had more sensitive response to different rainfall events compared 
with TDR, and can better reflect the changes in soil moisture corresponding to the 
rainfall, while TDR only responded to large rainfalls, and did not respond to small 
rainfalls. The cosmic-ray soil moisture observation system can accurately measure the 
soil moisture of mesoscale farmland and its dynamic change, thereby providing basis 
for farm management decisions. 

In the experiment, in addition to the influence of atmospheric pressure and 
atmospheric vapor on the calculated results of CRS, the plants, microorganisms and 
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humus on the underlying surfaces in the source region can also have an influence on the 
propagation of fast neutrons, and at present there is no perfect method to correct these 
influences. The effects caused by lattice water and water inorganic matter can be 
eliminated by the first field soil moisture correction (Zreda et al., 2012). For the 
problems in the cosmic-ray neutron method for measuring oil moisture, a more rational 
function formula to be created is the emphasis and difficulty for further promotion of 
the cosmic-ray neutron method. 
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Abstract. Ground water plays a vital role in the development of human activities. The supply of 
groundwater is limited and understanding the groundwater system is important to ensure sustainable use. 
In the present study Geoelectrical resistivity survey was carried out to assess groundwater potential zones 
in Nandi river basin, Tamil Nadu, India. The Vertical Electrical Soundings (VES) of Schlumberger 
configuration survey was conducted at 27 locations up to a depth of 150 m. The results of VES data were 
interpreted using IPI2WIN software. The resultant VES curves show different layers of sub-surface true 
resistivity and subsequent thickness are generated for understanding the lithology and hydrogeological 
conditions of the study area. The natural resources of groundwater potential zones are identified from the 
true resistivity and its thickness of sub surface layer. 
Keywords: groundwater, vertical electrical sounding, resistivity, hydrogeological, natural resources 

Introduction 

Groundwater is a most valuable natural resource for irrigation, domestic and other 
purposes of water necessities in many parts of India. About 70% of the total amount of 
freshwater on Earth is contained in rivers, lakes, and glaciers. About 30% is contained 
in aquifers as groundwater (Salas et al., 2014). Shereif H. Mahmoud (2014) states that 
in water resource planning, groundwater is attracting increased attention due to the 
shortage of high-quality subsurface water for drinking and the increasing need of water 
for domestic, agricultural and industrial use. It has become crucial not only to target 
potential zones of groundwater but also to monitor and conserve this important 
resource. The scarcity of freshwater is the main problem faced by many countries 
exacerbated by the increasing population which creates the increasing need of the 
freshwater. 

Groundwater is more advantageous as a source of portable water because it is free 
from chemical and biological contaminants, if it is properly saved it needs less or no 
purification before it can be used for industrial and domestic purposes. Most of the 
people depend upon groundwater as a source of water for all activities like drinking, 
agriculture and domestic use (Ahamed et al., 2016). Generally, it occurs in subsurface 
geological formations under hydrostatic pressure in the pores and cracks of rocks. The 
study area also geologically consists of crystalline rocks of various ages. In India, over 
two-thirds of the surface area totaling about 2.40 million sq. km. is occupied by hard 
rock regions and nearly 50% of the replenishable resources of groundwater occur in 
these rocks (Singhal, 2008). The movement and occurrence of groundwater are 
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extensively controlled by weathering and fractures of hard rock beneath the surface of 
the study area. Hydrogeologically the weathered rock has a porosity and contains a 
considerable quantity of water, because of its moderately high clay content, as it has a 
low permeability (Krishnamurthy et al., 2008). The preservation, planning, and 
governance of groundwater resources is the daunting challenges in the hard rock areas. 
Also, the groundwater potential have been affected by the rapid climate change (Shakib 
and Shojarastegari, 2017). 

Since the quality and quantity of groundwater are associated with the subsurface 
conditions of the Earth, the geophysical survey plays a vital role in understanding the 
occurrence and distribution of groundwater in different hydrogeological circumstances. 
A wide range of geophysical survey methods are used in mining, in the industrial and 
environmental sectors. Geophysical survey methods are cost-effective and 
environmentally safer and there is no disturbance of subsurface materials (Reynolds, 
2011). Vast areas of the surface field can be surveyed quickly at relatively less 
expensive, providing information to aid the location of boreholes. The principal 
methods used in geophysical exploration include seismic, gravity, magnetic, electrical 
resistivity, self- potential, induced polarization, and electromagnetic method. The use of 
geophysical surveys have increased tremendously over the last decades. Hence, the 
suitable geophysical resistivity survey methods are deployed based on the physical 
properties of a target being investigated. 

Study area 

The study area “Nandi river basin” falls within the part of two districts of Tamil 
Nadu namely Tiruvallur and Vellore Districts and a small adjoining part of Chittoor 
District of Andhra Pradesh. The study area lies between the latitudes 13°03'28"N to 
13°15'59"N and longitudes 79°17'30"E to 79°43'25"E covering an area of 710 km2 (Fig. 

1).  
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Figure 1. Base map of the study area 

The Nandi river originates from Puttur hills at an altitude of 582 m near Singasamudram 
in Andhra Pradesh, and it enters Tamil Nadu and feeds the Sholingur tank. The surplus 
of this tank feeds the Viranatturu tank and from this tank, the river takes a regular 
course. The chief irrigation sources in the area are the tanks, wells, and tube/bore wells. 

The study area receives 795 mm rainfall as an annual average, of which 535 mm is 
contributed by the northeast monsoon, and the rest by the southwest monsoon. Although 
the study area has a lack of rainfall, agriculture is not extensively practiced in the 
region. Crops like paddy, sugarcane and mango tree are planted in some areas, which 
are the main sources of income for the majority of residents. 

 
Geology 

The geology of the area is important for determining the influence of its 
physiographic characteristics. The main purpose of investigating the geology of a river 
basin is a hydrological project to determine the permeability of the substratum (Musy 
and Higy, 2011). The porosity and permeability of the rock formation considerably 
influence the flow of groundwater. Hence, the knowledge of porosity and permeability 
of rock formation gives an insight into the groundwater supply and its flow paths. The 
study area above a permeable substratum transmits considerable amount of water to the 
aquifers in the rainy events so that during dry periods, the water can be extracted as 
groundwater. 

The study area is essentially composed of several crystalline rocks as well as 
sedimentary rocks, shown in Figure 2. 

 

 
Figure 2. Geology map of the study area 

 
 

Migmatite gneiss is the major rock, covering about 547.39 km2 (77%) of the total study 
area, Followed by Epidote hornblende gneiss with a spatial extent of 68.32 km2. The 
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younger sedimentary rocks include shale (14.78 km2), sandstone (0.20 km2), black silty 
clay (0.96 km2) and coarse sand (0.04 km2) covered 2.25% of the study area. Dolerite 
dykes are found as isolated linear bodies, reserving about 47.50 km2. The remaining 
rock types include amphibolite, charnockite, granite, and pink hornblende-biotite gneiss, 
each covering small portions of the study area. The Archaen crystalline rock is 
underlain in the subsurface geology of the study area; hence the groundwater may 
infiltrate in the weathered zone and fractured rocks. So the fractures play a significant 
and crucial role in fluid flow, particularly for the movement and accumulation of 
groundwater in hard rock areas. If minor fracture interconnections are present in the 
rock, those give numerous supply of groundwater. 

Materials and methods 

In VES survey, the direct current is injected into the surface of the Earth through 
two current electrodes and the resultant potential variations are measured at the 
surface with the help of a voltmeter connecting two potential electrodes. The 
conductive property of rock is essential to have knowledge about the mode of 
conduction through various materials. At most, rocks are poor conductors, the 
resistivity of theirs rocks would be pretty large. In some cases, the fractures and pore 
spaces present in the rocks are filled with water which has dissolved minerals derived 
from weathering of rocks. The dissolved minerals tend to disintegrate into positively 
charged cations and negatively charged anions, moving through the water in opposite 
directions. This movement of ions opposite to each other initiates ionic conduction 
process. Thus the rocks act as electrolytic conductors where the current is carried by 
Total Dissolved Solids (TDS) present in the water. Hence the resistivity of a rock 
depends on the mobility and concentration of TDS in water, the volume and 
arrangement of the pore spaces. 

A detailed knowledge of geology is the most important aspects for classifying the 
Earth’s layers because the rocks exhibit a wide range of electrical resistivity. For 
instance, igneous rocks tend to have the highest resistivity, sedimentary rocks are the 
most conductive, largely due to their high pore fluid content and metamorphic rocks 
contain transitional but the overlapping resistivity (Reynolds, 2011). A successful result 
of the survey depends on meticulous planning in site selection and data acquisition. The 
electrical resistivity prospecting of the basic electric parameters of electric current, 
potential difference, resistance and apparent resistivity which is together used to derive 
the true resistivity of Earth’s layers during data processing. Electric current is measured 
by the ammeter and is expressed in amps whereas the potential difference by a 
voltmeter, expressed in terms of volts. The Potential difference is just an electrical 
pressure difference required to make an electric current flow. Commonly an increase in 
potential difference boosts the current flow through the rocks. According to Ohm’s law, 
the resistance of a rock is the ratio of potential difference (∆v), and the current (I), i.e. R 
= ∆v/I, measured in ohms. The primary aim of the VES survey is to obtain the true 
resistivity of a rock layer for the subsurface; but the Earth is not composed of 
homogenous materials, and it is not possible to measure the true resistivity of the rock 
directly. Instead, apparent resistivity (ρa) is measured by multiplying the resistance (R) 
with the geometric factor (K) of the electrode array chosen for the investigation; the ρa 

varies with the electrode array type. 
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Then the true resistivity (ρ) of the rock layer is obtained through the manual curve 
matching technique or computer programs during data processing. There are three 
primary types of electrode configuration Wenner, Schlumberger, and dipole-dipole 
array are employed in geophysical method. For the present study the Schlumberger 
array has been used. When comparing the electrode configuration, Schlumberger 
sounding can be conducted faster, since the movement of the electrodes is mainly 
confined to the current electrodes only, while during the entire sounding, the potential 
electrodes may have to be shifted four times altogether (Ramanuja Chary, 2012). 

 
Field procedure 

In total 27 VES survey locations were selected over the study area and the electrical 
investigation data were collected at the specific locations using DDR-3 Resistivity 
Meter. The Geoelectrical resistivity survey was carried out during the month of July 
2016 and at every survey location 37 observations were carried out. The investigation 
for each VES location was started at 2 m depth and was completed at 150 m depth 
which is the maximum depth of investigation. The Schlumberger configuration of VES 
survey carried out the maximum electrode spacing of 300 m as shown in Figure 3. The 
current electrode (AB/2) spacing varied from 1 to 150 m and the potential electrode 
(P1P2/2) spacing varied from 1 to 20 m. 

 

 
Figure 3. VES survey electrode arrangement 

 
 
The measured apparent resistivity values were plotted on a logarithmic graph against 

the half-electrode spacing (AB/2) values using the software IPI2WIN. The resulting 
VES curves, known as sounding curves were adjusted until the minimum RMS error 
was achieved. Four layered curve types were generated with the aid of the software. 
Curve types were classified based on the relative resistivity values of layers and were 
used for qualitative and quantitative interpretation. 

Results and discussion 

The field data were interpreted and processed quantitatively and qualitatively by 
using curve matching techniques. The quantitative interpretation involves the 
determination of the number of geoelectrical layers as well as the true depth, thickness, 
and resistivity of each layer (Barseem, 2015). The true resistivity and thickness of layers 
for quantitative analysis of VES represented in Table 1. The qualitative interpretation 
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provides an insight into curve shape, curve type, and the number of layers that are 
represented in Table 2. 

 
Table 1. Resistivity and thickness of layers for quantitative analysis of VES 

VES 

no. 
Village name 

Resistivity (ohm-m)  Layer thickness (m) 

ρ1 ρ2 ρ3 ρ4 h1 h2 h3 

1 Gopalapuram 75.5 166 683 904 2.17 15.8 117 

2 Misarakandapuram  12.4 248 493 558 1.6 53.5 132 

3 Sholinghur 12 221 43.1 62139 1.13 7.61 10.2 

4 Vangapattu 10.6 222 37.6 935 1.42 1.65 9.19 

5 Guruvarajapet 63.8 772 134 901 1.43 1.22 4.02 

6 Gadavarikandigai  50.2 88.3 869 214 1.18 8.82 15.2 

7 Arakkonam 23.5 311 160 1710 2.08 3.89 32.5 

8 Mudur 13.9 479 13 599 3.39 3.08 6.68 

9 Saraswathi Nagar 103 204 754 924 3.33 9.04 37.7 

10 Kannika Puram 216 956 123 3180 1.5 4.01 4.84 

11 Koramangalam 11.2 535 29.1 36638 1.47 2.79 7.16 

12 Beerakuppam 72.5 311 3941 8025 2.37 10.7 7.25 

13 Vellathur 25.1 272 112 845 1.31 8.69 5.85 

14 Ramakrishnaraja Pet 2.76 531 17.1 17724 0.697 3.6 11.4 

15 Mahankalikapuram 71.4 251 77.2 325 1.14 0.69 14.2 

16 Ammaiyarkuppam  94.2 41.7 978 645 4.99 8.16 5.44 

17 Vanganur  36.6 268 30.9 51283 1.07 1.72 6.49 

18 Thekkaloor 220 3162 113 2245 1.2 1.26 11.4 

19 Tiruttani (Sai Baba Nagar) 13.9 344 61 924 1.07 3.03 15.5 

20 Tiruttani (Erular Colony) 40.3 85.5 16.4 210 2.12 2.23 11.9 

21 Perungalathur 11.7 41.2 12 12649 1.96 1.33 3.69 

22 Ponpadi 19.7 1.66 5.92 830 1.05 1.04 3.83 

23 Mathur 11.2 23 73 307 1.24 4.79 12.3 

24 B.R. Palli  113 577 162 1676 1.12 0.448 8.78 

25 Nochili  48.3 78.9 200 3875 1.61 10 29.8 

26 Korakuppam  17.9 10.8 34.8 11836 1.7 1.82 5.94 

27 Palasamudram 69 43.1 94.5 675 1.12 3.44 15.3 

 
 
Table 2. Curve types for qualitative analysis of VES 

VES no’s Curve 

characteristics 
Curve type Layers 

3, 4, 5, 7, 8, 10, 11, 13, 14, 15, 17, 18, 19, 20, 21, 24 ρ1<ρ2>ρ3<ρ4 KH 4 

1, 2, 9, 12, 23, 25 ρ1<ρ2<ρ3<ρ4 AA 4 

16 ρ1>ρ2<ρ3>ρ4 HK 4 

22, 26, 27 ρ1>ρ2<ρ3<ρ4 HA 4 

6 ρ1>ρ2>ρ3<ρ4 QH 4 
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KH-type curve 

The KH curves are morphologically characterized by the resistive sequence of 
ρ1 < ρ2 > ρ3 < ρ4. In general, the VES profiles belonging to this curve type show highly 
conductive top soil layer, and relatively high resistance in bottom layers, indicating the 
possibility of water saturation in the third layer, most of which possess highly 
contrasting low resistivity values between the second and fourth layers. Figure 4 shows 
the interpretation of VES curves (KH-Type) using the IPI2WIN software. 

 

 
VES 3 

 

 
VES 4 

 
VES 5 

 

 
VES 7 

 
VES 8 

 

 
VES 10 

 
VES 11 

 

 
VES 13 

 
VES 14 

 

 
VES 15 
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VES 17 

 

 
VES 18 

 
VES 19 

 

 
VES 20 

 
VES 21 

 

 
VES 24 

Figure 4. Interpretation of VES curves - KH-type 

 
 
VES 3, 4, 7, 8, 11, 13, 14, 17, 19 and 21 show the topsoil layers with resistivity 

ranges from 2.76 ohm-m to 36.6 ohm-m, indicating the presence of clay constituents 
between 20% to 40% in soil (Reynolds, 2011) and varying in thicknesses from 0.697 m 
to 3.39 m; while VES 5, 10, 15, 18, 20 and 24 exhibit topsoil layers with resistivity 
values ranging from 40.3 ohm-m to 220 ohm-m, revealing the soil composition with 
lack of clay content and the thicknesses vary from 1.12 m to 2.12 m. 

Commonly, all VES curves of the KH represent the third layer as the fractured layer 
filled with water. Hence, based on the third layer thickness, its original depth, and its 
resistivity contrast with its overlying and underlying layers, the degree of groundwater 
potential has been inferred from a VES curve. Accordingly, VES 3, 7, 10, 11, 13, 14, 
17, 19, 20 and 21 can be indicative of good groundwater yield, while VES 4, 5, 8, 15, 
18 and 24 display the origin of third layers at relatively shallow depth, implying the 
presence of clay formation or the temporary groundwater yield. 

 
AA-type curve 

The resistivity sequence of ρ1 < ρ2 < ρ3 < ρ4 makes the shape of AA type curve. In 
most cases, the first layer starts with relatively low resistivity values and the fourth layer 
ends with relatively high resistivity ranges, showing the steady increase in the resistivity 
values as a function of depth. This is the obvious fact of the AA type curve. Figure 5 
shows the interpretation of VES curves - AA-Type. 

In VES 1, 2, 9, 12, 23 and 25 represent the topsoil with thickness ranges from 1.24 m 
to 3.33 m and resistivity ranges from 11.2 ohm-m to 103 ohm-m. Hence, the low 
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resistivity of topsoil depends on the proportion of clay mineral constituents in soil, the 
grain size, and moisture content, whereas high resistivity soil exhibits lack of moisture 
and clay content, and coarse-grained mineral constituents present in the soil. 

VES 25 denotes the second layer as a weathered layer with the resistivity of 
78.9 ohm-m, followed by the third layer of 200 ohm-m, pointing to the high probability 
of reasonable groundwater occurrence in the third layer. The weathered zone starts at 
1.60 m down the surface and extends up to 10 m. The third layer is a fracture zone of 
29.8 m thickness. A rapid increase of resistivity values in the fourth layer authenticates 
the existence of water table confined to the third layer. Similarly, VES 12 depicts 
weathered zone of 10.7 m thickness with the resistivity of 311 ohm-m, starting at 
2.37 m below the surface and this layer is followed by relatively high resistivity layers 
having 3941 ohm-m, indicating the possible occurrence of clay patches in the weathered 
zone. Also, the weathered zone may contain some amount of rainwater percolated 
through the soil. The resistivity of the fourth layer expresses the fresh rock formation 
where the occurrence of groundwater is the mostly doubtful. Below the topsoil layer, 
the resistivity ranges of the VES 1, 2, 9 and 23 expose the absence of any fractured rock 
layers up to the depth of maximum investigation, leading to poor groundwater potential. 

 

 
VES 1 

 

 
VES 2 

 
VES 9 

 

 
VES 12 

 
VES 23 

 

 
VES 25 

Figure 5. Interpretation of VES curves - AA-type 

 
HK type curve 

The HK type curve is defined by the resistivity sequence of ρ1 > ρ2 < ρ3 > ρ4. The 
topsoil resistivity (94.2 ohm-m) of VES 16 discloses soil composition with deficient 
clay constituents and reveal a second layer with relatively lower resistivity values than 
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the topsoil layer, ranging 41.7 ohm-m. It reveals the  probable existence of a clay layer 
or highly altered weathered zones which can act as better conduits for groundwater 
movement down to deep aquifers if present. The third layer shows a sudden increase in 
resistivity value with the indication of the absence or lack of fractured rock layers. The 
fourth layer is followed by the third layer with slight reduction in the resistivity value; 
the slightly reduced resistivity can be due to the emergence of interconnected fractures 
capable of yielding moderate groundwater. The interpretation of VES curves HK-Type 
is shown in Figure 6. 

 

 
VES 16 

Figure 6. Interpretation of VES curves - HK-type 

 
HA type curve 

HA type curve is defined by the resistivity sequence of ρ1 > ρ2 < ρ3 > ρ4. In this curve 
type, the resistivity of the first layer always exceeds the resistance of the second layer, 
followed by a progressive increase in the resistivity of successive layers in terms of 
depth. In most cases, just beneath the third layer, an immediate increase is observed in 
the resistivity of the fourth layer which can be the sign of a massive hard rock 
formation. The interpretation of VES curves HK-Type is shown in Figure 7. 

 

 
VES 22 

 

 
VES 26 

 
VES 27 

Figure 7. Interpretation of VES curves - HA-type 

 
VES 22, 26 and 27 have the topsoil with resistivity values ranging from 17.9 ohm-m 

to 69 ohm-m, showing the signs of fine particles along with clay content. The minimum 
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and maximum thickness of the topsoil layer vary from 1.05 m to 1.70 m. The VES 
curves of HA type indicate a massive rock formation with highly contrasting resistivity 
values ranging from 675 ohm-m to 11836 ohm-m. As these HA curves show the second 
layer with resistivity ranges lesser than the topsoil layer and there is an increase in the 
resistivity of the successive layer, it is obvious that the second layer is highly weathered 
and cannot be expected as the groundwater potential. 

 
QH type curve 

The morphology of this type of curve is defined by the resistivity sequence of 
ρ1 < ρ2 < ρ3 > ρ4. The VES 6 consists of a QH type curve, where the resistivity of first, 
the second and the third layers are defined by relatively high resistivity ranges from 
50.2 ohm-m, 88.3 ohm-m, and 869 ohm-m respectively. The fourth layer shows 
relatively fewer resistivity values 214 ohm-m, indicating highly weathered zones in 
association with fracture zones. In general a QH type curve indicates good groundwater 
potential zones. Figure 8 shows the interpretation of VES curves - QH-Type. 

 

 
VES 6 

Figure 8. Interpretation of VES curves – QH-type 

Conclusion 

The Vertical Electrical Sounding (VES) of Schlumberger configuration survey was 
performed in 27 locations within the study area to find out the groundwater potential 
zones in Nandi river basin. From the VES survey data, the four layered KH, AA, HK, 
HA, and QH type curves, accounting for 59.26%, 22.22%, 3.70%, 11.11%, and 3.70%, 
respectively, were generated. Based on the VES survey investigation, VES of 3, 7, 10, 
11, 13, 14, 17, 19, 20 and 21 belonging to KH type curve show good groundwater 
potential under the depths ranging from 3.69 to 32.5 m. The VES 4, 5, 8, 15, 18 and 24 
display the origin of the third layers at relatively shallow depth, implying the presence 
of clay formation or the temporary groundwater yield. The AA type curve of VES 25 
reveals the high probability of groundwater at a depth of 10 m and the occurrence of 
groundwater is the most doubtful in case of VES 12. In addition, VES of 1, 2, 9 and 23 
of AA type unveil the absence of any fractured rock layers up to the depth of maximum 
investigation, leading to poor groundwater potential. The HK type curve of the VES 16 
indicates moderate groundwater potential below depths of 18.6 m. With the VES 22, 26 
and 27 of HA type; poor groundwater potential can be expected. The VES 6 defined by 
QH type infers good groundwater potential zones below the depths of 25.2 m. Hence, 
from the geoelectrical resistivity survey investigation, the location of groundwater 
potential zones were identified. Also the groundwater recharge potential zones are fully 
depend on the environmental factors like rainfall and climatic conditions. 
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Abstract. Objectives of ecological studies should drive all aspects of design. These objectives must 
include hypothesis testing and appropriate sample size. High level of unexplained variation is typical in 
many ecological studies and may lead to incorrect inference about the population. Choosing appropriate 
sample size is one key strategy to cope with unexplained variation. In this study, we aim to determine 
sample size which depends upon the information-based test and show the superiority of this approach 
over the likelihood ratio test. Particularly, we focused on finding appropriate sample size for testing the 
variance of the normal distribution and Rayleigh distribution. The power curves are obtained both for 
information-based test and the likelihood ratio test by the Monte Carlo simulations. We used wave height 
data to show how the inference procedure should follow both for the likelihood test and information-
based test procedure. In agreement with the theoretical results of Janssen (2014) it is found that wave 
height obeys the Rayleigh distribution. Sample size determination for testing the variance of the normal 
distribution and Rayleigh distribution with different parameters is demonstrated for the fixed effect sizes. 
Keywords: likelihood ratio test, effect size, sample size, Monte Carlo simulation, power curves 

Introduction 

Sample size determination is one of the most essential parts of the statistical design 
in the ecological studies and it is usually a difficult one. The ecologists, first want to 
know how many subjects should be included in their study (sample size) and how these 
subjects should be selected (sampling methods). Second, they desire to attribute a p-
value to their results to claim significance of results. In ecological point of view, 
choosing appropriate sample size is essential to develop statistical distributions, used for 
predicting the occurrence of a species at a particular location (Wood et al., 2015; Kass 
et al., 2016). The availability of novel and sophisticated statistical techniques means we 
are better equipped than ever to extract signal from noisy ecological data, but it remains 
challenging to know how to apply these tools, and which statistical technique(s) might 
be best suited to answering specific questions (Low-Decarie et al., 2014; Zuur and Ieno, 
2016). 

Lynch (2017) has shown the principle of minimizing the cost-plus-loss is used to 
simultaneously find optimal plot size and sample size for forest sampling using the 
Fairfield Smith relationship between plot size and the variance among cubic metre 
volumes per hectare. Indeed, reducing the number of animal subjects used in biomedical 
experiments is desirable for ethical and practical reasons. Kramer and Font (2017) 
discussed how the number of current control animals can be reduced, without loss of 
statistical power, by incorporating information from historical controls. Dziak et al. 
(2014) empirically addressed the question of how large a sample size is needed to avoid 
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underextraction when using the bootstrap likelihood ratio test to choose a number of 
classes in latent class analysis. 

Once the basic study design and planned analysis methods are defined, there are 
three parameters under the control which define the power of the study. These are the 
sample size, the effect size defined by the alternative hypothesis and significance level. 
Considering these parameters and the power of the study together, fixing any of three 
will allow calculating the fourth. However there are several obstacles that we need to 
handle. For example how do we know the population parameter, given that we are only 
planning the experiment and so no data have been collected yet? In those cases, 
sometimes, there are historical data that can be used to estimate parameter(s) in the 
power function. However most of the time we may not have preliminary data from 
which to estimate population parameter, in this case a pilot study is needed. 

In the frequentist inference, sample size calculations are made by the power fuction. 
Lenth (2001) made criticism for some ill-advised shortcuts relating to power and sample 
size. Actually, there are several approaches to determine sample size. One can specify 
the desired confidence interval and then determine sample size that achieves that goal. 
Another approach involves studying the power of a test of hypothesis. The power of a 
test is defined as the probability that we correctly reject the null hypothesis, given that 
alternative hypothesis is true. 

Most of the literature about determination of sample size depends on likelihood ratio 
test. Recently, Kullback-Leibler information-based test have become popular as 
complementary approaches to classical hypothesis testing (Burnham and Anderson, 
2002). Esteban et al. (2001) also gave the power comparisons of four different entropy 
estimators. Gupta (2007) studied testing equality of variances of observations in the 
different treatment groups assuming treatment effects are fixed. Akaike’s information 
criterion based on information theory, is a common metric used by ecologist to evaluate 
and select among alternative ecological models (Burnham and Anderson, 2002; 
Richards, 2005). Applications of entropy principles to evolution and ecology are of 
tantamount importance given the central role spatiotemporal structuring plays in both 
evolution and ecological succession. Recently, Schepsmeier (2015) tested normality and 
introduced a new goodness-of-fit test for regular vine copula models, a flexible class of 
multivariate copulas based on a pair-copula construction. Vranken et al. (2015) made a 
review on the use of entropy in landscape ecology for heterogeneity, unpredictability, 
scale dependence and their links with thermodynamics. Roach et al. (2017) obtained a 
qualitative interpretation of the role of entropy in evolving ecological systems. Martin 
and Poleto (2018) showed how to apply the theory of entropy to determine sediment 
concentration. 

It is common to test hypothesis about the population standard deviation using the 
likelihood ratio test (LRT). In particular, the likelihood ratio test statistic is assumed to 
follow a 2 with degrees of freedom equal to number of parameters that are tested. For 
the purpose of the power and sample calculation in the generalized models, two major 
tests have been proposed. These are the score test and the likelihood ratio statistics 
developed by Self and Mauritsen (1988). Lehmann (2006) pointed that the LRT agrees 
with tests obtained from other principles (for example it is UMP unbiased or UMP 
invariant). Generally LRT seems to lead to satisfactory tests. However, counter-
examples are also known in which the test is quite unsatisfactory; see for example 
Perlman and Wu (1999) and Men’endez et al. (1992). 
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Self et al. (1992) described an approach for sample size/power calculations that is 
based on non-central chi-square approximation to the distribution of likelihood ratio 
statistic. Shieh (2000) has given a direct extension of the approach described in Self et 
al. (1992) for power and sample calculations in generalized linear models. There is also 
a detailed review paper of Adcock (1997) which presents key techniques on frequentist 
approach and several Bayesian methods. 

Information-theoretic principles are commonly, used in the test literature for different 
purposes such as testing normality, homogeneity of variances for several populations. 
Unfortunately, there is not enough study about the sample size determination related 
with entropy based statistic. In this study, we goal to obtain appropriate sample size 
which depends upon the information-based test (IT) and show the superiority of this 
approach over the likelihood ratio test by a simulation study and real data set. 

Materials and methods 

Likelihood ratio test and information-based test 

Likelihood ratio test 

Let 1 2, , , nX X XK  be a random sample of n  observations from a population with 

probability density function (pdf)  |f x  . Let null hypothesis ( 0H ) specify that 0  , 

where 0  is the subset of the set of all possible values of   and the alternative 

hypothesis aH  specify that 1  , where 1  is disjoint from 0  and parameter space 

 10   . 

Assume that hypothesis are composite, each likelihood value is evaluated at that 
value of   that maximizes it, yielding the generalized likelihood ratio test statistic 
(Eq. 1): 
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where  L  denote the likelihood function of the probability distribution. 

The ratio of this two maxima is small if there are parameter points in the alternative 
hypothesis is more likely than for any parameter point in the null hypothesis. In this 
case null hypothesis should be rejected and alternative hypothesis accepted as true. 

 
Information-based test 

Shannon’s entropy associated with a probability density function f  with respect to 

sigma finite measure ( ) is defined by (Eq. 2) 
 

        xdxfxffH 

 log  (Eq.2) 
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where   0:  xfx  is the support set for f . Entropy is used as an index of 
diversity in a population. 

In the case when    
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x
xf  is the pdf associated with a 

normal distribution with mean   and variance 2 , the entropy of the normal 
probability distribution is 

 

    eNH  2log, 22  . (Eq.3) 
 
The entropy of normal distribution does not depend on the mean value, so the 

information-based statistic defined by Eq. 3 cannot be applied to a test concerned with 
the mean of the population. In the present study, we define the information-based 
statistic as the difference of the entropy of the distribution under the null hypothesis and 
alternative hypothesis (Eq. 4), 

 

 eeI  2ˆlog2log 22  , (Eq.4) 
 

where 2̂  is maximum likelihood estimator of the variance of  2,N . 
According to central limit theorem information-based statistic I approaches 0 as the 

sample size increases. It should be noted that presented statistic can take both negative 
and positive values. This means that if this statistic takes values close to zero the null 
hypothesis will be accepted otherwise test will be rejected. However, it is not possible 
to find the asymptotic distribution of this test statistic. Bootstrap sampling method will 
be used in order to calculate the critical values of this distribution. 

Results 

Example 1: a simulation study with normal distribution 

In this section, first we conduct Monte Carlo simulations to show the superiority of 
IT over the LRT test and after that we consider the sample size determination with 
respect to the power level, effect sizes and significance level. We generated 10,000 
random sample of size 5n  from several normal densities. Then the information based 
test values are ordered 10000,2,1, ,, nnn III   and since 05.0  is used, the required 

critical values for the two sided hypothesis are found as the 2500th and 7500th order 
statistics. 

Since IT for the normal distribution depends only on the population standard 
deviation, we should state alternative hypothesis for the IT by considering effect size on 
standard deviation of the population. Suppose that we wish to test the hypothesis that 
the variance of a normal population 2  equals a specified value, say 2

0 . We state the 

null hypothesis 2 2
0 0: ,H    and the alternative hypothesis 2 2

1 0:H     , where   
denote the effect size. The effect size   refers to the magnitude of the effect under the 
alternative hypothesis. The effect size should represent the smallest difference that 
would be of clinical or biological significance and is usually determined by the 
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scientific considerations, rather than statistical ones. Obtaining an effect size of 
scientific importance requires meaningful input from the researcher. For example, a 
treatment effect that reduces failure of a disease or a treatment by 1% might be 
clinically important, while a treatment effect that reduces asthma symptoms by 20% 
may be of little clinical interest. 

Although we can obtain the asymptotic distribution of LRT for testing the standard 
deviation of a normal distribution, the distribution of the information based test under 
the normality cannot be found analytically. In particular, the likelihood ratio test 
statistic is assumed to follow a 2 with degrees of freedom equal to number of 
parameters that are tested. However, the critical values for IT with common significance 
level 05.0  are calculated by the Monte Carlo method. 

First, we obtained the power curves for the normal distributions with the sample 
sizes n = 5, 15, 30. These power curves are illustrated in Figure 1.  

 

  ---- IT ---LRT 
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Figure 1. Power curves for the normal distributions with the sample sizes n = 5, 15, 30 

 
 
We used these graphs to decide the appropriate effect size to obtain the required 

power for the design of the study. Since, it is common to choose the power between .80 
and .98 in the literature, the domain of the power function corresponding to these points 
provide us an idea for the range of   values. From this range, one may specify the   
values according to the ecological importance. For instance, for N(0,1) with sample size 
30, the   interval that corresponds to power between .80 and .98 is [1.6-2.0]. This 
means that   can be chosen from the interval [0.6-1.0] to attain the power between .80 
and .98. Indeed, we take the effect size   as 0.6, 0.7, 0.8 to demonstrate the change in 
the power with respect to sample size (Fig. 2). 

In a similar way, we choose the effect size   as 0.05, 0.10, 0.20 both for N(0,0.2) 
and N(-2,0.5) and as 2.6, 2.7, 2.8 for N(10,3). 

When we graphed the power versus sample size with different effect sizes, it can be 
seen that both IT and LRT curves are monotonically increasing function of the sample 
size. Figure 2 is also helpful for the researchers to decide the appropriate sample size 
for fixed power and effect size. 

 
   ---- IT ---LRT 

N(0,0.2) 

   

N(-2,0.5) 
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N(0,1) 

   

N(10,3) 

   

Figure 2. Power per sample of size n with different effect sizes for both IT and LRT curves 

 
 
Figure 2 provides appropriate sample sizes for the data that are simulated from 

N(0,0.2), N(-2,0.5), N(0,1) and N(10,3) respectively. For example, for the N(0,0.2) 
when the effect size is given 0.05, we attain 80% power for the LRT with sample size is 
around 100. On the other hand with same effect size, and sample size we obtain power 
around 90% for the IT test. However to attain 90% power with LRT test we need 
sample size around 150 by the likelihood ratio test. 

When we increase the effect size to the 0.10, we attain 80% power for the LRT with 
the sample size is around 35. However, with the same effect size and same sample size 
we obtain power around 90% for the IT test. Clearly, for small effect sizes we need 
larger sample sizes to obtain the same power. 

 
Example 2: a study with real data by Rayleigh distribution 

The deep water buoy (15.5°N, 69.25°E) recorded daily significant wave height data 
off Goa by The National Institute of Ocean Technology, Chennai, India have also been 
considered for this work for a one year period January 1 to December 31, 2000. 

The data consist of 2517 data points recorded in different times of a day per a year. 
For our analysis, since we have large data set, we assume that this data is the real 
population and can be modeled by using Rayleigh distribution. The distribution of 
significant wave height data off Goa has mean 1.5958, standard deviation is 0.9769 and 
the maximum likelihood estimation for the parameter of Rayleigh distribution is 1.3229. 
So, the following two-sided hypothesis can be constructed: 

 
 0 : 1.3229H     

 
 1 : 1.3229H     
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Then, 50 observations were randomly selected to get a random sample for the 
calculations. The sample arises with mean 1.4126 and standard deviation 0.8129. The 
maximum likelihood estimation of the Rayleigh parameter for the sample data was 
calculated as ˆ 1.1496  . LRT and IT test statistics are found as 3.6021 and 0.14048, 
respectively. Hence, the null hypothesis that claims the data comes from the Rayleigh 
distribution with parameter 1.3229    accepted. 

Our empirical results in Example 2 shows that test accepts the null hypothesis, as it is 
expected. However, for the same experiment run 100000 times the IT provides higher 
power than the LRT, as demonstrated by the simulation results in Figure 3 (Sezer and 
Asma, 2010). 

 

 

Figure 3. Power functions for 0 0 1 0: ; :H H      

Discussion 

In this study, we focused on finding appropriate sample size for testing the variance 
of the normal distribution and Rayleigh distribution. The power curves are obtained 
both for the IT and the LRT by the Monte Carlo simulations. When we graphed the 
power versus sample size with different effect sizes, it can be seen that both IT and LRT 
curves are monotonically increasing function of the sample size. Based on the power 
curves, an algorithm is stated to specify an interval for the possible values of the effect 
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size. In order to determine sample size with the LRT and the IT, we should have the 
following steps: 

1. Specify the null hypothesis and the alternative hypothesis. 
2. Specify the significance level . 
3. Obtain the power curves for given sample size and significance level. 
4. Determine the range of the appropriate effect size based upon the power 

curves. 
5. Specify the target value of the power of the test. 
6. Finally, obtain the sample size for the fixed power value. 

Conclusion 

As conclusion, IT gives more powerful results than LRT with the same sample size. 
Simulation results indicate that IT outperforms over the LRT in regarding to get smaller 
sample to attain the same level of the power. Wave height data is used to introduce 
show the inference procedure works both for the likelihood test and information-based 
test. In agreement with the theoretical results of Janssen (2014) it is found that wave 
height obeys the Rayleigh distribution. 

Clearly, Rayleigh distribution can be used efficiently to calculate the associated 
probabilities in marine climatology. We suggest to use IT test to determine appropriate 
sample size at the beginning of the study. Our simulation studies will be expanded with 
different skewed distributions belong to other exponential family members such as Log-
Normal and three-parameter Weibull distributions. 
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Abstract. Microbial fuel cells (MFCs) are bioelectrochemical devices able to convert chemical energy 
into electricity. The selection of anodic pH and external resistances play a significant role in the overall 
performance of the device. This research presents the effect of operational conditions of the MFC using 
B. Subtilis in anode. The effect of pH and external resistance were determined by 32 full factorial design. 
Data were analyzed statistically by ANOVA and p ≤ 0.05 was considered statistically significant. The 
surface response analysis evidenced interaction and quadratic effect of the pH and external resistance on 
the power density generation. With a second-order polynomial model the optimum conditions of the 
system were determined. It maximized the power at pH of 8.6 and an external resistance of 220 Ω, 
delivering power density of 405 mW/m2. The chemical oxygen demand (COD) removal efficiency and 
coulombic efficiency (CE) were 82% and 15%, respectively. The maximum specific growth (µ) and 
substrate uptake (k1) rate for electrochemically active bacteria (EAB) at optimum conditions were 0.19/h 
and 0.019/h respectively. These experimental results show the importance of the simultaneous effect of 
pH and external resistance, which is even more influential then if they were studied separately. 
Keywords: bioenergy, electrochemically active bacteria, 3

2
 full factorial design, bioelectrochemical 

system, kinetics modelling 

Introduction 

The amount of research about renewable energy is increasing, due to the inadequate 
supply of fossil fuels and their negative effects on environment and the economy. One 
promising technology is MFC. It can be used to produce bioelectricity, hydrogen or to 
remediate contaminants. A typical MFC device has two chambers which are anode and 
cathode, both are separated by a proton exchange membrane (PEM) (Logan, 2008). 
MFC is considered sustainable for bioenergy generation, because it produces electricity 
from organic waste through the direct oxidation of EAB. They grow in the anode 
chamber where the organic matter is oxidized to produce electrons and protons, with 
CO2 and biomass as final products. Electron transport to the anode is either direct, 
through physical contact of the microbes via cytochromes or nanowire structure, or 
indirect, via a soluble redox active mediator (Roy et al., 2014). To date, many EABs 
have been reported in MFC researches, including Shewanella (Ringeisen et al., 2006), 
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Pseudomonas (Jayapriya and Ramamurthy, 2012), Escherichia (Zhang et al., 2006), 
Enterobacter (Nimje et al., 2011), Klebsiella (Zhang et al., 2008), Citrobacter (Huang 
et al., 2015), Desulfuromonas (Holmes et al., 2004), Geobacter (Nevin et al., 2008), 
Rhodoferax (Chaudhuri and Lovley, 2003), Clostridium (Park et al., 2001), Bacillus 
(Wu et al., 2014), Tolumonas (Lou et al., 2013), Corynebacterium (Liu et al., 2010) and 
Kocuria (Luo et al., 2015). 

EAB plays a crucial role on the performance of MFCs. Therefore, it is important to 
know the EABs growth behaviour under different environmental conditions. Modelling 
of bacterial growth kinetics describe the behaviour of microorganism. Currently, both 
models Monod and Gompertz correspond to a universal model. However, the Monod 
model is fitted with a poorer correlation. The Gompertz model has been widely applied 
to describe the asymmetrical sigmoid shape of microbial growth, due to being 
statistically accurate and easy-to-use, when compared to other sigmoidal functions (Gil 
et al., 2011). The models used to describe growth may or may not be coupled with 
substrate uptake. The Monod model has a wide range of applications in nutrient 
removal kinetic for batch cultures. Although Monod kinetic in substrate uptake has been 
successfully applied, some research shows that this model to anaerobic processes is 
rather difficult. In this study complex structure models were avoided. Thus, the first 
order model proposed by Sarioglu and Gökçek (2016) was used. 

On the other hand, the selection of suitable anodic pH could be crucial for the EAB 
grown and it affects the efficient proton motion through the PEM. In addition, the 
external resistance in MFC regulates the anode potential, enabling to the EAB the 
balance of the electrode reduction kinetics with the potential energy to gain available 
growth of the EAB (Nimje et al., 2011; González et al., 2014). To Understand the 
influence factors that improve the performance of MFCs mathematical modelling can be 
applicated. The Models of MFCs are classified into two main groups, namely 
Mechanism-based models and Application-based models. The Mechanism-based 
models are based on different bioelectrochemical reactions in an MFC. Those include 
bulk liquid models, electrochemical models, biofilm models and special models. 
Although the complexity limits the practical application of these models. The 
Application-based models are divided into the Electrical model and the Learning and 
controlling model (Xia et al., 2018). The Learning and controlling aspects are mainly 
used to optimize the output power, which contributes to improve the development of 
MFCs application. These models need an experimental design approach (Martínez-
Conesa et al., 2017). Then, it is necessary to study factors such as anodic pH and 
external resistance which maximize power output of the MFC using B. subtilis BSC-2 
strain as EAB. 

In the present research the influence of two independent variables were evaluated: 
anodic pH and external resistance on power density (dependent variable). Further, it 
was aimed to optimize independent variable using surface response methodology 
(RSM) to achieve adequate response of MFC. For this purpose, data were collected by 
mathematical and statistical techniques to build the empirical model. These values could 
be used to analyse the interaction of different factors on dependent variables (Jia et al., 
2014; Madani et al., 2015; Myers et al., 2016). 

The growth and substrate uptake kinetic parameters of B. subtillis were evaluated 
under optimal conditions, finding optimized values which could be used for future 
design and simulations of MFCs. 
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Materials and methods 

Bacterial strain 

The bacterial strain was isolated from the wastewater collected from a sugar factory, 
located in R/a Santa Rosalía Cárdenas, Tabasco, Mexico (18°05'46.5''N and 
93°21'45.9''W). The wastewater samples were taken from 10 randomly selected points. 
For each selected point 1 L of the sample was collected in autoclaved glass bottle. 
Subsequently the samples were transported inside a cooler to the biotechnology 
laboratory, where they were kept at 4°C before use (APHA, 2012). Then ten mL of each 
sample were inoculated in Erlenmeyer flasks containing 90 mL of sterile distilled water. 
For counting viable bacteria, this suspension was serially diluted in triplicate and 0.1 
mL of suspension was spread on nutrient agar plates by spread plate method (Madigan 
et al., 2012). The plates were incubated at 28 °C for 72 h. The bacterial isolates were 
then characterized at colony level (Kumar, 2015). 

 
Bacterial strain identification 

The Gram reaction was determined using violet crystal and safranin, afterwards the 
stained cells were observed by optical microscope (VE-BC1, VELAB Microscopes 
Inc). The morphology of each bacterial strain was observed through micrographs that 
were taken by scanning electron microscope JEOL JSM-6010LA (Hitachi, Tokyo, 
Japan) according to Holmes et al. (2004). The KIT API 20 E and 50 CH (BioMérieux) 
were used for the biochemical and physiological characterization of the strains 
according to the manufacturer’s instructions. 

Genomic DNA from each strain was isolated using the ZR Fungal / Bacterial DNA 
Miniprep extraction kit (D605). The V3-V5 region of the 16S rRNA gene was amplified 
using the primers 16sV3-V5F-TACGGRAGGCAGCAG- and 16sV3-V5R-
CCGTCAATTCMTTTGAGTTT. Each PCR reaction contained 200 uM DNTPs 
(Deoxyribonucleotide triphosphates), 0.2 uM of each 1 u Mytaq Pol enzyme primer 
(Bioline). The amplification was carried out on the Thermocycler C1000 Touch 
Thermal Cycler (BIORAD) using the following PCR conditions: 94 °C 3 min 1 cycle, 
35 cycles of 94 °C 30 s, 55 °C 30 s and 72 °C 60 s. A final extension of 72 °C for 5 min. 
The PCR product was checked on a 1.5% agarose gel (sigma A9539) stained with 
Midori Green Advanced (Nippon Europpe Genetics) and visualized by UV light. PCR 
products were purified using the Wizard SV Gel and PCR Clean-Up System kit 
(Promega). Sequencing of PCR products was performed by Macrogen Inc. in Seoul, 
South Korea using an automated sequencer ABI3730 XL (Applied Biosystem). The 
sequence (raw sequence) was analyzed in the program sequencer version 5.4. 
(GeneCodes). The sequences were compared to the available sequences in the 
nucleotide database of the National Center for Biotechnology Information (NCBI) using 
the local search tool (BLASTn). 

 
Inoculum preparation 

Under axenic conditions the BSC-2 isolate microbial was extracted from the agar 
plate with bacteriological handle, then it was placed in the Erlenmeyer flask with 
nutrient broth containing 8 g of meat extract per liter of water. Fermentation was 
maintained for two days at 37 °C. Subsequently the cell biomass was separated from the 
broth by centrifugation at 5000 rpm for 20 min. Then they were washed three times 
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with buffer solution (sodium phosphate buffer 50 mM at pH 7.0). Finally, the washed 
biomass was suspended in 10 mL of buffer solution (Luo et al., 2015). After, the 
suspension was used as inoculum to the MFC experiment. 

 
MFC construction and operation 

By triplicate, a modified double-chamber MFC was constructed from Logan method 
(Logan, 2008; Fig. 1), it was made using polypropylene (PP5) bottles with an 
approximate working volume of 700 mL. Both chambers were attached by a chlorinated 
polyvinyl chloride (CPVC) bridge connected to a union nut of the same material, which 
contained a 2 cm diameter nafion 117 proton exchange membrane (Fuel Cell inc., 
USA). To prevent leakage in both chambers, CPVC nuts were used with rubber packing 
of 1.3 cm in diameter. The anode was carbon felt with 8 cm diameter and 1 cm 
thickness. The cathode was 5 x 5 cm2 (40% Pt, 0.3 mg cm2, Fuel Cell Inc., USA). 
Before use, electrodes were treated to remove impurities as follows: the anode was 
immersed in 1 mol/L HCl solution for 24 h and then in 1 mol/L NaOH solution for 3 h 
at the end it was rinsed with distilled water for several times (Liu et al., 2010). The 
cathode was immersed previously in acetone for 24 h and then in distilled water by 
overnight (Madani et al., 2015). These two electrodes were firmly connected into an 
external unit by thin copper-aluminium alloy wire (0.6 mm diameter). The surface 
exposure of the wire was isolated with epoxy resin to prevent corrosion. 

 

 
Figure 1. Schematic representation of the double chamber MFC. 1) Anodic chamber; 2) 

Cathodic chamber; 3) Proton exchange membrane (PEM); 4) Anode electrode; 5) Cathode 

electrode; 6) sample taking; 7) Influent; 8) Air inlet; 9) Buffer influent; 10) Atmospheric vent; 

11) Blinker board; 12) external resistance; 13) Digital multimeter; 14) Effluent. 

 
 
The anode chamber was completely sealed by gaskets to create a completely 

anaerobic condition. The fuel used for this chamber was synthetic sugar wastewater 
(Pradeed et al., 2014). The anode chamber was filled with 600 mL of synthetic sugar 
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wastewater, 100 mL of 52 mM phosphate buffer solution (K2HPO4, 5.4 g/L and 
KH2PO4, 2.6 g/L; pH 7) (Madani et al., 2015) and 10 mL liquid microbial inoculum. 
Bacterial concentration in the anolyte of anode chamber was determined by measuring 
its optical density at 660 nm (OD660) with the GENESYS 20 model spectrophotometer 
(Thermo Electron corp., USA). The initial OD660 of the anolyte was 0.006 (37 × 103 
UFC/mL). Permanently it was maintained under anaerobic conditions. The cathode 
chamber was aerobic and it contained phosphate buffered at 82 mM (K2HPO4, 8.8 g/L 
and KH2PO4, 4.3 g/L; pH 7) (Madani et al., 2015) and it was aired continuously by an 
aquarium pump. The MFC was operated in a batch mode at room temperature (25 °C). 

 
Experimental design 

The present study used a three-level factor full factorial design for optimization and 
to find the adequate pH and external resistance values. Response surface graphics were 
used to study the factor interaction between the variables. The independent variables 
were the anodic pH (X1) and the external resistances (X2). Three factorial levels were 
coded for low, medium and high settings (-1, 0 and +1 respectively) for two 
independent variables. A total of 9 experimental runs were required for analysing the 
interaction of each level on response variable (Table 1). The selected response 
investigated variable was the power density (Y) and it was analysed by multiple 
factorial regression analysis using the following quadratic model (Eq. 1): 

 
  (Eq.1) 
 
Where Yi stands for the responses; b0 is the arithmetic mean response of all trials; 

and b1 is the estimated coefficient for factor X1. The main effects, X1 and X2, represent 
the average value of changing factor one at a time; X1X2 represent the interaction terms 
and the polynomial terms X21 and X22 are used to assess nonlinearity. The statistical 
experimental design was analysed by using the software MINITAB® Release 14.12.0. 

 
Table 1. Variables and their levels for 3

2
 full factorial design 

Independent variables 

Coded value pH Resistance (Ω) 

Low (-1) 7 47 

Medium (0) 8 100 

High (+1) 9 220 

Dependent variable: power density (mW/m2) 

 
 

Analytical measurement and calculation 

Voltage was continuously measured by a multimeter (aplabvc97), the current 
intensity was determined using Ohm’s law (Eq. 2) and power density was obtained 
according to Equation 3. 

 

 
V

I
R

  (Eq.2) 
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2

V
Power density

A R



 (Eq.3) 

 
where, V is the potential (volts), I is the current intensity, A is electrode surface area 
(square meter), R is external resistance (Ω). 

The concentration of the total sugar was determined by the phenol-sulfuric acid 
method using sucrose as the standard solution (Dubios et al., 1956). In the anode 
chamber, the COD (mg/L) were analysed by closed reflux colorimetric method as 
mentioned in Standard Methods (APHA, 1998). Liquid samples were centrifuged at 
8000 rpm for 5 min and the supernatants were used for measurement. CE is defined as 
the fractional recovery of electrons from the substrate, it was calculated using Equation 

4 (Logan et al., 2006): 
 

  (Eq.4) 

 
where M is the molecular weight of oxygen, I is the current, F is Faraday’s constant (98, 
485 C/mol-e), n = 4 is the number of electrons exchanged per mole of oxygen, and v is 
the anolyte volume, CODo is the influent COD, CODt the effluent COD and t is time. 

To monitor bacterial growth, samples were withdrawn aseptically at each 1 h interval 
and cell growth was monitored by OD600. Which was converted to colony forming units 
(CFU) using a pre-established calibration curve (UFC/mL vs OD at 600 nm). The 
growth and substrate uptake rates were obtained by non-linear regression analysis, 
fitting Gompertz model (Eq. 5) and First order model (Eq. 7) to experimental data 
respectively (Okpokwasili and Nweke, 2005; Sarioglu and Gökçek, 2016). 

 

  (Eq.5) 
 

where N(t) is the population density at time t [Log (CFU/mL)], A stands for the 
microbial counts when the time lowered indefinitely; it is equivalent to the initial 
bacteria level, C stands for the microbial counts when the time increased indefinitely, M 
is the time at which the exponential growth rate is maximal (h) and B is the relative 
growth rate at M time. The growth rate (μ) can be obtained using Equation 6: 

 
  (Eq.6) 
 
The substrate uptake rate (k1) that is the kinetic constant for substrate uptake, can be 

obtained from Equation 7: 
 
  (Eq.7) 

Results and discussion 

Phenotypic and genotypic characteristics of isolates bacteria 

Isolation of bacteria was carried out in nutrient agar culture medium, where 
macroscopic characterization at the colony level allowed to observe strains with circular 
and irregular shapes, whitish, round and wavy, flat and convex elevation. Cells were 
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Gram-positive and the micrographs show that the bacteria have an oval shape with 1.2 
to 1.4 and 1.4 to 1.6 m dimensions for BCC-1 and BSC-2 strain respectively (Fig. 2). 
Both BCC-1 and BSC-2 strain were positive for the catalase and nitrate reduction tests. 
The BSC-2 strain can ferment mannose, sorbitol, arabinose, rhamnose, ribose, glucose 
and sucrose. The BCC-1 strain can ferment ribose, glucose and sucrose, but it cannot 
ferment mannose, sorbitol arabinose and rhamnose (Table 2). Such characteristics 
indicate that they are genus Bacillus bacteria, moreover due to the difference in 
carbohydrates fermentation, it can be said that these are two species of Bacillus. 

 

 
Figure 2. SEM micrographs for A) BCC-1 and B) BSC-2 

 
 
Table 2. Phenotypic characteristics of bacterial strains 

Characteristics BCC-1 (B. Cereus) BSC-2 (B. Subtilis) 

Shape Circular Irregular 

Colour Whitish Whitish 

Edge Round Wavy 

Elevation Convex Flat 

Consistency Viscose Dry and Rough 

Microscopic characteristics 1.2-1.4m 1.4-1.6m 

Catalase + + 

Oxidase - - 

Nitrate + + 

Mannose - + 

Sorbitol - + 

Arabinose - + 

Rhamnose - + 

Ribose + + 

Glucose + + 

Sucrose + + 

A B 
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After the BLAST search the sequence analysis of the 16S ribosomal gene confirmed 
that BCC-1 strain showed a 99% likeness with the Bacillus cereus sequence 
(KX170761.1) and BSC-2 strain a 99% similarity to Bacillus subtilis (GQ392049.1). 
Hence, BCC-1 and BSC-2 were designated as B. cereus and B. Subtilis respectively. 
However, because B. cereus is considered by the Food and Drug Administration (FDA) 
as a pathogenic organism (Tallent et al., 2012) its use in this work was ruled out. Thus, 
B. subtilis was selected only, since it is widely used in the food and pharmaceutical 
industry (Zhu et al., 2015). Additionally, the B. subtilis sequences were deposited on the 
Genebank under the accession number KY508314. 

 
Optimization by factorial design 

The factorial design was used to investigate the effect of pH and external resistance 
on power density. Table 3 shows the data obtained for the experimental trial and the 
values of power density were fitted in the design to get the model equations for the 
response variable. 

 
Table 3. Full factorial design with their experimental coded level of independent variables 

observed response values 

Batch no. 
Levels of independent variables (factors) Dependent variable (response) 

pH, X1 Resistance (Ω), X2 Power density (mW/m2) 

MFC1 -1 -1 059.42 ± 3.03a 

MFC2 -1 0 037.89 ± 1.09 

MFC3 -1 1 121.39 ± 2.12 

MFC4 0 -1 006.91 ± 0.77 

MFC5 0 0 327.64 ± 58.85 

MFC6 0 1 313.65 ± 19.00 

MFC7 1 -1 002.70 ± 0.63 

MFC8 1 0 002.21 ± 0.97 

MFC9 1 1 416.10 ± 86.77 
aMean ± SD, n = 3. +1: higher values, 0: medium values, -1: lower values 

 
 
The full model equation relating to the power density as response is: 
 
  (Eq.7) 
 
Statistical testing model was developed with the Fisher statistical test for ANOVA. 

Table 4 shows the values Prob>F of all regression model terms that were less than 0.05, 
which indicates, model terms are significant at a confidence interval of 95%. Also, the 
model F-value of 18.18 implies that the quadratic model is significant. The lack-of-fit 
test describes the variation of the fitted model. The model has non-significant lack-of-fit 
value (F-value = 4.87, p < 0.05), indicating a significant correlation between the factors 
and response (Myers et al., 2016).  

Model simplification was carried out by eliminating non-significant terms (p > 0.05) 
in the above model equation (Eq. 7), now giving the following equation (Eq. 8): 

 
  (Eq.8) 
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As the model was generated by taking only the significant terms from the full model, 
the results are deduced by interpreting the reduced model. Table 5 shows the effect of 
factors and associated p values for power density, for both full model and reduced 
model. 

The coefficients in the regression with more than one factor term represent an 
interaction term. A positive value represents a synergistic effect which favours 
optimization, while a negative sign indicates an antagonistic effect or inverse effect 
between the factors and the response (Sarabia and Ortiz, 2009). Thus, for the reduced 
model the regression equation (Eq. 8) and Table 5 show that power density was 
significantly influenced by synergistic effect of pH, the resistance as well as interaction 
term X1X2 (pH x resistance) with p-value of 0.032, 0.000 and 0.001, respectively. While 
the quadratic term of pH has a negative effect on power density with p-value of 0.004. 
The results indicate that the increase in power density is the consequence of the strong 
interaction between the pH and the resistance. Furthermore, the pH values demonstrated 
a quadratic effect on power density which indicates that optimal levels of pH are inside 
of the experimental region. 

 
Table 4. ANOVA results of quadratic model for power density 

Source df Sum of squares Mean square F-value P-value  

Model 4 511072 127768 18.18 0.000 a 

Linear 2 329622 173106 24.63 0.000 

Square 1 71872 71872 10.22 0.004 

Interaction 1 109578 109578 15.59 0.001 

Residual Error 22 154646 7029   

Lack-of-Fit 4 131904 32976 4.87 0.056 

Pure Error 5 22742 6763   

Total 26 665718    
aSignificant terms at p < 0.05, R-Squared = 86% and Adj R-Squared = 84% 

 
 
Table 5. The factor effects of full model and reduced model for power density 

Factor 
Full model Reduced model 

X coefficient t P-value X coefficient t P-value 

X1 45.92 2.261 0.035a 45.92 2.296 0.032 

X2 130.35 6.495 0.000 a 127.81 6.632 0.000 

X1X2 93.19 3.888 0.001 a 93.19 3.948 0.001 

X1
2 -109.45 -3.148 0.005 a -109.45 -3.198 0.004 

X2
2 -24.17 -0.573 0.573 - - - 

Intercept 250.50 5.964 0.000 a 232.81 8.297 0.000 
aSignificant terms at p < 0.05 

 
 

Response surface and contour plot 

The MRS approach is a helpful tool for developing, improving and optimizing 
process as it allows elucidating the relationship between the dependent and independent 
variables (Sarabia and Ortiz, 2009; Myers et al., 2016). The response surface and 
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contour plot are very useful to illustrate and understand the main, interaction and 
quadratic effects on maximum power density. The response surface and contour graphs 
of the effects of pH and resistance that produced maxima power density is shown in 
Figure 3A and 3B. It can be observed that the curvature introduced by quadratic term 
(pH) and that the power density presents a maximum value. Figure 3A also shows the 
tendency of the power density to increase as the resistance increases. The results 
presented a maximum value obtained for an intermediary value between pH 8 and pH 9 
for the different resistances considered. However, the maximum value is observed 
between 150 and 220 Ω. It is clear that the pH value has strong effect on production 
power density because during microbial growth the enzymatic reaction that occurs in 
the microbial body has an optimum pH. Environmental changes in pH affect the active 
center of the enzyme and the state of ionization of substrate molecule and enzyme 
molecule, thus the combine of enzyme and substrate is affected. The higher or lower pH 
values will influence the stability of the enzyme that could be damaged irreversibly, 
which results in bacterial inactivation. In addition, the pH value also affects metabolism 
and absorption of nutrients through influencing the stability of membrane structure and 
solubility of nutrients, thus affecting the growth rate of microorganisms. Because any 
microorganisms should live in an appropriate pH value, microbial growth can be 
inhibited when the pH microenvironment is below or above of the appropriate pH value 
(Madigan et al., 2012). Furthermore, the selection of anodic pH value ensures the 
efficient movement of protons through PEM due to the driving force for the anode 
reaction increases with an increasing anolyte pH, this improves the diffusion of protons 
through membrane. The positive effects of alkaline pH in the power density using 
MFCs has been reported previously (Liu et al., 2010; Rago et al., 2016). 

Moreover, the external resistance in the MFC directly influences the anode 
availability as an electron acceptor. In addition, it also exerts a selective pressure on the 
electrogenic bacterial community. Since a low external resistance (50 to 500 Ω) 
promotes growth and metabolic activity of the microorganisms then electron transport 
to the cathode is facilitated (Lyon et al., 2010). Zhang et al. (2011) mentioned that 
external resistance appropriate in MFC regulates the anode potential, enabling the 
electrogenic microorganisms to balance the reduction electrode kinetics with potential 
energy gain and thus reduces losses by activation. In this work, increasing the pH value 
from 7 to 9 with external resistance of 220 Ω the power density was enhanced nearly to 
3.4 times (from 121.3 to 416.10 mW/m2). These results revealed that the interaction 
effect between pH and resistance was remarkable, then the effect of pH on power 
density generation was highly depended on the level of the external resistance. 

Figure 3B shows the contour plot, the contour areas represent constant responses, 
which correspond to power density from 0 to 400 mW/m2. It was determined from the 
contour that maximum power density higher to 400 mW/m2 could be obtained with pH 
range between 8.5 and 8.8 with external resistance of 220 Ω. Hence, by equation (Eq. 8) 
the location of optimum was determined for pH of 8.6 and an external resistance of 220 
Ω. The maximum value of power density at this point was estimated to be 405 mW/m2. 
In order to confirm the predicted results of the model, the experiment verification was 
made for three times under optimal conditions. The average of maximum power density 
was 402.55 ± 2.63 mW/m2 with small error-values of -0.6. This reveals that 
mathematical model obtained from the 32 factorial design was adequate. The optimized 
MFC was characterized by COD removal efficiency, coulombic efficiency, growth 
kinetics and substrate uptake of B. subtilis. 
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Figure 3. A: Response surface plot for power density. B: Contour plot for power density 

 
 

COD removal and coulombic efficiency 

In the MFC operated with anodic pH of 8.6 and resistance 220 Ω, the average COD 
of the synthetic wastewater effluent was 524.5 ± 10 mg/ L. Since the COD in the 
effluent was 3009 ±32 mg/L, the COD removal efficiency was 82%. CE represents the 
conversion efficiency of organic compounds to an electric charge. In this research, the 
average CE was 15 ±1.26% indicating that 15% of the available electrons in the 
removed substrate were used for current production. These operating conditions might 
be responsible for the substrate degradation by B. subtilis due to its growth and 
metabolism, which results in high COD removal efficiency. However, the low 
efficiency coulombic might be because of the metabolite production in the anodic 
chamber or also low electron transfer efficacy due to such limitations associated with 
electrodes as the difficulty of accessibility of electrons to anode or cathode as a 
deposition of interfering or insulating substances on electrodes. Similar results were 
obtained for L. sphaericus, it produced a coulombic efficiency of 12.69% in a double 
chamber MFC using lactate as substrate and with proteinaceous substrate the COD 
removal was about 74% (Nandy et al., 2013; He et al., 2014). In that regard in a MFC 
with E. cloacae to pH 8.5 in anodic chamber 65% of the COD was removed and the 
coulombic efficiency was 3%. Therefore, B. subtillis BSC-2 used in MFC is effective at 
COD removal as well as in current production. 

 
Determination of µ and k1 for B. subtilis in optimized MFC 

The kinetic parameters µ and k1 was determined by curve-fitting of date with 
Gompertz and First order model, respectively. The Figure 4A shows that observed date 
gave a reasonably good fit to the B. subtilis kinetic growth described by Equation 5. In 
addition, the high determination coefficient (R2 = 0.98) value shows the ability of this 
model in describing the B. subtilis growth kinetics. The growth rate of B. subtilis 
obtained in MFC operated with anodic pH of 8.6 and resistance of 220 was 0.19/h. 
Figure 4B shows the sucrose consumption and the fitted model by Equation 7. The 
coefficient of determination R2 = 0.97 shows that the model had an excellent fit to the 
experimental results, obtaining k1 = 0.019/h. Miroliaei et al. (2015) investigated the 
kinetics of pure cultures of E. coli and Shewanella sp. in an air cathode MFC, the 
kinetics parameters were predicted using Monod and Moser models. To E. coli the 
determination coefficient R2 was found to be 0.92 for Moser model and 0.94 for Monod 
model. To Shewanella sp. the determination coefficient R2 was 0.90 and 0.94 for Moser 
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and Monod models, respectively. To E. coli the maximum specific growth rate with 
Monod model was 0.42/h. And to Shewanella sp. the maximum specific growth rate 
with Monod model was 1.54/h. Zhang et al. (2013) studied the nitrate degradation in 
anodic denitrification microbial fuel cell (AD-MFC). This study was supported by four 
degradation kinetics models, i. e. Haldane (R2 = 0.79), Edwards (R2 = 0.83), Luong 
(R2 = 0.97) and Hand-Levenspiel (R2 = 0.99). Hand-Levenspiel model was selected as 
the best model. Therefore, the selecting of suitable model in the modelling of bacterial 
growth and substrate uptake may depend on the kind of microorganism, anolyte 
characteristics and operating conditions etc. (Okpokwasili and Nweke, 2005; Sarioglu 
and Gökçek, 2016). 
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Figure 4. A: B: subtilis growth value and the fitted model by Equation 5. B: Sucrose 

concentration value and fitted model by Equation 7 

Conclusion 

This study examines the effects of the pH and the external resistance on the 
performance of dual chambered MFC in maximizing the power density. Using 32 full 
factorial design, the effects of independent variables were studied and optimized. 
Checking the validity of the model, the statistical indicator p-value was determined to 
be statistically adequate. Based on MSR a quadratic polynomial equation was 
developed. It is noteworthy that, in this research the maximum power density (405 
mW/m2) of the MFC was significantly influenced by the pH and the external resistance 
and the optimal conditions were selected: anodic pH of 8.6 and external resistance of 
220 Ω. The model terms for power density are significant to predict the power density 
based upon the pH and the external resistance. Furthermore, electrochemically active B. 

subtilis BSC-2 strain has the ability to remove the 82% of the COD synthetic sugar 
wastewater and produce clean energy. The Gompertz and First order kinetic models 
gave high determination coefficient, for growth and substrate uptake, respectively. More 
MFC models are expected to be developed in the future due to their great advantages for 
optimization, especially for the practical application of MFC technology for 
simultaneous production of energy and water treatment. 
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Abstract. The present analysis is based on hourly data of suspended dust PM10 and meteorological 
conditions. The aim of the study was to determine the time structure of PM10 concentration and its 
dependence on meteorological conditions. Hourly data from 2005-2016 were collected from the State 
Monitoring of Environment situated in Poznań, middle-west Poland. Analysis of the relationship between 
weather and concentration of PM10 was conducted using the correlation analysis and multiple regression. 
Time course of PM10 concentration and meteorological elements was characterized not only in the entire 
2005-2016 time period but also in its successive years – in daily, monthly and seasonal time steps. In the 
years 2005-2016, the daily concentration of PM10 significantly depended on meteorological conditions, 
the strictest dependence being found for wind speed and air temperature. The most frequently recorded, 
33% overall, hourly concentration of PM10 was from within the ranges 10-15 and 15-20 μg m-3. A large, 
> 90 μg m-3, pollution of the atmosphere in the three seasons of the year: winter, spring and autumn was 
registered mostly between 20 and 4 h. In winter, the large > 90 μg m-3, hourly concentrations of 
suspended PM10 dust, were accompanied by below average values of air temperature, above average 
relative air humidity, below average wind speeds, from E direction mainly, and above average 
atmospheric pressure. 
Keywords: air pollution, bio-climate of town, ecological politics of the state, human health, 

meteorological conditions 

Introduction 

One of the most common air pollutants is an airborne particle of a grain diameter of 
less than 10 μm (PM10). Its prevalence is a consequence of diverse and multiple 
emission sources. PM10 can be a mixture of organic and inorganic substances, may 
contain toxic substances, often multi-ring aromatic hydrocarbons, heavy metals, and 
also dioxins and furanes (Chwil et al., 2015; Emmanouil et al., 2017; Flores et al., 2017; 
Tasić et al., 2017; Cesari et al., 2018). The anthropogenic dust pollutants come mainly 
from combustion of fuel to derive energy and from technological processes conducted 
in industrial plants, and also from transport, mostly road traffic. Atmospheric dust 
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comes also from fires or volcanic and seismic activity (Kiesewetter et al., 2013; Gliniak 
et al., 2015). 

Particles with a diameter less than 10 μm (PM10), enters the human organism by 
way of respiratory pathways or indirectly through the digestive tract, when polluted 
food is consumed (Gładka and Zatoński, 2016; Chiang et al., 2017). Suspended dust is 
adsorbed in upper stretches of the respiratory tract, whence it is expelled or is 
accumulated, or permeates into the lungs (D’Amato et al., 2010). The elders, children or 
the respiratory and circulatory duct sufferers are especially exposed to the negative 
interaction with the dusts (Badyda et al., 2016; Maji et al., 2017; Pannullo et al., 2017; 
Sosa et al., 2017; Yang et al., 2017). According to WHO there is convincing evidence 
that dust in the air, irrespective of its source, has detrimental effect on human health 
(World Health Organization, 2013). 

As reported by the Government Inspectorate (NIK’s Report, 2014), air pollution in 
Poland is the cause of 45,000 early deaths. For example, an inhabitant of a large Polish 
town (at least 0.5 mln) lives two and a half years less, on average. It should, however, 
be emphasized that estimation of the influence of suspended dust in the atmosphere on 
human health still remains very difficult and imperfect (Gustafsson et al., 2014; 
Segersson et al., 2017). 

In the Poznań agglomeration, the daily norm of PM10 dust, 50 μg m-3 acc. to Polish 
regulations, was surpassed in 42 days in 2013 on average, and in 48 days in 2016, 
mostly in the winter season. Poland, in recent years, was infamously 2nd or 3rd among 
the EU nations in regard of potential exposure of its city inhabitants to the suspended 
PM10 dust pollution (NIK’s Report, 2014). In Poland, the informing and alarm levels 
for PM10 dust are as high as 200 and 300 μg m-3, respectively. For example, in Italy and 
France it is approx. four times less than in Poland, and in Hungary and the Check 
Republic – approx. 3 times less (Richter and Williams, 1998; Judy-Rezler and Toczko, 
2016). 

In some large cities of Poland, an ecological program has been introduced in order to 
diminish air pollution (Resolution no. 3056 of the Great-Poland Voivodship of 29 Dec. 
2016). In the ecological programs, a series of actions is stated that aim at protection 
against air pollution, from planting trees or replacement of coal furnaces to building 
cycling paths and transition from the wheel transport to public transport. To make the 
program of air quality improvement adequate to the specifics of a town, information 
concerning the timely structure of PM10 concentration is needed (Balakrishnaiah et al., 
2011; Bielec-Bąkowska et al., 2011; Bigi and Ghermandi, 2016; Redington et al., 2016; 
Mok et al., 2017), and also its dependence on meteorological conditions (Adamek and 
Ziernicka-Wojtaszek, 2017; Li et al., 2017; Stafoggia et al., 2017; Tiwari et al., 2017). 
The aim of the study was to determine the time structure of PM10 concentration and its 
dependence on meteorological conditions in the fifth biggest Polish city, Poznań. 

Material and methods 

Study area 

The initial data from the years 2005-2016 were collected from the Voivodship 
Inspectorate of Environment Protection called Poznań-Botnik, situated in the middle 
part of Poznań, in Henryk Dąbrowski street (λ = 16°52ʹ52ʺ E, φ = 52°25ʹ08ʺ N, hs = 89 
m a.s.l.) (Fig. 1). The immission-meteorological station (its code: WpPoznDabrow) is 
installed on the grounds of the University Botanic Garden of Adam Mickiewicz 
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University, in close proximity to residential and recreational areas. A dominant type of 
development in the vicinity of the station is low, single-family housing. 

 

  

Figure 1. Location of the station of air quality assessment ( ) and of meteorological station 

( ) in Poznań. Source: https://www.google.pl/ (accessed on 04.10.2017) 

 
 

Material 

The investigation uses hourly data on concentration (µg m-3) of PM10 pollution, and 
also hourly data on meteorological conditions: air temperature (Ta, °C), relative 
humidity of the air (Rh, %), atmospheric pressure (Pa, hPa), speed (V, m s-1) and 
direction of wind (WD). All parameters, i.e. the concentration of suspended PM10 dust 
and meteorological elements, describing so-called city background, are measured 
automatically with analyzers and sensors attested by the Main Inspectorate for 
Environment Protection. 

 
Methods 

The influence of meteorological conditions on concentration of suspended PM10 
dust in the years 2005-2016 was estimated with the use of Pearson’s correlation. The 
analysis of the dependence weather-concentration of PM10 was carried out in 
successive months of the year (from January to December), and also in the four seasons 
of year: winter (from December to February), spring (from March to May), summer 
(from June to August) and in autumn (from September to November). Whereas, 
evaluation of the collective effect of considered meteorological elements on PM10 
immission level was made using the multiple regression method. Assessment of 
compliance of the model with empirical data was made on the basis of the value of the 
corrected determination coefficient (R2 adj, %), which takes into account the number of 
independent variables, and the percent difference between standard deviation of PM10 
concentration and the standard error of estimation of the multiple regression equation 
(Sd-Sy, %). The participation of a meteorological element in explaining the value of 
PM10 immission was determined on the basis of the partial correlation coefficient and t-
Student test. Both in the analysis of correlation and in multiple regression the dependent 
transformed variable f(PM10) was calculated from the formula (Eq. 1): 

 
 f(PM10) = Log(PM10) (Eq.1) 
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where PM10 signifies concentration of suspended dust particles smaller than 10 μm. 
The structure of occurrence of PM10 concentrations within the assumed intervals has 

been characterized in the whole multiyear period 2005-2016 both in daily and seasonal 
time steps. In a similar pattern, as in the case of frequency of occurrence of PM10 
concentration, the time course of PM10 concentration and meteorological elements has 
been described, and additionally monthly analysis in successive years were made. 

For the most unfavorable, winter, aero-sanitary conditions in Poznań (in the years 
2005-2016) the mean values of meteorological elements were determined. To this end, 
from the set of all hourly initial data two groups of data were selected on the basis of 
suspended PM10 dust – < 20 μg m-3 and > 90 μg m-3. The basis for determination of 
boundary values, that describe small and large values of PM10 in the air were percentile 
values, 30 and 90% respectively, determined on the basis of the entire set of data (ca. 
25,000 hourly values). Recorded both for small (< 20 μg m-3) and large (> 90 μg m-3) 
values of PM10 the values of the meteorological elements Ta, Rh, Pa, V and WD were 
calculated for successive hours of 24 h day and night. 

Results and discussion 

Relation between PM10 concentration and meteorological conditions 

The assessment of the relation, conducted in 2005-2016, between daily concentration 
of PM10 dust, transformed according to the formula (Eq. 1) and analyzed 
meteorological elements has shown a significant, negative influence of air temperature: 
in winter (r = -0.36, P < 0.01), spring (r = -0.15, P < 0.01) and autumn (r = -0.31, 
P < 0.01) and significant, positive in summer (r = 0.49, P < 0.01) (Table 1). 

 
Table 1. Relation between daily concentration of suspended PM10 dust and meteorological 

elements. The years 2005-2016 

Element 

Season of the year 

Winter 

(December-February) 

Spring 

(March-May) 

Summer 

(June-August) 

Autumn 

(September-November) 

(n = 1034) (n = 1089) (n = 1032) (n = 997) 

Ta (°C) -0.36*** -0.15*** 0.49*** -0.31*** 

Rh (%) 0.08*** -0.07*** -0.15*** 0.13*** 
Pa (hPa) 0.15*** 0.13*** n.s. 0.22*** 

V (m s-1) -0.58*** -0.27*** -0.40*** -0.45*** 

Ta – air temperature (°C), Rh – air relative humidity (%), Pa – atmospheric pressure (hPa), V – wind 
speed (m s-1), n – number of samples, *** significant with P ≤ 0.01, n.s. – non significant at P < 0.1 

 
 
In spring-summer season the Rh index has a significantly negative effect on PM10 

concentration. Atmospheric pressure had significant positive effect on the content of 
suspended PM10 dust in the year, save for summer, the strongest dependence being 
documented for autumn (r = 0.22, P < 0.01). High pressure is recorded when the 
radiation cooling of the low air layers occurs and often unstable equilibrium in the 
atmosphere, including near-ground elevated inversions. The anemometric conditions, 
described by wind speed, were significantly, negatively correlated with the level of 
PM10 dust content in all considered seasons of the year. Correlation coefficients 
calculated for this dependence varied from -0.27 in spring to -0.58 in winter. 
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For a full description of the influence of meteorological conditions on concentration 
of the dust, the relation wheather-PM10 was considered in successive months, hour by 
hour (Fig. 2). Highest positive values (r ≥ 0.4) of correlation coefficient for the relation 
Ta-PM10 were found for the May-September period, at 7-11 h; whereas highest 
negative (r ≤ -0.4) – in January-February at 21-17 h. Air humidity had strongest 
negative effect on PM10 in the March-September period at 7-11, and strongest positive 
– in November-December, in night, morning and afternoon hours. Low pressure was 
accompanied by low concentration of PM10 during April-September at 11-21 h. Wind 
speed favorably affected air quality, as it is apparent from Table 1. A positive 
relationship V-PM10 was found in April-May at 17-20 h. 

 

  

  
Correlation coefficient (r): 

 
Figure 2. Monthly distribution of the relations between hourly PM10 concentrations and 

meteorological elements. The years 2005-2016 

 
 
Meteorological elements in the system determined the value of PM10 concentration, 

from ca. 13 to 38%, but mostly in autumn, and then in winter (Table 2). 
The strongest influence in all the seasons on air pollution had Ta and V. The partial 

correlation coefficients calculated for the independent variables in the multiple 
regression equations varied from -0.18 for winter to 0.404 for summer in the case of Ta 
and from -0.29 to -0.57 for autumn in the case of V. Aside of the indicators Ta and V, in 
spring a significant negative effect on PM10 exerted also air humidity, and in summer – 
atmospheric pressure. 

 
Frequency of PM10 occurrence in seasons of the year 

The measured PM10 concentration throughout the year was, most frequently, in the 
four assumed intervals: 10-15, 15-20, 20-25 and 25-30 μg m-3, respectively, with the 
frequencies ca. 16, 17, 14 and 11% (Fig. 3), respectively. A bit less frequently, ca. 8%, 
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was recorded pollution in the range 30-35 μg m-3. Large dust concentration (> 60 μg m-

3) was infrequent (< 2%). 
 
Table 2. Assessment of the combined effect of meteorological conditions on daily 

concentration of PM10 dust. The years 2005-2016 

Season of the 

year 

Coefficients of partial correlation of multiple 

regression n 

Evaluation of the 

equation quality 

Ta (°C) Rh (%) Pa (hPa) V (m s-1) R2
adj. Sd-Sy (%) 

Winter 
(December-
February) 

-0.18 
(-6.84)* 

  
-0.51 

(-19.35) 
1034 36.5 23.6 

Spring 
(March-May) 

-0.26 
(-8.36) 

-0.097 
(-3.17) 

 
-0.309 

(-10.608) 
1089 13.1 11.2 

Summer 
(June-August) 

0.404 
(14.48) 

 
-0.18 

(-6.62) 
-0.29 

(-10.304) 
1032 31.8 17.7 

Autumn 
(September-
November) 

-0.34 
(-13.38) 

  
-0.57 

(-22.45) 
997 37.8 22.2 

*In brackets are given values of t-Student’s test at significance level P < 0.01, R2
adj - adjusted 

determination coefficient (%), Sd-Sy (%) - percent difference between standard deviation of PM10 
concentration and standard deviation in estimation of the multiple regression equation. Other 
explanations, see Table 1 

 
 
The frequency of particular PM10 dust size occurrence in respective seasons of the 

year was not always the same as in the scale of the entire year. In winter, the largest 
dust pollution was in the two intervals - 15-20 and 20-25 μg m-3, with similar frequency 
of ca. 11%. In autumn, as throughout the year, PM10 concentration was most often 
from 10 to 30 μg m-3. A similar distribution of frequency was for the warmer seasons of 
the year. In spring, in the four successive intervals from 10 to 30 μg m-3, concentration 
of particles less than 10 μm occurred at almost 60% frequency in total, and in summer it 
was 85%. In all the seasons, a small (< 5 μg m-3) concentration of the pollution was 
rarely recorded, at frequency varying from 0.1% in summer to 1.8% in winter. In 
summer, there was not a result of PM10 concentration greater than 55 μg m-3. 

The frequency of a certain size of PM10 in the respective seasons depended on time 
of the day and night (Fig. 3). In winter, the air pollution in the range 0-10 μg m-3 was 
most often from 11 to 14%, recorded at 3-10 h; whereas in the range 10-20 μg m-3 it 
was 20% frequent at 4-16 h. In the successive ranges, from 20 to 80 μg m-3, dust 
concentration did not exhibit a marked daily variation. Large (90-100 and > 100 μg m-3) 
dust concentrations were most frequently recorded in evening and night hours. Smallest 
dust concentrations in spring and summer (0-10 μg m-3) were recorded mostly at 12-
19 h, and in the range 10-20 μg m-3 at 11-18 h. In the two seasons the PM10 > 50 μg m-3 
was most frequent in late afternoon and night hours. In summer, the concentration was 
small (< 10 μg m-3) and > 20% frequent at 10-20 h, and a medium one (> 50 μg m-3) at 
22-3 h. 

 
Variation of PM10 concentration and meteorological elements 

The content of PM10 in the air exhibited seasonal variation (Fig. 4). The annual 
variation of PM10 was around 31.5 μg m-3. In Poznań, in 2005-2016, the concentration 
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in winter (42.4 μg m-3) was over two times greater than in summer (18.8 μg m-3), in 
autumn a little higher (by 4.1 μg m-3) than in spring. The highest, over 40 μg m-3, mean 
concentration of the pollution was recorded in November-March period, and it varied 
from 40 μg m-3 in December to ca. 46 μg m-3 in February. The highest, amounting to 
39.1 μg m-3, annual PM10 concentration occurred in 2011, and the lowest (27.8 μg m-3) 
– in 2007. However, in individual months, the highest concentrations of the pollution 
were in different years; for instance, in January 2010, February 2012, June 2008 and 
August 2015. 

 

 
Winter

 

Spring

 
Summer

 

Autumn

 

 
Figure 3. Frequency of occurrence of hourly PM10 concentration in the multiple-year period 

2005-2016 

 
 
The air temperature in the multiple-year period, in annual scale was 9.1°C, and 

varied depending on month from -1.5°C in January to 19.8°C in July (Fig. 4), being a 
little lower (by 0.2°C) from spring to autumn. In the successive years of the period the 
summers were found to be warmer and warmer, especially in July-August, and also 
winter. For example, in January 2006 Ta was only -7.5°C, and in January 2015 it was 
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even 2.5°C. The monthly course of Rh was a reverse of Ta. Such highest mean relative 
humidity of the air was recorded in December (93.0%), and then in November (92.3%). 
In months of the best air quality with respect to dustiness, i.e. in May-July, the Rh 
varied around ca. 70%. The most wet year, of the considered ones, was 2010 when Rh 
varied from 74.8 to 93.6% in winter. Unlike Ta and Rh, the atmospheric pressure 
showed a reversed time course, the highest Pa was in October (1007.5 hPa), and then in 
December (1006.3 hPa) and in September (1006.2 hPa). The mean multi-year values of 
the indicator Pa was 1005.1 hPa and varied from 1002.7 hPa in 2010 to 1009.0 hPa in 
2005. 
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Figure 4. Course of occurrence of PM10 concentration and meteorological elements in the 

multiple-year period 2005-2016, and by the years 

 
 
In turn, wind speed, which strongly determined PM10 content in all considered 

seasons, varied from 1.3 m s-1 in August and September to 2.0 m s-1 in January and 
December of 2005-2016. In spring wind speed was, on average, by 0.2 m s-1 greater 
than in autumn, i.e. inversely than PM10 concentration. It blew the strongest in 2007, 
when the mean monthly V was from 1.3 m s-1 in June to even 3.2 m s-1 in January. 

At the measurement point, in 2005-2016, the wind was most often from SW (18.8%), 
and then from W (16.2%) (Fig. 5). Most infrequent was the wind from N and NE, 3.7 
and 5.0%, respectively. In the 12-year period, windless weather was at 5.2% frequency. 
The content of suspended dust exhibited not only annual but also daily changes (Fig. 6). 
The highest, ≥ 50 μg m-3, PM10 concentration in 2005-2016 was recorded in the months 
of February and March at 21-2 h, and in November at 20-24 h. Dustiness was lowest in 
the period May – August at 10-20 h, and in June-July even from 6 or 7 h. When 
dustiness was highest, the air temperature varied, on average, from -5 to 5°C (Fig. 6). 
Small dust content was recorded when Ta was from 15 to 25°C, mostly at 9-20 h. The 
time course of Rh, like that of PM10 and Ta, was close to the latitudinal one. In the 
study period, the content of water vapour in the air was greatest in autumn and winter 
months at 18-9 h, in January and February only from 21 h. In the case of atmospheric 
pressure the time course was less variable. The highest Pa, varying from 1006 to 
1008 hPa, occurred mostly in September-October during day and night, and in 
December, apart from 13-15 h. 
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Figure 5. Annual wind directions, constructed on the basis of hourly data. The years 2005-2016 

 
 

  

  

 
Figure 6. Timely structure of PM10 concentration and meteorological elements hour by hour in 

the analyzed period of 2005-2016 

 
 
Pa in the range 1002-1004 hPa was most pronounced in the period June-August and 

in November, being so in June at 16-19 h, in July in day and night, in August at 13-21 h 
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and 1-6 h, in November at 1-7 h and 12-18 h. However, wind speed clearly depended 
not only on month but also on the hour. In the period 2005-2016, it blew the strongest 
(from 2.0 to 3.0 m s-1) in January-April at 9-16 h and in November-December at 10-
14 h; and the weakest, ≤ 1 m s-1, it blew in June-September at 20-4 h. 

In the years 2005-2016 (from December to February), small, ≤ 20 μg m-3, 
concentration of PM10 was not much differentiated in successive hours of the day, and 
varied from 11.8 μg m-3 at 7 h to 13.0 μg m-3 at 17 h (Fig. 7). A higher than average, 
≥ 12.6 μg m-3, small PM10 concentration was calculated for 10-1 h. In winter, an 
opposite time course was found for large, ≥ 90 μg m-3, dust concentration; above 
average (≥ 123.6 μg m-3) for 22-9 h. Small, hourly concentrations of the analyzed dust 
pollution were accompanied by higher air temperatures – from 1.2 to 3.3°C, and large 
ones – by lower temperature from -7.8 to -3.5°C, which is according to the relations Ta-
PM10 (Table 1). 

 

 

  

  

 

 
Figure 7. Winter, hourly concentrations of suspended PM10 dust, small (< 20 μg m-3

) and large 

(> 90 μg m-3
), together with meteorological conditions. The years 2005-2016 
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Small and large PM10 concentrations and accompanying meteorological conditions 

Small dust content was accompanied by above-average wind speed, whose daily 
variation was from 2.5 to 3.2 m s-1, the strongest wind being from 11 to 14 h. Clean air 
was recorded at the station when the wind was from SW, blowing at a frequency of 32 
to 42%. In turn, lower than average values of Rh and Pa induced small dust 
concentrations. The Rh, varying from ca. 84 to 91%, were accompanied by both small 
and large PM10 concentrations. Unfavorable aero-sanitary conditions in December-
February, when PM10 ≥ 90 μg m-3, were recorded in the study period under the daily 
meteorological conditions: Ta – from -7.8 to -3.5°C, Rh – from 84 to 95%, Pa– from 
1003.3 to 1009.2 hPa, V – from 0.9 to 1.3 m s-1 and wind mainly from 26 to even 51% 
from the E direction. The wind was most often from E at 9-11 and 14-17. 

Discussion 

The work has proved that PM10 concentration in Poznań increased in the periods of 
a temperature drop in winter, autumn and spring but also during an increase in 
temperature in summer. The deterioration of air quality in the autumn-winter and spring 
period might be connected with an increased intensity of burning solid, conventional 
fuels and biomass in the Poznań heat and power plants, and also in individual heating 
installations, in which, regrettably, also municipal waste is burned (Ćwiek and 
Majewski, 2015). High concentration of PM10 dust in the summer period was most 
likely related, among other things, to the nuisance of dusting from unsurfaced roads and 
construction sites. The more than average air humidity in the autumn-winter period was 
also conducive to high air dust levels. High air humidity without rain but with fog 
formation may induce an increased concentration of suspended dust whose particles 
may serve as condensation nuclei for water molecules (Judy-Rezler and Toczko, 2016). 

The work has proved a negative effect of Rh on the level of PM 10 concentration in 
the spring-summer period. With an increased content of water vapor in the atmosphere, 
the probability of wet deposition increases. This may cause self-cleaning of the 
atmosphere and a decrease in the level of dust concentration. On the other hand, in the 
case of atmospheric pressure positive correlations with PM10 were proved in three 
seasons of the year, except for summer. High pressure is recorded with radiative cooling 
of low atmosphere layers and often with formation of stable equilibrium in the 
atmosphere, including ground or elevated inversions. 

Correlation coefficients between PM10 concentration and wind velocity assumed 
significantly negative values in all the examined seasons of the year. Long-lasting 
weather calm and low wind velocity are conducive to concentration of dust pollutants. 
Similar correlations between PM10 concentration and meteorological elements were 
observed by Kalbarczyk and Kalbarczyk (2008) in the town of Suwałki (north-east 
Poland) and by Krynicka and Drzeniecka-Osiadacz (2013) in Wrocław (south-west 
Poland). 

The complex of meteorological elements most strongly determined PM10 
concentration in autumn and next in winter; in all seasons of the year the strongest 
influence on dust pollution was exerted by Ta and V. Meteorological elements in 
models describing air quality were also used by Rogalski et al. (2014), Majewski et al. 
(2015), Czernecki et al. (2017) and Stafoggia et al. (2017). 

The PM10 content in air showed yearly, seasonal variability. PM10 concentration in 
winter was twice as high as in summer; however, the highest concentration of the 
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analyzed pollutant in particular years was recorded in various months, both in January 
or February and in June or August. A similar time distribution of PM10 concentration 
throughout the year, which was probably an effect of variable activity of emission 
sources in particular months, was found by Bielec-Bąkowska et al. (2011), 
Jędruszkiewicz et al. (2017) and Czernecki et al. (2017). 

The content of suspended dust underwent changes not only in subsequent years, but 
also displayed daily variability. The highest PM10 concentration in 2005-2016 was 
recorded in the cold season of the year, at late-evening hours; the lowest concentration 
was observed in summer months during the day. Daily variation of the content of 
suspended dust against the background of time distribution was also investigated by 
Tiwari et al. (2017). 

Unfavorable aerosanitary conditions in winter were mostly recorded with easterly 
winds. In the eastern part of Poznań there are heat and power plants which, aside from 
causing air pollution, supply heat and electrical power mainly for the city. In particular 
years of the analyzed multi-year period increasingly warm summers, especially in the 
July-August period, and also winters could be observed. The monthly course of Rh was 
opposite compared to Ta; the highest average relative humidity of air was recorded in 
November and December. In Poznań, the highest air humidity was also recorded in 
November and December in 1951-1990 (Farat, 1996). At the measurement point wind 
was predominantly from the SW direction, and next the W direction; the directions N 
and NE were recorded least frequently; the average frequency of weather calm 
amounted to approx. 5.2%. Compared to Farat’s (1996) study, weather calm occurred 
with a similar frequency to 1951-1990. The remaining meteorological parameters (Ta, 
Rh, Pa and V) also did not deviate considerably from those in the research studies by 
Farat (1996) and Kalbarczyk (2010), which were conducted in 1966-2005. Such a high 
consistency of results is fairly surprising. 

It occurred despite the fact that the second half of the 1990s was the period of 
introducing electrical sensors, marked by a greater accuracy, to weather monitoring. 
Also research on climate change indicates that in Poland there are ongoing changes in 
meteorological elements, confirmed by significant trends found during the years of the 
research. 

Conclusions 

The conducted research has shown dependence of daily PM10 concentration on 
meteorological conditions, mainly on air temperature variability and wind velocity. The 
strength and direction of the effect of the analyzed meteorological elements on PM10 
concentration depended on the season of the year, the month and the time of day. The 
variability of dust concentration was explained by regression equations where 
meteorological elements were independent variables, with an accuracy from 13% 
(spring) to about 38% (autumn). The highest air dust levels were observed in winter, 
most frequently at late-evening hours and at night. In Poznań, increased air dust levels 
in winter occurred with low air temperatures, high relative humidity, low wind velocity, 
mainly from the E direction, and high atmospheric pressure. Meteorological elements 
which, as shown, significantly affect the level of PM10 concentration but also other air 
pollutants require constant observation due to changes in climatic conditions of Poland 
and the world. 
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Abstract. The bark is required to determine the volume of bark while identifying tree volume in forest 
planning. Since the bark volume of brutian pine (Pinus brutia Ten.) is considerably more when compared 
to other tree species, a real-like estimation should be made for the amount of bark. In this study, the 
Adaptive Neuro-Fuzzy Inference System (ANFIS) method was implemented in the bark estimation. The 
results obtained with the ANFIS method were compared with the results obtained with the Non-Linear 
Regression (NLR) and Artificial Neural Networks (ANN) methods. Among the eight models that can be 
used to determine the bark volume in the NLR method, the Morgan-Mercer-Flodin (MMF) model was 
determined to be the model giving the best results. Brutian pine bark volume model with the smallest 
values of the indicators used (MAE = 0.01630; RMSE = 0.02345; FI = 0.955363 and Bias = 0.00151) is 
the MMF nonlinear model. The amount of bark obtained with the ANFIS method provided better results 
when compared to ANN and to NLR. The slope graphs for the values estimated with the real value and 
method for the ANFIS, ANN and NLR methods were found to be 44.01°, 44.60° and 44.83°, respectively. 
In conclusion, the bark estimation with the ANFIS method provided better results when compared to the 
ANN and LNR methods. 
Keywords: bark amount, multiple regression, forest inventory, modelling, regression models 

Introduction 

The bark thickness of trees is defined as the area remaining in between the cambium 
layer and the outer limit of the stem. It is very important to determine the amount of 
bark, as well as the volume of the individual trees. Because, bark appears as the biggest 
waste material since it does not have a wide usage area in the wood industry. 
Sometimes, bark constitutes 20% of the tree volume (Laasasenaho et al., 2005; Cellini 
et al., 2012). At times considered a bothersome waste product, bark is now widely used 
as an industrial fuel, in soil amelioration, and as ground cover. Bark is also a possible 
source of chemical feed stocks (Doruska et al., 2009). Today, most pulp and paper 
mills, plywood plants, and sawmills burn all their bark to produce energy to run the 
plant and to dry products (Adler, 2007; Bowyer et al., 2007). 

The main element in even-aged forest management is growth and yield prediction. 
Prediction consists in predicting harvest and future growth stocks, which are essential 
for forest management. It is highly important to estimate in advance the amount of 
usable wood to be obtained from the forest during the planning stage in forest 
management. However, the correct determination of the bark amount in an individual 
tree is one of the most significant components of planning. Furthermore, the amount of 
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bark volume to be included in the stand simulation models as a variable is an important 
component for the models to be operated correctly. 

The bark volume is generally expressed as a percentage according to the total tree 
volume. This rate varies by tree species, diameter, total height, age, height on stem, site 
index, genotypes and similar characteristics (Philip, 1994; Laassenaho et al., 2005). It 
was determined that different habitats and growing conditions in different coniferous 
tree species provide different results related to bark thickness (Loetsch et al., 1973; 
Wilhelmsson et al., 2002; Laasasenaho et al., 2005; Sönmez et al., 2007). There are also 
differences between the origins of the same tree species (Mc Connon et al., 2004; 
Kohnle et al., 2012). Thus, it is important to determine bark thickness. The bark 
thickness and the relationship between the bark thickness and the other tree parameters 
are investigated by many researchers (Malone and Liang, 2009; Stängle et al., 2017). 
However, there are a limited number of studies on the bark volume (Laasasenaho et al., 
2005; Cellini et al., 2012). There are not a sufficient number of studies on the bark 
volume of tree species in Turkey (Kahriman et al., 2016). 

Linear and non-linear regression models revealing the bark volume are tested (Kozak 
and Yang, 1981; Diamantopoulou, 2005; Malone and Liang, 2009; Cellini et al., 2012). 
Due to some prejudices resulting from the method of least squares and the fact that 
errors in the regression equations may be big, alternative methods are studied 
(Diamantopoulou, 2005). The most common ones among these methods are Artificial 
Neural Networks (ANN) and Adaptive Neuro-Fuzzy Inference System (ANFIS). A 
number of researchers have investigated the applicability of ANN models to the field of 
forest modelling (Zhang et al., 2000; Leduc et al., 2001; Liu et al., 2003; Corne et al., 
2004; Leite et al., 2011). There are also studies on forestry with ANFIS (Bui et al., 
2012; Pradhan, 2013; Jaafari et al., 2017). It was determined in the previously 
conducted studies that the ANN method provides better truth results for training and 
testing data in determining the amount of bark when compared to the regression method 
(Diamantopoulou, 2005). 

Pinus brutia (Pinus brutia Ten.) is a pine native to the eastern Mediterranean region. 
Brutian pine in Turkey is an important tree species, which has a spreading area of 5.6 
million hectares. It constitutes 25.1% of the forests in Turkey. Brutian pine stands meet 
an important part of the wood need in Turkey (GDF, 2015). 

The aim of this study is to reveal the method by which the amount of bark in brutian 
pine trees in Turkey, where it has the widest spreading area in the world, can be 
determined correctly. Firstly, the appropriate model was determined with Non-Linear 
Regression (NLR) method among many models. Secondly, the bark volumes found with 
the ANN and ANFIS methods as an alternative to the NLR method with this model 
determined were compared, and the method providing the most real-like result was 
determined. 

Materials and methods 

Material 

Brutian pine trees in the forests of Antalya, Isparta and Burdur regions located in the 
south of Turkey were measured within the scope of the study (Fig. 1). The study areas is 
situated between 37°13’49’’ N, 29°23’54’’ E, to 37°13’49’’ N, 31°26’31’’ E, average 
slope 10-25°, predominantly south aspect 600-1000 m altitude. The study area is found 
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on calcareous formations. The soil is generally shallow or medium-deep, and stony, 
with a predominantly clay texture. 

 

 

Study area 

 
Figure 1. Location of study area in Turkey 

 
 
Six stands were selected to different site quality. The stands have same aged, pure 

and normal canopy. A total of 338 trees enough to compare statistics were cut, and the 
following variables were measured: breast height diameter-d1.3 (cm), paired data of 
diameters-di (cm) and height-hi (m) along the stem, total height of the tree-H (m), bark 
thickness for each di and hi, BTi (cm). Measures were taken with metric tapes over cut 
faces of each log, with a precision of ±1 mm. 

The cylinder volume and log volume were provided volume by using diameter 
values with and without bark obtained on the stem, and the volume of each section was 
provided volume with the Smalian’s formula, and the end part was provided volume 
with the cone volume formula. The total volume of the parts was obtained from the tree 
volume with and without bark (Eq. 1; Avery and Burkhart, 2002; West, 2009). 

 

 
2 2 2 2 2 2

2 20.3 i+1 n-1
0.3 i+1 i+n

1v= (d )0.3+ . +…+
4 4 2 4 2 4 2 4 3

i i n
i k t

d d d d d d
l l l d l

           
      

     
 (Eq.1) 

 
In the equation π is 3.14159; vi is the ith volume of the k sections of the bole; vt is the 
top section volume; d0.3, d1.3, d3.3, …, dk are diameters at different height and lt is the 
length of the top bole section. 

Thus, the tree volume with bark (v), tree bark volume (vb) obtained by subtracting 
tree volume without bark from tree volume with bark, breast height diameter with bark 
(d1.3) and breast height diameter without bark (d1.3u) values of a tree were acquired. 

 
Non-linear regression (NLR) 

It is required to ensure some preconditions to perform the regression analysis. These 
conditions are the facts that data exhibit normal distribution, there is a linear 
relationship between dependent and independent variables, homoscedasticity is 
provided, there are not multi-colinearity problems, and error terms are independent of 
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each other (Hair et al., 2009). In this study for the NLR, whether the amount of bark, 
which was a dependent variable, exhibited normal distribution was tested with the 
Lilliefors test. It is an improvement on the Kolomogorov-Smirnov (K-S) test-correcting 
the K-S for small values at the tails of probability distributions-and is therefore 
sometimes called the K-S D test. Many statistical packages (like SPSS) combine the 
two tests as a “Lilliefors corrected” K-S test. Unlike the K-S test, Lilliefors can be used 
when you do not know the population mean or standard deviation. Essentially, the 
Lilliefors test is a K-S test that allows you to estimate these parameters from your 
sample (SPSS-Guide, 2010). 

Whether variances are distributed homogeneously is tested with Levene’s test. 
Levene’s test is used to test if k samples have equal variances. Equal variances across 
samples are called homogeneity of variance. Some statistical tests, for example the 
analysis of variance, assume that variances are equal across groups or samples. The 
Levene test can be used to verify that assumption (Hair et al., 2009). The Durbin-
Watson test statistic tests the null hypothesis that the residuals from an ordinary least-
squares regression are not auto-correlated against the alternative that the residuals 
follow an AR1 process (Tabachnick and Fidell, 2014). The Durbin-Watson statistic 
ranges in value from 0 to 4. A value near 2 indicates non-autocorrelation (Cellini et al., 
2012); a value toward 0 indicates positive autocorrelation; a value toward 4 indicates 
negative autocorrelation (Anderson et al., 2004). The variance inflection factor (VIF) 
value is a measure of the amount of multicollinearity in a set of multiple regression 
variables. The presence of multicollinearity within the set of independent variables can 
cause a number of problems in the understanding the significance of individual 
independent variables in the regression model. Using variance inflation factors helps to 
identify multicollinearity issues so that the model can be adjusted (SPSS-Guide, 2010). 
These preconditions have been tested in this study. 

The following commonly used models in forestry were selected for NLR. The 
Logistic (Eq. 2); Gompertz (Eq. 3); Mitscherlich (Eq. 4); Morgan-Mercer-Flodin (Eq. 

5); Verhulst (Eq. 6); Asymptotic Regression (Eq. 7); Richards (Eq. 8) models were used 
for the non-linear regression method to determine the bark volume (Norusis, 2000). 

 

Logistic Model 
 -Z

1

1+e
bv   (Eq.2) 

 
Gompertz Model 0 1 2exp(- exp(- Z)bv     (Eq.3) 

 
Mitscherlich Model 0 1 2exp(- Z)bv      (Eq.4) 

 

Morgan-Mercer-Flodin Model 
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Verhultst Model 
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Asymptotic Regression Model 0 1 0- * )( Z

bv     (Eq.7) 
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Richards Model 
3

0
1

1 21 exp(- z)
bv





 




 (Eq.8) 

 
β0, β1 refer to the regression coefficients in the equation. Equation 9 was used to obtain 
the Z value. 

 
 0 1 1.3 2 1.3 3  uZ d d v        (Eq.9) 

 
The final state of the equations was achieved by including Equation 9 in the non-

linear regression equations. The coefficients of the non-linear regression models were 
obtained with the NLR module in the SPSS statistics package program. The methods of 
Norusis (2000) were used for an appropriate initial value. 

 
Artificial neural networks (ANN) 

ANN were developed by inspiring from the human brain, and they are the 
information processing structures connected to each other with the aid of weighted 
connections (Hotunoğlu and Karakaya, 2011). Each cell has its own memory. The basic 
logic of the ANN is that it cannot learn by itself. One of the biggest disadvantages of the 
ANN is the memorization of the system. It can memorize by establishing a relationship 
between disconnected events given to it. It is required to distinguish the test data to 
understand whether the system is based on memorization or learning and to test the 
system with these data after the learning process (Chang et al., 2010). If the learning 
process is completed successfully, a high statistical relationship is found in the analyses 
conducted for the test data. However, if a model including a high statistical relationship 
in training cannot exhibit this relationship to the test, it is not successful. Therefore, a 
certain part of the data is separated for the test. The operation hierarchy of the system is 
presented below in a graph (Fig. 2). 

 

 
Figure 2. ANN operation sequence diagram 

 
 
Inputs: They are the information sent from outside to an artificial cell. They are 

determined by the user. Weights: They are used to determine the significance level of 
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the incoming information. They are reassigned by being rearranged in return for each 
error during training. Addition function: This function calculates the net incoming input 
to a cell. This operation can be performed with many different functions. The most 
common one is the weighted addition. Each incoming information is found by 
multiplying it by its weight (Geem and Roper, 2009). Activation Function: It determines 
the output in return for the incoming input. In general, a non-linear function is selected. 
An easy differentiation of the function is extremely important in terms of the speed of 
the process due to the use of the activation function derivative, especially in feed-back 
networks. Sigmoid functions are the most common functions. 

The feed forward back propagation learning algorithm was used in the operation of 
the model in question. This algorithm consists of two steps. The first one is the feed 
forward step that forwards the external information input in the input cells to calculate 
the output information in the output units. The second step is the back propagation of 
the differences between the values calculated in the output unit and the observation 
values. The hidden layer output expression in the hidden layers in artificial neural 
networks is calculated as in Equation 10 (Partal et al., 2008). 

 
 ( )j i ijy f xW   (Eq.10) 

 
Here, each neuron is multiplied by the weights of the input signals and summed up. 

Here, f is the activation function used in hidden and output layers, and its expression is 
indicated in Equation 11. 

 

 
1

1 j
j x

f
e



 (Eq.11) 

 
The square of the difference between the required value of the output neuron and the 

real value provides the E error value. The expression of the E error value is indicated in 
Equation 12. 

 

 21
( )

2 i i

i

E y d   (Eq.12) 

 
The amounts of bark were determined with ANN with these sequences of actions 
 

Adaptive neuro-fuzzy interface system (ANFIS) 

ANFIS, developed by Jang (1993), only minor applications of landslide-related 
studies have been reported (Bui et al., 2012). ANFIS is a multilayer feed-forward 
network, in which each node performs a particular function on incoming signals and has 
a set of parameters pertaining to this node (Jang, 1993). ANFIS combines fuzzy logic 
and ANNs by using the mathematical properties of ANNs in tuning a rule based fuzzy 
inference system that approximates how the human brain processes information (Akib 
et al., 2014). The multiplicity and homogeneity of the data are extremely important for 
the results of the model to operate. The cluster types and number of the data may vary 
by the type and complexity of the problem (Dongkyun et al., 2018). Each input 
parameter is introduced to the system (Fig. 3). 
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Figure 3. ANFIS operation sequence diagram 

 
The cluster number for these parameters introduced is determined. In the next step, 

weight values are assigned to each input parameter, and they are multiplied. The outputs 
obtained are sent to the total function, and the errors are determined. These operation 
steps are repeated until the errors are minimized. 

 
Comparison of methods 

Comparison of estimation of methods was based on graphical and numerical analysis 
of residuals and five goodness of fit statistics: mean absolute error (MAE) (Eq. 13), 
which expresses the average of absolute errors between forecast and actual value; root 
mean square error (RMSE) (Eq. 14), which analyses the precision of estimations; fix 
index (FI) (Eq. 15), which reflect the total variability that is explained by the model 
considering the total number of parameters to be estimated; mean error (Bias) (Eq. 16), 
which average error for estimated values. The best regression yielded the smallest 
MAE, RMSE, Bias and the largest FI. These evaluation statistics are defined as: 
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 (Eq.16) 

 
where vi = observed bark volume,  = predicted bark volume,  = mean of observed 
bark volume, n = number of observations in dataset and k = number of estimated 
parameters. 

Results 

The data measured are randomly divided into two sets by ANN. The method 
application was performed with the training data, and the consistency of the results of 
the process applied with the testing data was determined. While training data are 
randomly selected, attention has been carried out for the maximum and minimum data 
which should be situated in these data. The training data consisted of 221 trees (65%), 
and the testing data consisted of 117 trees (35%). Training and testing data were 
compared with t-test (t value = 0.012). With use of a two-tailed t-test for independent 
two samples, there was not significant difference between the training and testing data 
(p > 0.05). The summary of the training and testing data is presented in Table 1. 

 
Table 1. Some statistics for the training and testing data 

 
Training data (n = 221) Testing data (n = 117) 

d1.3 d1.3u v vb d1.3 d1.3u v vb 

Minimum 5.3 4.4 0.010 0.004 10.2 8.5 0.040 0.006 

Maximum 60.9 49.7 2.795 0.553 49.0 42.5 2.291 0.422 

Mean 25.7 21.0 0.680 0.136 23.4 19.5 0.580 0.113 

 
 
In Table 1, d1.3 = diameter of breast height diameter (cm), d1.3u = breast height 

diameter without bark (cm), v = the tree volume with bark (m3), vb = tree bark 
volume (m3). 

For the NLR, whether the amount of bark, which was a dependent variable, exhibited 
normal distribution was tested with the Lilliefors test. Since the variance and average of 
the population were not known, the Lilliefors test and the normality test were 
conducted. Since the test statistics were found to be 5.246 (p < 0.001), the data were 
distributed homogeneously. Whether variances were distributed homogeneously was 
tested with Levene’s test, and it was determined that the variances of the data were 
distributed homogeneously (4.164; p < 0.001). The Durbin-Watson value was found to 
be 1.987 in this study. This result indicates that there is not auto-correlation between the 
error terms of the independent variable. The variance inflection factor (VIF) value is 
required to be less than 10 to be able to test the multi-colinearity problem (SPSS-Guide, 
2010). The VIF values were found to be less than 10 in this study. 

According to the results obtained for Equations 2-8 with the non-linear regression 
analysis, the results obtained as a result of the comparison made by using real values 
and regression analysis values are presented in Table 2. 
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Table 2. The results obtained according to the regression equations 

Eq. no MAE RMSE FI Bias 

2 0.03456 0.03480 0.92541 0.00223 

3 0.02856 0.03258 0.93012 0.00302 

4 0.02723 0.37820 0.93125 0.00285 

5 0.01630 0.02345 0.955363 0.00151 

6 0.02856 0.03152 0.91021 0.00278 

7 0.03256 0.04023 0.89012 0.00326 

8 0.04450 0.05321 0.87202 0.00365 

 
 
For the eight nonlinear equations of Table 2, the range of the MAE values are 

0.0163-0.05125 m3, and the range of the RMSE are 0.02345-0.05562 m3, the range of 
the Bias values is 0.00153-0.00455 m3 with the lowest values for the nonlinear model of 
Equation 5. The range of the FI values is 0.959363-0.851251 with the highest values for 
the nonlinear model of Equation 5 too. 
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 (Eq.17) 

 
The coefficients for Equation 5, which is the most appropriate model, were found to 

be β0:30.97118; β1:-8.84891; β2:26.88242; β3:4.92827; β4:0.00635; β5:-0.00760; 
β6:0.08300; β7:1.45622. 

The real bark volume values and the estimated volume values were compared with 
four evaluation criteria for three methods used in the determination of the amount of 
bark in an individual tree (Table 3). 

The actual measured values of the brutian pine bark volume were compared to the 
corresponding values predicted by the all methods. Results are given in Table 3 and also 
the comparisons were made with the help of paired t-test, 45° line test. 

 
Table 3. The evaluation criterion values obtained for the NLR, ANN and ANFIS methods 

Methods MAE RMSE FI Bias Slope (°) t-Value 

NLR 0.01630 0.02345 0.955363 0.00152 44.60 1.525 

ANN 0.01077 0.01537 0.971205 0.00125 44.84 1.124 

ANFIS 0.00838 0.01157 0.988612 0.00046 44.91 0.852 

 
 
The values of estimation errors for NLR, ANN and ANFIS in the testing data sets 

were 0.00152, 0.00125 and 0.00046 m3, respectively. This shows that the ANFIS model 
of Table 3 gave an estimation error that was 1.2 times smaller than the ANN model and 
was 3.3 times smaller than the best nonlinear model (Eq. 17). 

The brutian pine bark volume estimates by the NLR model of Equation 17, by the 
ANN model and by the ANFIS of versus measured values for the training and testing 
data set are shown in Figure 4a-f, respectively. The proximity of each point to the 45° 
line throughout the range of the measured bark volume (Fig. 4a-f) indicates that the 
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ANFIS model is more accurate compared to the NLR model and the ANN model for 
test data (Fig. 4b, d, f). 

As seen from Figure 4, it was observed that the real and estimated values in the 
graph obtained for the model and test data provided more distributed results when 
compared to the NLR method. The ANFIS method provided the best result graphically. 
The test values of slope were also calculated and respectively were found equal to 
44.01°, 44.60° and 44.83°. The training values of slope were also calculated and 
respectively were found equal to 44.60°, 44.84° and 44.91°. 

 

 
Figure 4. The amounts of bark volume obtained with the NLR (a-training, b-testing), ANFIS 

(c-training, d-testing) and ANN (e-training, f-testing) methods corresponding to the real 

volume values 

 
 
The estimated volume value and actual volume values obtained with ANFIS, ANN 

and NLR methods were compared with the paired samples t test. The t-values were 
found to be 1.525, 1.124 and 0.852, respectively. The computed t-values for the NLR, 
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ANN and ANFIS model were less than the table t-value (1.96 for α = 0.05). According 
to results difference was not found between actual values and estimated values for each 
of this tree methods. 

Discussion 

Bark volume depends on its thickness and stem diameter. These variables are being 
affected by tree age and stand conditions because of diameter of breast height increases 
(Laasasenaho et al., 2005; Sönmez et al., 2007; Kahriman et al., 2016). However, 
measuring the parameters of the stands is time consuming. Therefore, parameters that 
can be easily measured are needed. Linear and non-linear regression models with easily 
measured variables are used to estimate bark volume (Laasasenaho et al., 2005; Cellini 
et al., 2012). Due to some prejudices resulting from the method of least squares and the 
fact that errors in the regression equations may be big, alternative methods are studied. 
The most common ones among these methods are ANN and ANFIS. But, the use of 
these methods in forestry is limited. It was determined in the previously conducted 
studies that the ANN method provides better truth results for training and testing data in 
determining the amount of bark when compared to the regression method 
(Diamantopoulou, 2005). 

In this study, it was determined that ANFIS method shown better results from ANN 
and NLR when the variables the tree volume with bark (v), breast height diameter with 
bark (d1.3) and breast height diameter without bark (d1.3u) values of a tree which are easy 
to measure during forest inventories were used in tree bark volume (vb) estimation. This 
was followed by ANN and NLR, respectively. Although prediction of the tree bark 
volume with ANFIS is a complex process requiring specialized, it will be possible to 
obtain more accurate results by using in forestry. In additional, using the variables the 
tree volume with bark, breast height diameter with bark and breast height diameter 
without bark values of a tree measured from the tree, the tree bark volume can also be 
calculated with sufficient accuracy by the NLR method. For the NLR method, the 
nonlinear model of Morgan-Mercer-Flodin model was found as the best model. 
Diamantopoulou (2005) obtained the same equation as being the most appropriate 
regression equation among the previously conducted studies. 

Conclusion 

There is not a direct method of measurement for the determination of the bark 
volume on trees. Alternatively, the amount of bark is tried to be estimated with various 
methods. In this study, an appropriate regression equation (NLR method) was selected 
for the estimation of the tree volume with bark, double bark thickness values and the 
bark volume that is the tree parameter derived from these values, and the bark 
estimation was made with the ANN and ANFIS methods. The methods were compared 
as a result of this estimation. 

As a result of this study, the bark volume can be obtained more correctly with the 
ANFIS modelling method. Together with the fact that the ANFIS method used becomes 
widespread in the forestry studies to be conducted, more realistic results can be obtained 
in the modelling of forest resources and stand developments. 
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Abstract. Regional climate change has noticeable influence on grape and wine production in West 
Hungary. Sopron and Zala wine-growing regions are among the potential winners of the climate change, 
previously rather unsuitable for viticulture. Over the past 30 years, the minimum and maximum 
temperatures significantly increased, the precipitation decreased, nevertheless, the convective 
precipitation increased by 14 days during the growing season. Each climate indicator has changed 
between 1986 and 2015 compared to the previous 30 years (1956-1985). One of the effects of climate 
change is a significant shift in the annual growth cycle of grapevines (phenological phases). Budbreak 
begins nearly 8 days earlier, flowering 7 days and the veraison 8 days, while the harvest has been shifted 
to a date 11 days respect to the previous period. The time between the budbreak and the flowering has 
shortened by 4.5 days. 
Keywords: climate change, agroclimate, growing-season, phenology, Carpathian Basin 

Introduction 

Climate change is one of the most determinative challenges in the 21st century and 
protection against the extremities. The decreasing precipitation and the increasing 
temperatures have several visible signs both in Europe and in Hungary during the 
growing season and dormancy period (Gaál et al., 2012; Cook and Wolkowich, 2016). 

Since the middle of the 20th century, the border of ideal wine-producing areas in 
Europe has been pushed to the North roughly by 50-100 km (Bowen et al., 2004; 
Mozell and Thach, 2014), which, by the middle of the 21st century, means further 
significant expansion to the North (Hoffmann et al., 2007). Areas where the growing of 
wine grape (Vitis vinifera L.) of good quality with high sugar content was previously 
unimaginable, are now becoming suitable (e.g. North Germany, Baltic countries, etc.). 

Mainly, the domesticated plants react to the changed circumstances sensitively in 
temperate climate regions, therefore grapevine is one of the most notable indicators of 
climate change (Durack et al., 2014). 

For the production, it is important to take into consideration the balance of soil-
climate-variety in all cases (Fraga et al., 2013). As a result of the climatic change such 
balance may waver in the negative or positive direction (Fraga et al., 2014), therefore it 
is particularly important to plant such grape varieties and their clones, which are able to 
adapt to the changes (Grzeskowiak et al., 2013; Ignaciuk and Mason-D’Croz, 2014). 
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The main objective of our research was to examine the phenological response of 
grapevine to the climate change in West Hungary over the past 30 years. 

Material and method 

The study area 

The research and the observation are performed in the area of the Sopron and Zala 
wine-growing regions situated on the western part of the Carpathian Basin. 

Most parts of the area of Sopron wine region belongs to Sopron Mountains and 
Kőszeghegyalja, while most part of Zala wine-growing region belongs to Egerszeg-
Letenye Hills, Zalaapáti Ridge, Lenti Hills and Kerkamente (Fig. 1). 

 

 

 

Figure 1. The used meteorological stations (left) and the studied wine-growing regions (right) 

 
 
The western areas are characterised by pseudo-gley forest soil, the eastern areas by 

luvisol, while on the northern part of Zalaapáti Ridge we can find alluvial soil, which is 
rich in water supply, however its quality is not very good. (Dövényi, 2010). The soil of 
both wine regions is cohesive, Zala wine-growing region is characterised by slight slope 
grape hills, while in Kőszeghegyalja (and Vas Hills) steep slopes are frequent, often 
with eroded soil, which are free from extreme, strong frost. 

The northern part of the Sopron wine-growing region belongs to the moderately 
cool-moderately dry climate region, while Zala wine-growing region and 
Kőszeghegyalja belong to the moderately cool-moderately humid climate category 
(Péczely, 2002). 
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The annual average temperature is 9-9.3 °C in the area of the Sopron district of the 
Sopron wine region, 8-9 °C in Kőszeghegyalja, 9.8-10 °C in the area of the Zala wine-
growing region (Justyák, 1998). 

The annual precipitation is around 750-770 mm, a bit more than the quantity suitable 
for the needs of the grapevine, but not so outstanding as in some French, German or 
Swiss wine regions. 

The rainiest area is Kőszeghegyalja, the driest is Zalaapáti Ridge. The number of 
hours of sunshine is around 1800-2000 h, which increases from north towards south. 

In the case of the wine grape, while analysing the climate data from the temperature 
aspect, the value of the active amount of heat (Growing Degree Days) during the 
growing season must be taken into consideration (the additional heat sum above 10 °C, 
when certain life processes of the plants are starting). The average of the GDD during 
the growing seasons of previous 30 years (1956-1985) amounts to 1120-1170 °C in the 
studied area, which according to our calculations, went up to an average of 1200 °C 
between 1986 and 2015 (sd = 42.31). 

Huglin-index (Heliothermal Index of Huglin) has been developed for the wine-
growing regions, which is a refined and modified warm bioclimatic index (Huglin, 
1986), which gives the amount of the number of the days when the average temperature 
is higher than +10 °C between 1st of April and 30th of September, considering the 
changing photoperiod between 40-50° latitude (Hoppmann, 2010). 

On the Northern Hemisphere the calculation of the Huglin-index is the following 
(Eq. 1, Huglin, 1986; Maaß and Schwab, 2011): 
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Tmed = daily air temperature (°C) 
Tmax = daily maximum air temperature (°C) 
Base temperature = 10 °C 
K = length of day coefficient (varying from 40° = 1.02 to 50° = 1.06), it was calculated 
by 1.05 

According to our calculations, during the period 1986-2015, the value of the Huglin-
index fluctuates between 1950-2100 °C in the studied area. The annual data show 
significantly increasing trend (p < 0.01) (Kovács et al., 2017). 

Hungary is located on the northern border of the grape productivity, because most of 
the grape varieties are resistant to frost only up to -15 °C. Due to such circumstance, the 
grape could be efficiently grown only by certain cultivation practices and in the 
appropriate places of production (Kriszten, 1999). 

On the bases of the Huglin-index, Blaufränkisch, Müller-Thurgau, Pinot noir, Pinot 
Blanc, Chardonnay, Cabernet franc etc. can be grown efficiently in the area of the wine 
regions (Apró, 2016; Puskás and Károssy, 2013). 

If the temperature continues to rise in the future during the growing season in the 
wine-growing regions, it will be worth cultivating more temperature sensitive wine 
grape varieties. On the bases of the homogenised average of 30 years (1986-2015), most 
of the rainfalls occur in the area from May to the end of August, nearly 350 mm. This 
period of the growing season starts with flowering and lasts until ripening. Thus, the 
proper quantity of precipitation is very important for each year, in order to ensure that 
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the plant can use the adequate quantity of humidity for building of the cells (Mesterházy 
et al., 2014). 

The studied wine-growing regions belong to regions, which are not exposed to the 
danger of drought (Bussay et al., 1999). Drought is the long-lasting lack of precipitation 
combined with excessive heat that is the daily maximum temperature exceeding 25 °C 
and the soil moisture falling below 20 % (Keddy, 2007). 

The climate conditions of the wine-growing regions suggest that the area is ideal 
for the northern wine grape varieties, as well as for the varieties needing more 
precipitation, while it is less favourable for the Mediterranean varieties or those 
requiring little precipitation. The latter can be efficiently cultivated where the value of 
the Huglin-index is at least 2150-2200 °C, the number of sunny hours is more than 
2100-2200 h and the precipitation in the growing season does not exceed 300 mm 
(Clarke and Rand, 2001). 

Owing to the climate of the wine-growing regions, the Sopron red wines have a fresh 
character and flavour, which recall mainly the red berries. The most growers are 
specialised in the production of the red wines. The white grape varieties are rare in 
Sopron, hardly accessible, but it is frequent in Zala. There are red wine blendings in the 
wine-growing region, in most cases their base is typically Blaufränkisch, which may be 
completed by the wines of the cabernet varieties, by Merlot, Zweigelt, recently more 
and more frequently by Syrah. 

Tools and methods 

A specifically executed phenological research has been started at the wineries in the 
Zala and the Sopron wine-growing regions at the beginning of the years 2000. The five 
most frequent wine grape varieties are examined (Zala wine region: Pinot Gris, 
Welschriesling, Müller-Thurgau, Zweigelt, Királyleányka; Sopron wine region: 
Blaufränkisch, Zweigelt, Chardonnay, Cabernet Sauvignon and Green Veltliner) on the 
plantation of 21 winegrowers. 

For the purposes of the research, the data of the calibrated meteorological stations 
were used, which are located near and in the area of the Sopron and Zala wine-growing 
regions. Among them the ones situated in Szombathely, Körmend, Kőszeg, 
Nagykanizsa, Iklódbördőce, Keszthely, Zalaegerszeg, Sármellék belong to the 
Hungarian Meteorological Service (OMSZ). 

We have our own calibrated private stations installed in districts of Zala wine-
growing region, in Csörnyeföld, Letenye, Nagykanizsa, Lovászi, Lenti, Lentihegy, 
Zalaapáti, Keszthely, Lendva (Lendava) and Varasd (Varaždin), as well as in 
Kőszeghegyalja-Vaskeresztes in the Sopron wine-growing region, in Sopronfalva, 
Ágfalva, Kőszeg (Kőszegfalva), Velem, Szombathely, Vaskeresztes and Bozsok and 
near to the Austrian-Hungarian border in Burgenland (Fig. 1). 

The examination of the general climate parameters (annual average temperature, 
monthly average temperature, annual precipitation, monthly precipitation) is not 
sufficient for the description of the conditions of a certain production place because they 
only show a superficial character. This is the reason why special parameters and 
indicators have been created (e.g. summer days Tmax > 25 °C, hot days Tmax > 30 °C, 
heat days Tmax > 35 °C, Photosynthesis Critical Point Tmax > 38 °C, etc.), many of which 
are used in agro-climatic researches on the whole, and some indicators are applied 
specifically for the examination of particular production places or wine regions. 
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A statistical “cleaning” was made on the received data, then homogenization and 
interpolation were executed. 

Regarding the change of the climate parameters, the analysed period is 1986-2015 
(the examination results of the phenological thread are not exact when being “laid” 
between 1981 and 2010). Budbreak, flowering, veraison and harvest were investigated 
among the phenological phases. 

Since the efficient growing of the grape absolutely requires the knowledge of the soil 
(type, albedo, temperature), the climate, as well as the gradient, the exposure and the 
roughness of the slope, the examination of the phenological processes of the grape was 
personally executed during the budbreak 2 or 3 times a week, during the flowering day 
by day, from the veraison until the beginning of the harvest once a week and during the 
harvest several times a week by the assistance of the growers. 

In the studied area, most of all in Kőszeghegyalja and in the area of Vas Hills, 
Kerkamente, Muramente, the formation of smaller units possessing a peculiar 
microclimate often occurs, even within small areas, it may happen that the risk of the 
spring frost is different in two respective vineyards. For the estimation of the risk of the 
spring frost, the most suitable indicators are the following: 

Tmin4i5 = average minimum temperature in April and May, 2 m above ground 
Tmin + 5 4i5 = average minimum temperature of April and May, 5 cm above ground 
Tmin + 50 4i5 = average minimum temperature of April and May, 50 cm above 

ground 
Due to the lack of data, the last two indicators have been analysed with respect of the 

period after 2001. 
The sugar content was examined too. For this test, the winegrowers give us data 

and a database was created by us about the cyclonic and anticyclonic days, 60 days 
preceding the harvests, based on Péczely’s large-scale weather types (Makra et al., 
2007). 

Results 

Climate parameters 

In the viticulture, there are several climate indicators and their combinations, which 
are applied for the description of the production places and for the expression of the 
needs of the grape. They are used in examinations possessing series of data from several 
decades, on the one hand for the definition and for the demonstration of the climatic 
change, on the other hand for the description of the individual plots (Hlaszny, 2012). 

In the course of the analysis of the indicators, as functions of the individual weather 
parameters, weather parameters were defined, which can be directly connected to the 
character of the vegetal response (Carter et al., 2007). Analysis of the climatic 
indicators plays a significant role in the methodology of the impact assessment of the 
climatic change (Hlaszny, 2012). By means of the information resulting from the 
change of the individual indicators, so conclusions can be drawn regarding the growing 
conditions in the future (Hlaszny, 2012). 

The successful growing of the grape is determined also by the hours of sunshine, but 
most of all by the temperature and the precipitation. 

Between 1956 and 2015 the annual average temperature increased by 1.1 °C in the 
Sopron and Zala wine-growing regions, by 1.2 °C in the Zala wine-growing region and 
by 0.9 °C in the Sopron wine-growing region. The acceleration of the increase of the 
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temperature can be observed from the second half of the years 1980. Between 1986 and 
2015 the increase of the temperature is significant, it reached 1.47 °C (1.38 °C in 
Sopron and 1.55 °C in Zala wine-growing region) (Fig. 2). In the field of the studied 
regions among the ten hottest years of the period 1956-2015, seven were measured after 
1990. The four years with the highest average temperature were 2015 (11.9 °C), 2014 
(11.6 °C), 2012 (11.2 °C) and 2011 (11.1 °C). 

 

 
Figure 2. Change in mean temperature (avg. +1.4 °C/30 years). Sopron wine-growing region 

(left), Zala wine-growing region (right) 

 
 
If the changes in the temperatures were analysed also by seasons, it can be seen more 

vigorous modifications in case of some seasonal temperature average. The average 
temperature has significantly increased in spring, summer and autumn. 

The average temperature of the growing season (1st April - 31st October) increased by 
2.8 °C, while in the dormancy period by 1.3 °C, during the 30 days preceding the 
budbreak (15th March – 15th April) by 1.8 °C, before the blooming from 15.1 °C to 
16.4 °C, during the time of the blooming from 16.4 °C to 18.1 °C, before the veraison 
by 2.4 °C, to 20.8 °C (Fig. 3). 

 

 
Figure 3. Mean and maximum temperature trends, 30 days preceding the budbreak (a), 20 days 

preceding the blooming (b) and 15 days preceding the veraison (c) 
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During the time of the harvest the maximum and minimum temperatures have 
increased considerably, the former is higher by 2.2 °C than the previous average, the 
latter by 2.0 °C. Although the change is not significant, but the number of late-spring 
frost days (Tmin4i5) has increased by 4 days, in the meantime the increase in the number 
of the summer days (Tmax > 25 °C) is significant. 

For the smooth process of the vegetation cycle of the grape, it is necessary to 
summarize the temperature impacts, which affected the plant. This is the so-called 
active amount of heat. 

It can be obtained the value of the amount of active heat, if the value of 
temperature is above + 10 °C (biological 0 °C) during the growing season. On the 
bases of the above it can be concluded, that the amount of active heat values has 
considerably changed in the studied wine regions since 1986. In the Sopron district of 
the Sopron wine-growing region from 1120 °C to 1240 °C, in the area of the district 
Kőszeg-Vaskeresztes from 1090 °C to 1220 °C, in the Zala wine region from 1110 °C 
to 1290 °C (sd = 89.12) (Fig. 4). 

 

 
Figure 4. Value of the amount of active heat in the studied wine-growing regions  

since 1986 

 
 
The number of intense heat days (Tmax > 35 °C) and hot days (Tmax > 30 °C) has 

increased significantly in the studied region, nearly by 250-300 %. The high number 
itself of intense heat days and hot days may not cause any problem in viticulture (in 
Sicily the number of the annual of intense heat days amounts to 65-70 days) (Orlandi et 
al., 2009). 

Such condition means a danger only if suitable ways of protection are not available 
and the hot weather lasting for several days may result in the damage of the fresh green 
sprouts, the flowers, the fruit tubers and the foliage or in case the temperature is durably 
above 38 °C, the photosynthesis of the grapevine may slow down or may even stop 
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(Frankel, 2014). The average number of days with temperature above 38 °C is 1.5 
day/year in the period 1986-2015. 

According to the water needs, 88 % of the water and moisture absorbed during the 
growing season is used by the grapevine in the phases of the maturation and ripening, 
while only 12 % at the beginning of the growing season, from the budbreak until the 
end of the flowering (Currle et al., 1983), therefore the precipitation, as indicator is 
relevant in the second part of the growing season most of all. 

The annual precipitation has not changed considerably in the studied area. 
Considering the phenological researches, it is important to examine the change of the 

precipitation in the growing season. In the period between 1st of April until 31st of 
October the quantity of fallen rain has decreased by 21 % (it is most significant in 
August and September), while it has increased by 23 % in the dormancy period. 

Between the veraison and the period preceding the harvest, the fallen rain has 
decreased by 25 % nearly, while the number of days with heavy precipitation 
(Rday > 20 mm) has increased from 5 to 11 days. 

As previously was mentioned, the grapevine can be grown successfully in case the 
precipitation does not exceed 300 mm in the growing season. In the studied wine 
regions, such value is even slightly higher, 360 mm. Besides the quantity of the 
precipitation, its type is also important from the point of view of the productivity. This 
is the point where we need to mention the snowy days. 

The number of days with snow cover (the ground is covered by snow) is a relevant 
factor, as the snow while melting, filtrates slowly into the soil, consequently the 
moisture reaches the deeper layers of the ground as well, which is mainly necessary for 
older plants with deep roots. The roots have no dormancy period (Herbst and Herbst, 
2003). In case the temperature of the soil does not fall below 5-6 °C, the growth of the 
root is continuous both vertically and horizontally. To accomplish this, the grapevine 
needs moisture. The winter precipitation of solid form, by its “isolating” character, 
protects the young stems from the strong frost (Lobell et al., 2008). Change in each 
important Vitis indicator is shown in the Table 1. 

The snow cover of the Sopron and Zala wine-growing region is 43 days on the bases 
of the average measured in the period 1956-1985, which has considerably dropped in 
the past 30 years, by 21 days. 

 
Early phenological responses of grapevines 

Considering the time of the budbreak begins 8 days earlier, the flowering also begins 
7 days earlier (as for Királyleányka and Green Veltliner 12 days) (Fig. 5), the time 
between the budbreak and the flowering has shortened by 4 days, which is not 
significant. This is the time when the buds that will become next year’s crops begin to 
form. 

The total time of the flowering has shortened by 5 days. Although the flowering 
happens earlier, the massive proportion (55-60 %) is reached 2-3 days later (Fig. 6). 

The stage of fruit set follows flowering almost immediately, climate and the health of 
the vine play an important role with low humidity, high temperatures and water stress 
having the potential of severely reducing the amount of flowers that get fertilized 
(Mullins et al., 1992). 

It is observed by us that varieties like Merlot, Syrah and Cabernet Franc react 
sensitively to the very high temperatures and very low precipitation. These grape 
varieties are prone to the abnormal fruit set, if the weather too extreme. 
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Table 1. Change in each important Vitis indicator in Sopron and Zala wine-growing regions 

Indicator 1956-1985 1986-2015 
Standard deviation  

(1986-2015) 

Mean January temperature °C -0.8 0.6 0.4 

July mean temperature °C 19.4 21.2 1.8 

Growing season mean 
temperature(01.04. – 31.10) °C 

15.2 17.9 1.4 

Growing season maximum temperature 
(01.04. – 31.10) °C 

23 25.2 1.7 

Growing season minimum temperature 
(01.04. – 31.10) °C 

7.4 9.5 0.9 

Harvest time maximum 
temperature(15.08. – 15.10) °C 

22.2 25.4 1.1 

Cool night index 
(September) °C 

10.2 10.6 0.5 

Summer rainfall 
(01.06. – 31.08) mm 

271 248 64 

Hot days 
(Tmax > 30 °C) day 

14 22 5 

Frost days 
(Tmin < 0 °C) day 

103 84 21 

Vitis frost days 
(Tmin < -8 °C) day 

53 32 6.5 

Extreme frost days 
(Tmin < -15 °C) day 

16 8 4.5 

Photosynthesis critical point 
(Tmax > 38.5 °C) day 

1 2 1.5 

Huglin-index 
(01.04. – 30.09) °C 

1890-1990 1950-2100 85 

Bloom period precipitation 
(15.05 – 30.06) mm 

85 74 21.14 

Ripening period precipitation 
(15.08 – 15.10) mm 

141 115 38.59 

Growing season precipitation 
(01.04.-31.10) mm 

402 360 68.87 

Precipitation before Veraison 
(01.07. – 15.07) mm 

21 16 8.9 

Snow-covered days 
(at least 5 cm) day 

24 18 7 

Dry days 
(Rday < 0.1 mm) (01.08 – 31.10) day 

19 26 11 

Gladstones frost index 
SFIg = [(ATmax + ATmin) / 2]minTmin 

13.22 12.18 6.4 

Tmin4i5 °C 3.1 2.9 0.96 

Tmin+5 4i5 °C - 2.1 1.18 

Tmin+50 4i5 °C - 2.4 1.25 



Kovács et al.: Shift in the annual growth cycle of grapevines (Vitis vinifera L.) in West Hungary 
- 2038 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):2029-2042. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_20292042 
 2018, ALÖKI Kft., Budapest, Hungary 

 
Figure 5. Day of budbreak (a) and blooming (if at least 10 % of flowers are observable) (b) 

since 1996 

 
 

 

Figure 6. Change in the processes of the flowering (a: all varieties, b: Merlot, c: Pinot Gris) in 

Sopron and Zala 

 
 

Veraison and harvest 

The next phenological mainstage is the veraison. The berries are green and hard to 
the touch. In the middle of this stage, the building of the cells speeds up. The ripening 
process starts around the middle of July if the temperatures are adequate in the field of 
the studied region. 

No considerable change has been observed concerning the maturation, however 
during the time of the veraison we have observed, most of all in case of the red 
varieties. This phenological stage is pushed 13 days earlier for Merlot and 10 days 
earlier for Zweigelt. 

The emergence of the colours is faster than before. Harvests happens 11 days earlier 
respect to the previous period (1971-1995) (Fig. 7), the number of anticyclonic days has 
increased by 12 % during the period 1986-2015, between 1996 and 2017, such increase 
reached 19 % in the 60 days preceding the harvests. 
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Figure 7. The mean harvest time of all varieties (left) and Riesling (one of the most sensitive 

varieties) (right) in Sopron and Zala since 1996 (deviaton from the average date, sd = 4.74) 

 
 
This is due mainly to the blocking anticyclones in summer. Some climatic scenarios 

show that in the Euro-Atlantic areas such situations will arise more frequently during 
the whole year, particularly in winter and in summer (Mokhov et al., 2014). As a result 
of the increasing anticyclonic situations, during the 60 days preceding the harvests less 
precipitation is falling, the cloud cover has decreased by 8 %, and as mentioned 
previously, the number of sunshine days, excessive heat days and hot days has 
increased, thus the sugar accumulation and the forced ripening became faster (Hajdu 
and Borbásné, 2009). 

The relationship (r = 0.88) between the proportion of anticyclonic days in the 60 
days preceding the harvests and accumulation of sugar in the must is significant 
(p < 0.01). The result of the regression calculations is R = 0.8015. By the increase of the 
proportion of the anticyclonic days, the sugar accumulation in the must at the moment 
of the harvest is increasing. Considering the period since 1996, the number of 
anticyclonic days was very high in 2003, 2006, 2011, 2012 and 2017. As far as the 
active heat surplus is concerned, in such years higher value was registered (1280-
1310 °C), therefore the sugar accumulation and ripening were both faster, the sugar 
surplus (content) in the must was 55-60 g/l. In such years the precipitation during the 
time of the ripening (between 1st of August and 30th of September) lags behind the 
average by 31 %, 2012 was very dry, then the difference reached 38 %. Excluding 2006 
(humidity was high, avg. 71-72 %), when the amount of sugar in the must is above 
17.6 oM, or considering a scale of 1 to 6, the vintage of the red wines always scored 4 
(quality) or above (high quality), on the bases of the data of Sopron and Zala 
winegrowers, the white varieties also score above 4 (particularly Pinot Gris (late 
harvest) and Riesling (dry berry selection)). 

When certain wine grape varieties are investigated, it can be concluded that the 
anticyclonic days in the 60 days preceding the harvests had the strongest impact on the 
must of Blaufränkisch, Müller-Thurgau, Leányka and Zweigelt. Correlation coefficient 
r = 0.87. The correlation is also strong in case of Pinot Gris, Királyleányka (Pinot Gris 
r = 0.80 Királyleányka r = 0.81, Cabernet Sauvignon r = 0.71 (medium strong)). 

Following the first frost, the leaves begin to fall as the grape plant starts to enter its 
winter dormancy period. 
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Conclusions 

Climate and its changes are the key controlling factors in grape and wine production, 
affecting the suitability of certain grape varieties in the studied wine-growing regions. 
Climate data of the last 30 years has shown that the temperatures has risen with a linear 
warming trend of ~1.2 °C/30 years and this affects viticulture of the Zala and Sopron 
wine-growing region. The increasing temperature and the decreasing precipitation have 
positive and negative effects in the studied wine-producing regions. 

Extremities originating from the changes of temperature and precipitation can be 
considered beneficial regarding wine production. 

A significant shift has taken place in the annual growth cycle of grapevines, 
budbreak begins nearly 8 days earlier, flowering 7 days and the veraison 8 days, while 
the harvest has been shifted to a date 11 days respect to the previous period. The time 
between the budbreak and the flowering has shortened by 4.5 days. The sugar degree 
measured at the time of the harvest is increasing by the rate of the increase of the 
anticyclonic days in summer and early autumn and that from 5 years 3 are either good 
or excellent vintages, while previously from 5 only 1 got such qualification, are all 
presumably among the consequences of the climatic change. 

The research will be continued, extending to all wine grape varieties and a new 
phenological index will be formed for the winegrowers and researchers. 
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Abstract. To assess the effect of drought stress induced by mannitol at three levels (0, 88 and 176 mM) 
on biochemical and polyphenolic traits of six F1 broccoli hybrids, a factorial experiment based on 
completely randomized design in three replications was implemented at research station of Agricultural 
Sciences and Natural Resources University, Sari, Mazandaran, Iran in 2016. The results showed that 
mannitol stress reduced dry weight and shoot length significantly for all varieties but with a different rate. 
Total phenolic, flavonoid, and anthocyanin contents, the activity of enzymatic antioxidants, and DPPH 
activity were significantly higher under 176 Mm mannitol application condition than control. In addition, 
results showed that mannitol stress increased the content of sulforaphane. Marathon genotype showed the 
highest content of sulforaphane among all varieties under both normal (6.139) and under stress (14.122) 
conditions. Marathon and Heraklion genotypes could be suggestively used for breeding program to 
increase content of sulforaphane coupled with other traits. Since the content of sulforaphane along with 
phenolic compounds and antioxidant activities were higher under both severe and moderate stress 
conditions, using moderate mannitol stress treatment can be implemented for increasing the content of 
these suitable compounds in broccoli. 
Keywords: sulforaphane, DPPH, principal component, flavonoid, malondialdehyde 

Abbreviations 

ROS Reactive oxygen species 
H2O2  Hydrogen peroxide 
O2

 Superoxide radicals 
MDA Malondialdehyde 
SOD Superoxide dismutase 
APX Ascorbic peroxidase 
POX Guaiacul peroxidase 

CAT Catalase 

DPPH 2, 2-diphenyl-1-picrylhydrazyl 

Introduction 

Broccoli (Brassica oleracea var. Italica) is a member of the Brassicaceae family 
and its wild form is found throughout the Mediterranean region and is widely 
cultivated in many countries of Europe and America along with Asian countries 
(Abou El-Magd et al., 2013). Broccoli is one of the highly valuable vegetable that 
is rich in nutrients content and it has many benefits for human health. Broccoli 
sprouts contain a substance called sulforaphane which intensely reduces the 
number, size, and proliferation of cancerous tumors; and moreover the sprout is 
rich in fiber, carotenoids, vitamin A, vitamin C and vitamin K (Beecher 1994, 
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Pereira et al., 2002). This plant is grown as an either spring or autumn crop, but  it 
is sensitive to cold and dry condition especially at early stages.  Worldwide, water 
shortages and drought stress is among the most important abiotic stresses limiting 
crop production (Lemoine et al., 2010). Due to the uniformity of the soil 
environment and lack of environmental control in the field, laboratory 
investigations have a special importance to assess the tolerance of plants against 
drought stress. To create an artificial environment controlling water potential, 
substances with high molecular weight are used. Mannitol, as a high molecular 
weight substance, owing to inducing a condition with osmotic solution identical to 
natural environment, is often used to control water potential in drought stress 
studies and controlled environments (Guo et al., 2011).  

Drought stress increases the accumulation of reactive oxygen species (ROS) such 
as hydrogen peroxide (H2O2), superoxide radicals (O2

-), and hydroxyl (OH-) leading 
to oxidative stress (Saed-Moucheshi et al., 2014b). Production of reactive oxygen 
species causes lipid peroxidation along with protein and nucleic acid degradation. 
Plants are able to reduce the damaging effect of reactive oxygen species by 
different mechanisms. One of these mechanisms is involved in enzymatic or non-
enzymatic antioxidant defense system. Antioxidant enzymes such as catalase 
(CAT), superoxide dismutase (SOD), and peroxidase (POX) are involved in 
detoxifying oxygen free radicals in plants’ cells (Saed-Moucheshi et al., 2014a). In 
response to increased production of reactive oxygen species, the capacity of 
antioxidant defense systems and the activity of antioxidant enzymes are increased. 
The first enzymatic barrier against produced oxidants is SOD, which converts O2

- to 
H2O2, a molecule with relatively lower radical activity. H2O2 could be detoxified 
into water and oxygen by the CAT and ascorbate peroxidase (APX) enzymes. 
Peroxidase has an important role in detoxification of H2O2 which can swept away 
this compound by using ascorbic acid as an electron donor for the reduction of 
H2O2 to H2O (Saed-Moucheshi et al., 2014b). During this reaction, ascorbic acid is 
transformed to monodehydroascorbate. POX are glycoproteins that are able to use 
phenols similar to hydrogen donors to cope with high content of oxygen free 
radicals. Furthermore, involvement of POX in plant development processes, lignin 
production, ethylene biosynthesis, plant defenses against stresses, and wound 
restoration have been proved (Hossain et al., 2015). Changes in the activity of 
antioxidant enzymes under NaCl stress (Tian et al., 2016) and heat stress (Lin et al., 
2010) have been also reported in broccoli sprouts. Additionally, damages to the 
proteins along with accumulation of some free amino acids such as proline in order 
to maintain osmotic pressure leading to regulate protein synthesis in cells has been 
observed under abiotic stresses (Osakabe et al., 2014). Some researchers claimed 
that the reduction in synthesis of some types of proteins is attributed to decrease in 
their polysome numbers (Han and Wagner, 2014, Suzuki et al., 2014). In addition to 
changes in the content of proteins, lipids are affected by induced abiotic stresses. 
Membrane lipid peroxidation normally results in production of some aldehyde 
namely malondialdehyde (MDA) which is a quick responsive compound to 
oxidative stress (Berger et al., 2016). Furthermore, ethylene and salicylic acid are 
two phytohormones composed of polyphenols which are important in stress 
responses of the plants which have direct, indirect, and cascading effects on some 
vital activities of the plants such as photosynthesis and plant developments under 
stress conditions (Gupta and Huang, 2014). 
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The current study tends to find out about the responses of the different genotypes 
of the broccoli to water shortage stress caused by mannitol under laboratory and 
controlled environment through considering different morphological, biochemical, 
and polyphenols parameters. In addition, to screen the most useful F1 hybrids for 
being used in plant breeding and human nutritional programs. In addition, evaluate 
the relationship between measured parameters by using advanced and multivariate 
statistical techniques in order to help breeders to use them as screening criteria for 
indirect selection of genotypes with higher nutritional qualities.  

Materials and methods  

Experimental procedure 

Seeds of the six F1 broccoli genotypes (Castle Dome, Green Magic, Heraklion, 
Marathon, Matsuri and Sacora) prepared from PS America, Inc and TOKITA SEED 
CO. LTD (Japan) companies were used in a factorial experiment with two factors 
(Mannitol levels and genotypes) on the bases of completely randomized design 
(CRD) with three replication and in each replication with 10 petri dishes. The seeds 
were soaked in ethanol 70% for 2 minutes and then were in undated with Bleach 
(sodium hypochlorite) 20% for 10 minutes; after that, the seeds were washed 4 
times with deionized water. Five seeds were transferred to each sterile petri dish 
containing wet filter papers. The periods of 16 hours of light and 8 hours of 
darkness in a growth chamber at 23 °C (day)/ 20 °C (night) temperature with 
average humidity of 70% were applied and continued during the experiment. The 
five-day small sprouts of broccoli were treated with 88 and 176 mM mannitol for 
48 hours (two days). Therefore, the samples were taken from the seven days old 
sprout to assess the biochemical and growth-related traits. 

Measurements of the traits 

Shoot length, root length, and dry weight were measured as growth related traits. 
Shoot and root lengths were measured using a precise measure on the bases of 
centimeter. For measurement dry weight, fresh shoots were placed in aluminum 
foils and kept in an oven for 48 h under 70 °C, and then were weighed with a 
precise scale on the bases of gram. The mean of the five used sprout in each petri 
dish was used for each replication.  

Total protein content was measured by the method of Bradford (1976) at 595 nm 
spectrophotometric wave length. MDA and H2O2 contents were estimated by the 
methods of Heath and Packer (1968) and Velikova et al. (2000), respectively. 
Enzymatic antioxidants consist of SOD, APX, POX, and CAT were measured using 
the methods of Giannopolitis and Ries (1977), Nakano and Asada (1981), Dazy et 
al., (2008), and Aebi (1984), respectively. The methods described by Ainsworth and 
Gillespie (2007), Oomah and Mazza (1996), and Yuan et al. (2009) were used for 
the measurement of phenol, flavonoid, and anthocyanin contents in broccoli 
sprouts, respectively. DPPH as the total activities of the sprout to scavenge reactive 
oxygen species were estimated using Brand-Williams et al. (1995) method. Using 
HPLC standard, sulforaphane content in the broccoli sprout was measured for each 
variety under each treatment after determining the peaks based on the method of 
Brader et al. (2006). 
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Statistical analyses 

Data were analysed by one-way ANOVA in SAS 9.3, followed by Duncan’smultiple 
range test (DMRT) comparison test. PROC CORR of SAS 9.3 was used for assess 
Pearson’s correlation coefficient between all pairs of measured traits. The graphs for 
mean comparison were drawn by Excel 2016 software. Multivariate analyses namely 
principal component analysis (PCA) and biplot graph were assessed by Minitab v. 16. 

Results 

Analysis of variance and mean comparison 

Table 1 is presenting the results of analysis of variance for all measured traits. 
The main effect of genotype was significant (p<0.01) for all traits. In addition, the 
effect of mannitol showed significant effect on all measured traits (p<0.01) except 
for root length. The interaction between genotypes and mannitol was significant for 
all parameters. Since the interaction effect between genotypes and mannitol showed 
high significant in the ANOVA table. 

The results of multiple mean comparison based on Duncan’s multiple range test 
subjected to growth related traits, shoot length and root length, along with some 
polyphenols consist of total phenol content, flavonoid content, and anthocyanin 
content are prepared in Table 2. In all genotypes, control treatment showed higher 
shoot length than two other levels of mannitol application. In Heraklion, Marathon, 
Green Magic, and Matsuri genotypes, application of 176 mM mannitol resulted in 
the lowest shoot length, but in other genotypes application of 88 mM mannitol 
obtained the lowest shoot length with no significant difference from 176 mM. Castle 
Dome and Matsuri genotypes showed higher shoot length in comparison with other 
ones. The highest shoot length was achieved in Matsuri genotype under no 
application of mannitol (6.87 cm), while the lowest shoot length was obtained in 
Sacora under the application of 88 mM mannitol (3.33 cm). Similar to the shoot 
length, the response of different genotypes to different levels of mannitol were 
different for root length. In Sacora, Heraklion and Matsuri genotypes, the control 
treatment showed higher root length than the two other levels of mannitol 
application. On the contrary, in Marathon, Green magic, and Castle Dome genotypes 
no application of mannitol resulted in lower root length in compare to other levels. 
The highest and the lowest root length were obtained in Marathon genotype under 
the application of 176 mM mannitol (13.53 cm) and Sacora genotypes under 176 
mM mannitol (6.83 cm), respectively. Response of dry weight of different broccoli 
sprouts to different levels of mannitol application is depicted in Table 2. Dry weight 
of all F1 hybrids were reduced by application of mannitol in compare to control. 
Excluding the Castle Dome genotype, higher level of mannitol application (176 
mM) resulted in lower dry weight. Matsuri and Castle Dome genotypes showed 
higher dry weigh than the other genotypes.  

Highest total phenol content was obtained in Marathon genotype under 176 mM 
(112.29 mgg-1 FW) while the lowest content was obtained in Sacora genotype under 
no application of mannitol (39.52 mg g -1 FW). Flavonoid of all genotypes except for 
Marathon reached a higher content with application of higher mannitol 
concentration. The highest flavonoid content (123.4 mgg -1 FW) was achieved in 
Heraklion under highest concentration of mannitol (176 mM), while the lowest 
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content achieved in Matsuri under no application of mannitol (28.73 mg g-1 FW). 
Anthocyanin content of genotype Matsuri decreased in response to higher 
application of mannitol. However, the response of all other genotypes to higher 
concentration of mannitol was to increase the anthocyanin content.  Marathon under 
application of 176 mM mannitol obtained the highest anthocyanin content (0.623 
mgg-1 FW) among all treated plots, while castle Dome genotype under no 
application of mannitol showed the lowest anthocyanin content (0.14 mgg-1 FW).  

MDA and H2O2 as two important markers indicating the severity of the stresses in 
plant were measured in all genotypes under all mannitol treatments, which their 
results are presented in Table 2. In all genotypes, higher mannitol content resulted in 
higher content of both MDA and H2O2. Heraklion and Marathon showed highest 
ratio for increase in the content of MDA in response to mannitol application. 
Similarly, Marathon and Green Magic genotypes showed the highest difference 
between control and mannitol application among all genotypes regarding H2O2. 
Green Magic (3.96 µmol mg -1 FW) and Sacora genotype (0.77 µmol mg-1 FW) both 
under 176 mM mannitol application resulted in the highest content of MDA and 
H2O2, respectively. In contrast, the lowest content of both MDA and H2O2 were 
observed in Castle Dome genotype under no application of mannitol. 

SOD, CAT, POX, and APX as the enzymatic ROS scavengers were measured 
using spectrophotometric tool. The response of all enzymatic antioxidants to higher 
concentration of mannitol were to increase their activities in all genotypes. The rate 
of increase in Matsuri genotype regarding SOD was higher than other genotypes 
(104 and 166% increase in 88 and 176 mM mannitol in relation to control). Similar 
results regarding other measured enzymatic antioxidant were observed for this 
variety (Table 2). Excluding CAT, Marathon genotype showed the highest 
enzymatic activities among all genotypes under 176 mM mannitol application. 
Heraklion genotype under highest application mannitol showed the highest activity 
for CAT. The lowest activity of SOD, CAT, POX, and APX were observed in 
Sacora, Matsuri, Green Magic and Sacora under control treatment, respectively. The 
activity of DPPH which is an abbreviation for 2, 2-diphenyl-1-picrylhydrazyl was 
also measured as a free radical scavenger (Table 2). In genotype Marathon, the 
antioxidant activity by DPPH under no application of mannitol showed a high 
significant difference with application of 88 mM mannitol, but application of 176 
mM showed a lower significant activity in compare to control. Similarly, in all other 
genotypes, the higher concentration of mannitol resulted in higher activity of DPPH. 
The highest activity of DPPH achieved in Heraklion genotype under the application 
of 176 mM mannitol (85.46 mmol kg-1), but the lowest activity was resulted from 
control treatment in var. Matsuri (64.71 mmol kg-1). 

Sulfurphane as an important compound in broccoli was also measured in all 
genotypes under all treatments, which its results are presented in Fig. 1. The 
response of all genotypes to application of mannitol were to increase the content of 
sulforaphane but the rate of increase in some genotypes consist of Sacora and Castle 
Dome were low. The rate of increase in the content of sulforaphane in Masuri and 
Heraklion was higher in response to increase the concentration of mannitol with a 
high positive trend. Marathon and Green Magic showed a great increase from no 
application to 88 mM application of mannitol, but the difference between 88 and 176 
mM mannitol remained insignificant. Under all mannitol levels and in total, the 
content of sulforaphane was highest in Marathonin comparison to other genotypes.  
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Table 1. Analysis of variance for measured traits in six F1 hybrids broccoli under mannitol treatment 

Source DF 

Mean Square 

DW 
Shoot 
length 

Root 
length 

Sulfo-
raphane 

MDA H2O2 Phenol Flavonoid 
Antho-
cyanin 

SOD CAT POX APX DPPH 

Variety 5 0.17** 5.64** 40.3** 46.58** 4.18** 0.32** 3465.78** 1314.91** 0.24** 5910.37** 1220.73** 764.16** 4187.53** 57.45** 

Mannitol 2 0.06** 11.42** 1.05ns 139.3** 0.3** 0.07** 1338.42** 1985.89** 0.05** 5891.76** 2493.38** 999.84** 11596.67** 169.84** 

Interaction 10 0.02** 1.56** 2.97** 15.17** 0.6** 0.14** 106.31** 999.98** 0.005** 446.94** 135.99** 89.54** 363.52** 58.15** 

Error 36 0.001 0.05 0.33 0.27 0.001 0.0004 4.68 2.03 0.0003 2.46 1.04 0.47 0.86 0.57 

Coefficient of 
Variation 

3.51 4.59 5.71 6.47 1.23 6.46 3.7 2.06 4.16 2.39 2.98 3.61 1.96 0.92 

**, *, and ns: significant at 0.01, 0.05 level, and non-significant at 0.05 level. 
DW: Dry wight, MDA: Malondialdehyde, H2O2: hydrogen peroxide, SOD: Super Oxide Dismutase, CAT:Catalase, POX: Guaiacul Peroxidase, 
APX:Ascorbic Peroxidase, DPPH:1,1-diphenyl-2-picrylhydrazyl 

 
 
Table 2. Multiple mean comparison of measured traits for interaction between broccoli varieties and mannitol treatment 

Variety 
Mannitol 

(mM) 

Dry 

weight 
(g) 

Shoot 

length 
(cm) 

Root 

length 
(cm) 

Phenol 
(mg/g FW) 

Flavonoid 
(mg/g FW) 

Antho-

cyanin 
 (mg/g FW) 

MDA 

(µmol 
mg-1 

FW) 

H2O2 

(µmol 
mg-1 

FW) 

SOD 

(µmol  
mm-1 

mg-1 p) 

CAT 

(µmol  
mm-1 

mg-1 p) 

POX 

(µmol  
mm-1 

mg-1 p) 

APX  

(µmol  
mm-1 

mg-1 p) 

DPPH 
(mmol kg-1) 

 0 0.36H 6.367B 7.833I 39.524L 63.667G 0.451E 2.551H 0.23J1 24.011L 26.472I 10.939J 14.976N 82.323F 

Sacora 88 0.32I 3.333K 7.667IJ 47.476HIJ 83.067C 0.505D 2.722G 0.35G 37.553J 32.672FG 11.222J 40.422I 84.091BCDE 

 176 0.314I 4.467FG 6.833J 66.333D 83.933C 0.582B 2.935F 0.77A 31.146K 35.637E 13.043I 55.255G 84.495ABC 

 0 0.41G 5.567CD 13.033AB 45.238JK 51.733J 0.487D 2.373I 0.2H 66.522F 33.413F 26.287E 27.013K 82.02FG 

Heraklion 88 0.344H 4.7F 11.1D 52.317EFG 72E 0.534C 3.223D 0.44F 76.005E 48.789C 30.866D 71.515E 85.152AB 

 176 0.35H 3.567JK 12.5BC 51.619EFG 123.4A 0.543C 3.869B 0.52E 82.162D 64.764A 37.062B 95.819B 85.455A 



Kiani et al.: Effect of mannitol stress on morphological, biochemical and polyphenol parameters in broccoli sprouts 
(Brassica oleracea var. Italica) 

- 2049 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):2043-2058. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ●ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_20432058 
 2018, ALÖKI Kft., Budapest, Hungary 

 0 0.355H 4.3GH 12.067C 85.143C 58.333HI 0.423E 2.049K 0.16G 82.394D 32.415FG 15.002H 45.985H 75.96H 

Marathon 88 0.314I 4.033HI 13.167AB 97.952B 72.133E 0.543C 2.223J 0.3J 101.629B 45.854D 26.929E 84.076C 85.404A 

 176 0.293IJ 3.8IJ 13.533A 112.286A 91.133B 0.623A 3.055E 0.53D 126.464A 55.502B 42.997A 110.646A 83.737CDE 

 0 0.46F 5.1E 8.933GH 45.667IJK 57.086I 0.369F 3.21D 0.18HI 55.538H 21.558J 5.477M 16.437N 82.273FG 

Green Magic 88 0.39G 4.4FGH 8.5GHI 50.571FGH 71.467E 0.482D 3.619C 0.64C 76.06E 31.465G 21.666F 23.257L 83.232DEF 

 176 0.35H 3.267K 10.667DE 54.952E 75.533D 0.535C 3.958A 0.71B 96.427C 44.827D 33.826C 34.731J 84.394ABCD 

 0 0.89A 6.867A 9.933FE 40.952L 28.733K 0.214G 1.695M 0.09JK 18.845M 11.419L 5.334M 18.729M 64.717I 

Matsuri 88 0.83B 5.7C 8.1HI 48.952GHI 53.133J 0.195GH 1.957L 0.06KL 40.68I 29.054H 11.405J 44.655H 82.929EF 

 176 0.65E 4.333FGH 7.667IJ 67.238D 60.333H 0.199GH 2.051K 0.16J 74.025E 55.548B 16.032GH 80.11D 84.293ABCD 

 0 0.9A 6.6AB 9.333FG 42.667KL 53J 0.14I 1.701M 0.01M 35.627J 10.782L 6.883L 9.382O 81.061G 

Castle Dome 88 0.72D 5.233DE 10.667DE 53.524EF 81.267C 0.179H 1.938L 0.05L 59.043G 15.741K 9.733K 18.207M 83.586CDE 

 176 0.79C 5.933B 10.833DE 50.238FGH 67.067F 0.219G 2.05K 0.15j 95.877C 20.97J 16.338G 60.532F 84.04BCDE 

Means with the same letter(s) in each column are not significantly different (Duncan 1%). 
 



Kiani et al.: Effect of mannitol stress on morphological, biochemical and polyphenol parameters in broccoli sprouts 
(Brassica oleracea var. Italica) 

- 2050 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):2043-2058. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ●ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_20432058 
 2018, ALÖKI Kft., Budapest, Hungary 

 
Figure 1. Response of sulfonphan content of different broccoli genotypes to mannitol treatment  

 
 

Correlation between measured traits 

The pairwise correlations between all pairs of measured traits based on Pearson 
method is presented in Table 3. Except for shoot length (0.74), dry weight showed 
negative correlations with all other traits. Similar to dry weight, all pairwise correlations 
of shoot length, excluding dry weight, were negative. The only insignificant correlation 
of shoot length was related to root length (-0.19). Root length showed negative 
correlation with shoot length and dry weight but these correlations were not statistically 
significant. Excluding dry weight and shoot length, all other correlations of root length 
were positive, but its correlation only with phenol content (0.5), SOD (0.7), and POX 
(0.67) were significant. Sulforaphane showed significant correlations with shoot length 
(-0.61), phenol content (0.65), SOD (0.66), CAT (0.58), POX (0.52), APX (0.58), and 
DPPH (0.47). The content of sulforaphane showed no significant correlations with 
flavonoid (0.29) and anthocyanin (0.31). MDA revealed negative significant 
correlations with dry weight (-0.67) and shoot length (-0.57). Also, the correlations of 
MDA with H2O2 (0.79), flavonoid (0.61), anthocyanin (0.61), CAT (-0.54), and POX (-
0.51) were significant. Similar to MDA, the correlations of H2O2 with dry weight (-
0.66) and shoot length (-0.63) were negatively significant. Furthermore, H2O2 showed 
significant correlations with MDA (0.79), flavonoid (0.59), anthocyanin (0.63), SOD (-
0.43), CAT (-0.64), POX (-0.47). Phenol content showed significant positive 
correlations with all enzymatic antioxidant. The correlation of flavonoid with CAT was 
positively significant (0.51), but its correlations with other enzymatic antioxidant were 
not significant. Anthocyanin showed positive significant correlations with CAT (0.63) 
and POX (0.69). All internal correlations of enzymatic antioxidants were positively 
significant. DPPH as a stable compound with antioxidant ability showed positive 
significant correlation with SOD (0.48), Cat (0.53) and POX (0.49) but its correlations 
with APX were not significant. 
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Table 3. Pearson correlation coefficients for all pairs of the traits measured in different varieties of broccoli under mannitol treatment 

 DW SL RL DPPH MDA H2O2 Phenol Flavonoid 
Antho-

cyanin 
SOD CAT POX APX 

Sulfo-

raphane 

DW 1              

SL 0.74** 1             

RL 
-

0.23ns 
-

0.19ns 
1            

DPPH -0.52* -0.53* 
0.41n

s 
1           

MDA 
-

0.67** 
-0.57* 

0.04n
s 

0.22ns 1          

H2O2 
-

0.66** 
-

0.63** 
0.06n

s 
-

0.46ns 
0.79** 1         

Phenol 
-

0.42ns 
-0.5* 0.5* 0.16ns 

-
0.12ns 

0.18ns 1        

Flavonoid -0.53* 
-

0.65** 
0.17n

s 
0.35ns 0.61** 0.59** 0.16ns 1       

Anthocyanin 
-

0.95** 
-

0.68** 
0.31n

s 
0.34ns 0.61** 0.63** 0.42ns 0.44ns 1      

SOD 
-

0.38ns 
-0.52* 0.7** 0.48* 

-
0.22ns 

-0.43* 0.69** 0.26ns 0.39ns 1     

CAT 
-

0.63** 
-

0.75** 
0.34n

s 
0.53* -0.54* 

-
0.64** 

0.52* 0.51* 0.63** 0.6** 1    

POX -0.58* -0.6** 0.67** 0.49* -0.51* -0.47* 0.51* 0.38ns 0.69** 0.79** 0.82** 1   

APX 
-

0.38ns 
-0.54* 

0.44n
s 

0.3ns 
-

0.24ns 
-

0.11ns 
0.7** 0.38ns 0.44ns 0.67** 0.84** 0.72** 1  

Sulforaphane 0.34ns 
-

0.61** 
0.16n

s 
0.47* 0.18ns 

-
0.19ns 

0.65** 0.29ns 0.31ns 0.66** 0.58* 0.52* 0.58* 1 

**, *, and ns: significant at 0.01, 0.05 level, and not-significant at 0.05. 
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To achieve more sophisticated results without the effect of other correlated variables 
on sulforaphane, the direct effect of all variables by holding all the effect of all other 
variable fixed using path coefficient analysis were implemented (Table 4). The path 
analysis showed that dry weight, H2O2 content, and then phenol content were the most 
influential variables positively affecting the content of sulforaphane, respectively. On 
the other hand, shoot length showed a negative coefficient in the path analysis. The 
coefficient of all other variables in the path analysis were negligible. 

Principal component  

Principal component analysis was carried out to assess the inter relationship among 
14 measured traits in this study. The results showed that the first two PCs accounted for 
about 81 percent of total variability. Therefore, the biplot for the first two PCs in which 
both genotypes and parameters can be depicted in a same plot was prepared (Table 5). 
Dry weight and shoot length showed negative association with all other traits because 
they placed in a revers proximity to all other traits in the two dimensional graph of first 
two components. Matsuri and Castle Dome as two close genotypes were placed in the 
area near to the dry weigh and shoot length. Root length, sulforaphane content, phenol 
content, APX, SOD, POX, and CAT showed acute angles one another and also had 
positive high coefficients with both first and second components. Marathon was fixed 
solely in adjacent to these traits nearer to sulforaphane than all other genotypes. H2O2, 
MDA, DPPH, flavonoid content, and anthocyanin content showed positive high 
coefficients with first component but negative high coefficient regarding the second 
component. Genotypes Heraklion and Green Magic placed in near to these parameters, 
while Green Magic showed closest distance with DPPH and Heraklion with flavonoid 
content. Genotype Sacora showed a revers trend to all other genotypes considered in 
this study. Sacora obtained negative high coefficient with both components and was 
solely placed in a separate group (Fig. 2).  

 
Table 4. Direct effect of each variable through sulforaphane content 

Variable Coefficient 

DW 0.850992 

Shoot length -0.52174 

Root length 0.041577 

MDA 0.266981 

H2O2 0.848199 

Phenol 0.771737 

Flavonoeid -0.04394 

antocyanin -0.16695 

SOD -0.03846 

CAT -0.32892 

POD -0.37341 

APX 0.407253 

DPPH 0.458507 
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Table 5. Proportion of each principal component and the related score of each trait 

 PC1 PC2 

Eigenvalue 7.9454 3.3633 

Proportion 0.567529 0.240236 

Cumulative 0.567529 0.807764 

DW -0.323 -0.186 

Shoot length -0.333 -0.062 

Root length 0.228 -0.322 

sulforaphane 0.172 -0.266 

MDA 0.242 0.351 

H2O2 0.311 0.212 

Phenol 0.204 -0.404 

Flavonoeid 0.262 0.23 

Aantocyanin 0.328 0.173 

SOD 0.247 -0.305 

CAT 0.291 -0.085 

POD 0.322 -0.109 

APX 0.215 -0.364 

DPPH 0.186 0.358 
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Figure 2. Biplot genotypes and traits using first two components of principal component 

analysis 
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Discussion 

The results of the current study indicated that application of mannitol significantly 
decreased shoot dry weight and shoot length in all genotypes. Some genotypes had 
lower decrease rate in comparison with other genotypes regarding shoot length 
(Marathon genotype) and shoot dry weight (Marathon and Heraklion genotypes), 
however they might not show the highest values for these traits. Root length response 
to mannitol application in different genotypes was varied. Most of the genotypes 
showed increase in root length in response to mannitol application but some genotypes 
(Sacora and Heraklion) showed decrease. However, the rate of decrease in Heraklion 
was not significant. The reduction of shoot length and dry weight might be due to the 
falling off in the rate of photosynthesis under osmotic stress caused by mannitol 
application as a representative of drought stress. Chaves et al. (2009) reported that 
under drought stress the closure of stomata occurs to maintain the water content in the 
plant cells, which directly affects the growth rate of the plant’s shoot. Also, the 
decline in the leaf area and other photosynthetic part of the plant is doubled with the 
stomatal closure and make photosynthesis rate to be even more reduced (Berger et al., 
2016). On the other hand, the reaction of the root to drought stress might be different 
from what is predictable in shoot. It is well established that the root of the plants is 
seeking for water storage by increase its length and number of lateral roots and hairy 
roots (Chaves et al., 2009). The subject of root system architecture (RSA) under 
drought stress is revealing that under drought stress, the growth of the root can be 
increased, maintained at determined level, or even decreased; but the rate of growth in 
the shoot would normally decrease, and so that the overall growth of the root under 
drought stress would be always higher than the shoot (Uga et al., 2013). Furthermore, 
it has been stated by some researchers that tolerant genotypes are normally responding 
to drought in different ways which is one of the most effective way is to enlarge the 
root growth, while the susceptible genotypes are not able to manage this growth as 
properly as the tolerant genotypes (De Dorlodot et al., 2007).  

In all genotypes, the content of total phenols, flavonoid, and anthocyanin increased. 
Marathon and Heraklion genotype showed relatively higher content of these three 
traits than other genotypes, while the Marathon genotype could be stand out as the 
highest responsive variety. Based on the study of Gawlik-Dziki (2008) phenolic 
compounds in vegetables, herb, and other edible plants can make them act as reducing 
agents and respond to oxidant compounds. In this situation, phenolic compounds can 
be used as hydrogen donators leading to quench the free radicals. Phenolic acids and 
flavonoids reportedly have shown strong antioxidant properties. They are able to react 
to radicals and catalyze oxidative reactions resulted in scavenging free radicals and 
stabilizing them in plants (Saed-Moucheshi et al., 2014b). Under drought stress, the 
content of free radicals or ROS in plant’s cells is arisen which normally causes 
damages to cell apparatus; therefore, higher content of phenolic compounds indicates 
higher tolerance of genotype and plants to drought stress. Moreover, it has been 
reported that antioxidant activity of edible parts of the plants is linked with anti-
mutagenic and anticancer genic properties. Subsequently, genotypes with higher 
content of natural antioxidants as phenolic compounds can be suggested for being 
used in nutritional programs and food content of human. In addition to broccoli, the 
extracts of varies fruits and vegetables have showed higher phenolic compounds in 
response to drought stress (Gawlik-Dziki, 2008).  
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MDA and H2O2 content are two important markers of oxidative stress induced in 
plants (Vosough et al., 2015). The lower the content of these two compounds under 
stress condition, the lower the damages to the plants under this situation (Saed-
Moucheshi et al., 2014b). Genotypes and cultivars with lower content of MDA and 
H2O2 under stress condition would reveal higher tolerant to stress. In this study the 
content of both MDA and H2O2 increased under drought stress; however, the response 
rates of genotypes were varied. Castle Dome showed lower content of these compounds 
than other genotypes under all mannitol levels. In addition, the difference between 
mannitol levels in Marathon and Heraklion were relatively lower in compare to other 
genotypes. Under drought stress, the generation of ROS is increased from the steady 
level in the plant result in oxidative stress. H2O2 and other high reactive oxygen 
compounds can directly react with lipids and other apparatuses of cell membrane 
leading to lipid peroxidation and higher content of MDA (Hossain et al., 2015). 

The activity of all assessed enzymatic antioxidant in this study increased in all 
genotypes in response to the increase of mannitol levels. Among all genotypes, 
Marathon showed relatively higher activity for this antioxidant under mannitol 
applications. In addition, Heraklion showed higher activity of this antioxidant under 
drought stress. Additionally, DPPH antioxidant activity indicated that the antioxidant 
activity of broccoli sprout is higher under drought stress condition. Marathon variety 
showed a high increase in the DPPH antioxidant activity in response to mannitol levels. 
The induced response of drought stress is to heighten the generation of ROS, which in 
turn induces the activity of antioxidant compounds and specially the enzymatic ones. In 
varies studies, higher activity for enzymatic antioxidant under stress condition indicates 
higher ability of the plants in response to stress condition (Gupta and Huang, 2014; 
Hossain et al., 2015; Nakano and Asada, 1981). Based on this viewpoint, genotypes 
with higher activity of enzymatic antioxidant can be considered as higher tolerant 
genotypes to drought stress. Changes in the activity of antioxidant enzymes under 
various environmental stresses have been also reported (Baxter et al., 2014). In addition 
to phenolic compounds and enzymatic antioxidant, DPPH which itself is a radical 
compound normally acts as a scavenger for other dangerous radicals and therefore its 
content is a marker for higher antioxidant activity in plants. 

The response of all genotypes to application of mannitol were to increase the content 
of sulforaphane but the rate of increase in some genotypes consist of Sacora and Castle 
Dome genotypes were low. Marathon and Green magic showed a great increase from 
zero to 88mM application of mannitol, but the difference between 88 and 176 mM 
mannitol remained non-significant. Under all mannitol levels and in total, the content of 
sulforaphane was highest in Marathon in comparison to other genotypes. Owing to the 
anticarcinogenic and anticancer functions, sulforaphane is an important compound in 
broccoli sprout. Since sulforaphane is a naturally available inducer of phase II enzymes 
in human and animal bodies that is able to detoxify cancer-causing chemicals, it would 
be appropriate to use such foods and plants part as broccoli, which are containing this 
compound to use its anti-cancerous properties. Additionally, sulforaphane has a 
cytoprotective effect against oxidative stress (Gu et al., 2011). 
Considering the relationship among measured parameters, it is turned out that the shoot 
dry weight along with shoot length showed negative correlation with other measured 
traits. There were positive correlations among sulforaphane content, root length, total 
phenol content, SOD, APX, CAT, and POX. In addition, there were significant 
correlations among flavonoid content, anthocyanin content, MDA, H2O2. Gu et al. 
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(2011) investigated the effect of sucrose on the sulforaphane content in broccoli sprouts 
and stated that there was a significant correlation between glucosinolate, sulforaphane 
and antioxidant activity with phenol contents (137). Baczek-Kwinta et al. (2006) stated 
that SOD activity was different in different genotypes of cabbage under drought 
treatment. Similar results were reported by Joon-Ho and Sang (2015) and Dominguez-
Perles et al. (2010) and indicated that there was no significant correlation between the 
sulforaphane content and the antioxidant activity of DPPH in Broccoli and other plants 
in the Brassicaceae family. 

Furthermore, grouping of the varieties according to the measured parameters resulted 
in cluster Marathon genotype as separate group. In this study, Marathon showed 
relatively high values for the most of the measured traits, while the content of MDA and 
H2O2 were roughly lower than the other varieties. 

Conclussion  

The overall results of this study showed that the application of mannitol as a 
compound that decreases the osmotic potential of cells and simulates the drought stress 
in the in vitro condition, is a suitable compound for being used to induce the simulated 
drought stress in laboratory experiment. In addition, induced stress changed the content 
of measured traits and activities of enzymatic antioxidant. Mannitol stress reduced shoot 
dry weight and shoot length significantly for all genotypes but with the different rate. 
Marathon and Heraklion genotypes showed higher growth related traits under relatively 
all conditions. The response of marathon to mannitol application related to total 
phenolic content, flavonoid content, anthocyanin content, the activity of all enzymatic 
antioxidant, and the activity of DPPH was higher than the other genotypes. H2O2 and 
MDA content as the negative markers of oxidative stress were higher under mannitol 
stress condition. Results showed that sulforaphane content of the different genotypes 
under different stress levels was different. Mannitol stress increased the content of 
sulforaphane. Marathon showed the highest content of sulforaphane among all 
genotypes under both normal and stress conditions. Considering all these results 
together put us in touch with a suggestion that Marathon is the most proper genotypes 
for both cultivation and breeding aims among all studied genotypes. Heraklion genotype 
showed to be in second order regarding the content of measured traits after marathon 
with a high significant content of sulforaphane comparing other genotypes. Therefore, 
Heraklion might be a useful genotype being considered in line with marathon in 
breeding programs. Furthermore, both severe and moderate stresses increased 
sulforaphane amount along with phenolic compounds and antioxidant actives; therefore, 
it could be elucidated that moderate drought stress condition (88 mM concentration of 
Mannitol) which leaded to relatively low decreases in growth parameters comparing 
control condition, might be applicable for inducing higher content of sulforaphane and 
phenolic compounds in broccoli. More studies are needed to assess whether bioactive 
molecular accumulation really improve the biological / functional properties of these 
bioactive molecule enriched-sprouts. 
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Abstract. Maize is extremely sensitive to waterlogging stress. A pot experiment was conducted to study 
the morpho-physiological characteristics of 18 differrent maize cultivars (widely grown in South China) 
under waterlogging stress at seedling stage. Results showed that maize shoot growth was inhibited in 
terms of plant height and dry weight whilst leaf chlorophyll contents were also decreased under 
waterlogging stress. Root length, root hairs, root surface area and root volume were also declined under 
waterlogged conditions. Furthermore, activity of antioxidants i.e., superoxide dismutase (SOD), 
peroxidase (POD), and catalase (CAT) were increased considerably under waterlogging stress compared 
to control. The soluble protein content also increased in some maize cultivars whereas malondialdehyde 
(MDA) contents were found to be decreased in some cultivars that may be due to higher antioxidant 
enzyme activities. Furthermore, the principal component analysis (PCA) showed that the coefficients of 
comprehensive indices (Z) for protein contents, SOD, POD and CAT were higher in Z1, the soluble 
protein content and MDA content in Z2 while the SPAD and Fv/Fm values in Z3 were remained higher 
than other parameters. 
Keywords: antioxidant enzymes, chlorophyll, maize, root, waterlogging stress 

Introduction 

Maize is an important food crop in the world (Ashraf et al., 2016), whereas China is 
ranked first with respect to area under maize cultivation and yield (Qi et al., 2012). 
Maize is more susceptible to water logging stress, especially at seedling stage thus 
resulting in poor stand establishment (Ren et al., 2016a). Anaerobic conditions due to 
waterlogging, inhibit the growth of plant roots, causing decline in root/shoot ratio and 
root dry weight thus indirectly affect the aboveground growth (Grzesiak et al., 2014; 
McDaniel et al., 2016; Yu et al., 2017). In response to waterlogging stress, maize root 
cells cleave to form aeration tissue for maintaining oxygen diffusion and high 
absorption efficiency (Zaidi et al., 2003). Most of the previous studies which are related 
to aboveground response of maize to waterlogging showed that plant height, dry weight 
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and leaf photosynthesis severely got affected by waterlogging (Ren et al., 2016b; Shin 
et al., 2016; Wang et al., 2012). Lipid peroxidation caused chloroplastic membrane 
destruction is one of the responses of plants to waterlogged conditions. It results in 
chlorophyll destruction causing reduction in the efficiency of PSII (Fv/Fm) (Mielke and 
Schaffer, 2010; Yordanova and Popova, 2007). 

Plants produce reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), 
superoxide anions (O2-), hydroxyl radical (•OH) and singlet oxygen (1O2) in the absence 
of oxygen (Cheng et al., 2015; Pucciariello and Perata, 2016). Excessive ROS induce 
damage to proteins, lipids, carbohydrates and DNA, thus causing cell lipid peroxidation, 
which is harmful to plant (Gill and Tuteja, 2010). Malondialdehyde (MDA) is the final 
product of lipid peroxidation so its content can reflect the degree of membrane lipid 
peroxidation. Plants have developed an antioxidant system including superoxide 
dismutase (SOD), peroxidase (POD), catalase (CAT) and other antioxidant enzymes to 
control ROS levels and regulate various physiological processes which play an 
important role in plant adaptation and tolerance to abiotic stress (Hossain et al., 2009; 
Wang et al., 2016a). Previous studies showed that the trend of antioxidant enzymes 
activity increase transiently and then decrease sharply with the increase of waterlogging 
(Gill and Tuteja, 2010; Liu et al., 2015a). Furthermore, plants regulate the cell osmotic 
potential and protect the function of various enzymes through the biosynthesis and 
accumulation of osmotic adjustment (Wu et al., 2015; Yordanova and Popova, 2007). 

Membership function is often used for comprehensive evaluation of crop 
waterlogging stress (Zhou et al., 2003). However, there is a certain limitation on the 
comprehensive evaluation of crop waterlogging tolerance by the membership function 
because of the correlation between indicators. The principal component analysis can 
convert the original indexes into new comprehensive and independent indicators (Liu et 
al., 2015b). The comprehensive evaluation value of each variety can be obtained by 
weighing the value of each comprehensive index and the corresponding membership 
function value of varieties. This study was aimed to explore the morphological and 
physiological responses of 18 different Chinese maize varieties to waterlogging stress. 

Materials and methods 

Experimental material and growing conditions 

A pot experiment was conducted by using 18 maize varieties, i.e., Guangtian 2 
(GT2), Xinmeixiazhen (XMXZ), Huameitian 8 (HMT8), Guangnuo 1 (GN1), 
Xinmeixiangnuo (XMXN), Zhengtian 68 (ZT68), Yuexiannuo 2 (YXN2), Yuetian 13 
(YT13), Yuebainuo 3 (YBN33), Yuetian 27 (YT27), Yuetian 28 (YT28), Yuebainuo 6 
(YBN6), Zhengtian 89 (ZT89), Yuecainuo 2 (YCN2), Yuehuanuo 1 (YHN1), Yuezinuo 
5 (YZN5), Yuetian 16 (YT16), Yuetian 22 (YT22) provided by Crop Research Institute, 
Guangdong Academy of Agricultural Sciences, Guangzhou, China. 30 seeds were 
evenly planted in each plastic pot (10 cm in height and 6 cm in diameter) containing 
500 g soil with 22.87 g·kg-1organic matter, available nitrogen 10.03 mg·kg-1, available 
phosphorus 70.21 mg·kg-1, available potassium 100.41 mg·kg-1 and pH 6.8. The pots 
were placed at Agricultural Meteorological Observatory in South China Agricultural 
University and covered with a transparent plastic shed from the top. 
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Treatments 

Each variety included control (no waterlogging) and waterlogging treatments having 
three replications. All pots were filled with water to 3 cm above the soil surface at three 
leaves stage except control and waterlogged conditions were maintained for two days. 
The samples were taken and the related morphological indexes were determined within 
12 h after draining the water. 

 
Observations 

Morphological characters 

The plant height was measured from soil surface to the highest tip of leaves. The 
fresh sample of plant shoots was placed in the oven at 75°C and dried to a constant 
weight for measurement of the shoot dry weight. The shoot dry weight of the plant was 
weighed by the electronic analytical balance (BSA224S, Sartorius, Taiwan).  

 
Root morphological index determination 

The root was scanned with Epson Expression 10000XL (Epson America Inc., Long 
Beach, US). After scanning, the root morphological indexes i.e., root length, root mean 
diameter, root surface area and root volume were analyzed by WinRHIZO image 
analysis system (Regent Instruments Inc., CA). 

 
SPAD value and chlorophyll fluorescence determination 

The relative chlorophyll content of leaves was measured by a SPAD meter (SPAD-
502, Konica-Minolta, Japan), a precise and rapid method of leaf chlorophyll 
determination. 10 leaves were determined for each treatment and the SPAD values were 
measured at the upper, middle and lower parts in each leaf. The chlorophyll 
fluorescence was measured with a modulated chlorophyll fluorometer (FMS-2, 
Hansatech Instruments, Norfolk, UK) according to Wang et al. (2012): Minimal 
fluorescence (F0) was measured after leaves adapted to dark for 30 min, and maximal 
fluorescence (Fm) was induced by strong saturation pulsed light after leaves adapted to 
dark for 30 min. The maximum efficiency of PSII (Fv/Fm) was calculated as (Fm-F0)/Fm. 

 
Physiological parameters 

To determine physiological parameters, the second and third leaves of plant sample 
were collected and stored in refrigerator at ‒80 °C till biochemical analyses. 

Enzyme was extracted by adding 0.30 g fresh sample to 4 mL of 0.05 mol·L-1 
phosphate buffer (pH = 7.8) in an ice bath, and then solution was transferred into 5 mL 
centrifuge tube for centrifugation at 8000 rpm at 4 °C for 15 min. The supernatant is the 
enzyme solution. 

The superoxide dismutase (SOD, EC 1.15.1.1) activity was measured by using nitro 
blue tetrazolium (NBT) method (Li, 2000). The reaction mixture contained 1.5 mL of 
0.5 mmol·L-1 phosphate buffer (pH = 7.8), 0.3 mL of 130 mmol·L-1 methionine, 0.3 mL 
of 0.75 mmol·L-1 of nitro-tetrazolium chloride Blue, 0.3 mL of 0.02 mmol·L-1 
riboflavin, 0.3 mL of 0.1 mmol·L-1 EDTA-Na2, 0.05 mL enzyme solution and 0.25 mL 
distilled water. Phosphoric buffer (pH = 7.8) was used as control. After mixing, the light 
was irradiated under 4000 lx for 20 min, and the reaction was stopped by covering with 
black cloth. Then, the color changed was measured at 560 nm and one unit of SOD 
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activity equaled the volume of extract needed to cause 50% inhibition of the color 
reaction and expressed as U·g-1. 

The peroxidase (POD, EC1.11.1.7) activity was measured by using guaiacol method 
(Li, 2000). One cuvette was added with 1 mL of 0.3% H2O2, 0.95 mL of 0.2% guaiacol, 
1 mL of phosphate buffer (pH = 7.0) and 0.05 mL of 0.05 mol·L-1 phosphate buffer 
(pH = 7.8) as a zero tube. The other one was added with 1 mL of 0.3% H2O2, 0.95 mL 
of 0.2% guaiacol, 1 mL phosphate buffer (pH = 7.0) and 0.05 mL enzyme solution. The 
color changed was measured at 470 nm immediately, and an absorbance value was 
recorded after every 30 s for 2 min. One POD unit of enzyme activity was defined as 
the absorbance increase because of guaiacol oxidation by 0.01 (U·g-1). 

The catalase (CAT, EC 1.11.1.6) activity was measured by ultraviolet 
spectrophotometry (Wang et al., 2016b). One quartz cuvette (3 mL) was added with 
1.95 mL of distilled water, 1.00 mL of 0.3% H2O2 solution and 0.05 mL of PBS buffer 
(pH = 7.8). The other one was added with sodium phosphate buffer instead of the 
enzyme solution. The other one was added with the enzyme solution instead of PBS 
buffer. After rapid mixing, the color change was measured at 240 nm, and an 
absorbance value was recorded after every 30 s for 2 min. The absorbance changed by 
0.01 per minute is a relative activity of the CAT unit (U·g-1). 

The malondialdehyde (MDA) content was determined by thiobarbituric acid method 
(Li, 2000). One test tube was added with 1.5 mL supernatant, 2 mL of 0.5% 
thiobarbituric acid (TBA) solution and phosphate solution. The other one was added 
with 1.5 mL of 0.05 mol·L-1 phosphate buffer (pH = 7.8) and 2 mL of 0.5% 
thiobarbituric acid solution as control. Test tubes were heated at 100 °C for 30 min and 
then cooled in an ice bath immediately. After centrifugation at 3000 rpm for 15 min, the 
supernatant was taken and the absorbance was measured at 450, 532and 600 nm. The 
MDA content (μmol·L-1) was calculated as: MDA content = 6.45 (OD532-OD600)-
0.56OD450. 

Soluble protein content was determined by Coomassie brilliant blue G-250 method 
(Bradford, 1976). The supernatant was mixed with the Coomassie brilliant blueG-250 
solution and the absorbance of the reaction mixture was read at 595 nm with a 
spectrophotometer. Solution protein content was determined from a standard curve 
(bovine serum albumin) and expressed as μg·g-1. 

 
Statistical analysis 

Analyses of variances (ANOVA) were performed by the Linear Model Procedure of 
Statistix version 8 (Statistix 8, Analystical, Tallahassee, Florida, USA). Comparisons of 
means among different treatments were made according to the least significant 
difference (LSD) at the 5% probability level. The figures were made by using the Graph 
Pad Prism 6 for Windows (Graph Pad Software Inc., CA, USA). 

 
Comprehensive evaluation 

The evaluation system of different maize varieties to waterlogging was established 
by waterlogging tolerance coefficient, principal component analysis, membership 
function and cluster analysis based on the response mechanism of maize to 
waterlogging. 

Waterlogging tolerance coefficient (WTC) was used to measure waterlogging 
tolerance of varieties. WTC could eliminate difference between varieties and treatments. 
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The WTC was calculated as: WTC = Mean value of treatment/Mean value of control 
(Liu et al., 2010b). 

Principal component analysis (PCA) was used to analyze the WTC of investigated 
parameters, and the original investigated parameters were converted into new 
independent comprehensive indexes. 

Membership function (MF) was further used to assess the comprehensive indexes. 
The membership function value of the comprehensive index is obtained by the 
following formula (Eq. 1) according to (Zhou et al., 2003): 

 

      min max min/
j j

U X X X X X    (Eq.1) 

 
where Xj is the jth comprehensive index, Xmin is the minimum of jth comprehensive 
index, and Xmax is the maximum of jth comprehensive index. 

The weight of each comprehensive index is calculated by the contribution rate 
(Eq. 2): 

 

  (Eq.2) 

 
where Wj is the weight of jth comprehensive index in all comprehensive indicators, and 
Pj is the contribution rate of the jth comprehensive index. 

The following formula (Eq. 3) was used to estimate the waterlogging tolerance of 
different maize varieties: 

 
 . (Eq.3) 

Results 

Analysis of variance of the investigated parameters 

All maize varieties differed significantly regarding most of the investigated 
parameters except for Fv/Fm value in leaves. Waterlogging also affected most of the 
investigated parameters; however, no significant effect was noted for SPAD value in 
leaves and root volume. For variety and waterlogging interaction, the significant effects 
were observed for most of the investigated parameters, except for Fv/Fm value in leaves 
(Table 1). 

 
Morphological characters 

Waterlogging significantly reduced the plant height of XMXZ, GN1, YT13, TBN3, 
YT27, YT28, YHN1, YZN5 and YT22 by 18.62%-43.33%, compared with the control 
(Fig. 1A). After waterlogging, the shoot dry weight was significantly reduced by 
60.00%, 39.13%, 33.33% and 57.14% for HMT8, YBN3, TBN 6, YHN1 respectively, 
while other varieties did not have significant difference (Fig. 1B). 

 
Root morphological characters 

Waterlogging treated seedlings significantly decreased root length of XMXN, YBN3, 
YCN2, YHN1, YZN5, YT16 and YT22 by 23.52%-61.56%, compared to the control 
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(Fig. 2A). As for root surface area, there is a significant decrease in XMXN, YBN3, 
YCN2, YHN1and YZN5, while a notable increase in shoot was observed for GT2 
(Fig. 2B). In addition, a significant improvement in root mean diameter was recorded 
for XMXZ, HMT8, XMXN, ZT68, YBN3, YT27, YHN1 and YT16 (Fig. 2C). After 
waterlogging, the root volume was significantly improved for GT2, XMXZ, HMT8, 
ZT68and YT27in different degrees, whereas an obvious decline is observed in YT 13, 
ZT89, YCN 2, YHN1and YZN5 (Fig. 2 D). 

Furthermore, the results of variance analysis showed that there was no significant 
change in the root volume of maize seedling after waterlogging, this change was due to 
the difference of genotype (Table 1). 

 
Table 1. Analysis of variance of the investigated parameters (F value) 

Index V T V × T 

Plant Height 14.21** 98.02** 3.02** 

Shoot dry weight 11.1** 33.82** 5.07** 

SPAD value in leaves 7.03** 3.00ns 2.11* 

Fv/Fm value 1.67ns 16.57** 1.91ns 

CAT activity in leaves 106.42** 275.81** 7.41** 

POD activity in leaves 110.69** 273.39** 7.35** 

SOD activity in leaves 110.29** 273.94** 7.37** 

MDA content in leaves 79.64** 20.37** 30.15** 

Soluble protein 43.52** 254.69** 23.72** 

Root length 23.13** 188.25** 9.11** 

Root surface area 19.56** 34.17** 8.78** 

Root mean diameter 6.97** 123.24** 7.29** 

Root volume 39.11** 2.94ns 20.95** 

V, variety; T, treatment; V×T, variety and treatment interaction; ns, non-significant at P < 0.05 level; *, 
significant at P < 0.05 level; **, significant at P < 0.01 levels 
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Figure 1. Plant height and shoot dry weight of maize (A and B, respectively). Capped bars 

represent standard error. Variety 1-18 represents GT2, XMXZ, HMT8, GN1, XMXN, ZT68, 

YXN2, YT13, YBN33, YT27, YT28, YBN6, ZT89, YCN2, YHN1, YZN5YT16 and YT22, 

respectively 
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Figure 2. Root length, root surface area, root mean diameter and root volume of maize (A, B, 

C, D, respectively). Capped bars represent standard error. Variety 1-18 representsGT2, XMXZ, 

HMT8, GN1, XMXN, ZT68, YXN2, YT13, YBN33, YT27, YT28, YBN6, ZT89, YCN2, YHN1, 

YZN5YT16 and YT22, respectively 

 
 

SPAD value and chlorophyll fluorescence 

There was no significant effect of waterlogging on chlorophyll content in maize, and 
the difference of SPAD value was due to the difference among varieties. The SPAD 
value was significantly reduced in YT28, YBN6 and YHN1. Nevertheless, non-
significant effect of waterlogging treatment was observed for SPAD value in other 
varieties (Fig. 3A). For Fv/Fm value, significant decline was recorded for YBN3, ZT89 
and YT22 up to 7.35%, 11.09% and 14.36%, respectively. Additionally, no significant 
changes were observed in remaining varieties (Fig. 3B). 
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Figure 3. SPAD value and Fv/Fm value in leaves of maize (A and B). Capped bars represent 

standard error. Variety 1-18 representsGT2, XMXZ, HMT8, GN1, XMXN, ZT68, YXN2, YT13, 

YBN33, YT27, YT28, YBN6, ZT89, YCN2, YHN1, YZN5YT16 and YT22, respectively 
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Antioxidant enzymatic activities 

Waterlogging treated maize seedlings significantly increased SOD activity of 
XMXZ, HMT8, GN 1, XMXN, YT 13, YBN3, YT28, TBN 6, ZT 89, YCN 2, YZN5 
and YT22. This increase in SOD activity ranged from 19.16% to 56.89% (Fig. 4A). The 
POD activity was also induced by waterlogging treatment, and significant increase in 
XMXZ, HMT8, GN1, XMXN, ZT68, YT13, YBN3, YT28, TBN 6, ZT 89, YCN2, 
YZN5 and YT22 was observed ranging from 19.16% to 106.96% (Fig. 4B). Significant 
increment of CAT activity was recorded for HMT8, GN1, XMXN, YT13, YT28, TBN 
6, YCN2, YZN5and YT22 ranging from 26.08% to 57.29% (Fig. 4C). 
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Figure 4. SOD, POD, CAT activity in leaves of maize (A, B, C respectively). Capped bars 

represent standard error. Variety 1-18 representsGT2, XMXZ, HMT8, GN1, XMXN, ZT68, 

YXN2, YT13, YBN33, YT27, YT28, YBN6, ZT89, YCN2, YHN1, YZN5YT16 and YT22, 

respectively 

 
 

Protein content and MDA content 

For protein content, waterlogging treatment significantly improved protein content 
of GT2, XMXZ, HMT8, GN1, YXN2, YT13, YHN1, YZN5 and YT16 by 136.22%, 
15.45%, 72.34%, 27.49%, 21.02%, 16.59%, 37.32%, 37.39% and 21.23%, 
respectively (Fig. 5B). Apart from GT2, HMT8, YT13 and TBN6, the MDA contents 
of remaining varieties were reduced. Especially, waterlogging reduced MDA contents 
of XMXZ, XMXN and YXN2 significantly by 24.49%, 33.68% and 24.67%, 
respectively (Fig. 5A). 
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Figure 5. MDA content and soluble protein content in leaves of maize (A and B). Capped bars 

represent standard error. Variety 1-18 represents GT2, XMXZ, HMT8, GN1, XMXN, ZT68, 

YXN2, YT13, YBN33, YT27, YT28, YBN6, ZT89, YCN2, YHN1, YZN5YT16 and YT22, 

respectively 

 
 

Comprehensive evaluation 

The original investigated parameters were converted into three comprehensive 
indexes to analyze the WTC of physiological parameters using PCA (Table 2). 

 
Table 2. Coefficients of comprehensive indexes (Z) and proportion 

 
SOD 

activity 

POD 

activity 

CAT 

activity 

Soluble 

protein 

Fv/Fm 

value 

SPAD 

value 

MDA 

content 
Proportion 

Z1 0.582  0.559  0.477  -0.230  0.030  0.188  -0.178  0.364 

Z2 0.124  0.135  0.292  0.609  -0.308  -0.134  0.630  0.251 

Z3 0.004  0.003  0.246  -0.013  0.663  -0.703  0.071  0.192 

 
 
From Table 2, it can be noted that the coefficient of protein content, SOD, POD and 

CAT activity in Z1 is larger, the soluble protein content and MDA content in Z2 is 
larger, while the SPAD and Fv/Fm value in Z3 is larger. The contribution rates of the 
three comprehensive indexes (Z1, Z2, Z3) were 36.46%, 25.12% and 19.20% 
respectively, and the cumulative contribution rate was 80.78%. It can be used to 
evaluate the tolerance of maize. 

The membership function analysis of all the comprehensive indexes of maize 
varieties showed that there was more resistance of the cultivar to waterlogging at larger 
U value on the same comprehensive index. Took Z1 as example, under waterlogging, 
the U(1) value of YBN6 was the largest, indicating that YBN6 had the best 
waterlogging resistance compared withGT2 having minimum U(1) value which 
indicated that GT2 had less resistance against waterlogging. D value is a comprehensive 
index reflecting the waterlogging resistance of maize varieties. The higher D value 
indicated better resistance against waterlogging. Using K-means clustering using D 
values, the varieties can be divided into three categories. The varieties can be divided 
into three categories using D values. The first category being the waterlogging tolerant 
variety, included YT28, TBN6, YT22 and HMT8. The second category being the 
moderately waterlogging tolerant varieties includes XMXN, YZN5, GN1, YCN2, 
YT13, YCN1, GT2, YBN3 and ZT68,while the third category indicated waterlogging 
sensitive variety i.e., YT27, XMXZ, ZT 89, YT16 and YXN2 (Table 3). 



Li et al.: Evaluation of physiological indices of waterlogging tolerance of different maize varieties in South China 
- 2068 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):2059-2072. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_20592072 
 2018, ALÖKI Kft., Budapest, Hungary 

Table 3. The value of each variety’s comprehensive index (Z), index weight (IW), U(x), D 

Varieties 
Comprehensive index Membership function value 

D 
Waterlogging 

tolerance Z1 Z2 Z3 U(1) U(2) U(3) 

GT2 -2.87 3.89 -0.12 0.00  1.00  0.37  0.40  11 

XMXZ -0.74 -1.25 -0.83 0.39  0.11  0.23  0.27  15 

HMT8 0.49 1.62 0.51 0.62  0.61  0.49  0.59  4 

GN1 1.47 1.16 -2.04 0.80  0.53  0.00  0.53  7 

XMXN 1.5 -0.15 -0.15 0.81  0.30  0.36  0.55  5 

ZT68 -0.74 -1 0.65 0.39  0.15  0.52  0.35  13 

YXN2 -1.5 -1.89 -0.88 0.25  0.00  0.22  0.17  18 

YT 13 -0.05 0.89 0.26 0.52  0.48  0.44  0.49  9 

YBN33 -0.68 -0.61 0.66 0.41  0.22  0.52  0.38  12 

YT 27 -1.51 -0.34 -0.36 0.25  0.27  0.32  0.27  14 

YT28 1.83 0.04 3.16 0.87  0.33  1.00  0.73  1 

YBN 6 2.53 0.5 -1.48 1.00  0.41  0.11  0.61  2 

ZT 89 -0.83 -1.19 -1.11 0.38  0.12  0.18  0.25  16 

YCN 2 1.05 -0.95 0.74 0.73  0.16  0.53  0.51  8 

YHN1 -1.15 0.05 1.31 0.32  0.34  0.64  0.40  10 

YZN 5 1.56 -0.13 -0.4 0.82  0.30  0.32  0.54  6 

YT16 -2.31 -0.86 0.17 0.10  0.18  0.43  0.20  17 

YT22 1.94 0.23 -0.09 0.89  0.37  0.38  0.61  3 

IW 
   

0.45  0.31  0.24  
  

Discussion 

Root is an important plant part that absorbs water and nutrients from soil. The well-
growing roots ensure higher photosynthetic efficiency, higher yield and stability 
(Hayashi et al., 2013). Previous studies showed that the morphological parameters of 
winter wheat roots were significantly reduced after waterlogging, especially the root 
number and root length, thus inhibited the absorption of water and nutrients (Dickin and 
Wright, 2008). Waterlogging led to root hypoxia, inhibiting mitochondrial respiration 
and ATP synthesis (Liu et al., 2014). Due to energy constraints, the ability of roots to 
absorb water and nutrients is reduced, that results in the reduction of root growth rate 
and dry matter accumulation (Wang et al., 2012). Root/shoot ratio reflects the 
correlation between plant shoots and roots, sothe reduction in root/shoot ratio indicates 
maize growth inhibition (Grzesiak et al., 2014). In this study, waterlogging inhibited 
maize root and lateral root growth. Overall, root length, root surface area and root 
volume of most maize varieties were lower than non-waterlogging conditions, however, 
the root morphological changes were as follows: the roots became shorter and thicker, 
the root hair and their bifurcation also suffered decline. The order of inhibition for root 
morphological indexes was: root length > root surface area > root volume > root mean 
diameter. These results corroborate with the findings of Liang et al. (2009). 
Waterlogging causes root hypoxia, thus indirectly affecting the growth and development 
of shoots (Qi et al., 2012). Waterlogging inhibited the growth of plant shoots which 
resulted in the reduction of plant height (Shin et al., 2016). Waterlogging at seedling 
stage inbibits seedling growth whereas reduction in plant height is directly related to 
flooding duration (Liu et al., 2013). The results of this study showed that the plant 
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height of different maize seedlings decreased varying from different degree of 
waterlogging. 

Previous studies showed that waterlogging caused decline in stomatal conductance 
and chlorophyll content of maize seedlings that resulted in reduced net photosynthetic 
rate and destruction of photosynthetic electron transport system (Ahmed et al., 2002; 
Wang et al., 2012). In this study, waterlogging caused a decline in SPAD value and 
Fv/Fm value. Chlorophyll is an important photosynthetic pigment and its content affects 
the plant’s ability to assimilate photosynthetic products. The reduction in chlorophyll 
content is a sensitive indicator for abiotic stress (Candan and Tarhan, 2012). 
Waterlogging led to the leaf senescence and chlorophyll degradation thus affecting the 
accumulation of photosynthetic products, leading to biomass reduction (Ren et al., 
2016b; Wang et al., 2016a). A decline in Fv/Fm values under water logged conditions, 
showed the destruction of PSII photochemical reaction (Baker, 2008; Liu et al., 2010a). 

Soluble proteins participate in the osmotic regulation of plant cells. Accumulation of 
soluble proteins maintains plant cell osmotic potential, and increases plant tolerance to 
waterlogging stress (Yu et al., 2017). In this study, the soluble protein content in most 
of maize varieties was improved compared with the control, especially in the GT2, 
having significance increase of 136.22%. While in a previous study, the content of 
soluble protein in DH605 and ZD958 leaves decreased by 12.5% and 8.4% respectively, 
after 6 days of flooding at three-leaf stage (Wu et al., 2014). Combined with these 
results, the soluble protein content showed inverse relation with the flooding duration. 

Waterlogging induced regulations of antioxidant enzymes i.e.,SOD, POD and CAT 
and lipid peroxidation (in terms of MDA content) (Figures 4). Activity of antioxidant 
enzymes (SOD, POD and CAT) was found higher in most seedlings under waterlogged 
conditions , however waterlogging stress lowered MDA content in most of maize 
varieties (Fig. 5A). Antioxidant enzymes effectively scavenged the ROS generated by 
biological or non-biological stress in plant, thereby protecting the cell membrane and 
improving plant resistance (Gill and Tuteja, 2010; Wang et al., 2016a). Antioxidant 
enzymes removed excessive free radicals such as superoxide-radical (O2-) and hydrogen 
peroxide (H2O2) from cells thus maintaining ROS at a low level and allowing intra-
cellular ROS production and scavenging to be in a dynamic equilibrium state (Hao et 
al., 2003; Liu et al., 2014). Waterlogging induced antioxidant enzyme activity in plants 
to reduce the damage caused by ROS. This activity of antioxidant enzyme was 
positively correlated with waterlogging resistance (Yin et al., 2010). MDA is the final 
product of lipid peroxidation. It acts in combination with the cell membrane to inhibit 
functional proteins from destructing cell structure and function thus ultimately affecting 
cell metabolism (Liu and Jiang, 2015). Previous studies showed that MDA content in 
wheat increased significantly after 7 days of flooding. It accelerated the degree of lipid 
peroxidation by causing severe damage to the cell membrane (Yu et al., 2017). In this 
study, the results differed from previous studies due to differences in flooding time and 
decline in MDA content may be due to the scavenging of antioxidant enzyme. In this 
case of prolonged flooding time, there may be a significant increase in MDA content 
because waterlogging may resulted in the destruction of the antioxidant enzymes (Liu et 
al., 2015a). ROS stimulated the protection mechanism of antioxidant enzymes to 
prevent maize from short-term flooding. But the activity of antioxidant enzymes 
declined sharply with the increase in flooding duration (Wu et al., 2014). 

Evaluation of the waterlogging resistance of maize is a complex problem and it is 
difficult to evaluate comprehensively with single index. The basic aim of screening and 
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breeding waterlogged resistant varieties of maize is to establish an evaluation system 
which contains varieties, treatments and indicators (Wang et al., 2007; Zhou et al., 2003). 
Principal component analysis can transform the individual indicators into comprehensive 
indicators and then calculate the weight according to the contribution rate of each 
comprehensive index (Liu et al., 2015b). Membership function is used to calculate the 
membership function value of each comprehensive index. Through the weight 
calculation, we can get the comprehensive evaluation value (D value) of maize 
waterlogging tolerance. In this study, the waterlogging tolerance of maize varieties was 
evaluated by principal component analysis, membership function and cluster analysis as: 
YT28>TBN6>YT22>HMT8>XMXN>YZN5>GN1>YCN2>YT13>YHN1>GT2>YBN
3>ZT68>YT27>XMXZ>ZT89>YT16>YXN2. 

Conclusion 

In this experiment, the morphological characteristics and physicochemical properties 
of different maize varieties under seedling waterlogging were studied. Overall, water 
logging conditions at early stages hampered the morphological and physiological traits 
of maize. The results may have some limitations requiring further conformational 
experiments. In addition, waterlogging evaluation system of different maize varieties 
was established according to their response mechanism. This evaluation system 
provided a theoretical basis for exploring the physiological basis of maize waterlogging. 
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Abstract. This study analyzes the changes in spatial and temporal patterns of land use/cover from 1999 to 
2014 in the city of Kastamonu, which is located at the center of the western Black Sea Region of Turkey. 
In this study, Kastamonu constitutes the study area, which is 65% covered with forests. Remote sensing, 
geographical information systems, and economic and demographic variables have been used for the 
analysis. The results showed that 0.2% of forested areas have been converted to settlement areas, and 
8.5% have been converted to agricultural lands during this period. On the other hand, 12.5% of settlement 
areas and 30.4% of agricultural lands were transformed into forested area in the same period. A net 
increase of 15.1% (108768.2 ha) happened in forest areas between 1999 and 2014. The annual percentage 
of forestation for forest areas within the study period was 0.94% in Kastamonu. In Kastamonu, the most 
important factor in the increase of forested areas is demographic movement, which decreased agriculture 
and animal husbandry due to declining populations in rural areas between 1999–2017. The abandoned 
agricultural areas have turned into forest areas. Grazing pressure on forests has decreased with the 
decrease in animal husbandry. This has been effective in structural improvements and spatial increase of 
forest areas. However, the development of substitute products in wood, widespread use of solar energy 
systems in rural areas, and the construction of more insulated buildings are other factors that are effective 
in increasing forest areas. 
Keywords: spatiotemporal analysis, land use/cover change, socio-economic impact on forest, 

Kastamonu, Turkey 

Introduction 

The importance of forest ecosystems is ever increasing, as forested ecosystems 
maintain the Earth’s ecological balance. Pollution and destructive effects from rapid 
increases in population coupled with rapid industrial development require us to be more 
sensitive about forests (Seçkin, 1995). In fact, forest areas simultaneously fulfill many 
ecological, economic, social, and esthetic functions. Forested areas provide many 
important functions such as reducing all types of air pollution (Yigit et al., 2016; Sevik 
et al., 2016), reduce noise (Aricak et al., 2016), have a psychologically positive effect 
(Cetin and Sevik, 2016a), help save energy (Cetin and Sevik, 2016b), and are an 
important economic resource (Tunçtaner et al., 2007; Sevik, 2012); further, they prevent 
erosion (Özel et al., 2015; Sevik et al., 2017), reduce wind speed, ho ld soil through their 
roots and prevent rain and streams from carrying the soil away, and protect wild life and 
hunting sources (URL1, 2004; Güneş Şen and Aydın, 2017). Furthermore, open green 
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areas with plants are important for human activity (Ertekin and Özel, 2010; Cetin et al., 
2017; Özel and Ertekin, 2012). These functions, therefore, play a greater role, 
particularly in highly populated areas. However, when the amount and structure of 
forested area change, there may be problems in completely fulfilling these functions. 

The history of permanent forest destruction dates back to the Neolithic period 
(Kaplan et al., 2009; Ostlund et al., 2015). However, destruction started to occur during 
the Industrial Revolution at the end of the eighteenth century (Simpson et al., 2003). 
According to research by the Food and Agriculture Organization, 16 million ha of 
forested area were lost between 1990 and 2000, and 13 million ha of forested area were 
lost between 2000 and 2010 (FAO, 2010). In fact, forest destruction occurs because of 
the effect of various factors such as ecological (tree species, composition, etc.), natural 
regeneration capacity, productivity and natural disasters (Ostlund et al., 2015; Trbojevic 
et al., 2012). 

The effects of forest destruction do not remain at a regional level and may have a 
global impact. According to previous studies, deforestation is the second-largest source 
of anthropogenic carbon dioxide emissions and causes a net reduction of carbon storage 
in terrestrial ecosystems (De Sy, et al., 2015). Moreover, forest destruction leads to 
various effects, such as a decrease in biological diversity, endemics of rare living 
creatures, and even loss of generations (De Sy et al., 2015; Ochoa-Quintero et al., 2015; 
Barlow et al., 2016). According to the results of a study conducted in South America, 
the total deforested area and related gross carbon losses from 1990 to 2005 reached 57.7 
million ha and 6.460 gigatonnes of carbon, respectively (De Sy, et al., 2015). In other 
studies, the deforestation rate was reported to be 3.74–4.09 million ha per year in 1990s 
and 3.28–4.87 million ha per year in 2000s (Hansen et al., 2010; Harris et al., 2012; Eva 
et al., 2012; Achard et al., 2014). Carbon loss related to deforestation was calculated as 
306–698 petagrams per year in 1990s and 322–845 petagrams of carbon per year in 
2000s (Baccini et al., 2012; Harris et al., 2012; Eva et al., 2012; Achard et al., 2014; 
Houghton, 2012; Tyukavina et al., 2015). Therefore, the loss in forested area is not only 
a loss of the ecosystem but also has numerous consequences, some of which occur on 
the global scale and may directly or indirectly affect people, plants, and animals. 

Outstanding factors among the causes of forest destruction are as follows: changes 
in land use; turning forested areas into agricultural or settlement areas; climate 
changes; and forest fires (Chauchard et al., 2010; Schweizer et al., 2017; Kucuk et al., 
2017; Cabral and Costa, 2017). Previous studies have suggested that each of these 
three factors are fundamentally human-derived. Forested areas are destructed and used 
for different purposes to fulfill the demands of the increasing population, and the 
change in the global climate arising from the destruction of the ecosystem caused by 
human activities damages the forested areas at a significant level. In addition, > 90% 
of forest fires break out as a result of human activities (Harvey, 2016; Šturm and 
Podobnikar, 2017). 

However, human activities (i.e., anthropogenic factors) are the biggest factor that 
contributes to forest destruction. At this point, economic activities, population sizes, and 
people’s beliefs emerge as the main factors determining the impact of human activities 
in a forest (Ostlund et al., 2015; Bayramoğlu and Kadıoğulları, 2018). High-quality 
forested areas are intensely exposed to the human effect because of plank timber 
production. Pressure from rural and urban populations cause legal and illegal increases 
in these utilizations. With respect to changes in population and movements, forests are 
positively affected on the one hand and negatively affected on the other. To maintain 



Şen ‒ Güngör: Analysis of land use/land cover changes following population movements and agricultural activities: a case study in 
northern Turkey 

- 2075 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):2073-2088. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_20732088 
 2018, ALÖKI Kft., Budapest, Hungary 

and manage the biodiversity, it is important to understand the dynamics of forest losses 
and consequences of human effects, which are the leading cause for such losses 
(Puyravaud, 2003; Lele and Joshi, 2009; Sen et al., 2015). In this context, such areas 
should be continuously monitored, and solutions should be developed to avoid current 
inconveniences and pressures on forests. This monitoring is particularly crucial for 
biologically rich areas. In this manner, contemporary data would be obtained for 
sustainable forest management, which would allow decision makers to perform more 
accurate analyses. 

In this study, we analyzed the spatial and temporal changes in land use and land 
cover during 1999–2014 in Kastamonu City, which is in the Black Sea Region in 
northwest Turkey. In addition, some socio-economic variables have been examined in 
relation to changes in the land use/cover. This study fills the gap through a large-scale 
analysis of land use/cover change using stand-type maps occurring in air photo data, 
particularly focusing on the Kastamonu forests during the 1999–2017 period. 

Study area 

Kastamonu Province is located in the western part of the Black Sea Region in Turkey 
between the north latitudes of 41–42 and east longitudes of 33–46 (Fig. 1). Its surface 
area is 13108 km2 (Öztürk and Özdemir, 2013). 

 

 
Figure 1. Geographic location of the Kastamonu Province 
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There are two national parks in the study area: The Küre Mountains National Park, 
which that Protected Areas Network parks certification, and the Ilgaz Mountain 
National Park (Anonymous, 2014; Öztürk and Ayan, 2015). Moreover, the Küre 
Mountains are home to five distinct habitat types, which are categorized as endangered 
habitats, as per the Bern Conventions (BERN) (KMNP, 2017). 

Ilgaz Mountain National Park (IMNP) contains approximately 10% of plant species 
in Turkey; 64 of these plant species are endemic. IMNP has been identified as one of 
Turkey’s most important plant areas by WWF. The protected natural forests in the 
IMNP create suitable habitats for many mammal species. Grizzly bear, deer, wolf, fox, 
wild boar, roe deer, rabbit and otter are some of the mammals in this area (URL2, 
2016). At the same time, IMNP is recognized as one of the “97 Important Bird Areas” 
in Turkey due to predatory birds (URL3, 2017). Another important point in terms of 
species diversity is the Küre Mountains National Park. In this national park, 1050 plant 
species, including 158 endemic species, have been identified (URL2, 2016); 59 of these 
plant taxa are endangered (URL3, 2017). 

More than 65% of Kastamonu is covered with forest; 48% of the general area is 
productive productive woodland; 17% is degraded forest; and 35% is forestless (URL4, 
2017; Güneş Şen, 2015). 

In Kastamonu, economically the most important sector is agriculture. Agricultural 
activity depends on vegetative production and forestry because the country is located on 
a rich forest belt. The agricultural area covers only 28% of the total land of the 
province. There are some agricultural products in this area, e.g., wheat, barley, and 
potatoes. Sugar beets, cannabis, and garlic are also produced as industrial crops (URL5, 
2014; URL6, 2006). According to 2017 data, the population of Kastamonu is around 
360366 persons. The population makes up approximately 0.5% of the country’s 
population. Forty-eight percent of the population live in the city center, and the 
remaining population live in districts and villages (TUIK, 2017). The population status 
of Kastamonu Province according to the years is shown in Table 1. There are 21 
municipalities, including the city center and 1071 villages in the Kastamonu Province. 

 
Table 1. Urban and rural population of Kastamonu Province (2000–2015) 

Years Urban population Rural population Total population 

2000 174020 201456 375476 

2007 184685 175681 360366 

2010 196162 165060 361222 

2015 226868 145765 372633 

 
 
As shown in Table 1, the total population decreased by 2843 persons (0.8%) in 

Kastamonu. When we look at the rural population, it can be seen that the decline in the 
population is almost 28%. 

Materials and methods 

There are various methods for collecting, analyzing, and presenting natural resources 
data to explain forest dynamics. In particular, the use of remote sensing and geographic 
information systems (GIS) can greatly shorten and simplify the analysis process 
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(Gautam et al., 2003). Analysis of temporal changes in area use and covers in 
Kastamonu Province was performed in two steps. In the first step, stand-type maps for 
1999, 2009, and 2014 were quantified and rectified using Arc/Info GIS, and a data set 
was created for temporal change analysis. In the second step, temporal changes and 
transitions in the land cover were analyzed. 

This study used data-gathered stand-type maps produced by the General Directorate 
of Forestry for years 1999, 2009, and 2014. These maps were then scanned and 
registered at the 1:25000 scale using first-order nearest-neighbor rules with UTM 
projection. We then used ArcGIS® software to overlay the maps and compute changes 
in land area over time as well as changes between classes of land cover and/or land use 
(Cakir et al., 2008). 

A rough-level classification approach was employed in the study area. Classification 
refers to a broad simplification of large land-use types and land covers defined by type 
composition and nonforested areas (Karahalil et al., 2009). Eleven land cover classes 
were included in the analysis (Table 2). 

 
Table 2. Land use/land cover classes description 

Land use/cover 
classes 

AL Agricultural land 

SA Settlement areas 

W Areas covered with standing water 

PM Productive mixed wood 

PPC Productive* pure stands composed of coniferous trees 

PPB Productive pure stands composed of broad-leaved trees 

DPC Degraded** pure stands composed of coniferous trees 

DPB Degraded pure stands composed of broad-leaved trees 

DM Degraded mixed wood 

OA Forest land, meadow, and mining field 

AF Areas for forestation 
*Productive forest (PF): Productive forest with a > 10% estimated tree crown cover 
**Degraded forest (DF): Degraded forest with a < 10% estimated tree crown cover 

 
 
In addition, forest management plans and information about demographic change, 

economic conditions, and living standards of local people were obtained and evaluated 
to determine socio-economic factors and administrative intervention influencing 
changes in land use. 

After that, the data were analyzed to identify changes in land use and land cover over 
time; the study supplemented these findings by examining forest management plans and 
socio-demographic data to understand potential contributors to the changes of land use 
and land cover. 

The annual rate of decrease or increase should be also revealed to the impact of a 
decrease in forest sources on the protection of biodiversity. For this purpose, the annual 
rate of forestation was calculated using Equation 1 (Puyravaud, 2003). 

 

   (Eq.1) 
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where P is the percentage of forestation/deforestation per year, and A1 and A2 are the 
amount of forest cover at time points t1 and t2, respectively. 

In addition to those listed above, changes that have occurred in forested areas and 
population movements, which are considered to have the greatest impact on this change, 
as well as the number of large and small cattle, amount of arable land, and yield of 
farming activities were comparatively evaluated and interpreted. 

Results 

Spatial and temporal changes in land use/cover 

The land use/cover status of Kastamonu Province for the years 1999, 2009, and 2014 
were determined as a result of analyses. The results are shown in Table 3 and Figures 2, 
3, and 4. 

 
Table 3. Evolution of selected landscape variables in the study area from 1999 to 2014 

Year 1999 2009 2014 

Class ha % ha % ha % 

OA 23560.2 1.85 312.4 0.02 6040.3 0.48 

AF 8624.3 0.68 2721.7 0.21 2745.9 0.22 

DPC 49423.6 3.89 79833.5 6.28 78315.7 6.17 

DM 85434.1 6.73 10315.7 0.81 10621.9 0.84 

DPB 111002.2 8.74 89508.0 7.05 88627.9 6.98 

SA 21059.2 1.66 23152.4 1.82 23489.8 1.85 

W 454.0 0.04 1020.8 0.08 1000.7 0.08 

PPC 222055.4 17.48 360646.5 28.39 360529.6 28.38 

PM 112648.2 8.87 127449.8 10.03 125227.2 9.86 

PPB 139947.2 11.02 163217.5 12.85 165956.6 13.06 

AL 496053.6 39.05 412083.9 32.44 407706.4 32.10 

Grand total 1270262.1 100.00 1270262.1 100.00 1270262.1 100.00 

 
 
The forested area in Kastamonu Province is 832024.8 ha, according to the stand-type 

maps from forest management plans. This area constitutes 63.5% of the Kastamonu 
Province. On the basis of analysis performed in 1999, approximately 39.05%, 1.66%, 
19.36%, 37.37%, and 56.72% of the total area subject to analysis was calculated as the 
agricultural area, settlement area, degraded area, productive land, and forested area, 
respectively; whereas, in 2009, approximately 32.44%, 1.82%, 14.14%, 51.27%, and 
65.42% of the total area were calculated as the agricultural area, settlement area, 
degraded area, productive land, and forested area, respectively. In 2014, the ratio of the 
settlement area in Kastamonu increased to 1.85%, while the ratio of the agricultural area 
decreased to 32.10%, but there was no significant change in the forested area, and the 
ratio of forested to total area was 65.28%. 
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Figure 2. Land use/cover status of Kastamonu Province in 1999 

 
 

 
Figure 3. Land use/cover status of Kastamonu Province in 2009 
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Figure 4. Land use/cover status of Kastamonu Province in 2014 

 
 

Transition among land use/land cover types 

The results of analyses regarding the use of land use/cover in Kastamonu are shown 
in Tables 4, 5, and 6. 

 
Table 4. Transition matrix of land use/cover changes in Kastamonu Province from 1999 to 

2009 

1999–2009 

Changed 

from 
OA AF DPC DM DPB SA W PPC PM PPB AL 

OA 39.9 2.9 1491 21.4 2183.1 132.3 88.7 2099.9 1313.2 6496.4 9691.6 

AF 0 314.6 204.5 30.4 327.6 31.1 0 1532.7 1449.9 4378.5 355 

DPC 3.7 111.2 18514.5 805.9 3628.7 115.5 12 17396.8 2700.3 1304.9 4830 

DM 12.6 241.3 14625 5356.2 8526.9 87.8 24.3 20690.4 18556.4 11880.4 5432.7 

DPB 27 345.2 6791.7 1592.2 40408.3 123.5 41 11173.7 11406.9 28983.1 10109.6 

SA 25.9 11 226.8 28.2 280.7 12467.2 5.7 393.9 183.6 619.9 6816.2 

W 1.5 0 14.5 0 3.9 3.5 203.3 4.1 12.1 24.9 186.2 

PPC 51.1 652.2 8955 690.5 2652.8 189.4 22.7 175744.8 20511.3 5182.9 7402.8 

PM 0.1 40.3 3873.6 133 5583.7 43.3 72.9 65018.5 22932.4 11041.4 3909.2 

PPB 0.5 0.9 1726.5 77.1 4406.7 72.2 8.4 26157.8 35480.4 68194.3 3822.3 

AL 150 1002.3 23410.4 1580.6 21505.6 9886.7 541.8 40434 12903.1 25110.7 359528.4 
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Table 5. Transition matrix of land use/cover changes in Kastamonu Province from 2009 to 

2014 

2009–2014 

Changed 

from 
OA AF DPC DM DPB SA W PPC PM PPB AL 

OA 117.1 0 6.9 0.5 6.7 14.5 1 33.4 28.6 24.3 79.3 

AF 3.6 2124.8 53.5 49.4 42 4.1 1.4 228.2 2.2 14.2 198.3 

DPC 191.3 50.3 44784.9 87.2 2311 239.5 25.7 17789.7 2509 2061.4 9783.5 

DM 29.5 29.6 254.8 6755.3 135.6 25.6 1.3 1354.8 272 267 1190.3 

DPB 379.3 60.1 1444.1 229.5 61181.9 297.3 59.5 4978.7 3266.7 7629.1 9981.7 

SA 66.7 14.3 345 28.4 383 13750.2 8.1 521.1 190.4 389.3 7456.1 

W 31.4 0 47.8 0.9 66.2 8.1 604.2 24.9 8.4 24.6 204.4 

PPC 306.9 193.5 16898.5 1358 4704.2 534.6 19.8 289959.6 12679 7720.1 26272.3 

PM 111.6 6.4 2559 272.6 3372.1 200.3 12.7 11646.5 92376.8 9754.9 7136.8 

PPB 415.5 8.2 2026.5 344.9 7995 490 50.3 7280.2 8289.9 120952.3 15364.7 

AL 3829.2 254.7 10013.1 1100.8 11305.6 7909.7 213.3 26325.4 6818.4 15185.3 329128.3 

 
 
Table 6. Transition matrix of land use/cover changes in Kastamonu Province from 1999 to 

2014 

1999–2014 

Changed 

from 
OA AF DPC DM DPB SA W PPC PM PPB AL 

OA 1771.1 5.5 1429.7 21.5 1819.4 167.2 51.2 2714 1363.7 6300.3 7916.6 

AF 16.1 287.8 214.4 41.2 388.8 77.1 0 1468.2 1367.9 4200.9 561.9 

DPC 107.2 116.9 13233 723.6 3403.4 226.7 13.2 20399.5 2290.5 1609.4 7300.1 

DM 277.2 249.4 12939.7 4186.2 8166.6 170 24.5 22646.1 17705.8 11600.2 7468.6 

DPB 877 354.5 5876.1 1730.4 34279.9 267.1 69.9 12741.7 11572.5 29290 13943.3 

SA 70.8 18.2 396.1 46.1 470.4 9323.5 8.2 675.1 280.4 771.4 8998.9 

W 28.8 0 28.8 0.9 26.1 4.8 126.3 15.9 20.2 29.8 172.4 

PPC 227.8 615.2 13211.2 1360.5 3891.3 403.5 45.4 157223.9 21131.3 6845.4 17099.9 

PM 86.2 38.7 4883.1 237.6 5715 123.6 81 62788.5 21239.5 10773.7 6681.3 

PPB 214.8 5.5 2373.8 251.9 6267.5 213.2 12.1 25655.7 32878.8 63401.3 8672.7 

AL 2363.3 1054.2 23729.8 2022.2 24199.6 12513.2 568.9 54201 15376.7 31134.2 328890.6 

 
 
Areal and qualitative improvements in forested areas have attracted increasing 

attention. An increase of approximately 35% in total productive forested areas from 
1999 to 2014 has drawn attention, while 65.56% of degraded forests in 1999 maintained 
their degraded forest quality in 2014. Approximately 42% of degraded coniferous 
forests turned into productive coniferous forests, and 8% of these forests turned into 
productive leaved or mixed forest, while 26% of degraded broad-leaved forests turned 
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into productive broad-leaved forest; 22% of these forests turned into productive mixed 
or productive coniferous forest, and > 60% of degraded mixed forests turned into 
productive forest. Approximately 24% of productive forest also turned into degraded 
forested area from 1999–2014. Apart from that, > 30% of agricultural areas turned into 
forested areas, and 2.52% of these areas turned into settlement areas; whereas 66.3% of 
these areas maintained their agricultural area quality. This ratio indicates that the 
agricultural area was the highest-rated area that turned into settlement areas. 

 
Analysis of the forestation/deforestation rate 

Forestation/deforestation ratios of Kastamonu were determined for 1999–2009, 
2009–2014, and 1999–2014. Ratios obtained from this analysis are shown in Table 7. 

 
Table 7. Forestation/deforestation ratios of Kastamonu Province 

 1999–2009 2009–2014 1999–2014 

Productive forest 3.16 0.01 2.11 

Degraded forest −3.14 −0.23 −2.17 

Total forest 1.43 −0.04 0.94 

 
 
As shown in Table 7, productive forests have a positive forestation rate, while 

degraded forests have a negative value, that is, degraded forests generally decrease. The 
annual forestation ratio from 1999 to 2009 decreased to 3.16% for productive forests 
and to −3.14% for degraded forests. The annual forestation ratio from 2009 to 2014 
decreased to 0.01% for productive forests. The deforestation ratio for degraded forests 
decreased and regressed to −0.23%. When the study period is evaluated in general, the 
annual forestation ratio for the general forestation area was 0.94%. The forestation ratio 
for degraded forests was negative, while this ratio was positive for productive forests. 

Discussion 

This study particularly indicates that significant changes have occurred in the forest 
structure, and the changes show similar results of other studies conducted in Turkey. 
Previous studies showed that the current forested area increased by 15% during 1999–
2014 (107768.2 ha). However, despite the decrease of 28% (68294.4 ha) in the 
degraded forest areas, the productive forest areas increased from 37% (177062.6 ha). In 
a study covering the period from 1987 to 2000 in the Kastamonu Province, it was 
determined that 111466 ha of forest area have increased, while open areas of 112888 ha 
have decreased. In this period, forested areas increased by 8.43% in total (Turan et al., 
2010). Similar results were obtained in a study conducted in the Daday District of 
Kastamonu. In the study, it was determined that the productive forest areas in the Daday 
region increased by 92.4% between 1970 and 2010. On the other hand, corrupt forested 
areas decreased by 57.7% (Zengin et al., 2018). These results show that forested areas 
in Kastamonu are steadily increasing. In 1987, 32.1% of Kastamonu was covered with 
forest (Turan et al., 2010), while it increased to 63.5% in 2017. 
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Similar results were obtained by studies in Turkey. In a study conducted in 
Gümüşhane Province, it was determined that forested areas increased by 6.54% (6928 
ha), and the annual forestation ratio increased to 0.50% during 1987–2000 (Kadıoğulları 
and Başkent, 2008). In a study conducted in Macka, located in the northeast of Turkey, 
it was determined that high mountain forests showed an increase of 200.6 ha during 
1973–2008 (Sen et al., 2015). In a study conducted in Koprulu Canyon, Karahalil et al. 
(2009) found that the percentage of stands decreased by 5.6% during 1965–1984 and 
increased by 8.04% during 1984–2008. The cumulative forest accretion accounted for 
1.9% (548.7 ha) of the whole area of NP. This rate translates to an annual amount of 
12.7 ha forest improvement (Karahalil et al., 2009). 

It could be thought that two important factors are effective in changing the land 
use/cover in Kastamonu. The first effective factor is population movement, especially 
immigration from rural areas to city centers and other cities, which is important for land 
use/cover changes in the area (Table 1). The change in Kastamonu’s urban population 
during 1990–2015 is shown in Table 1. According to the results presented in this table, 
the urban population of Kastamonu decreased to 372633 persons as of 2015, whereas 
the total urban population was 423611 persons in 1990. The rural population decreased 
from 274901 persons in 1990 to 145765 persons in 2015, whereas the urban population 
increased from 148710 persons in 1990 to 226868 persons in 2015. When these figures 
are evaluated in general, it is observed that the urban population in 2015 is 
approximately 1.5 times more than the urban population in 1990. The rural population 
decreased by approximately 47% from 1990 to 2015. This is an indicator of mass 
migration from village to town. Along with urban–suburban migration, there is also 
population migration from the province to the other provinces. The total population, 
which was 423611 in 1990, declined by 12% in 2015 to 372633. These migratory 
movements could have different effects on land use and cover. Conversion of 
agricultural land to forest as a result of a decrease in rural population has been the main 
factor for increase in forests (Fig. 5). It was determined that agricultural areas were 
converted to forested and settlement areas. Although the decrease in rural population 
has a positive impact on forests, population increase in city centers leads to conversion 
of forested areas into settlement areas. In total, 1404.1 ha of forested area was converted 
to settlement areas during 1990–2014. 

 

 
Figure 5. Population of Kastamonu Province and changes in forested areas 
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When sectoral distribution of gross value added was reviewed, it was observed that 
the share of the agricultural sector in the developmental zone, including Kastamonu 
(Sinop, Cankırı, and Kastamonu), is 22.6%; it is well above Turkey’s average, which is 
9.5%. This study showed that the poverty ratio in the region is high. Agricultural lands 
in the region are small because of forested areas and their topography. The grains and 
feed crops have the highest share in plant production. The most significant agricultural 
activity in conformity with the regional structure is the husbandry activities. The 
husbandry activities are generally performed by small-scale family enterprises (URL5, 
2014). Figure 6 shows the changes in livestock numbers, amount of arable land, and 
grain and vegetable production. 

 

 
Figure 6. Agricultural variables and changes in forested areas in Kastamonu Province (1999–

2014) 

 
 
The decrease in agricultural activities along with changes in rural population also 

affect forests. In parallel with the decline in animal numbers, grazing pressure on the 
forest areas of the animals has decreased. In addition, the use of forests for fuel, lumber, 
and animal feed by the rural population has decreased. The decrease in all these 
pressures could have a positive impact on forest growth. 

Between 1970 and 2010, in the study conducted in the Daday region of Kastamonu, 
it was determined that agricultural areas decreased by 57% in parallel with the decrease 
of the rural population. Particularly, it has stated that the young population leaving the 
villages is effective in this decrease. This study also found that population movements 
were concentrated in the city center (Zengin et al., 2018). Another study conducted for 
Kastamonu Province stated that the main reason for the increase of forest area between 
1987–2000 was the population increase (Turan et al., 2010). However, the Kastamonu 
Forest Regional Directorate found that land use/change is also affected by afforestation 
activities. The afforestation contributed to the increase of forest areas and the 
transformation of degraded forest areas into productive forest areas. 
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Conclusions 

This study investigated the spatial changes in land use/cover in Kastamonu in detail. 
The effects of changes in population and agriculture on forested areas were also 
revealed. Between 1999 and 2014, forested areas in Kastamonu increased by 15.1% in 
total. In this period, productive forest areas increased by 37.3% while degraded forested 
areas decreased by 27.8%. In the same period, the SAs increased by 11.5%, and the ALs 
decreased by 17.8%. During this change, 42.1% of open areas and 69.6% of agriculture 
areas have turned into forest areas; 47.2% of degraded forest areas have turned into 
productive forest areas. At the same time, 0.2% of forest areas and 2.5% of agricultural 
areas have been converted into settlement areas. The most important factor influencing 
this change is the migration from rural to urban, particularly after the 1980s. Societies 
are dynamic, and this dynamism affects the Earth’s surface. Therefore, understanding 
the spatiotemporal changes in land use/cover and associated factors and the dynamics in 
change are important for sustainable planning of natural resources. However, all those 
factors should be studied in more detail on the human factor, which has the most 
influence on this change. 

Monitoring and evaluation remain important. These analyses are particularly 
important for the sustainable management of ecosystems and efficient use of natural 
resources. For this reason, this monitoring must be elaborated upon and give weight to 
studies, particularly those in which socio-economic variables and human influence 
effects on land use are identified. 
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Abstract. The growth of winter potato, which is mainly planted in South China, is negatively affected by 
low temperatures. However, mulching is an effective method to increase soil temperatures. Here, the 
effects of black plastic, white plastic and rice straw mulch were assessed on soil temperatures, as well as 
on potato growth and yield through field experiment. The daily mean temperatures increased by up to 
7.5°C and 6.5°C under black and white plastic mulch, respectively, compared with no mulch. 
Furthermore, the emergence rates and dates were accelerated by mulching, with the greatest tuber yields 
being observed under the black mulch treatment in two growing seasons. Additionally, mulching altered 
the soil’s fertility properties and soil microorganism composition. Taken together, mulching with black 
plastic film is an effective method that benefits winter potato production in Typical Pearl River Delta 
Plain in south China. 
Key words: plastic mulch, soil fertility, potato yield, emergence rate, soil temperature 

Introduction 

Potato (Solanum tuberosum L.) is an important crop worldwide; ranking fourth after 
rice, wheat and maize, and it has a significant economic role. Currently, China is the 
largest potato producer in the world (FAO, 2014). In China, the North China Plain and 
Loess Plateau are major potato production regions because of their environmental 
conditions, including high altitudes, large diurnal air temperature fluctuations and 
abundant sunlight. However, these areas have typical arid and semiarid climates in 
which water scarcity is a substantial threat to crop yields (Wang et al., 2005). Thus, 
water-saving becomes the most critical factor in enhancing potato yield and quality. 
Mulching improves water conservation by reducing soil evaporation rates and 
increasing the water-use efficiency. Plastic mulch combined with drip irrigation has 
been used as an effective water-saving measure for the cultivation of potato in North 
China (Wang et al., 2011a; Liu et al., 2017; Zhang et al., 2017a). 

In addition to saving water, plastic mulching also decreases nitrate leaching (Johnie 
and Josiah, 1998; Pat and Brenda, 2002; Romic et al., 2003), suppresses weed 
populations (Ghosh et al., 2006; Ramakrishna et al., 2006), kills pathogens (Vos et al., 
1995; Triki et al., 2001), decreases soil bulk densities (Anikwe et al., 2007  and 
regulates soil temperature  Baghour et al., 2002   amakrishna et al., 2006   ang et al., 
200   Hou et al., 2010  Ibarra- im ne  et al., 2011   vo  k et al., 2012; Zhao et al., 

tel:+86
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2012). Reports on potato yield when plastic mulch is used are controversial, with some 
studies describing yield reductions (Baghour et al., 2002; Wang et al., 2009, 2011b), 
while others yield increases (Mahmood et al., 2002; Wang et al., 2005, 2009; Hou et al., 
2010; Zhao et al., 2012, 2014;  uí machuca et al., 2014; Zhang et al., 2017b). These 
discrepancies may be attributed to differences in weather conditions among locations 
and study years, as well as soil temperature differences between mulched and non-
mulched soil (Hou et al., 2010). Soil temperature is a main factor that regulates biomass 
accumulation, potato canopy development and potato tuber growth (Wolf et al., 1990; 
 elden et al., 2000 . The optimum temperature for potato growth ranges from 15°C to 
18°C. Tuberi ation occurs at low temperatures below 21°C and is delayed, or even 
inhibited, at temperatures above 30°C  Hay and Allen, 1 78 . 

The South China provinces of Guangdong, Guangxi, Hainan and Fujian form a major 
winter potato production region. It has a typical sub-tropical and tropical monsoon 
climate, with plentiful annual rainfall, but the daily mean temperature is higher than 
25°C from May to October. Thus, potato growth is restricted in the winter  November to 
March) in fallow paddy fields. Winter potato production is a significant component in 
meeting the market demand for potatoes in the spring and in realizing all-year 
production and a year-round supply. However, temperatures below 15°C often occur 
during the potato growing season, especially in the early growing period, and 
sometimes the temperature falls below 0°C, which threatens the winter potato yield. 
Fortunately, increased soil temperatures caused by mulching were noticed by farmers, 
and plastic mulch, as well as rice straw mulch, has been widely employed in winter 
potato production. While there is plenty of information regarding the plastic mulch and 
spring potato production in North China (Wang et al., 2005, 2009, 2011a; Zhao et al., 
2012, 2014), there is little information concerning winter potato production under mulch 
in South China. In this study, the effects of plastic and rice straw mulch on winter potato 
growth were explored. The objectives of this study were to (1) evaluate the effects of 
mulch on soil temperature during the winter growing season; (2) assess the influence of 
mulch on the emergence rate and date, and the tuber size and yield of winter potato; and 
(3) explore the changes in soil fertility properties and microorganisms under mulch. 

Materials and methods 

Experimental site 

Field experiments were carried out in 2013 to 2014 and 2014 to 2015 at Baiyun 
Experimental Station of Guangdong Academy of Agricultural Sciences in Guangzhou. It 
has a typical sub-tropical monsoon climate and has two or three harvests per year. 
Table 1 is the brief description of this experimental site. The Global Position System 
(GPS) coordinates of the experimental site was shown in Figure 1. 

 
Experimental design 

The experiment was designed as a randomized complete block with three replications 
and the following four treatments: (1) Black plastic mulch, (2) White plastic mulch, (3) 
Rice straw mulch, and (4) Bare soil. The plastic was 135 cm wide and 0.02 mm thick 
polyethylene film. The main agronomic management practises are shown in Table 2. 
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Temperature measurements 

Weather data were obtained from the weather station located near the experimental 
site. Soil temperatures for each treatment were measured with HOBO® 12-Bit 
Temperature Smart Sensor Manual connecting with HOBO® Micro Station Quick Start 
(Onset Computer Corporation, Pocasset, United States), which were placed in the centre 
of the middle bed at soil depths of 5 cm, 10 cm, 15 cm, 20 cm and 25 cm. 

 
Table 1. Brief description of experimental site 

Items Value Annotation 

Location 113°17E′, 23°8N′ 

Lies in Baiyun Experimental Station of 
Guangdong Academy of Agricultural 
Sciences in Guangzhou, Guangdong 

province, South China 
Altitude (m) 27  

Air temperature (°C   The average of 1951-2008 
Average 20.8  

Maximum 39.0 In July 
Minimum 0 In January 

Precipitation (mm) 1738  
Evaporation (mm) 1700 Annual pan evaporation 
Sunshine hours (h) >1800  

Groundwater table (m) <10  
Average bulk density (cm−3) 1.33  

Frost-free period, day(d) 320  
Major crops Rice  

Pre-crop Rice  

Land surface 
Typical Pearl River Delta 

Plain, the main land-use type is 
paddy field 

 

 
 

 

Figure 1. GPS coordinates of the experimental site. The image is generated by the software of 

Google Earth 
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Table 2. The key information of planting seeds and the management of potato in the 

experiment 

Items 2013 to 2014 2014 to 2015 

Potato cultivar Yueyin85-38 

Farmyard manure 75t ha-1 

Fertilizer 
One-time application, fertilizer containing nitrogen (285 kg ha−1), 

P2O5 (225 kg ha−1) and potassium (450 kg ha−1) 

Planting mode Ridges with two rows 

Sowing depth 10 cm 

Sowing date Nov. 20, 2013 Nov. 27, 2014 

plant protection 
Spray 600 times dilution INFINITO (BAYER@, GERMAN) solution 

at 50 days and 60 days after emergence 

Hilling Hilling twice, after emergence and at tillering stage 

Irrigation frequencies Furrow irrigation once a month 

Weed control Removing weeds before tillering stage 

 
 

Plant sampling 

The emergence rate, emergence date and duration were recorded when 75% plants had 
acquired the characteristics of the stage under each treatment. The roots and shoots of three 
plants per treatment were measured to determine the fresh weight and were then oven-dried 
at 105°C for 48 h to determine the dry weight   ang et al., 2005). After harvesting, ten 
plants in each treatment were randomly sampled for the indoor test, and the tubers were 
divided manually into two grades, greater than and less than 50 g fresh weight. 

 
Soil properties analysis 

In two growing seasons, three soil samples were taken randomly from the surface to 
a soil depth of 5 cm in each treatment before sowing and after harvesting. The soil’s 
available nitrogen, phosphorus and potassium were detected. Soil available nitrogen 
includes ammonium and nitrate forms of nitrogen. In diffusion dishes containing ferrous 
sulphate, the soil was hydrolysed and reduced under a strong alkaline environment. 
Nitrogen in the soil was converted into ammonia and then absorbed by a boric acid 
solution. The absorbed liquid ammonia was titrated with sulfuric acid, and the available 
nitrogen content was calculated based on the amount of the sulfuric acid (Duan et al., 
2007). Soil available potassium was extracted by 1 mol/L acetic acid ammonium and 
then measured by a flame photometer (Du et al., 2004). Soil available phosphorus was 
extracted by a solution of 0.05 mol/L HCl and 0.025 mol/L H2SO4 and then measured 
by a spectrophotometer (Jiao et al., 2015). 

 
Soil microorganism analysis 

In two growing seasons, three soil samples were taken randomly from the surface to 
a soil depth of 5 cm in each treatment before sowing and after harvesting. Counts of 
total bacteria were measured on 10−5 and 10−4 nutrient agar medium (5 gL-1 peptone, 3 
gL-1 beef extract, 1 gL-1 yeast extract, 15 gL-1 agar, 5 gL-1 glucose) (Wollum, 1982) 
counts of total actinomycetes were measured on 10−4 and 10−3 Gauserime synthetic agar 
medium (20 gL-1 Soluble Starch, 0.5 gL-1 NaCI, 1 gL-1 KNO3, 0.5 gL-1 K2HPO4.3H2O, 
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0.5 gL-1 MgSO4.7H2O, 0.01 gL-1 FeSO4.7H2O, 15 gL-1 agar, pH7.4), and total fungi 
were measured on Martin’s  ose Bengal agar medium (5 gL-1 peptone, 10 gL-1 glucose, 
1 gL-1 KH2SO4, 0.5 gL-1 MgSO4, 0.01 gL-1 rose bengal sodium, 14 gL-1 agar, pH 6.0) 
 Martin, 1 50 . The plates were incubated in darkness at 25°C for 3 to 4 d for the 
bacteria, 10 d for the fungi and 7 d for the actinomycetes. 

 
Statistical analysis 

The One-Way ANOVA procedure in SPSS Statistics 17.0 was used to conduct 
analysis of variance. Mean values of the treatments were compared using the Duncan 
test at p ≤ 0.05. Mean values are reported in Tables 3, 5, 6, 7, 8 and Figure 5. 

Results 

Air and soil temperature 

In the growing season from October 2013 to April 2014, the mean monthly air 
temperature ranged from 13.0°C to 24.0°C, averaging 17.3°C, monthly maximum air 
temperature was in the range of 18.0°C~29.0°C and the monthly minimum air 
temperature was in the range of 8.0°C~19.0°C. There were 60 days had a daily 
minimum temperature lower than 15.0°C, mainly concentrated in the December to 
February, and extreme low temperature was 3.0°C (Fig. 2a). In the growing season from 
October 2014 to April 2015, the mean monthly air temperature ranged from 13.0°C to 
25.0°C, averaging 18.3°C, monthly maximum air temperature was in the range of 
17.0°C to 30.0°C and the minimum air temperature was in the range of 9.0°C to 20.0°C. 
There were 63 days had a daily minimum temperature lower than 15.0°C, mainly 
concentrated in the December to February, and extreme low temperature was 4.0°C 
(Fig. 2b). 

 

 
Figure 2. Average monthly air temperature and precipitation during the potato growing season 

in 2013~2014 and 2014~2015. T max: maximum average monthly air temperature; T min: 

minimum average monthly air temperature; Ta: average monthly air temperature. T extreme 

max: extreme maximum average monthly air temperature; T extreme min: extreme minimum 

average monthly air temperature 

 
 
During the growing season from October 2014 to February 2015, the daily mean soil 

temperature in different depths under black and white plastic mulch were higher 
0°C~7.5°C, 0°C~6.5°C compared with that in bare soil, respectively (Fig. 3a, 3b). 
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However, rice straw mulch mainly decreased soil temperature, the temperature 
differences in different depths between rice straw mulch and bare soil was -
2.5°C~1.0°C (Fig. 3c). At the early growing season, daily mean soil temperature 
under black and white plastic mulch were higher 1.0~7.5°C, 1.0~6.5°C than that in 
bare soil (Fig. 3a, 3b), but the soil temperature under rice straw was close to or even 
lower than bare soil, the temperature differences in different depths between rice straw 
mulch and bare soil was -2.5°C~1.0°C (Fig. 3c). In the middle growing season, as the 
plant canopy enlarged, the soil surface was shaded, the soil temperature differences 
between mulch and non-mulch became smaller, 0~4.3°C for black plastic mulch, 
0~3.5°C for white plastic mulch, -1~0.67°C for rice straw mulch (Fig. 3a-c). In the 
late growing days, the plant leaves senescent and dropped, the soil temperature 
increasing again, black and white plastic mulch also showed small soil temperature 
differences compared with that in bare soil, 0.8~2.0°C and 0~2.2°C, respectively (Fig. 

3a, 3b). And the differences between rice straw mulch and bare soil was even more 
smaller, -0.83°C~0.83°C (Fig. 3c). 

 

 

Figure 3. Differences in daily mean soil temperature at different soil depths under mulch and 

no-mulch conditions. a: black plastic mulch; b: white plastic mulch; c: rice straw mulch 

 
 

Emergence rate and growth stages duration 

Due to the favourable changes in soil temperature by mulching, the emergence rate 
was increased by 16.2%, 14.9% and 11.0% under black, white and rice straw mulch, 
respectively in the winter of 2013. Similarly, in 2014 winter, the emergence rate was 
improved by 14.0%, 14.2% and 10.4% under black, white and rice straw mulch, 
respectively (Table 3). 
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Table 3. Emergence rate of potato under different mulching conditions in 2013~2014 and 

2014~2015 

Treatments 
Emergence rate (%) Increasing in emergence rate (%) 

2013-2014 2014-2015 2013-2014 2014-2015 

Black plastic mulch 88.7a 90.1a 16.2 14.0 

White plastic mulch 87.1a 90.4a 14.9 14.2 

Rice straw mulch 83.4a 86.5b 11.0 10.4 

Bare soil 72.2b 75.6c -- -- 

Means within columns followed by different lower-case letters (a, b, c) stand for significance different 
at p ≤ 0.05 

 
 
Besides increasing the emergence rate, the emergence also been accelerated by 

mulch. Compared to bare soil, emergence was 10 d, 8 d and 1 d earlier in 2013 growing 
season and 7 d, 4 d and 1 d earlier in 2014 growing season under black, white and rice 
straw mulch, respectively (Table 4). And due to the early emergence, the corresponding 
maturation periods were less 4 d, 9 d and 1 d in 2013 growing season and 4 d, 11 d and 
1 d in 2014 growing season under black, white and rice straw mulch, respectively (Table 

4, Fig. 4). 
 
Table 4. The date of sowing, emergence and maturing under different mulch conditions in 

2013 to 2014 and 2014 to 2015growing seasons 

 2013-2014 2014-2015 

 
Sowing 

2013 

Emergence 

2013 

Maturing 

2014 

Sowing 

2014 

Emergence 

2014 
Maturing 

Black plastic 
mulch 

Nov.26 Dec.18 (22b) Mar.29 (123b) Nov.20 Dec.6 (16b) Mar.16 (116b) 

White plastic 
mulch 

Nov.26 Dec.20 (24b) Mar.23 (117c) Nov.20 Dec.9 (19b) Mar.9 (109c) 

Rice straw mulch Nov.26 Dec.26 (30a) Apr.1 (126a) Nov.20 Dec.15 (25a) Mar.19 (119a) 

Bare soil Nov.26 Dec.28 (32a) Apr.2 (127a) Nov.20 Dec.13 (23a) Mar.20 (120a) 

The numbers in parentheses indicate the duration days, and means within columns followed by different 
lower-case letters (a, b, c) stand for significance different at p ≤ 0.05 

 
 

Biomass accumulation 

Aboveground fresh and dry weight increased gradually during the growing season in 
2014. At the 30 d after sowing, the plants under black and white plastic mulch showed 
significantly higher accumulation (p < 0.05) both in fresh and dry weight compared 
with rice straw treatment and bare soil. At the 45 d after sowing, the plants under only 
black plastic mulch showed significantly higher accumulation of fresh and dry weight. 
During the middle growing period, no difference was observed among the treatments. 
And at the late growing days, the black plastic treatment showed much higher above-
ground fresh and dry weight (Fig. 5a, 5b). Under-ground fresh and dry weight increased 
rapidly during the growing season in 2014. At the early growing days, there was no 
significant difference among the treatments. However, the black plastic mulch showed 
highest fresh and dry weight from 75 d to 105 d after sowing, and significant difference 
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were found for dry weight at 90 and 105 d after sowing (Fig. 5c, 5d). Tuber biomass 
showed the same tendency with under-ground biomass, which the black plastic 
treatment have the highest fresh and dry weight in the later growing period, and 
significant differences were found for tuber dry weight at 90 and 105 d after sowing 
(Fig. 5e, 5f). 

 

 
Figure 4. Potato field performance in 2014 to 2015 growing seasons. a: the photo was taken on 

16 December, 2014; b: the photo was taken on 26 January, 2015 

 
 

Tuber size and yield 

Based on weight, tubers were divided into two grades: small tubers (< 50 g) and 
large tubers (≥ 50 g . In 2013~2014, the black plastic mulch treatments had the greatest 
weight and number of large tubers, and then followed by the rice straw mulch and bare 
soil; the white plastic mulch is the lowest. While, with respect to small tubers, the white 
plastic mulch treatment showed significantly heavier and much more number of small 
tubers than other mulch treatments and bare soil  p ≤ 0.05 . Thus, the tuber numbers and 
weight were significantly higher in the black mulch than other treatment and bare soil 
(p ≤ 0.05) (Table 5). 
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Figure 5. Above-ground and under-ground biomass under different mulch conditions. a: above-

ground fresh weight per plant; b: above-ground dry weight per plant; c: under-ground fresh 

weight per plant; d: under-ground dry weight per plant; e: tuber fresh weight per plant; f: tuber 

dry weight per plant. Means within columns followed by different lower-case letters (a, b, c) 

stand for significance different at p ≤ 0.05 

 
 
In 2014~2015, the rice straw mulch treatment had the greatest number of large 

tubers, which was significant different with white plastic mulch  p ≤ 0.05 , but no 
significant difference with black plastic mulch and bare soil. The black plastic mulch 
had the greatest weight of large tubers, which was significant different with white 
plastic mulch  p ≤ 0.05 , but no significant difference between black plastic mulch and 
bare soil. Although, the white plastic mulch treatment showed the greatest weight and 
number of small tubers, there were no significant difference among the three mulch 
treatments and bare soil. In total tuber number and weight, there were no significant 
differences among all the treatments  p ≤ 0.05   Table 5). 



Li et al.: The effect of mulching on soil temperature, winter potato (Solanum tuberosum L.) growth and yield in field experiment, 
South China 

- 922 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):913-929. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_913929 
 2018, ALÖKI Kft., Budapest, Hungary 

Table 5. Potato tuber grades and weight of ten sample plants under different mulching 

conditions in 2013~2014 and 2014~2015 growing seasons 

 
Tuber numbers of ten plants Tuber weight of ten plants 

W≥50 g W<50 g Total W≥50 g W<50 g Total 

2013-2014       

Black plastic 
mulch 

42.67±2.86a 22.32±1.01ab 64.17±2.21a 5.57±0.2 a 0.63±0.12ab 6.20±0.24a 

White plastic 
mulch 

2 .33±3.63c 25.33±2.67a 50.83±1.67b 3.83±1.11c 0.71±0.11a 3.87±0.58b 

Rice straw 
mulch 

3 .33±5.76ab 15.00±2.8 b 50.83±5.46b 4.60±0.27ab 0.33±0.06b 4. 3±0.31b 

Bare soil 33.67±2.86bc 17.67±1.45ab 50.83±3.00b 4.20±0.16bc 0.67±0.0 a 4.87±0.15b 

2014-2015 
      

Black plastic 
mulch 

42.67±2.27ab 7.33±2.33a 50.00±3.78a 8.32±0.5 a 0.24±0.10a 8.47±0.57a 

White plastic 
mulch 

3 .02±3.67b 10.00±3.06a 4 .00±5.51a 6. 1±0.3 b 0.34±0.17a 7.31±0.51a 

Rice straw 
mulch 

48.33±2.86a 7.33±2.0 a 55.67±3.84a 7. 6±0.17ab 0.22±0.10a 8.21±0.23a 

Bare soil 48.21±3.74ab 5.00±2.64a 54.67±3.28a 8.08±0.3 ab 0.12±0.0 a 7.87±0.05a 

W: weight per tuber 
 
 
The values indicate means ± standard deviation of ten biological replicates, and 

means within same columns followed by different lower-case letters (a, b, c) stand for 
significance different at p ≤ 0.05 

The highest tuber yields for the two growing season were observed in the black 
mulch treatment, which was 21.5% and 12.0% higher than bare soil in 2013~2014 and 
2014~2015 respectively. And then followed by rice straw mulch, 9.4% and 8.0% higher 
than bare soil in 2013~2014 and 2014~2015 respectively, the lowest tuber yield was 
obtained in the white plastic mulch treatment, 7.5% and 4.0% lower than bare soil in 
2013~2014 and 2014~2015, respectively (Table 6). 

 
Table 6. Yields of potato under different mulch conditions in 2013~2014 and 2014~2015 

growing seasons 

Treatments 

2013~2014 2014~2015 

Black 

plastic 

White 

plastic 

Rice 

straw 
Bare soil 

Black 

plastic 

White 

plastic 

Rice 

straw 
Bare soil 

Yield (kg ha-1) 2790.3a 2043.6b 2418.5b 2191.5b 3852.2a 3262.5b 3681.8a 3390.2b 

Increasing in 
yield (%) 

21.5 -7.2 9.4 - 12.0 -4.0 8.0 - 

The increasing in yield (%) was compared with the bare soil treatment 
Means within columns followed by different lower-case letters (a, b, c) stand for significance different 
at p ≤ 0.05 
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Soil fertility properties 

The soil fertility properties were measured before sowing and after harvest in each 
season. Higher contents of available nitrogen, potassium and phosphorus were recorded 
after harvest both in mulch and non-mulch treatments compared with before sowing. In 
both growing seasons, the content of available nitrogen (N) was increased significantly 
(p ≤ 0.05) higher in rice straw mulch compared with that in bare soil, increased by 
1.14% and 1.10%, respectively, and lowest content of available N were found in black 
and white plastic mulch treatments. In 2013~2014 growing season, the content of 
available phosphorus (P) was increased most in black and white mulch, then in rice 
straw mulch, bare soil was the lowest. However, in 2014~2015 growing season the 
content of available P was increased most in white mulch and bare soil, then in black 
plastic mulch, rice straw mulch was the lowest. With respect to content of available 
potassium (K), in 2013~2014 growing season, black plastic, white plastic and rice straw 
mulch showed significantly higher content of available K compared with that in bare 
soil. While in 2014~2015 growing season, black plastic mulch, rice straw mulch and 
bare soil showed significantly higher content of available K compared with that in bare 
soil (Table 7). 

 
Table 7. The contents of available N, P, K under different mulch conditions in 2013~2014 

and 2014~2015 growing seasons 

Treatments 

Available N (mg/kg) Available P (mg/kg) Available K (mg/kg) 

Before 

sowing 

After 

harvest 

Increase 

in yield 

(%) 

Before 

sowing 

After 

harvest 

Increase 

in yield 

(%) 

Before 

sowing 

After 

harvest 

Increase 

in yield 

(%) 

2013~2014          

Black plastic 83.95 124.95 0.49c 25.11 38.15 0.52a 60.00 101.50 0.7a 

White plastic 88.37 117.48 0.33c 27.95 43.12 0.54a 64.00 102.50 0.60b 

Rice straw 79.53 170.09 1.14b 24.29 34.34 0.41ab 58.00 93.00 0.60b 

Bare soil 89.47 143.60 0.60b 25.51 33.85 0.33b 66.00 88.00 0.33b 

2014~2015 
         

Black plastic 66.37 92.27 0.39c 55.61 76.78 0.38a 95.00 140.00 0.47a 

White plastic 64.52 92.27 0.43c 59.67 87.81 0.47a 93.50 122.50 0.31b 

Rice straw 67.11 141.10 1.10a 64.17 81.73 0.27b 90.00 142.50 0.58a 

Bare soil 63.41 108.17 0.71b 51.33 76.33 0.49a 90.00 135.00 0.50a 

The numbers in parentheses indicate the duration days, and means within columns followed by different 
lower-case letters (a, b, c) stand for significance different at p ≤ 0.05 

 
 

Soil microorganism 

Total bacteria 

Counts of total bacteria were increased after harvest both in mulch and non-mulch 
treatments in two growing season. In 2013, the rice straw mulch showed highest growth 
of total bacteria amount, and the white plastic mulch is the lowest. But no such 
difference was apparent in 2014, the highest growth of total bacteria amount was found 
in black plastic mulch, and lowest was in bare soil plot (Table 8). 
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Total fungi 

Counts of total fungi were reduced after harvest both in mulch and non-mulch 
treatments in two growing seasons and showed same tendency. The largest reduction of 
total fungi amount was observed in white plastic mulch and smallest reduction was 
found in rice straw mulch (Table 8). 

 
Total actinomycetes 

Counts of total actinomycetes were also reduced after harvest both in mulch and non-
mulch treatments in two growing seasons. Significantly reduction was obtained in bare 
soil in 2013~2014 and in white plastic mulch in 2014~2015, no significantly difference 
in counts of total actinomycetes was found in other treatments (Table 8). 

 
Table 8. Soil microorganisms evaluated under different mulch conditions in 2013~2014 and 

2014~2015 growing seasons 

 

2013~2014 2014~2015 

Before sowing After harvest 
Increased by 

(%) 

Before 

sowing 
After harvest 

Increased by 

(%) 

 
Total bacteria (*105 CFU g-1 dry soil) Total bacteria (*105 CFU g-1 dry soil) 

Black plastic 164 196 0.20b 123 458 2.72a 

White plastic 372 423 0.14b 137 426 2.11b 

Rice straw 358 632 0.77a 135 381 1.82b 

Bare soil 275 348 0.27b 105 237 1.26c 

 
Total fungi (*103 CFU g-1 dry soil) Total fungi (*103 CFU g-1 dry soil) 

Black plastic 133 41 0.69ab 119 63 0.47ab 

White plastic 321 40 0.88a 120 34 0.72a 

Rice straw 230 164 0.28b 125 84 0.328b 

Bare soil 258 121 0.53ab 110 44 0.6ab 

 
Total actinomycetes (*105 CFU g-1 dry soil) Total actinomycetes (*105 CFU g-1 dry soil) 

Black plastic 22 12 0.45ab 132 101 0.23b 

White plastic 55 40 0.27b 109 63 0.42a 

Rice straw 31 22 0.29b 88 60 0.32ab 

Bare soil 39 16 0.59a 124 82 0.34ab 

CFU: colony-forming unit. Data represents three replicates, and means within columns followed by different lower-
case letters (a, b, c) stand for significance different at p ≤ 0.05 

Discussion 

Unlike in northern China, where potato is planted in June and harvested in October, 
in southern China, the potato growing season is from November to next year’s April, 
and the limiting factor is low temperatures below 15°C, especially in the early growing 
days of December and January. There were more than 40 d with mean temperatures 
below 15°C  Fig. 2 . According to our research, the daily mean temperature was 0°C to 
7.5°C and 0°C to 6.5°C higher under black and white plastic mulch than under non-
mulch conditions (Fig. 3). Thus, mulching is an effective method to increase the top-
soil’s temperature. Because of the favourable changes in soil temperature caused by 
mulching, the emergence rate increased and the emergence date was accelerated (Tables 

3, 4). Above-ground fresh and dry weights increased gradually during the growing 
season in 2014. At 30 d after sowing, the plants under black and white plastic mulch 
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showed significantly higher accumulations both in fresh and dry weights compared with 
those of the rice straw treatment and bare soil. At 45 d after sowing, only the plants 
under black plastic mulch showed significantly higher accumulations of fresh and dry 
weights (Fig. 5a, 5b). Under-ground fresh and dry weights increased rapidly during the 
growing season in 2014, the black plastic mulch showed the greatest fresh and dry 
weights from 75 d to 105 d after sowing, and significant differences were found for dry 
weights at 90 d and 105 d after sowing (Fig. 5c, 5d). The tuber biomass showed the 
same tendency as the under-ground biomass, with the black plastic treatment having the 
greatest fresh and dry weights in the later growing period, and significant differences 
were found among tuber dry weights at 90 and 105 d after sowing (Fig. 5e, 5f). The 
tuber numbers and weights were significantly greater under the black mulch than under 
the other treatments and bare soil (Table 5), the greatest tuber yields for the two growing 
season were observed under the black mulch treatment, and they were 21.5% and 12.0% 
greater than in bare soil in 2013 to 2014 and 2014 to 2015, respectively (Table 6 . 
Higher soil temperatures with the plastic mulch were also observed in other reports 
 Baghour et al., 2002   amakrishna et al., 2006   ang et al., 200   Hou et al., 2010  
Ibarra- im ne  et al., 2011   vo  k et al., 2012; Zhao et al., 2012), and for other crops, 
such as mai e  Liu et al., 200   Zhou et al., 2012 , tomatillo   ía -P re  et al., 2005 , 
broccoli   ía -P re , 200  , tomato   ía , 2002), and spring wheat (Li et al., 1999; 
2004). However, increasing the soil temperature can harm potato production, especially 
in regions with enough or excess heat. For instance, the highest daily soil temperatures 
at 5 cm and 10 cm depths were above 30°C during the period from early May to late 
June, which is detrimental to potato tuber initiation and bulking (Wang et al., 2009). 
Thus, the excessive heat generated by the plastic film is mostly responsible for the 
lower yields, and similar results have been demonstrated (Baghour et al., 2002; Wang et 
al., 2009; Hou et al., 2010; Zhao et al., 2012). 

Rice straw mulch has also been widely employed because it is convenient and cost 
efficient. The soil temperature under rice straw was close to or even lower than bare soil 
only, and the temperature differences at different depths between rice straw mulch and 
bare soil were -2.5°C to 1.0°C  Fig. 3). Similar results were also found in other reports. 
Wang (2011a) found that the maximum soil temperatures in the soil surface layer were 
4°C to 6°C lower in straw mulched plots than in non-mulched plots. Kar (2003) showed 
that the soil temperature was 3°C to 4°C less in rice straw-mulched plots than in non-
mulched plots. Samad (2014) confirmed that Arachis pintoi and rice straw mulch 
effectively decreased soil temperatures. Plastic mulch produces a greater temperature 
effect than rice straw mulch, because plastic mulch has no pores for water movement 
and the black-coloured plastic absorbs more light from the sun (Samad, 2014). In our 
research, the tuber yield in rice straw mulch was 9.4% and 8.0% greater than that of 
bare soil in 2013 to 2014 and 2014 to 2015, respectively (Table 6). Higher yields were 
observed in other reports (Kar and Kumar, 2007; Samad et al., 2014), which might be 
due to the conservation of soil moisture and favourable soil temperatures. 

In both natural and agricultural ecosystems, soil microorganisms play key roles in the 
recycling of elements, and they are essential for biological processes. Because 
microorganisms respond to stressful conditions, soil microorganism counts and activity 
level assessments are useful for estimating the soil’s fertility. Here, the total amount of 
bacteria increased, while the fungi and actinomycetes decreased after harvesting 
compared with before sowing (Table 8). In addition, there was no consistence trend in 
the microorganismal changes, except the significant decline in total fungal counts under 
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the white plastic mulch (Table 8). On the contrary, ordinary plastic mulch increased 
yields led to no significant decreases in the total microbial diversity compared with non-
mulched soil (Kapanen et al., 2008; Liu et al., 2012; Chen et al., 2014). However, 
Continuous plastic-film mulching sowed increasing in microbial activity (Wang et al., 
2017). Additional, plastic mulch in asparagus crops induce changes on the incidence 
and distribution of the mycotoxin deoxynivalenol in soil, and also on the mycobiome 
abundance and diversity, with a positive selection of Fusarium species at the root zone 
 Muño  et al., 2015 . However, mulching changed other soil fertility associated 
properties. The content of available nitrogen was significantly increased by rice straw 
mulch in both growing seasons, and no tillage was beneficial to releasing straw 
nitrogen. The contents of available phosphorus and potassium significantly increased 
under mulching compared with non-mulching in the 2013 to 2014 growing season, 
while in the 2014 to 2015 growing season, the contents of the available phosphorus and 
potassium decreased significantly under rice straw and white plastic mulch, respectively 
(Table 7). The two year experimental period was too short to determine any well-
regulated changes. To understand the environmental and agronomic effects of mulching, 
comparative and long-term agronomic assessments need to be conducted (Steinmetz et 
al., 2016). 

Conclusion 

In our study, black plastic mulch increased the soil temperature and was more 
suitable for potato emergence and tuber bulk in winter potato production in South 
China. Furthermore, the emergence rate, and above- and under-ground biomass, also 
increased. Finally, potato yields were significantly increased. Therefore, mulching with 
black plastic film is an effective farming practice for winter potato production in the 
Typical Pearl River Delta Plain of south China, or other typical sub-tropical monsoon 
regions with similar climate. 
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Abstract. The application of 13C and 15N labeled phytoplankton makes it possible to directly follow the 
pathway and transfer of food source (cyanobacteria) into consumers (aquatic organisms), in contrast to 
past studies where only changes in compositions of chlorophyll-a, clearity, and nutrients were taken as 
the evidence for these processes. To evaluate the effect of biocontrol by aquatic organisms (aquatic 
plants; Iris pseudoacorus, filter feeder bivalve; Sinanodonta arcaeformis, and Unio douglasiae, 
macroinvertebrate; Caridina denticulate, carnivore fish; Pseudobagrus fulvidraco, Odontobutis 

platycephala, planktivore fish; Pseudorasbora parv, and omnivore fish; Misgurmus anguillicaudatus) on 
large toxigenic cyanobacteria bloom (Microcystis aeruginosa) in the freshwater ecosystem, we conducted 
a biomanipulation test on in situ ponds using dual stable isotope tracers (13C and 15N). As a filter feeding 
bivalve, S. arcaeformis could incorporate more toxic cyanobacteria cells than U. douglasiae, 
demonstrating its larger detoxification capacity. Also, macroinvertebrate (C. denticulate) continuously 
assimilated to cyanobacteria species in combination with zooplankton and detritus, probably due to 
detoxification capacity. Indeed, the aquatic plants (I. pseudoacorus) seem to be nutrient uptakes in water 
column and inhibit to light attenuation, comparing to cyanobacteria species. As a primary consumer of 
phytoplankton, zooplankton (Copepoda) consumed to small and edible particles which is changed from 
inedible toxic filamentous cyanobacteria species through the grazing efficiency by aquatic organisms. 
However, various kinds of fishes hardly feed on toxic cyanobacteria directly. Our result suggests that the 
native species, like Sinanodonta sp. and C. denticulate, are very useful bio-control organisms on toxic 
cyanobacteria bloom rather than carnivore, omnivore and planktivore fish. Furthermore, if an aquatic 
plant that can not only remove nutrients but also provide habitats to aquatic organisms (zooplankton, 
bivalves and shrimps) is developed, it can help control toxic cyanobacteria blooms. Therefore, it is 
considered that the development and establishment of habitat of useful organisms is very necessary for 
water quality improvement. Our biomanipulation technique may provide a key tool for efficient 
management and restoration of eutrophied reservoirs. 
Keywords: bio-control, toxic cyanobacteria, Microcystis aeruginosa, stable isotope tracer, water management 



Kim et al.: Bio-control of Microcystis aeruginosa bloom 
- 932 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):931-953. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_931953 
 2018, ALÖKI Kft., Budapest, Hungary 

Introduction 

Eutrophication in freshwater environment is a worldwide problem resulting in 
extensive blooms of blue-green algae including freshwater cyanobacteria (Beklioglu, 
1999). It is well known that some freshwater cyanobacteria (i.e. Microcystis, Anabaena 
and Oscillatoria) may produce a wide range of toxins (cyanotoxins) as well as 
secondary metabolites under certain conditions of growth and environment factors 
(Figueiredo et al., 2004). Its potential toxicity including microsystins (Watanabe et al., 
1992), cause a harmful effect to aquatic ecosystem, and decrease the biodiversity by 
eliminating other phytoplankton species (Bouvy et al., 2000), and can be harmful to 
many kinds of aquatic organisms including cladocerans (Boon et al., 1994; Matveev et 
al., 1994), copepods (Koski et al., 1999), shrimps (Engstrom et al., 2001; Kim et al., 
2017a), bivalves (Bontes et al., 2007; Kim et al., 2017b) and fishes (Mohamed et al., 
2003). To prevent toxic effect of cyanobacteria bloom in freshwater ecosystem, many 
countries have investigated for a long time (Perrow et al, 1997; Mehner et al, 2004). 
There are two accepted strategies for the control of water quality in nutrient-rich 
freshwater ecosystems (Wium-Anderson et al., 1982), which are to reduce the external 
nutrient load and to manipulate phytoplankton biomass through biological treatment in 
large water body, such as lakes and reservoirs (Carpenter et al., 1995). To control the 
external nutrient load is often expensive, it is difficult to obtain the positive results 
(Braband et al., 1990), while biomanipulation techniques which is increase biomass of 
zooplankton through reduction of planktivorous fishes by ‘top-down’ cascade showed 
significant effect (Shapiro et al., 1975). However, many researchers dispute to control 
of algal biomass with grazing by zooplankton, especially under toxic cyanobacteria 
blooms (Bernardi and Giussani, 1990; Degans and Meester, 2002). In such 
circumstances, and progressive biomanipulation approach, based on the direct control of 
phytoplankton by filter feeding plaktivorous fish appears to be more effective (Smith, 
1985; Miura, 1990; Drenner et al., 1987). It has proved that filter-feeding fish, such as 
silver carp (Hypophthalmichthys molitrix), bighead carp (Artocarpus nobilis) and tilapia 
(Oreochromis niloticus), are effective candidates for bio-control of plankton 
communities to eliminate cyanobactria, through suppress to phytoplankton for prey as 
well as zooplankton (Starling, 1993; Xie and Yang, 2000; Lu et al., 2002; Lu et al., 
2006). However, these filter-feeding fishes are not common fishes in many countries, 
such as Korea and Japan, even though most intensively cultured fish species in Asia and 
comprise much of the production of Chinese and America aquaculture (Liang et al., 
1981). On the contrary, An et al. (2009) and Kim et al. (2017a) argued that filter-
feeding marcroinvertebrate (Caridina denticulate) as native species can easily reduce to 
blue-green algae than planktivore fishes, as a results, cyanobacteria accumulations 
might constitute up to 69% of biomass carbon in freshwater atyid shrimp (Peristemia 

australiensis) (Piloa et al., 2008). In addition, the use of bivalve species (Unionids) 
which is contribute to bio-control of eutrophication through bio-filter effectiveness by 
reducing algal biomass (Reeders et al., 1990; Soto et al., 1999; Kim et al., 2017b) are 
probably more suitable for shallow lake which mainly consist of soft substrate (mixture 
of mud and sand) instead of zebra mussel which is require hard substrate for settlement, 
with their high filtration rates on phytoplankton have been promoted as a tool in 
biomanipulation of lakes (Reeders et al., 1990). Also, aquatic plants are themselves part 
of the food web, and could be control massive algae bloom through competing for 
nutrients and other resources with phytoplankton and periphyton (Ozimek et al., 1990; 
van Donk et al., 1993). 
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Here, we compared assimilation efficiency of newly candidates aquatic organism as 
a bio-control, such as macroinvertebrate filter feeder (C. denticulate), bio-filter bivalve 
(Unio douglasiae, Sinanodonta arcaeformis) and aquatic palnt (Iris pseudoacorus), 
instead of famously bio-control planktivore fish (H. molitrix, A. nobilis and O. niloticus) 
under massive toxic cyanobacteria (mostly Microcystis aerugionsa and Anabena 

spirodides) bloom using dual stable isotope tracers (13C and 15N). Also, we investigated 
other planktivore fish (Pseudorasbora parva) as a bio-control, omnivore fish 
(Misgurmus anguillicaudatus) as a benthic scavenger, carnivore fish (Pseudobagrus 

fulvidraco, Odontobutis platycephala) as a regulating of other fish and 
macroinvertebrate biomass. The labeling isotope technique could be a possible method 
for tracking their fates in the natural biota, with involving energy sources and pathways 
(Peterson and Fry, 1987; Parker et al., 1989). The applications of 13C- and 15N-labeled 
phytoplankton make it possible to directly follow the assimilation pathways of carbon 
and nitrogen in aquatic organisms, in contrast to previous studies which only monitored 
changes in environmental conditions such as Chl. a, nutrients, turbidity and MC 
concentration (Benndorf et al., 1990; Jeppesen et al., 1997; An et al., 2010). This is the 
first study, to evaluate the bio-control efficiency through various candidate organisms 
under massive toxic cyanobacteria blooms in artificial pond using dual stable isotope 
tracers (13C and 15N). 

Materials and methods 

Experimental design for artificial pond 

An artificial small pond is located in Sukmoon wetland (36°57’4”N, 126°37’5”E) at 
mid western region of South Korea (Fig. 1). The enclosure small ponds including 
muddy sediment consisted of two series of individual capacity 100 ton (size 
10 × 5 × 2 m), having a reference and manipulated ponds (Fig. 1): 

1. Reference pond (RP, in situ water containing massive biomass of M. 

aerugionsa and A. spirodides) 
2. Manipulated pond (MP, in situ water containing massive biomass of M. 

aerugionsa and A. spirodides and aquatic organisms (bivalve ; U. douglasiae, 

S. arcaeformis, macroinvertebrate filter feeder; C. denticulate, carnivore fish ; 
P. fulvidraco, O. platycephala, planktivore fish; P. parva, omnivore fish ; M. 

anguillicaudatus, floating aquatic plant; I. pseudoacorus) 
 
The candidate organisms were captured from agricultural reservoirs using hand nets (mesh 

size < 2 × 2 mm), kept for 2 weeks in water tanks and maintained at temperature of 25 ± 1°C, 
Dissolved Oxygen (DO) levels of 6±1 mg L-1, pH levels of 7~8, and a photoperiod of around 
16L:8D. Individuals were starved for 48 h prior to the beginning of experiment. The bivalves 
were collected by trawling in agricultural reservoir. They were kept in aquaria filled with 
reservoir water in a layer of sand, and kept at 17~20°C temperature under a 16L:8D regime. 
Individuals were fasted for 48 h prior to the experiment. 

For the in situ pond experiment, the individual numbers of candidate organisms were 
determined through the preliminary experiments; bivalve U. douglasiae and S. 

arcaeformis (5 ind. m-2), macroinvertebrate filter feeder C. denticulate (3 ind. m-2) 
andcarnivore fish P. fulvidraco (0.24 ind. m-2). The carnivore fish (O. platycephala), 
planktivore fish (P. parva) and omnivore fish (M. anguillicaudatus) were lived 
originally in artificial pond. 
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Figure 1. The map shows to small pond experimental station in Sukmoon wetland. The filled 

circle represents to study site. The experiments were designed as reference pond (most of 

cyanobacteria biomass) and manipulated pond (aquatic organisms addition ; bivalve (U. 

douglasiae, and S. arcaeformi), macroinvertebrate filter feeder (C. denticulate), carnivore fish 

(P. fulvidraco and O. platycephala), planktivore fish (P. parva) and omnivore fish (M. 

anguillicaudatus) 

 
 

In situ artificial pond experiment 

The artificial pond experiment was conducted while the massive toxic cyanobacteria 
bloom occurred, contributing to around 89% of cyanobacteria biomass during 
experimental period. The enclosures were filled by pumping the lakes water which 
mostly contained toxic cyanobacteria species. Each enclosure was maintained for two 
days to stabilize the water condition. As isotope tracers, NaHCO3 (Isotech; 13C > 99%) 
and (NH4)2SO4 (Isotech; 15N > 99%) were added to each pond, and maintain for a day. 
13C content of the disolved inorganic carbon (DIC) pool was increased up to about 5% 
and 15N content of the ammonium pool was also enriched up to about 10%. The aquatic 
organisms (I. pseudoacorus, C. denticulate, P. fulvidraco, U. douglasiae and S. 

arcaeformis) were added into manipulate pond. The samples of water and aquatic 
organisms were collected at the 1st, 2nd, 3rd, 4th, 5th, 6th, 8th, 10th, 13th, 16th and 
21nd day after addition. 

 
Analysis of water quality parameters 

Two replicate of water saples were collected to determine the concentrations of 
dissolved inorganic nitrogen (DIN : NH4

+, NO3
-+NO2

-) and phosphate (PO4
3-) in each 

pond. The concentrations of DIN and phosphate were measured by standard 
colorimetric techniques following the methods of Strickland and Parsons (1964) using 
UV-spectrophotometer (Carry 50). Chl-a concentration was determined by using a 
fluorescence spectrophotometer (Turner Design, 10R) after extraction with 90% acetone 
for 24 h. Water temperatures were measured using a multi-parameter water quality 
sensor (YSI Environmental Monitoring System 660, USA). All environmental 
parameters including nutrients, chlorophyll-a (Chl-a) and water temperature were 
monitored during the experimental period. 
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Enumeration and biomass determination of phytoplankton and zooplankton 

Water samples for enumeration of phytoplankton cells were sedimented for 24 h, and 
a known volume of the concentrated sample was placed in a Sedgewich-Rafter counting 
chamber, where at least 300 cells were counted under 200-400× magnification. It is 
difficult to count some taxa (e.g., Microcystis sp.) as individual cell bases; thus, they 
were enumerated only as larger units. Phytoplankton cell density was determined on the 
basis of geometric solids that closely approximated each cell or colony shape (Wetzel 
and Likens, 1991). In addition, we selected to specific zooplankton taxa (copepoda) 
under microscope using micro-pipette, and placed on combusted 25 mm GF/F filter, and 
kept at -20°C refrigerator. 

 
Analysis of stable isotope ratio 

For analyzing C and N stable isotope ratio of particulate organic matter (mostly 
phytoplankton), water samples were passed into 20 μm size mesh to remove 
zooplankton, and remaining water samples filtered through pre-combusted (450°C, 
24 h) glass fiber filters (GF/F Whatman) using gentle vacuum filtration. Zooplankton 
were collected with micropipette under a microscope, and filtered on pre-combusted 
(450°C, 5 h) glass fiber filters (GF/F Whatman) before freezing. All filters were fumed 
for 24 h with saturated hydrochloric acid (HCl) to remove inorganic carbon and dried 
completely using freeze drier. The biota sampling was carried out using hand nets 
(mesh size 2 × 2 mm) in manipulate pond. The bivalve samples were dissected in order 
to separate the digestive gland, stomach, muscle (abductor), gill and mantle. The 
macroinvertebrate and fish samples were divided into muscle and digestive gland. The 
plant samples were separated into leaf and root. All tissue samples were freeze-dried 
and then ground to a fine powder using grinder (FRITSCH-planetary mono mill, 
Pulverisette 6, Germany). The freezing and storage processes do not affect δ13C and 
δ15N values of biota tissue (Kim et al., 2013). Homogenized powder samples were 
decalcified with 1N HCl for at least 24 h to remove possible carbonates. But subsamples 
for δ15N analysis did not be treated as it has been reported that HCl treatment affect 
δ15N values (Kim et al., 2016). After the samples were re-dried using freeze drier, and 
ground to fine powder which was thoroughly mixed before analysis. Measurements of 
carbon and nitrogen stable isotopic ratios were performed with a continuous flow 
isotope ratio mass spectrometer (Isoprime 100; GV Instrument, U.K.) which coupled to 
an elemental analyzer (Vario Microcube, U.K.). Isotopic ratios were presented as δ 
values (‰) expressed relative to the Vienna PeeDee Belemnite (VPDB) standard and to 
atmospheric N2 for carbon and nitrogen, respectively. Reference materials were IAEA-
CH6 (δ13C = -10.45 ± 0.04‰) and IAEA-N1 (δ15N = 0.4 ± 0.2‰). The analytical 
precision was within 0.2‰ and 0.5‰ for carbon and nitrogen respectively. Isotope 
ratios were reported in per mil (‰) using standard delta notation (Eq. 1): 

 

     sample std stdδ X  R –  R  /  R   1000 ‰   (Eq. 1) 

 
where X = 13C or 15N, R = 13C/12C or 15N / 14N, and std (standard) = Vienna Peedee 
Belemnite (VPDB) for carbon or air N2 for nitrogen, respectively. 
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For this study, the δ-values were converted to atom %, which is more appropriate for 
labelled samples. Conversion was done according to Equation 2: 

 

     nsA atom %   100 / 1/ δ sample /  1000 1 a 1       (Eq. 2) 

 
ans for carbon is 0.011180, for nitrogen is 0.0036765. 

 
Determination of MCs concentration 

The purification and analysis of MCs were carried out using the methods developed 
by Harada et al. (1988). For analyzing MCs concentration of the particulate organic 
matter (mostly phytoplankton, POM), water samples were passed into 20 μm size mesh 
to remove zooplankton, and remaining water samples filtered through pre-combusted 
(450°C, 24 h) glass fiber filters (GF/F Whatman) using gentle vacuum filtration. From a 
sample of freeze-dried Microcystis cell material, the MCs were extracted twice with 20 
mL of 5% (v/v) acetic acid for 1 h while shaking at 140 rpm. The extract was 
centrifuged at 12,000 × g, and then the supernatant was applied to a C18 cartridge (Sep-
Pak; Waters Association, Milford, MA, USA). The cartridge was rinsed with water and 
20% methanol in water. The eluate from the cartridge with 90% methanol in water was 
evaporated to dryness, and the residue was dissolved in 100% methanol. The sample 
solution was analyzed on an HPLC (Agilent Technologies 1200 series, Santa Clara, CA, 
USA). The separation was performed on an ODS column (Cosmosil 5C18-AR, 
4.6 mm × 150 mm) reverse-phase column and the mobile phase was a 0.1% formic 
acid:water solution with constant flow at 1 mL min-1. The MCs were identified by their 
UV spectra and retention times, and by spiking the sample with purified standards of 
MC-LR (Sigma, Sigma-Aldrach, Yong In, Korea), MC-YR (Sigma, Sigma-Aldrach, 
Yong In, Korea) and MC-RR (Sigma, Sigma-Aldrach, Yong In, Korea). MCs 
concentrations were determined by comparing the peak areas of the test samples with 
those of the standards available (MC-LR, MC-YR and MC-RR, Sigma, Sigma-Aldrach, 
Yong In, Korea). 

Results 

Environmental conditions in artificial pond 

Total nitrogen (TN) concentration in reference pond showed higher value than 
manipulated pond on 3rd day after beginning the experiment, ranging from 1.5 to 
1.8 mg/L, because floating aquatic plant continuously take up DIN in water column 
(Table 1). Total phosphorus (TP) concentration in reference pond showed a higher value 
until 5 days after beginning experiment, but it showed fluctuation since 5 days to end of 
the experimental period, probably due to resuspension of the phosphorus from sediment 
through windy turbulence and organisms movement (Table 1). Chl-a concentration in 
manipulated pond was dramatically decreased than that in the reference pond after 
beginning 2nd day, ranging from 257.6 to 15.6 μg/L (Table 1). It is indicated that toxic 
cyanobacteria bloom inhibited by aquatic organisms as their prey. Water temperature 
showed same pattern both in reference and manipulated pond, with slightly decrease 
after 23 October (Table 1). 
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Table 1. Analysis of environmental factors and MC concentration (-LR, -RR, -YR) between 

manipulate pond and reference pond (n = 5, Mean ± S.D.) 

Date 

Chl.a (μg/L) Water column DIN 

(mgl/L) 

Water column DIP 

(mg/L) 

MC concentration 

(ug/L) 

Manipulate 

pond 

Reference 

pond 

Manipulate 

pond 

Reference 

pond 

Manipulate 

pond 

Reference 

pond 

Manipulate 

pond 

Reference 

pond 

Sep. 13 257.6±5.2 217.9±8.1 1.01±0.13 0.83±0.06 0.09±0.004 0.08±0.003 11.29± 2.15 11.21±0.19 

Sep. 14 217.5±3.0 218.9±5.0 0.61±0.08 0.91±0.08 0.01±0.000 0.01±0.002 8.87±3.81 13.00± 0.87 

Sep. 15 107.8±6.4 223.4±5.2 0.79±0.06 1.59±0.08 0.07±0.002 0.18±0.002 1.41±0.18 24.65±2.97 

Sep. 16 115.7±5.0 227.2±5.2 0.76±0.23 1.25±0.26 0.09±0.007 0.12±0.004 3.41±0.33 14.07±1.41 

Sep. 17 113.6±5.1 248.8±5.5 0.38±0.07 1.12±0.17 0.01±0.002 0.09±0.000 7.27±0.18 20.30±2.30 

Sep. 18 87.2±6.2 166.0±6.4 0.62±0.00 1.08±0.06 0.07±0.007 0.05±0.000 4.92±0.23 13.56±2.53 

Sep. 19 46.5 ±7.1 213.2±7.8 0.64±0.13 1.27±0.09 0.08±0.001 0.11±0.001 5.67±0.11 17.54±0.93 

Sep. 21 47.8±8.8 213.9±8.2 0.80±0.08 1.45±0.08 0.10±0.001 0.08±0.006 4.65±0.62 13.77±0.58 

Sep. 23 23.6±5.6 215.5±5.7 0.84±0.20 1.46±0.06 0.11±0.004 0.07±0.003 5.83±0.05 11.83±1.14 

Sep. 26 22.8±5.0 155.7±5.0 0.71±0.17 1.76±0.17 0.09±0.000 0.09±0.002 18.77±1.89 21.27±3.15 

Sep. 29 19.0±3.4 189.5±3.8 0.73±0.06 1.67±0.05 0.10±0.000 0.07±0.000 10.48±1.21 24.15±1.38 

Oct. 3 15.6±2.1 156.1±2.9 0.93±0.09 1.87±0.21 0.09±0.001 0.10±0.000 5.88±0.53 9.14±0.46 

 
 

MC concentration of POM 

The MC concentrations of the POM in the reference pond and manipulated pond 
showed remarkable variation (Table 1). Within two days of beginning the 
experiment, the MC concentration showed a remarkable decrease of the POM in 
the manipulated pond while the reference pond maintained a relatively constant 
MC concentration through the end of the experiment. However, those values did 
increase slightly, possibly due to release from filter feeders as fecal pellets or 
expelled cyanobacteria cells in water column at last 7 days.  

 
Enumeration and biomass determination of phytoplankton and zooplankton 

The relative proportions of phytoplankton species at the beginning of 
manipulation experiment showed that the most dominant species was 
cyanophyceae (88.7%), next was bacillariophycae (7.5%), chlorophyceae (2.6%), 
crytophycee (0.6%), and dinophyceae (0.4%) were followed (Table 2). The 
cyanophyceae algae (M. aerugionsa, A. spirodides, Synechocystis pevalekii, 

Aphanocapsa elachista and Chroococcus sp.) were usually pre-dominant (89% of 
total phytoplankton biomass) in both pond at the beginning of experiment (Table 

2). The cell density of phytoplankton in reference pond maintained similar biomass 
with small fluctuation during the entire experiment, but those in manipulated pond 
dramatically decreased (Fig. 2). When the experiment was ended, relative 
proportion cyanophyceae species in reference pond slightly changed from 88% to 
82%, but those in manipulate pond was remarkably decreased from 88% to 21% 
during the study period (Fig. 2). It might be caused by biomanipulation effects that 



Kim et al.: Bio-control of Microcystis aeruginosa bloom 
- 938 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):931-953. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_931953 
 2018, ALÖKI Kft., Budapest, Hungary 

the aquatic organisms (zooplankton, bivalve, macroinvertebrate and fishes) reduce 
to cyanophyceae biomass as a prey, and prevent to decrease the biodiversity by 
eliminating cyanophyceae species. These results supported that aquatic organisms 
feeding on the 13C and 15N labeled phytoplankton, resulted in apparently enriched 
13C and 15N atom % which was defined as dietary assimilation in their body during 
study period (Figs. 3, 4 and 5). The rotifer was usually pre-dominant (93% of total 
zooplankton biomass) in all ponds, next was copepoda (4.6%) and cladocera 
(2.4%) were followed (Table 3). The cell density of zooplankton dramatically 
decreased from 12,594 to 795 cells mL-1 in manipulated pond than reference pond, 
ranging from 12,667 to 2,769 cells mL-1, due to aquatic organisms fed on those 
cells (Fig. 2). 

 
Table 2. Major species and relative proportions (%) of phytoplankton taxa in the initial 

artificial pond in Sukmoon wetland at the beginning of mesocosm 

Class Species 
Cell density 

Relative proportion (%) 
(cells mL

-1
) 

Cyanophyceae 
  

88.72 

 
Microcystis aerugionsa 53,200 

 

 
Anabena spirodides 9,160 

 

 
Synechocysits pevalekii 2,640 

 

 
Aphanocapsa elachista 1,740 

 

 
Chroococcus sp 1,410 

 
Chlorophyceae 

  
2.68 

 
Secenedemus sp 1,380 

 

 
Staurastrum sp 310 

 

 
Monoraphidium contortum 370 

 
Crytophycee 

  
0.62 

 
Cryptomonas erosa 480 

 
Dinophyceae 

  
0.44 

 
Ceratium hirundinella 340 

 
Bacillariophycae 

  
7.53 

 
Synedra acuse 480 

 

 
Synedra sp 260 

 

 
Navicula sp 300 

 

 
Awlacoseira granulata 2,560 

 

 
Awlacoseira sp 220 

 

 
Nitzscchia holsatica 420 

 

 
Cyclotella comta 1,540 
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Table 3. Major species and relative proportions (%) of zooplankton taxa in the initial 

artificial pond in Sukmoon wetland at the beginning of mesocosm 

Class Species 
Cell density 

Relative proportion (%) 
(cells mL

-1
) 

Cladocera 
  

2.43 

 
Bosmina longispina 156 

 

 
Diaphanosoma brachyurum 148 

 
Copepoda 

  
4.66 

 
Cyclops strenuous 140 

 

 
Daphnia retrocurva 142 

 

 
Nauplius 301 

 
Rotifera 

  
92.91 

 
Ascomorpha ecaudis 2,621 

 

 
Asplanchna herriciki 284 

 

 
Brachionus calyciflorus 128 

 

 
Brachionus diversicornis 346 

 

 
Filinia longiseta 801 

 

 
Filinia terminalis 124 

 

 
Keratella cochlearis 5,014 

 

 
Keratella valga 1,521 

 

 
Polyathra dolichoptera 112 

 

 
Trichocerca birostris 542 

 

 
Trichocerca branchyura 0 

 

 
Trichocerca capucina 38 

 

 
 

13
C and 

15
N atom (%) of POM, Copepoda and aquatic organisms 

The 13C and 15N atom % of particulate organic carbon (POC) and particulate organic 
nitrogen (PON) in POM (mostly phytoplankton) in reference and manipulated ponds 
showed similar variation trends (Fig. 3). Within one day after addition of the tracers, 
13C and 15N atom % were remarkably enriched in the POM through active 
phytoplankton assimilation, but manipulated pond showed, mostly a little bit, lower 
atom% value rather than reference pond after 3rd day. However, those values were 
saturated and declined slightly at the end of time. The incorporated 13C and 15N atom % 
of copepod after 2nd day in both ponds showed a clear enrichment, demonstrating that 
copepoda fed the 13C and 15N labeled POM as a diet (Fig. 3). 13C and 15N atom % value 
in copepod were higher in manipulated than reference pond after 3rd day in beginning 
experiment, indicating copepoda grazing was larger in manipulated pond. 

The incorporation rates of carbon and nitrogen into muscle and digestive gland of 
the aquatic organisms were calculated based on the increased 13C and 15N atom % 
through dietary assimilation. Most aquatic organisms showed continuously apparent 
enrichment of 13C and 15N tracers in their tissues during the experiment period (Figs. 

4, 5 and 6). According to different bivalve species, U. douglasiae showed 1.08~1.11 
13C and 0.36~0.61 15N atom % respectively, S. arcaeformis showed a 1.08~1.20 13C 
and 0.36~1.28 15N atom % respectively during experimental period in manipulated 
pond (Figs. 4, 5 and 6). The different atom % might be on account of different 
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assimilation capacity between two freshwater bivalve species. As a macroinvertebrate, 
C. denticulate showed apparently enrichment of 13C and 15N tracers rather than other 
species, 1.08~1.24 for 13C atom % and 0.36~1.27 for 15N atom %, demonstrating that 
those organisms has higher assimilation efficiency to toxic cyanobacteria cells 
through feeding activity (Figs. 4, 5 and 6). Among the fish species, incorporated 13C 
and 15N atom % in M. anguillicaudatus species showed 1.08~1.12% and 0.36~0.59% 
respectively, P. parva showed 1.08~1.12% and 0.36~0.72% respectively, P. 

fulvidraco showed 1.08~1.12% and 0.36~0.58% respectively, and O. platycephala 
showed 1.08~1.13% and 0.36~0.60% respectively, during study period in manipulated 
pond (Figs. 4, 5 and 6). The incorporated 13C and 15N atom % among the fishes were 
various probably due to differential feeding type such as carnivore, planktivore and 
omnivore. As a floating aquatic plant, I. pseudoacorus showed 1.08~1.08 13C and 
0.37~2.13 15N atom % respectively, during experimental period in manipulated pond 
(Figs. 4, 5 and 6). I. pseudoacorus showed significantly enriched 15N atom %, due to 
assimilating inorganic nitrogen in water column through its root, however it was 
hardly enriched 13C atom % because it uptakes carbon dioxide from the atmosphere 
through its leaf rather than root. 

 

 
Figure 2. Temporal variation of phytoplankton and zooplankton groups to the each total 

biomass in the two kinds of ponds (reference and manipulated ponds) during study period 
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Figure 3. The 

13
C and 

15
N atom (%) of POM and Copepod in reference and manipulated ponds 

during study period 

Discussion 

Comparing grazing by differential Sinanodonta bivalve species 

In this study, the incorporated 13C and 15N atom % of aquatic organisms means that 
newly photosynthesized phytoplankton cells were assimilated into those cells. Even 
though similar Sinanodonta freshwater bivalve species were used, the incorporated 13C 
and 15N atom % of U. douglasiae bivalve showed lower value rather than other bivalves 
during entire experiment period (Fig. 4). 

This result reflects that U. douglasiae has smaller capacity to assimilate toxic 
cyanobacteria derived diet, and affected by the occurrence of toxic-producing 
cyanobacteria bloom. In this study, we did not determine cyanotoxic compound like 
microcystin (MC) in aquatic organisms. However, it is well known that cyanobacteria, 
especially members of the genera Mycrocystis, Anabaena, Aphanizomenon and 

Oscillatoria, produce MC as a common toxic and potentially harmful compound in the 
freshwater environments (Figueiredo et al., 2004). Relative proportion percent of 
phytoplankton taxa in this study, Mycrocystis and Anabaena species consist of 88%. 
Indeed, hepatoxins like MC are produced by M. aeruginosa (Rinehart et al., 1994). 
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Therefore, two kinds of bivalves as well as aquatic organisms should be influenced by 
toxic stress through harmful MC compounds in our study. For that reason, we assumed 
that U. douglasiae species could not assimilate any more and excreted their prey in the 
form of feces and pseudofeces into the water column, demonstrating its limited ability 
to incorporate toxic-producing cyanobacteria cells, while we found that S. arcaeformis 
bivalves continuously assimilated toxic-producing cyanobacteriacells into their body as 
a prey, demonstrating its ingestion of those cells (Fig. 4). To explain differential 
incorporated atom % between each bivalves, toxic cyanobacteira bioaccumulation and 
tolerance need to be considered (Fig. 4), because toxic cyanobacteria species, likes a 
Mycrocystis and Anabaena, impact on prey ingestion rate of bivalve (Bontes et al., 
2007). Bioaccumulation pattern of cyanobacterial toxins was different according to 
bivalve species. Yokoyama and Park (2002) reported that MC concentration in U. 

douglasiae was higher than S. woodiana and C. plicata bivalve, indicating that some 
kinds of bivalves are quite tolerant to cyanobacterial toxins and are able to depurate 
these cyanotoxins efficiently. It is known that MC can conjugate with glutathione 
(GSH) and ultimately degrades to MC-Cys and increase water solubility, consequently 
reducing the toxicity and enhancing excretion of MC (Kondo et al., 1992). In this study, 
S. arcaefomis bivalves showed higher assimilation rate, comparing to U. douglasiae 
species, it means that they tend to depurate these cyanotixins efficiently, or excrete to 
out-interior as a form of feces and pseudofeces rather than U. douglasiae species. 
However, we did not consider excretion without digestion and assimilation because 
incorporated C and N atom % was continuously enriched in S. arcaefomis which means 
to assimilate toxic cyanobacteria cells as a their prey (Fig. 4). Therefore, it seems that 
U. douglasiae slowly expel the toxic cyanobacteria cells that are not ingested and 
digested in stomach and digestive gland. Therefore, our results demonstrate that S. 

arcaefomis bivalves would ingest newly photosynthesized toxic cyanobacteria cells into 
its body, but that it may have an immunological system to depurate toxic microcystin, in 
contrast to U. douglasiae. 

In this study, 13C and 15N atom % of five different organs (muscle, digestive gland, 
mantle, gill and stomach) among the three bivalves were determined during the 
experimental period. The incorporation rate which means synthesized newly tissue 
through the isotopically enriched new diet reflects the metabolic breakdown of old 
tissue synthesized during feeding on a previous diet and its subsequent replacement by 
tissue synthesized from the new diet. It is widely accepted that enrichment processes are 
tissue-specific. Raikow and Hamilton (2001) demonstrated that stable isotope 
enrichment of tissues (gland and muscels) in unionid bivalves reflected short-term and 
long-term assimilation of nutrients. Furthermore, differences in isotopic ratios for each 
tissues and turnover rates have been observed in mussel Pecten masimus (Lorrain et al., 
2002) and Mytilus galloprovincialis (Deudero, 2009). In this study, bivalves showed a 
different isotopic enrichment among the tissues, showing more enriched in the digestive 
gland and stomach organ during entire experiment period because those organs have 
relatively faster turnover rate and reflects short-term assimilation records (Raikow and 
Hamilton, 2001) (Figs. 5 and 6). 

Indeed, muscle organ of bivalves showed lower enriched atom % than digestive 
gland organ because of slower turnover and relatively long-term integration of energy 
source (Raikow and Hamilton, 2001). The mantle and gills tissues indicated relatively 
low incorporation rate because these organs have slow turnover rates integrating diet 
isotopic signatures over a longer time period than other tissues such as digestive gland 
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which has faster turnover rates (Lorrain et al, 2002). Also, Hill et al. (2009) reported 
that mantle tissue replaced its carbon isotopes faster than gill parts, while gill tissue was 
faster than adductor muscle in the mussel Perna perna because mantle is the main 
energy source for sustaining gonadal development. 

 

 
Figure 4. Incorporation of 

13
C and 

15
N atom (%) into predator (fish and macroinverbrate) and 

plant in manipulated pond during study period 

 
 
From a management perspective, freshwater bivalves are efficiently filter feeders 

capable of depleting suspended particles in water column (Kim et al., 2011), so it may 
be a feasible method for water quality control (Reeders and Bij de Vaate, 1990; Soto 
and Mena, 1999). Among the freshwater bivalves, the zebra mussels (D. polymorpha) 
showed higher clearance rate in single cells of the Microcystis (Baker et al., 1998), a 
reverse gradient exists between those mussel densities and the cyanobacterial biomass 
(Ibelings et al., 2003), so those mussels could be used as a potential tool in the 
biomanipulation of shallow lakes, suffering from harmful cyanobacterial blooms 
(Reeders and Bij de Vaate, 1990). However non-native mussel species (D. polymorpha) 
threat to native mussel because invasive species often differ greatly from native species 
in resource use and trophic interactions, they have great potential to negatively affect 
ecosystems (Naddafi et al., 2007). Therefore, we sure that for shallow lakes or 
reservoirs with soft substrates, unionids are better adapted to these habitats than zebra 
mussels that hard substrate for settlement. For that reason, we recommend the native 
bivalve species, likes unionids, than famously invasion species (D. polymorpha) for 
biomanipulation on harmful cyanobacteria bloom in lakes or reservoirs. Unionid 
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mussels can filter large amounts of the water column, as long as their biomass is large 
(Vaughn et al., 2004). However, the research of common native freshwater bivalve 
(unionid mussels, like Sinanodonta sp. and Unio sp.), especially toxic cyanobacteria 
bloom conditions, was very unique except below citation. Therefore, our result is very 
important information to evaluate bio-control effects. Yokoyama and Park (2002) 
revealed that Sinanodonta bivalves persisted to toxic cyanobacteria bloom and showed 
lower bioaccumulation patterns of MC, and Sinanodonta’s grazing capacity, per 
individual, is equal or higher than D. polymorpha (Bontes et al., 2007). For example, 
Sinanodontabivalves showed ×12 higher efficiencies of clear unit per square meter per 
unit of water volume than Dreissena mussels (Pires et al., 2005; Bontes et al., 2007). 
Sinanodonta bivalves had a larger effect on the primary productivity of toxic 
cyanobacteria, demonstratinga more realistic achievement for biomanipulation. Also, 
Sinanodonta (S. arcaefomis and S. woodiana) should incorporate more toxic 
cyanobacteria cells than U. douglasiae, probably due to its larger detoxification capacity 
(Kim et al., 2017b). As a result, S. arcaefomis and S. woodiana could be useful 
organisms to reduce massive toxic cyanobacteria blooms in eutrophic agricultural 
reservoirs and lakes.  

 

 
Figure 5. Incorporation of 

13
C atom (%) into part of aquatic organisms tissue in manipulated 

pond during study period 
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Figure 6. Incorporation of 

15
N atom (%) into individually part of aquatic organisms tissue in 

manipulated pond in Sukmoon wetland during study period 

 
 

Assimilation correlation between macroinvertebrate and various fish species 

In the past study, C. denticulate did not easily uptake cyanobacteria as a prey 
because it contained poor nutrition and toxicity for aquatic invertebrates (Proter and 
Orcutt, 1980). However, our data appears that C. denticulate accumulated large amounts 
of isotopically enriched 13C and 15N prey cell, comparing to planktivore, omnivore, 
carnivore fishes and other bivalve species (Fig. 4). The enriched 13C and 15N of C. 

denticulate in our study, we could assume that C. denticulate also continuously 
assimilated enriched cyanobacteria species as a diet. However, we couldn’t convince 
that C. denticulate uptake to M. aeruginosa, because C. denticulate may be to expel the 
toxic cyanobacteria cells that are not ingested and digested in stomach and digestive 
gland, in the form of feces and pseudofeces, which is released into the water column. If 
so be that the C. denticulate undigested foods and released into the water column, the 
13C and 15N atom % probably highly enriched in digestive gland tissue and slightly 
enriched in their muscle tissue, due to hardly transport energy from digestive gland to 
muscle tissue. However, the 13C and 15N atom % of both digestive gland and muscle 
tissue in C. denticulate always clearly enriched until ending of experiment (Fig. 4), it is 
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indicate that C. denticulate fed upon their enriched M. aeruginosa through digestion and 
assimilated energy in their body. 

As a food source, cyanobacteria accumulations in C. denticulate may not only 
include the transfer of C and N, but also the transfer of cyanobacteria hepatotoxins or 
related compounds. Despite toxic cyanobacteria blooms influence aquatic organisms in 
manipulated pond during the study period, how C. denticulate could show the highest 
13C and 15N values except aquatic plant for 15N atom % value (Fig. 4). Some reports 
introduced detoxification that the organism enzymatically can form a conjugate of the 
hepatotoxin, which helps the organism to survive under cyanobacterial stress 
(Pflugmacher et al., 1998). This detoxification occurs in various aquatic organisms such 
as macrophytes, bivalves and fishes (Wiegand et al., 1999). However, toxic inhibition 
enzyme is still unclear in the macroinvertebrate. Our results may offers new possibility 
that C. denticulate have an immunological system to depurate toxic microcystin, due to 
actively assimilate toxic cyanobacteria as shown higher 13C and 15N atom % values. 
Therefore, C. denticulate is key-stone taxa that are capable of removing cyanobacteria 
algal populations. Many research supported our hypothesis that macroinvertebrate was 
possible for bio-control on massive toxic cyanobacterial bloom through laboratory and 
field study. An et al. (2010) supported that macroinvertebrates, C. denticulateas a same 
species of our study and P. paucidens, were effective candidates for phytoplankton 
control, compared to fishes in M. aeruginosa bloom condition through mesocosm 
experiment, and Kim et al. (2017a) reported that C. denticulate actively assimilated 
toxic M. aeruginosa through stable isotope tracer experiments. Moreover, mysid 
shrimps (M. relicta) showed high survival in the presence of toxic cyanobacteria 
through laboratory experiment (Engstrom et al., 2002), M. mixta didn’t showed to 
increase mortality during experiment period where mysids were exposed to high 
concentrations of toxic N. spumigena, which suggests that they may be tolerant against 
cyanobacterial toxins (Engstrom et al., 2001). Therefore, we suggest that C. denticulate 
is veryeffective candidates for inhibiting of toxic cyanobacteria blooms, may be achieve 
favorable responses, such as a reduction in algal biomass and attainment of clear water. 

As a management perspective, it is very important to control cyanobacterial blooms 
to reduce their harmful effects on aquatic ecosystems. In previously, it has proved that 
filter-feeding fish, such as silver carp (H. molitrix), bighead carp (A. nobilis) and tilapia 
(O. niloticus), are effective candidates for bio-control of plankton communities to 
eliminate cyanobacteria, but it is consider that amount of feces by various fishes were 
also excreted into water column which leads to excessive nutrient loading problem. 
Indeed, it has a problem about invasion species and it is difficult to sustain and stabilize 
fish and zooplankton community through feeding mechanism by biomanipulation, 
probably owing to the complexity of natural ecosystems. Therefore, we recommend that 
C. denticulate, which is native species, can apply to control toxic cyanobacteria blooms 
as a newly candidate bio-control species. The C. denticulate species could be a useful 
aquatic organism for bio-control through feeding activity, and are efficient filter feeders 
capable of depleting suspended particles, including phytoplankton, zooplankton, detritus 
and other abiotic particles in water column. 

Freshwater fishes including O. platycephla, P. fulvidraco (carnivore fish), P. parva 

(planktivore fish) and M. anguillicaudatus (omnivore fish) had a lower atom % value 
rather than bivalves and marcoinvertebrate species (Fig. 5). P. fulvidraco and O. 

platycephla species is a carnivore fish in stream in Korea, feeding mainly on insect, 
invertebrate and small fishes (Han et al., 2001; Iwata et al., 1988). 13C and 15N atom % 
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of P. fulvidraco slightly enriched owing to those consuming 13C and 15N incorporated 
invertebrate such as C. denticulate and zooplankton, but had a lower values than their 
prey during the entire experimental period. Furthermore, 13C and 15N atom % in P. 

fulvidraco were decreased distinctly after 26th October, while those in O. platycephla 
increased (Fig. 6). M. anguillicaudatus as a omnivorous fish is a bottom-dwelling 
scavenger, feeding mainly on organic material, tubifex worms and other small aquatic 
organisms (Kim et al., 2002). P. parva is a widely distributed planktivore in the littoral 
zones of freshwater ecosystem in China, Japan and Korea (Masuda et al., 1988). We 
expected that 13C and 15N atom % of P. parva and M. anguillicaudatus might be 
increased during the study period because their prey is mainly enriched phytoplankton 
or deposition organic matter, but 13C and 15N atom % in P. parva slightly increased 
while it was decreased after 29th October in M. anguillicaudatus. These results 
demonstrate that it slowly assimilate their prey, because toxic microcystins in 
cyanobacteria may to influence on feeding capacity in fishes. Bioaccumulation of 
microcystins in fish has been well documented (Malbrouck et al., 2006). Therefore, 13C 
and 15N atom % of all fishes showed lower assimilation rate, compared to those in 
bivalve, zooplankton and macroinvertebrate during the entire experimental period. Xie 
et al. (2005) found that the large amount of microcystins in H. molitrixas a 
phytoplanktivorous fish was detected in the intestines, also Specziár et al. (1997) 
reported that cyanobacteria M. aeruginosa was more abundant in phytoplanktivorous 
than omnivorous fish, since omnivorous fish normally consume zooplankton and 
detritus. Among the fishes in our study, planktivore and omnivore fishes consumed 
mainly phytoplankton or organic matter, so they may be affected directly by toxic 
cyanobactria. Therefore, we suggest that these fishes couldn’t directly control massive 
algal bloom, even though some filter feeding silver carp and bighead carp (Aristichthys 

nobilis) fishes drastically reduced cyanobacteria (M. aeriginosa) bloom (Miura, 1990). 
In this study, we proposed that in applied biomanipulation, fish reductions may have 
positive effects on phytoplankton reduction and increased water clarity in dependent of 
their effects on zooplankton grazing, because they may influence on cyanobacteria 
bloom through P-supply, due to either by excretion or by sediment bioturbation. 

 
Impact of floating macrophytes on cyanobacteria community 

Here, as a floating aquatic plant I. pseudoacorus which is a part of the freshwater 
ecosystem, was added in manipulation pond to reduce cyanobacteria bloom. In this 
study, I. pseudoacorus species showed 1.07~1.08 13C and 0.37~2.13 15N atom % 
respectively, in manipulated pond (Figs. 5 and 6). It was hardly enriched 13C atom % 
because plant used carbon dioxide from the atmosphere through their leaf. However, it 
showed higher 15N atom % value (Fig. 4) and decreased TN concentration in 
manipulated pond because of absorbing the nutrients by I. pseudoacorus in water 
column, thus continuously inorganic nitrogen is accumulated in their leaf and root 
(Table 1). Macrophytes can assimilate preferential nutrients, like nitrate and phosphate, 
from the water column, because floating macrophytes maintain a competitive advantage 
over microalgae through increased nitrogen uptake (Barko and James, 1998). However, 
nutrient availability in macrophyte beds may depend on both the macrophyte species 
and density (Sondergaard and Moss, 1998). In this study, the floating I. pseudoacorus 
covered about 10% of the water surface area. So, we consider self-shading effects, 
especially floating macrophytes, that has been shown to significantly reduce 
phytoplankton abundance in vegetated areas because of lower light irradiation to the 
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water column under the floating macrophytes (Ozimek et al., 1990). Also, the chemical 
substances excreted from macrophytes have long been suspected to suppress 
phytoplankton growth (Hutchinson, 1975). Some studies have reported that the 
production and excretion of alleochemicals by aquatic macrophytes may be an effective 
defense strategy against other photosynthetic organisms, like epiphyton and 
phytoplankton, in the competition for light and nutrients (Gopal and Goel, 1993). For 
the above reason, our results assumed that the growth of phytoplankton could be 
regulated by aquatic plants, which is likely to plan an important role in the suppression 
of phytoplankton biomass, so floating plant (I. pseudoacorus) should be possible 
manipulation to control massive cyanobacteria blooms. 

 
Influence on zooplankton (copepod) feeding process through bio-control 

Our data showed that cell density of zooplankton decreased from 12,667 to 2,769 
cells mL-1 and from 13,001 to 795 cells mL-1 in reference and manipulated pond, 
respectively during study period (Fig. 2). The reason for decreasing cell density of 
zooplankton in reference pond might be toxic cyanobacteira effects which reduce 
grazing pressure by zooplankton (DeMott et al., 1991), while aquatic organisms such as 
fishes can influence zooplankton biomass as a prey in manipulated pond. Although the 
cell density of zooplankton dramatically decreased was in manipulated pond, the 13C 
and 15N atom (%) of copepoda showed higher value than reference pond (Fig. 3). Why 
dietary assimilation rate of copepoda in manipulated pond was increased than reference 
pond even though zooplankton had a pressure by aquatic organisms? The cyanobacteria 
are inedible prey size, mostly colonial or filamentous, for most species of zooplankton, 
and only small colonies or dispersed cells of cyanobacteria can be ingested (Jarvis et al., 
1987). For this reason, it is generally assumed that aquatic organisms may induce 
shortened breakage cells of larger filaments of cyanobacteria species through the 
feeding process, allowing the later consumption of cyanobacteria by zooplankton 
species. It is well known that each zooplankton species differs in its selective feeding 
patterns depending mainly on prey size (Pagano et al., 1999). Eventually, there is the 
possibility of breakage of filaments by some aquatic organisms (e.g., bivalve, 
macroinvertebrate, various fishes) in this study, with suggests that inedible 
cyanobacterial filaments may be changed efficiently grazing small size and edible 
particles by zooplankton species (e.g., copepod). In this study, zooplankton species 
consumed breaking down of cyanobacteria aggregate even though cyanobacteria has a 
toxic effect to zooplankton, demonstrating enriched 13C and 15N atom (%) of 
zooplankton species in manipulated pond. Therefore, bio-control using aquatic 
organisms could be change shape and size of cyanobacteria aggregates through their 
feeding activity, thus could change grazing efficiency of zooplankton. 

 
Ecosystemic effects 

Methods for the purification of contaminated water using various kinds of organisms 
are within the category of ecological engineering water quality improvement 
techniques, including aquatic vascular plants, algae, zooplankton, and fish and shellfish. 
From the viewpoint of the living organism, the technology of improving the water 
quality by using organisms is to grow by absorbing the nutrients. However, from the 
viewpoint of the user, it is possible to expect a more economical, long-term and 
environmentally friendly effect as compared with the engineering technique. Especially, 
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development of submerged plants can contribute to the improvement of water quality by 
not only eliminating nutrients but also by providing habitat useful for zooplankton and 
invertebrates through feeding on algae. In addition, the installation of the artificial plant 
island can partially inhibit the light, thereby contributing to the suppression of the 
occurrence of algae, and has various indirect effects such as an aesthetic point of view. 
Therefore, it is considered that the development and establishment of habitat of useful 
organisms is very necessary for water quality improvement. Also water quality 
improvement through the use of biological food webs is to inhibit algae growth by 
increasing algae feeding rates using organisms with higher rates of algae feeding (such 
as bivalves, shrimps, etc.). This will be more effective in connection with the 
development and installation of the useful biological habitat described above. 

Conclusion 

As a filter feeding bivalve groups, S. arcaeformis has a larger feeding capacity rather 
than U. douglasiae on cyanobacteria bloom condition. Also, macroinvertebrate (C. 

denticulate) continuously assimilated their diet through detoxification for toxic prey 
quality. Furthermore, aquatic plants (I. pseudoacorus) compete nutrients uptakes and 
light availability with cyanobacteria in the water column. This study assumed that 
zooplankton (Copepoda) consumed small particles of cyanobacteria which is induced 
by shortened breakage cells of longer filamentous cyanobacteria by aquatic organism 
through the grazing behavior. However, various kind of fishes (carnivore; P. fulvidraco, 
O. platycephala, planktivore; P. parva, omnivore; M. anguillicaudatus) hardly feed on 
toxic cyanobacteria directly. Especially, development of submerged plants can 
contribute to the improvement of water quality by not only eliminating nutrients but 
also by providing habitat useful for zooplankton and invertebrates through feeding on 
algae. Furthermore, if an aquatic plant that can not only remove nutrients but also 
provide habitats to aquatic organisms (zooplankton, bivalves and shrimps) is developed, 
it can help control toxic cyanobacteria blooms. Therefore, it is considered that the 
development and establishment of habitat of useful organisms is very necessary for 
water quality improvement. Our biomanipulation technique may provide a key tool for 
efficient management and restoration of eutrophied reservoirs. 
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Abstract. Aquaculture (aquafarming) especially that related to fish receives a great deal of attention 
because of its importance to science and economy. To illustrate, aquaculture is a fast growing sector of 
industry, and a source of many materials, as well as fish act as a good model for scientific research. The 
immune system has two main arms: innate (non-specific) and adaptive (specific). Innate immunity acts as 
a firewall not only against pathogens, but also against any foreign bodies, chemical agents or even 
environmental changes. However, there are many members of such system; but everyone has a particular 
function, like players in an orchestra. Fish rely mainly on their innate immunity; many studies were done 
to characterise, determine or understand the behaviour of immune-related genes in normal and disease 
conditions. To harness the real power beyond natural or innate immunity, we should understand the 
function of their members or genes. Herein, this review summarises and focuses on some genes related to 
innate immunity in different fish species. 
Keywords: aquaculture, fish immunity, gene expression, immune-related genes, innate immunity 

Abbreviations: CAS ‒ cellular apoptosis susceptibility; dph ‒ days post-hatching; GST ‒ glutathione S-
transferase; IFN ‒ interferon; Ig ‒ immunoglobulin; IL ‒ interleukin; IL1ra ‒IL1 receptor antagonist; MT 
‒ 17α-methyltestosterone; Mx ‒ myxovirus resistance; NCCs ‒ non-specific cytotoxic cells; NK ‒ nature 
killer; PAMP ‒ pathogen associated molecular pattern; PRRs ‒ pattern recognition receptors; Th1 ‒ T-
helper1; TLR ‒ toll-like receptor; TNF ‒ tumour necrosis factor; VTG ‒ vitellogenin 

Introduction 

The immune response is a cascade of diverse reactions and proceedings that aims 
to eliminate the recognised foreign agent. Although specific or non-specific 
immunity are both important ways of the immune response, the non-specific 
immune response is the first step and the ready weapon for fighting pathogens. The 
immune system is very sensitive and they can be affected by exogenous treatment or 
change. Thus, for instance, it can be inferred that a set of genes related to immunity 
were greatly disrupted during and after stopping the 17α-methyltestosterone (MT; 
commonly used hormone in monosex production) treatment in the Nile tilapia, 
Oreochromis niloticus (Abo-Al-Ela et al., 2017a; Abo-Al-Ela, 2018). 

Identification of genes that related to immunity in fish and determination of their 
expression patterns receive a great attention. Mostly, the increase in the expression 
of immune genes is usually considered as a sign for immune stimulation or enhanced 
immune response; however, recently, Nile tilapia received MT for a short period 
showed an up-regulation in the expression of innate immune genes, but with a 
marked decrease in the phagocytic activity and index, and genotoxicity. On the other 
hand, those exposed to vitamin C alone or plus MT showed somewhat normal 
expression of the same genes with a significant enhancement in several immune 
parameters (Abo-Al-Ela et al., 2017b). 
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There are many genes involved in the immune response either via direct or 
indirect way. This review looks at some of the key elements or genes of innate 
immunity. It focuses on the potential function of these genes and the change in its 
gene expression in normal and abnormal cases. 

Selected innate immunity-relevant genes 

Toll-like receptors (tlr) 

The main difference between innate and adaptive immunity is the type of receptors 
used to recognise pathogens (Medzhitov, 2007). Innate immune recognition depends 
on number of receptors, including pattern recognition receptors (PRRs) with a broad 
specificity that have evolved to sense the pathogen associated molecular pattern 
(PAMPs) (Janeway and Medzhitov, 2002; Medzhitov and Janeway, 2002). There are 
many functionally distinct classes of PRRs; however, the best characterised are toll -
like receptors (TLRs) (reviewed in Alvarez-Pellitero, 2008). 

PRRs are classified into two groups: cytosolic and membrane bound receptors. 
The membrane bound receptors, including the TLRs, detect viral nucleic PAMPs 
inside the endosomal compartment where numerous viruses lose their coat and 
expose their genome for replication and transcription. TLR7 and TLR8 sense the 
single stranded RNA PAMPs and cytosine-phosphate-guanosine motifs of DNA 
(Kawai et al., 2004; Liu et al., 2011b; Zou and Secombes, 2011; Zhang and Gui, 
2012). TLRs found on phagocytic and epithelial cells recognise different pathogen 
(Akira et al., 2001; Takeda and Akira, 2001; Alvarez-Pellitero, 2008). For example, 
Tlr7 can recognise viruses (Lee et al., 2013) and initiate an IFN (interferon) 
response against viruses (Baum and Garcia-Sastre, 2010), bacteria (Kumar et al., 
2011) and parasites (Zhao et al., 2013). 

The constitutive gene expression of tlr7 was found in several organs and tissues 
in zebrafish at different stages of development (Jault et al., 2004), and in other fish 
species (Tanekhy et al., 2010). Salmon tlr7 gene expression was sensitive to Ifn and 
Il (interleukin) 1β (Lee et al., 2013). 

TLR signalling cascades lead to the enhanced production of pro-inflammatory 
cytokines, such as IL1β, TNF (tumour necrosis factor), IL8 (Rauta  et al., 2014) and 
IFN molecules, which alert adaptive immune cells to an existing pathogen and 
mediate direct defence responses (Iwasaki and Medzhitov, 2004; Kawai and Akira, 
2010). In addition, triggering TLRs can result in apoptosis (Salaun et al., 2007). 

Exogenous IFNα up-regulated TLR7 mRNA expression in macrophages 
(Miettinen et al., 2001). It was found that a TLR7 ligands stimulator triggered the 
expression of ifnα and mx; thus, it potentiated the antiviral activity in Atlantic 
salmon, Salmo salar L. (Kileng et al., 2008; Sun et al., 2009), induced the IFN 
response in salmonid leukocytes (Palti et al., 2010; Svingerud et al., 2012) and 
stimulated IFN and TNF secretions from peripheral blood mononuclear cells in rat 
(Hammerbeck et al., 2007). 

Similarly, activation of TLR7 is required to produce imidazoquinoline-inducible 
IFN by macrophages (Hemmi et al., 2002). In addition, the TLR7/TLR8 agonist 
stimulated the production of Ifn, Il1β and Il8 in rainbow trout leukocytes (Palti et 
al., 2010). These lead to T-helper1 (Th1) immune response and CD4+ T-cell 
activation, which is vital for the host’s antiviral defence (Jault  et al., 2004). 
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Cytokines and chemokines 

The immune system of fish contains both non-specific and specific mechanisms, and 
has cellular and humoral mechanisms to fight pathogens. Mononuclear phagocytes and T-
lymphocytes from the non-specific and specific immunity pathways, respectively, are 
typically the major cell sources of the immune modulators, cytokines. Cytokines, are 
generally defined as interleukins, lymphokines, members of the TNF family and 
chemokines, based on the cells from which they are secreted, their functions and their 
targets (Alejo and Tafalla, 2011); they have a significant function in complement 
activation, chemotaxis, and pathogen opsonisation in the process of phagocytosis 
(Secombes et al., 2001; Salaun et al., 2007). 

The earliest immune mediators released following virus infection are cytokines, which 
regulate the induction and maintenance of innate and acquired antiviral responses 
(Tortorella et al., 2000) and allow the clearance of viral infection (He et al., 2006). The 
pro-inflammatory cytokines produced by Th1 cells, IFNγ and TNFα/β, induce innate and 
cell-mediated responses against bacteria, fungi and viruses, resulting in their clearance, as 
well as having anti-tumour effects (Davidson et al., 1996; Micallef et al., 1996; Wan and 
Flavell, 2009; Choi et al., 2013; Gerber et al., 2013; Assani et al., 2014; Lai et al., 2014). 

Many fish cytokines are identified, such as Il1β (Zou et al., 1999), Il2 (Bird et al., 
2005a), Il4 (Li et al., 2007), Il6 (Bird et al., 2005b), Il8 (Lee et al., 2001), Il10 (Savan et 
al., 2003), Il11 (Wang et al., 2005), Il12 (Yoshiura et al., 2003), Il15 (Bei et al., 2006), 
Il17 (Gunimaladevi et al., 2006), Il18 (Zou et al., 2004a), Tnfα (Savan and Sakai, 2004), 
Ifnγ (Zou et al., 2004b) and myxovirus resistance (Mx) (Staeheli et al., 1989). 

 
Interleukin 1 (il1) 

The IL1 family, one of the major IL families in fish and mammals, has four main 
members: IL1α, IL1β, IL18 (interferon-gamma inducing factor) and IL1 receptor 
antagonist (IL1ra) (Dinarello, 1997; 1999; Mulero et al., 1999; Busfield et al., 2000; 
Smith et al., 2000; Pan et al., 2001). However, il1β is the most studied in relation to innate 
immunity in fish. 

 
Interleukin 1 β (il1β) 

Il1β is well-characterized cytokine, plays an important role in cellular responses to 
immunological challenges, infection and inflammation. Macrophages are the primary 
source of Il1β, although it is secreted by various other cell types including nature killer 
(NK) cells, B-cells, Langerhans cells of the skin, peripheral neutrophilic granulocytes, 
endothelial cells, fibroblasts and microglia cells (Huising et al., 2004; Tassakka and 
Sakai, 2004). Il1β is a key player in the defence against microorganism invasion and 
tissue injury and is able to induce immune responses by stimulating lymphocytes or by 
enhancing the release of other cytokines that can activate NK cells, macrophages and 
lymphocytes (Low et al., 2003). 

In fish, il1β is constitutively expressed in several tissues, such as spleen, head kidney 
and liver, and higher expression has been detected in the spleen (Tafalla et al., 2005; Lu et 
al., 2008). Moreover, upon administration with recombinant Il1β, the systemic gene 
expression of il1β was induced in rainbow trout, Oncorhynchus mykiss (Hong et al., 
2003), yellowfin sea bream, Acanthopagrus latus (Jiang et al., 2008), orange-spotted 
grouper, Epinephelus coioides (Lu et al., 2008) and grass carp, Ctenopharyngodon idella 
(Bo et al., 2015). 
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The mRNA level of il1β significantly increased in response to bacterial (Mohanty and 
Sahoo, 2010), viral (Tafalla et al., 2005) and parasitic (Bridle et al., 2006; Mladineo and 
Block, 2010) infections, indicating its main role as a member in immune system. 
Furthermore, in chronically stressed fish (Bermejo-Nogales et al., 2007), during the 
smolting of Atlantic salmon (Ingerslev et al., 2006), as well as in acute stress in common 
carp, Cyprinus carpio L. (Metz et al., 2006) there was an increase in the expression of 
pro-inflammatory cytokines (il1β, tnfα). 

Even a change in the dietary components in hybrid tilapia (Zhang et al., 2014b) or the 
addition of oxytetracycline, formic and propionic acid/salt mixture to the feed of Nile 
tilapia (Reda et al., 2016) changed the expression of il1β and disease resistance. 
Intraperitoneal injection of the common carp with the toxic material carbon tetrachloride 
(CCl4) up-regulated the gene expressions of inflammatory cytokines, including il1β and 
tnfα (Jia et al., 2014). 

 
Tumour necrosis factor alpha (tnfα) 

TNFα was first identified in fish as a single copy gene in the stimulated leukocytes of 
the Japanese flounder, Paralychthys olivaceus (Hirono et al., 2000). TNFα is a central 
regulatory cytokine in antimicrobial and inflammatory responses (Grayfer et al., 2008). 
The treatment of Rhodococcus equi infected mice with antibodies against IFNγ and TNFα 
increased the tissue colony counts. Thus, IFNγ and TNFα are involved in cell-mediated 
immunity against bacterial infection (Nordmann et al., 1993). Furthermore, Tnfα has the 
ability to induce the gene expression of il1β and il8 (Zou et al., 2003). 

TNFα is involved in viral (Purcell et al., 2004) and ectoparasitic (Saurabh et al., 2011) 
invasions. Moreover, the expression of tnf could be considered for the assessment of fry-
rearing environment (Lam et al., 2011). 

TNFα stimulates the proliferation of trout leucocytes. TNFα and macrophage 
activating factor synergistically act on rainbow trout macrophages. This synergy causes 
elevation in respiratory burst activity in trout macrophages and this action is ablated after 
pre-incubation with neutralising mouse anti-TNFα IgG antibody (Hardie et al., 1994). 
TNFα can enhance chemotactic responses and phagocytosis in a dose-dependent manner, 
induce nitric oxide production in primary macrophages, and prime respiratory burst in 
monocytes (Grayfer et al., 2008). 

Tnfα is predominantly expressed in non-specific cytotoxic cells (NCCs) of tilapia 
(Praveen et al., 2006a). The pro-apoptotic effects of TNFα are mainly responsible for 
macrophage-mediated cytotoxicity (Goetz et al., 2004). Recombinant tilapia Tnfα is 
highly cytotoxic to mammalian cells (Praveen et al., 2006a), and the trout Tnfα markedly 
stimulated cytotoxicity in murine L929 cells (Qin et al., 2001). In other words, this 
cytotoxic effect may because TNFα has the ability to decrease telomerase activity and 
cause telomeric disturbances (shortening, fusions, and losses) and additional 
chromosomal aberrations (Beyne-Rauzy et al., 2004). 

TNFα plays an important role in regulation of the biosynthesis of steroid hormones 
(Yan et al., 1993; Zhao et al., 1996). There is possible reciprocal feedback among 
IL1β, TNFα and testosterone. The basal secretion of testosterone in purified leydig 
cells and whole testis cells was stimulated by TNF and IL1β (Warren et al., 1990). In 
Nile tilapia, tnfα expression showed an early up-regulation and late down-regulation 
upon treatment with MT (Abo-Al-Ela et al., 2017a). These give us an indication about 
the interaction between cytokines and sex hormones in fish, which may result in 
positive or negative action. 
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Chemokines 

Chemokines are a large multifunctional family of cytokines (Chemotactic cytokines) 
(Laing and Secombes, 2004a). They are a diverse group of small cytokines that can be 
divided into numerous families. Chemokines are structurally related and contain four 
invariant cysteine residues. Based on the arrangement of these cysteine residues, they 
are classified into four subfamilies: CXC (α), CC (β), C (γ) and CX3C (δ) (Baggiolini, 
1998; Murphy et al., 2000; Alejo and Tafalla, 2011). Furthermore, a new family of 
chemokines called CX, which includes five members, has been determined in zebrafish, 
Danio rerio (Nomiyama et al., 2008). Interestingly, some microorganisms (especially 
viruses) appear to have copies of chemokine genes, probably to confuse the immune 
system of the host (Laing and Secombes, 2004a), which in this way may protect 
themselves. 

 
CXC-chemokines 

The Cys-Xaa-Cys (CXC)-chemokines are a superfamily of the chemotactic cytokines 
that play a vital role in leucocyte chemotaxis; they are able to recruit various immune 
cells to infection sites (Kim et al., 2007; Liu et al., 2007), and they are substantial and 
selective mediators in leukocyte migration to secondary lymphoid organs and 
inflammatory sites (Vandercappellen et al., 2008). They have been categorized as key 
regulators of the immune defence, acting as a link between innate and adaptive 
responses (Alejo and Tafalla, 2011). 

In vitro, an CXC-chemokine significantly induces leukocyte recruitment, including 
granulocytes, lymphocytes, monocytes/macrophages and neutrophils; they have distinct 
effects on phagocyte activation; they increase respiratory burst activity; they induce a 
moderate increase in Il1β; and they up-regulate the expression of a wide range of 
immune relevant genes, including il1β, il8, tnfα and mx (Li et al., 2012; van der Aa et 
al., 2012). 

Additionally, CXC-chemokines play an essential role in hepatic injury, recovery and 
regeneration (Clarke et al., 2009). Macrophage-derived chemokines are capable of 
inducing both respiratory burst and the release of lysosomal enzyme from macrophages 
in mouse and enhancing the killing and phagocytic activities of macrophages against E. 

coli (Matsukawa et al., 2000). 
CXC-chemokine is expressed in a basal manner and is found most noticeably in 

immune organs, such as the tissue and phagocytes of the anterior kidney and the spleen 
(Huising et al., 2003; Baoprasertkul et al., 2004). CXC-chemokine transcripts and 
proteins can show a marked increase and play vital roles in the immune response 
against bacterial (Baoprasertkul et al., 2004), viral (Li et al., 2012) and parasitic 
(Huising et al., 2003) infections. During the early stages of turbot embryo development 
after fertilization, a low expression level of CXC-chemokine was first detected at the 
somite stage. Interestingly, turbot chemokine expression was markedly and rapidly 
induced in the spleen, liver and head kidney as well as in turbot embryonic cells after 
challenge with Vibrio anguillarum (Liu et al., 2007). 

 
Interleukin 8 (il8) 

The first CXC-chemokine reported in fish was Il8 (Najakshin et al., 1999). The role 
of ELR+ CXC-chemokines including Il8 (CXCL8) is to enhance the adherence of 
neutrophils to endothelial cells, followed by migration along a gradient of chemokines 



Abo-Al-Ela: An introduction to selected innate immune-relevant genes in fish 
- 960 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):955-976. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_955976 
 2018, ALÖKI Kft., Budapest, Hungary 

conjoined with matrix proteins and cell surfaces towards the inflammatory site (Laing 
and Secombes, 2004a). Il8 is a powerful chemoattractant to neutrophils, cytokine-
stimulated eosinophils, basophils and peripheral blood T-lymphocytes (White et al., 
1989; Warringa et al., 1991; Baggiolini et al., 1994). 

The recombinant Il8 induced migration of head kidney lymphocytes and peripheral 
blood leukocytes, promoted the proliferation of these cells in a dose-dependent manner, 
and up-regulated the expression of il1β and il8 in head kidney lymphocyte culture (Hu 
et al., 2011; Sun et al., 2011). Fish il8 is expressed in many tissues under normal 
condition and it is clearly up-regulated after bacteria, viral and external parasitic 
challenges (Tafalla et al., 2005; Covello et al., 2009; Ming et al., 2013). 

 
CC-chemokine 

CC-chemokines are a major subfamily of chemokines, and are essential members of 
the innate immune system (Hu and Zhang, 2015); they provoke chemotaxis 
(recruitment, activation and adhesion) of various types of leukocytes under normal 
physiological and inflammatory conditions (He et al., 2004; Colobran et al., 2007; 
Peatman and Liu, 2007; Borza et al., 2010). They are also involved in normal 
developmental processes as well as the maintenance and organization of lymphoid 
organ architecture (He et al., 2004). They primarily target mononuclear cells rather than 
the neutrophils that mediate either homeostatic or pro-inflammatory mechanisms (Laing 
and Secombes, 2004a). CC-chemokines are involved in antibacterial and antiviral 
immune responses in fish (Su et al., 2012; Kim et al., 2013). 

Nakharuthai et al. (2016) isolated a CC-chemokine in Nile tilapia that participate in 
early immune defences against pathogens such as bacteria, in which many tissues 
especially the spleen, liver and peripheral blood leukocytes express significantly higher 
transcript levels than controls. In vitro, recombinant CC-chemokine proteins efficiently 
stimulated phagocytic activity in Nile tilapia (Nakharuthai et al., 2016) and Japanese 
flounder (Kono et al., 2003). 

The chemotactic activity of peripheral blood leucocytes was markedly evoked in 
response to stimulation by recombinant CC-chemokine protein (Khattiya et al., 2007; 
Zhang et al., 2008; Li et al., 2011). Moreover, in humans, CC-chemokines can activate 
macrophages to kill parasites by means of nitric oxide (Villalta et al., 1998). 
Interestingly, CC-chemokines were secreted following the stimulation of trout 
macrophage-like cells by recombinant TNFα (Laing and Secombes, 2004b), which 
indicates an interaction between several cytokines. 

CC-chemokines are constitutively expressed in lymphoid-rich tissues, such as liver, 
head kidney, spleen, gill and peripheral blood leucocytes (Laing and Secombes, 2004b; 
Khattiya et al., 2007; Li et al., 2011; Su et al., 2012). Their expression was detected 
during the early developmental stages of the blunt snout bream, before hatching and at 
62 h post fertilization, and were strongly induced and quickly up-regulated upon nitrite 
stress, supporting the possible existence of pro-inflammatory function (Zhang et al., 
2014a). More recently, a set of CC-chemokine ligand genes have been identified and 
characterized from the channel catfish. Many of the identified CC-chemokines were 
significantly up-regulated following bacterial infection and hypoxia (Fu et al., 2017), 
supporting the possible effect of external environmental stress as hypoxia on immune-
related gene expression. 
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Interferon (ifn) 

Viral diseases are a serious pathogenic threat, and they have an important concern in 
the fish aquaculture industry (Langevin et al., 2013); thus, fish antiviral responses are 
the focus of research, especially on species that have commercial value. Innate defences 
can play a central role in fish resistance to viral infections (Ellis, 2001). The IFN family 
is a key component of innate and adaptive immunity (Schroder et al., 2004; Collet, 
2014). The IFN system is a powerful and a rapid defence mechanism and a hallmark 
against viral (Samuel, 1991; Verrier et al., 2011) as well as bacterial (Schultz et al., 
2004; Chen et al., 2010) and parasitic infections (Stolte et al., 2008) in vertebrates and 
fish; it is also involved in tumour control (Schroder et al., 2004). 

IFN has the ability to inhibit the cellular replication and propagation of different 
viruses (Sadler and Williams, 2008; Collet, 2014). IFNs are divided into three 
subfamilies, type I, type II and type III, based on the relevant receptors they interact 
with and the immune responses initiated by them (Sadler and Williams, 2008; Zou and 
Secombes, 2011). Homologues of type I and type II Ifn have been found in many teleost 
fish species, including sea bass, Dicentrarchus labrax (Casani et al., 2009). IFNs 
recognise viral PAMPs via an array of PRRs (Pichlmair and Sousa, 2007; Kawai and 
Akira, 2009). 

In mammals, IFN induces the pro-apoptotic genes that result in the destruction of 
infected cells (Chawla-Sarkar et al., 2003). The recombinant Ifnγ of goldfish have been 
found to stimulate the respiratory burst responses of macrophages and neutrophils, and 
increase the nitric oxide production and the phagocytic responses of the macrophages 
(Grayfer and Belosevic, 2009). 

 
Myxovirus resistance (mx) 

The Mx gene was discovered for the first time in a strain of mice (A2G) that is 
resistant to influenza viruses type A and type B (Lindenmann, 1962). The first isolated 
fish Mx was in perch (Staeheli et al., 1989). 

The Mx protein is rapidly accumulated in the cytoplasm or nucleus, and it self-
assembles to form oligomers that interfere with virus replication (Lee and Vidal, 2002; 
Haller et al., 2007). Lin et al. (2005) found that, in Japanese flounder, the Mx protein is 
concentrated in the cell cytoplasm; however, in mouse, Mx accumulates in the cell 
nucleus and inhibits viruses that are known to replicate in that part of the cell (Haller et 
al., 2007). The possible antiviral mechanisms of Mx include blocking the transport of 
viral nucleocapsids, inhibition of viral RNA transcription or translation and targeting of 
viral elements, such as viral polymerase complex (Stranden et al., 1993; Kochs and 
Haller, 1999; Haller et al., 2007). 

Constitutive expression of mx was found in blood leukocytes, as well as the kidney, 
liver, spleen, heart, intestine, gills, muscle, brain and peritoneal cavity fluid of many 
fish species (Lee et al., 2000; Bergan and Robertsen, 2004; Tafalla et al., 2004). The 
IFN antiviral state is established by the up-regulation of antiviral proteins gene 
expression, including mx (Jensen and Robertsen, 2002). Viral infection clearly induces 
il1β, tnfα and mx expression in a variety of immune tissues found in fish (Lee et al., 
2000; Poisa-Beiro et al., 2008; Kim et al., 2009). On its own, the over-expression of the 
IFN-induced Mx protein can provide complete viral resistance against various viruses in 
fish (Larsen et al., 2004; Lester et al., 2012). 
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Disruption of the Mx gene caused a repression of innate immunity against viruses 
and rapid death (Haller et al., 1998). Moreover, in Atlantic salmon, the stress that 
accompanies the smolting process alerted the basal transcript levels of mx (Das et 
al., 2007). 

 
Immunoglobulin M (IgM) 

Immunoglobulin (Ig) genes encode a family of defence proteins known as 
antibodies. Antibodies are synthesised by B-cells, which undergo a complex series of 
somatic mutations and chromosomal rearrangements to generate antibodies with high 
specificity. IgM has a low molecular weight. Ig consists of two heavy chains and two 
light chains, linked together by disulphide bonds (Warr, 1995). The immune system in 
fish reported to contain four types of Ig: IgM, IgZ, IgD and IgT (Randelli et al., 2008). 

IgM antibodies comprise the major component of the body antibodies, and it is the 
first category of antibodies generated during a primary antibody response. The IgM 
antibodies vary from other categories of antibodies in that they are mainly produced 
by B1 cells, with the apparent lack of stimulation by specific antigens. Most 
pathogens trigger a humoral immune response that results in an early increase in 
antigen-specific IgM, followed by a more specific response of antigen-specific 
antibodies: IgA, IgG and IgE (such as IgT/Z and IgD in fish) (Boes, 2000). 

The first appearance of IgM in lymphocytes differs considerably among fish 
species. In channel catfish and rainbow trout, the first appearance of surface IgM 
occurs about one week after hatching. The maternal antibody that is transmitted to 
eggs and embryos has been detected in several species, including tilapia, carp, plaice, 
sea bass and salmon (Magnadottir et al., 2005). The IgM-like protein levels decreased 
gradually as yolk was absorbed (12 days post-hatching, dph) during pre-larval stages 
of tilapia. After yolk utilisation, the feeding and free swimming begins. About this 
time, the IgM-like protein drops to its lowest levels, but it increases rapidly during the 
post-larval stages (Takemura, 1993). IgM transcripts were also detectable at 5 dph in 
the striped trumpeters, Latris lineata (Covello et al., 2013). However, in chum salmon 
(Oncorhynchus keta), the serum IgM concentrations remained at a low level until 40 
dph, and then they increased rapidly at 48 dph (Nagae et al., 1993). 

In teleost fishes, IgM is the only member of the specific humoral defence system 
that is modulated by aquatic environment factors, such as water temperature, salinity 
and suspended solids (Dominguez et al., 2004). In particular, the levels of plasma IgM 
were decreased in cold-treated and stressed tilapia (Chen et al., 2002). Hypoxia 
significantly suppressed IgM, il1β gene expression, and it also delayed antibody 
production in infected Nile tilapia (Gallage et al., 2016). 

IgM secretion and expression can be altered in response to chemicals or hormones. 
In Nile tilapia, the organochlorine insecticide, endosulfan, led to a significant increase 
in the secretion of IgM; consequently, it may encourage the production of 
autoantibodies and the development of autoimmune problems after exposure to 
infection (Tellez-Banuelos et al., 2010), and after short treatment with MT (Abo-Al-
Ela et al., 2017b). Furthermore, common carp, exposed to chlorpyrifos (an 
organophosphate pesticide that is widely used in agricultural) for 7 days, showed an 
augmentation in IgM expression at the earlier stage of exposure, but it was reduced at 
the later stage (Li et al., 2013). 
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Vitellogenin (vtg) 

The egg-yolk precursor, vitellogenin (Vtg), acts as a nutrient source for developing 
embryos, and it also participates in innate immunity (Zhang et al., 2011; Lu et al., 
2012). Vtg is a multivalent pattern recognition receptor that has the ability to recognise 
pathogens via interaction with PAMPs (Li et al., 2008; Li et al., 2009), and it has 
hemagglutinating and antimicrobial activities (Zhang et al., 2005; Liu et al., 2009). It is 
able to bind virus, lipopolysaccharide, peptidoglycan, lipoteichoic acid and glucan. It 
can also act as a bactericidal molecule capable of binding to bacteria, inhibiting 
bacterial activities and damaging bacterial cell walls (Zhang et al., 2011). Vtg is an 
opsonin that is able to enhance phagocytosis; it significantly up-regulates the expression 
of pro-inflammatory cytokine genes, il1β and tnfα (Liu et al., 2011a). It has been 
reported that Atlantic salmon serum Vtg can neutralise the action of the infectious 
pancreatic necrosis virus (Garcia et al., 2010). All of these elucidate that Vtg is an 
immune-relevant protein involved in the host defence process against microbes, 
including bacteria and viruses (Zhang et al., 2011). 

In zebrafish larvae, vtg gene transcription was detected during the early stages of 
development, 7 days after fertilisation (Wang et al., 2011). The treatment of mature 
female Nile tilapia with high levels of MT resulted in a pronounced decrease in the 
plasma Vtg levels (Lazier et al., 1996). Hepatic Vtg levels were significantly decreased 
in female medaka (Oryzias latipes) treated with MT at concentrations of 380 ng/L and 
188 ng/L for 3 weeks (Kang et al., 2008). 

 
Cellular apoptosis susceptibility (cas) 

Apoptosis is the process of cellular death; it is considerably different from necrosis, 
which is recognised as the classic system of cell death (Cotter et al., 1990). Apoptosis is 
an important biological process that destroys virus-infected cells, and it is presumed to 
be an innate response to counteract viral infection (Wrzesien-Kus et al., 2004). 
Replicating viruses may directly induce suicide of the host cell or promote recognition 
by natural killer cells and cytolytic T-cells, and these immune effector cells induce 
apoptosis (Tortorella et al., 2000). 

Several genes control the apoptosis process; for example, cellular apoptosis 
susceptibility (cas). CAS is a microtubule-associated protein that links with 
microtubules and mitotic spindles (Brinkmann et al., 1995; Scherf et al., 1996). Mitotic 
spindles are cellular organelles, which play a role in chromosome segregation during 
cell division (Kuriyama and Nislow, 1992). CAS is associated with cell proliferation 
and apoptosis (Brinkmann, 1998) and in protection against apoptotic cell death (Praveen 
et al., 2006b). The Cas protein is important in the regulation of teleost immune 
functions. NCCs are one of the cellular sources for cas transcription in tilapia fish. The 
up-regulated expression of cas, following exposure to stress-activated serum, indicates 
the involvement of cas as a protector against apoptotic cell death (Praveen et al., 
2006b). Furthermore, NCCs in tilapia treated with recombinant tilapia Tnfα revealed an 
up-regulation of cas expression, indicating that cas may act as a mediator for protective 
effects of Tnfα on NCC (Praveen et al., 2006b). 

In many cases, apoptosis can harm virus replication. Therefore, viruses may protect 
themselves through the inhibition of proteins implicated in the apoptotic process (He et 
al., 2006). 
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Glutathione S-transferase (gst) 

The glutathione S-transferases (GSTs), a multifunctional family of enzymes, are a 
natural defence system that catalyse the conjugation of many harmful electrophiles with 
reduced glutathione through formation of a thioether bond (Scott et al., 1992). GST, a 
main player in the detoxification system and in antioxidant defence (Frova, 2006; 
Puerto et al., 2011), plays a vital role in immune responses (Wang et al., 2013). Its 
expression is greatly changed in response to bacterial challenges in the Mediterranean 
mussel, Mytilus galloprovincialis (Wang et al., 2013), and also was in line with the 
expression of immune-related genes in Nile tilapia (Abo-Al-Ela et al., 2017a). 

Interestingly, the treatment of sertoli cells with TNFα induced a decrease in basal 
GSTα transcription levels in a dose-dependent manner. TNFα also inhibited the 
hormone testosterone-stimulated GSTα expression (Benbrahim-Tallaa et al., 2002), 
which give another example for the cross-link between GSTα and immune members. 

Some GSTs possess peroxidase activity against organic peroxides, thus they can 
protect from lipid peroxidation, while other specific enzymes can reduce peroxidised 
DNA, so they may be involved in DNA repair (Scott et al., 1992). In a previous study, 
tilapia were subjected to cadmium chloride. Significant increases were evident in the 
detoxification enzymes of liver and kidney, including Gst from the seventh day 
continuously until the fifteenth day, and then reduced slightly on the thirtieth day of 
cadmium stress (Basha and Rani, 2003). To this end, oxidative stress could badly affect 
the immune parameters. 

Conclusive remarks 

The synergism of the immune system is finely tuned in such a way that each player 
in this orchestra cooperates to protect the living body. In the last few years, there have 
been great advances in the field of fish immunology, although diseases continue to 
cause economic losses to industry’s aquaculture sector. This field of study has prompted 
researchers to investigate the role, function and molecular characterization of other 
genes that may participate in the immune system. Many of the mentioned references 
support the theory of the powerful link and interaction between the immune system and 
body status (hormones, treatment, environment, etc.). However, it will be necessary to 
gain a deep understanding of the mechanism underlying gene-gene interactions and the 
molecular bases of immune functions. 
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Abstract. Ferula ovina is a forage species, and of the species that is very important in soil conservation 
and water protection in the rangelands. It has become an endangered species in Iran due to regular cutting 
and overgrazing. The focus of this study is to investigate the effect of ecological factors on distribution of 
F. ovina in the study area. Samples were collected from three habitats (sites) where F. ovina was present 
along with three sites which did not have it. Three 150 m transects were established based on random-
systematically method on each site. On each transect, 10 square plots (2×2 m) were set up, and soil 
surface features were measured. Climatologic factors were assessed and physiographic factors were 
extracted for each site. Soil samples were collected from a 0–30 cm depth for each transect, and the 
values of soil were determined through laboratory analysis. According to the results, a significant 
difference was found for the parameters of elevation, slope, aspect, temperature, EC, pH, OC, 
phosphorus, clay, silt and sand (P≤0.01) between habitats where F. ovina were present and absent. 
Results of discriminant analysis suggested that the amount of sand and gravel on soil surface, 
phosphorous, clay, and EC were effective factors in the distribution of target species. 
Keywords: ecological factors, species distribution model, discriminant analysis 

Introduction 

Environmental variables affect the distribution of plant species (Ashcroft et al., 2011). 
Therefore, identification of effective variables on spatial distributions of plant communities is 
an essential issue in ecology (Araujo and Guisan, 2006; Bagheri et al., 2017). Often, there are 
many combinations of predictor variables that can describe the species distributions, 
especially when environmental variables are correlated, which leads to uncertainty on the 
effects of each variable (Platts et al., 2008; Murray and Conner, 2009). Therefore, 
determining the plant habitats and effective variables on their distributions is the first step in 
rangeland management (Bagheri et al., 2017). The study of species distribution studies 
focuses on defining environmental variables that control a plant’s movement into adjacent 
habitats (Arundel, 2005; Mirzaei Mossivand et al., 2017). These variables or controllers 
outline various spatial aspects of individual plant species distributions (Ghorbani et al., 2015). 
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The presence and distribution of plant species in rangeland ecosystems are not random, but 
variations of climate, soil, topography, anthropological and other attributes play a major role 
in their expansion (Ghorbani et al., 2015; Akbarlou and Nodehi, 2016). Determination of the 
variables that control the presence and distribution of rangeland species is one of the main 
objectives in rangeland ecosystems studies and assessment (Mirzaei Mossivand et al., 2017). 
However, interactions among plant species and both soil properties and other environmental 
variables have been well established for some plant species (Bagheri et al., 2017; Mirzaei 
Mossivand et al., 2017). However, understanding how a variety of plant species in native 
rangelands responds to soil properties and other environmental variables is not properly 
known (Ghorbani et al., 2015; Zare-Chahouki and Piri-Sahragard, 2016). Xian-Li et al. 
(2008) have studied the relationships among vegetation, soil and topography in a dry-warm 
river valley in south west China. Their results confirmed that plant diversity is mainly 
correlated with soil water content, and soil water content was mainly determined by soil 
texture, especially clay content. The results of Yibing (2008) achieved using principal 
components analysis (PCA) and correspondence analysis (CA) in China, which showed that 
the soil’s physical and chemical properties such as nutrients, moisture, salinity, and pH were 
effective on the homogeneity of the habitat. 

In the study of relationships between environmental variables and species diversity in 
Loess plateau of China, Zhang and Dong (2010) reported that elevation, soil type, slope and 
aspect were important factors in Loessi zone’s recovery and had determining factor roles in 
species distribution. Zare-Chahouki and Zare-Chahouki (2010), in a study on the relationship 
between environmental variables and species distribution in arid and semiarid areas, 
concluded that soil texture, salinity, soil depth, available N, K, OM, lime and soil moisture 
were the major soil variables responsible for differences in the pattern of species. Ghorbani 
and Asghari (2014) in a study of environmental factors affecting the distribution of Festuca 

ovina in the southeastern rangelands of Sabalan, reported that this species is more compatible 
to higher altitudes as well as lower temperatures and does not tolerate soil salinity, and is 
more compatible with a pH of 7.1 to 7.3. Moreover, they concluded that OM, P, and K 
provide better conditions for its growth. 

Studies have revealed that soil attributes are of the main parameters in distribution of plant 
societies, particularly in arid land (Goodal and Perry, 1979) and correlation of some soil 
chemical characters as well as soil humidity with vegetation cover have been documented in 
different studies (Dyakov, 2014; Sheikh et al., 2014; Gemedo et al., 2014). However, there 
are other studies, which emphasized the role of climatic and topographic parameters in 
addition to physical and chemical specifications in plant species distribution (Davies et al., 
2006; Ghorbani et al., 2015; Mirzaei Mossivand et al., 2017). 

Ferula L. is the third largest genus of the Apiaceae family (Yaqoob and Nawchoo, 
2015; 2016) and includes 180–185 species (Pimenov and Leonov, 2004) that have been 
reported from USSR, Pakistan, India, western Himalayas, Saudi Arabia, China and Iran 
(Kurzyna-Mlynik et al., 2008; Yaqoob and Nawchoo, 2016). It has large presence in Asia, 
particularly in Turkey, Iran and Turkmenistan compared to other genera in the family 
(Pimenov and Leonov, 1993). Thirty-two species of Ferula have been reported from Iran, 
where some of its species are known as Endemic (Mozaffarian, 1983; 2007; Yaqoob and 
Nawchoo, 2016). The popular Persian name of the most of Ferula species is “Koma” and 
F. ovina (Boiss.) Boiss. It is one of these species which is distributed in different regions of 
Iran (Mozaffarian, 1983; 2007). 

Anti-spasmodic, anti-cholinergic and smooth muscle relaxant activities of the aqueous 
extracts of F. ovina have previously been reported and it can be termed a medicinal plant (Al-



Aghajanlou et al.: The impact of environmental factors on distribution of Ferula ovina (Boiss.) Boiss. in northwest Iran 
- 979 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):977-992. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1602_977992 
 2018, ALÖKI Kft., Budapest, Hungary 

Khalil et al., 1990; Ghannadi et al., 2002; Moghaddam Matin et al., 2014). Studies showed 
that ecological parameters (rainfall, fog and altitude) affect the quality of resins produced by 
Ferula species (Safaian and Shokri, 1993; Menglan et al., 2005). Ferula species can be 
consumed fresh or processed in several forms. Leaves and essential oils in Ferula spp. 
traditionally have been considered to have medicinal value and there is strong evidence of 
anti-microbial active compounds (Syed et al., 1987). 

F. ovina is consumed for resins or as a grazing plant (Amooaghaie, 2009). As Amooaghaie 
(2009) reported that F. ovina is a forage species, it has become an endangered species in Iran 
due to regular cutting and overgrazing. Azhir and Shahmoradi (2007) conducted a 
preliminary descriptive study of Ferula ovina’s natural habitat in Tehran province, Iran. They 
have reported that this species is distributed over 2000 to 3200 m above sea level, in areas 
where mean annual precipitation is higher than 400 mm and mean annual temperature is 
about 8.0 °C. They also reported that the Ferula species is distributed in areas where EC is 
lower than 1 ds/m and pH 7 to 7.7, on loamy to sandy soil texture. Its distribution observed is 
in different aspects on the 40 to 50% slopes. The density of Ferula species in distributed 
habitats varies from 1600 to 2300 bunch per hectare. The vegetation stage starts from early 
May and seed ripening takes place in June. However, locals harvest it at the end of the growth 
stage as winter forage for their sheep and goat. F. ovina is distributed in the Zanjan province 
as a main species of rangelands (Aghajanlou et al., 2015). Therefore, regarding the 
importance of F. ovina in forage production, soil conservation and water protection in 
rangelands, and its status in the context of vegetation of Iran, many more studies are needed to 
understand the factors affecting its growth and distribution. 

 This study was conducted to investigate the effects of environmental variables on the 
distribution of F. ovina species in the rangelands of Zanjan province in northwest of Iran and 
determine the most important and effective environmental variables in its distribution. This 
was also done to chalk out appropriate management strategies for maintenance, restoration 
and development of its communities on the growing areas. To improve the management of 
rangelands and offer a baseline for restoration attempts, an understanding of the variables that 
determine the rangelands species distribution is required. For this purpose, this study was 
conducted to identify the roles of topography, climate and soil properties, in the distribution of 
F. ovina. Identification of these properties in a given rangeland helps one chart proper 
management strategies for restoration of similar rangelands. 

Materials and methods 

The study area 

The study area was selected in the rangelands of Zanjan province, Iran (Fig. 1). Initially, in 
order to recognize the distribution of the genus Ferula, an overall study was conducted by 
literature review (Hedge et al., 1982; Mozaffarian, 2007; Aghajanlou et al., 2015). Moreover, 
fieldwork was conducted in Zanjan province to select the habitats for Ferula genus. Three 
habitats with the local name of Soltanieh (48° 49ʹ 35ʺE; 36° 18ʹ 20ʺN), Zakr-Khanchay (48° 
44ʹ 41ʺ E; 36° 41ʹ 30ʺN) and Shilander (48° 37ʹ 54ʺE; 36° 50ʹ 01ʺN) were selected with F. 

ovina distribution (Figs. 1, 2 and 3). The selected habitats’ slope ranges from about 47 to 62% 
and geographical aspects of the three study sites are southern, southern, and southern to 
northern, respectively. According to recorded data of meteorological stations (a 10-year 
period, 2006 to 2015) within and around the selected regions, mean annual precipitation of the 
selected sites are 403, 347 and 327 mm, respectively. Moreover, the mean annual 
temperatures of the studied sites are 7.2 °C, 8.3 °C, and 6.4 °C, respectively. Maximum and 
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minimum precipitation occurs in February and July, respectively. Soil textures of the selected 
habitats are loam, loam and sandy loam, respectively. Main species of the selected habitats 
includes perennial herbaceous such as Tanacetum polycephalum, Pimpinella tragium, 
Campanula steveni, Clastapus vestitus and Nepeta heliotropifolia, dominant grasses such as 
Agropyrun libanotricum, Festuca ovina, Bromus tomentellus and Poa bulbosa and shrubs 
such as Acantholimon festucaceum, Thymus kotschyanus, Astragalus baghensis, Astragalus 
gossypinus, Silene bupleuroides and Hypericum scabrum (Aghajanlou et al., 2015). 

 

 
Figure 1. The location of the study area, and selected sites on Zanjan province, Iran 

 
 

  

(a) (b) 

Figure 2. Ferula ovina (Boiss.) Boiss. a perennial forbs growing in Zanjan province in Iran, 

a)The habitat of Shilander and b) The habitat of Zaker-Khanchay and) 
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(a) (b) 

Figure 3. Over-harvesting of F. ovina for providing winter forage for livestock in the study area 

by locals, a) and b) the habitat of Soltanieh  

 
 

Sampling 

In each habitat, initially one site with F. ovina distribution was selected as the 
presence of the selected species. Near to each of the selected sites, another site which 
did not have F. ovina species was selected in the same habitat. Therefore, a total of six 
sites (with F. ovina presence and absence) were selected. Three 150-m transects were 
established based on random-systematically method on each site. On each transect, 10 
square plots (2 × 2 m) were set up having 15 m intervals. The total numbers of plots 
were 180. The established transects were parallel to each other and perpendicular to 
the slope. Plot size was calculated using minimal area method (Cain, 1938), and the 
number of plots was obtained using statistical methods. Total canopy cover (TCC), 
canopy cover of target species (CCTS), and percentage of stone and gravel (PSG) on 
the soil surface and bare soil were recorded in each site. Soil samples were collected 
from a 0–30 cm depth (Northup et al., 1999), in the first, middle and end of each 
transect in all the sites. 

Soil properties such as electrical conductivity (EC), soil acidity (pH), soil organic 
carbon (OC), total neutralizing value (TNV), soil potassium (K), soil phosphorus (P), 
soil texture (percentage of sand, silt and clay) and saturation humidity (SP) (Burt, 2004; 
Jafarian et al., 2008), were determined in the soil lab of the Agricultural and Natural 
Resources Research Centre of Zanjan province. Spatial variations of soil properties 
were mapped using geostatistical methods including semi-variogram analysis and 
kriging interpolation in the same spatial resolution (pixel size 10 m ×10 m). In this 
regard, geostatistical analysis was done using GS+5 software and digital soil layers were 
prepared in GIS environment. Digital elevation model (DEM) was derived using 
1:25000 topographic maps of the National Cartographic Centre of Iran, with 10 m 
resolution. Elevation, slope and aspect maps of each sampling plot were derived from 
the DEM. The annual precipitation, annual mean temperature (Mean T.), mean annual 
maximum temperature (Max T) and mean annual minimum temperature (Min T) were 
extracted using a derived gradient formula from meteorological data (synoptic and 
climatological stations) and calculated by considering the DEM for each site in GIS 
environment. All these variables were then extracted for the sampling plots using 
ArcGIS10. Sampling occurred in May and Jun 2015. 
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Data analysis 

The normality of the recorded data was examined using the Kolmogorov-Smirnov test. 
The one-way ANOVA statistical test was used to analyse the significant difference between 
the effects of environmental variables on the presence or absence of F. ovine. The t-test and 
Tukey’s test were used to evaluate the differences among the variables studied in sites with 
presence and absence of F. ovina. The importance of each measured variable in the 
distribution of selected species was analysed using discriminant analysis. Stepwise, 
discriminant analysis (DA) was employed to determine the significance of the variables 
studied on species distribution and for verifying the grouping of sampling locations (Savić 
et al., 2008; Edokpa et al., 2009). SPSS18 software was used for data analysis. 

Results 

Characteristics of the measured variables in three selected habitats are presented in 
Table 1. The quantity of annual precipitation, annual mean temperature (Mean. T.), acidity 
(pH), percentage of total neutralizing value (TNV), percentage of sand and silt, and the 
percentage of total canopy cover (TCC) had no significant effect (P≤ 0.05), the amount of 
other variables such as altitude, percentage of slope, aspect, annual mean minimum 
temperature (Min. T.), annual mean maximum temperature (Max. T.), electrical 
conductivity (EC), percentage of organic carbon (OC), quantity of potassium, quantity of 
exchangeable phosphorus, percentage of clay, percentage of stone and gravel on the soil 
surface and saturation humidity percentage (SP) with or without the presence of F. ovina 

were significantly different (P ≤ 0.01) in the Zaker- Khanchay site. Meanwhile, in the 
Shilander site, quantity of annual precipitation, annual mean temperature, acidity, 
exchangeable phosphorus (p), percentage of stone and gravel on the soil surface (PSG) and 
percentage of total canopy cover had no significant effect (P ≤ 0.05), other variables such as 
altitude, percentage of slope, aspect, annual mean minimum temperature, annual mean 
maximum temperature, electrical conductivity, percentage of total neutralizing value, 
percentage of organic carbon, quantity of potassium (K), percentage of silt, percentage of 
sand, percentage of clay and saturation humidity percentage had a significant differences (P 
≤ 0.01) in the sites where the target species was present and absent. According to the results, 
phosphorus, percentage of clay, percentage of stone and gravel on the soil surface, aspect, 
annual precipitation, annual mean temperature and total canopy cover was not significantly 
different (P ≤ 0.05) between the sites where the target species was present and absent in 
Soltanieh. But other variables such as altitude, percentage of slope, annual mean minimum 
temperature, annual mean maximum temperature, electrical conductivity, acidity, 
percentage of total neutralizing value, percentage of organic carbon, quantity of potassium, 
percentage of sand, percentage of silt and saturation humidity percentage were significantly 
different (P ≤ 0.01) between the sites where F. ovina was present and absent. The results 
showed that about 37% of species composition in Soltanieh site belonged to F. ovina, 

which was the highest amount among the studied habitats. F. ovina is distributed in the 
Soltanieh habitat with average slope of about 62%, at an average altitude of 2410 metres 
above sea level. Average value of the measured variables in Soltanieh habitat were as 
follows: Electrical conductivity 0.38 ds/m, pH 7.8, and percentage of total neutralizing 
value was 5.3. Moreover, the percentage of organic carbon was 2.9, potassium 373 ppm and 
phosphorus 12.3 ppm. The soil texture was determined as loamy, amount of precipitation 
403 mm per year and annual mean temperature was 7.2 °C (Table 1). 
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Table 1. Comparison of measured attributes in the presence and absence of species F. ovina habitats 

Habitat Zaker-Khanchay 

t 

Shilander 

t 

Soltaneh 

t F 
Variables 

Presence Absence Presence Absence Presence Absence 

Mean± S.E Mean± S.E Mean± S.E Mean± S.E Mean± S.E Mean± S.E 

Altitude 2420c± 4.00 2467b± 0.50 -11.70** 2471b± 7.10 2495a± 3.80 -2.94** 2410c± 5.50 2388d± 1.60 3.91 ** 92.78 ** 

Slope 47.30c± 1.00 42.30 d± 0.40 4.54** 53.30 b± 0.40 46.70e± 0.40 10.77** 61.70 a± 1.20 53.30b± 0.40 6.73 ** 88.90 ** 

Aspect 285a± 3.90 75c± 3.90 37.70** 270 a± 0.00 60c± 3.90 53.30** 150b± 15.80 150b± 4.00 0.00ns 174.00** 

Precipitation 347b±0.50 350 b ±0.50 -11.70ns 327 c±0.80 328.70 c±0.40 -2.95ns 402.80 a±0.60 399.20 a±0.20 3.91ns 92.76 ** 

Mean. T. 8.30a±0.00 8.10a ±0.00 11.70ns 6.40 c±0.03 6.20 c±0.02 2.88ns 7.20 b±0.03 7.10 b±0.01 3.86 ns 92.45 ** 

Min. T. -1.50b±0.03 -1.50a±0.00 11.80** -1.50 c±0.05 -1.70 c±0.03 2.91** -1.08 b±0.00 -0.92 a±0.04 -3.92 ** 93.72 ** 

Max. T. 15.90b±0.01 15.70c ±0.00 11.98** 15.70 c±0.01 15.60 d±0.01 3.05** 15.98 b±0.02 16.07 a±0.00 -3.81 ** 95.31 ** 

EC 0.39bc±0.1 0 0.47 b±0.1 0 -4.82** 0.28 c±0. 10 0.87 a±0.09 -6.66** 0.38bc ±0.01 0.47 b ±0.01 -6.07 ** 30.15 ** 

pH 7.17b ± 0.04 7.18b ±0.04 -0.23ns 7.04c ± 0.01 7.07 d ±0.01 -3.49ns 7.6 a ±0.02 7.5 b ±0.02 23.58 ** 131.1 ** 

TNV 1.77d ± 0.05 1.30d ± 0.80 4.79ns 4.30b ± 0.10 2.90 c ± 0.30 4.20** 5.30 a ±0.01 0.20 e ±0.01 37.80 ** 23.70 ** 

OC 2.70 ab±0.08 1.30c±0.06 13.6 ** 3.30 a ± 0.2 2.20 b ± 0.07 4.94** 2.90 a ± 0.30 1.40 c ± 0.07 5.08 ** 26.97 ** 

K 346 bc±16.50 209 d ±2.40 8.20 ** 419 a±23.20 262 d±7.30 6.45** 373 ab±28.30 278 cd±10.70 3.13 ** 20.40 ** 

P 10.30a±0.20 3.10 b±0.11 31.00** 12.60 a±0.40 11.40 a±0.10 1.11ns 12.33 a±0.70 9.87 a±1.30 1.64 ns 21.50 ** 

Sand 56.70a±1.80 57.30 a±0.60 -0.34ns 43.30 bc±0.50 47.30 b±0.50 -6.11** 42.30 c±1.20 55.30 a±0.80 -9.30 ** 46.59 ** 

Silt 32.30c±1.40 29.70 cd±0.20 1.90ns 46.70 a±0.60 37.30 b±0.50 11.7** 40.30 b±1.06 27.00 d±0.30 12.04 ** 85.38 ** 

Clay 11cd±0.50 13 c±0.50 -2.70** 10.00 d±0.00 15.30 b±0.10 -5.06** 17.70 a±0.20 17.30 a±0.50 0.00 ns 34.30 ** 

PSG 44.80ab ±3.40 31.70 bc±2.60 3.06** 47.90a ±3.10 45.40 ab ±4.00 0.49 ns 36.10 abc ±4.60 26.80 c ±2.80 1.87ns 6.38 ** 

SP 31.70c±0.90 49.30a±0.50 -16.88** 49a±1. 20 40.70 a±0. 26 5.63** 49.30 a ±2.50 36 bc ±0.80 4.98** 34.20 ** 

TCC 38.20a±2.80 43.70 a±2.80 -1.43ns 40.20a±2.90 35.40 a±2.30 1.39ns 43.90 a±2.30 39.40 a±1.90 1.54 ns 1.81 ns 

CCTS 10.80b ±1.50 0.00c±0.00 7.06** 10.10b ±1.10 0.00c±0.00 6.60** 17.60 a ±1.80 0.00c±0.00 9.93 ** 42.50 ** 
ns, ** and * are no-significant differences, significant at 1 and 5 percent probability level, respectively 
Similar words indicating no difference and different letters indicate significant differences in the rows 
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The analysis of variance of variables in different sites under the study indicated a 
significant difference (P ≤ 0.01) (Table 1). The total canopy cover had not been 
recognized as significant in the selected sites. According to the results of discriminant 
analysis (Table 2), four canonical functions were defined, in which the first function 
explains the 97.5% variance. Moreover, the second, third and fourth functions justified 
around 1.8%, 0.70% and 0.0% of variance. Eigenvalues and canonical correlation were 
more in the first function than in the second function. On the other hand, Wilks’ 
Lambda values had increased from the first function to the fourth audit function and 
chi-square value was significant at the first, second, third and fourth functions 
(P ≤ 0.01). Thus, the average value of groups was significantly different (Table 3). It 
can be concluded that the first function has higher discrimination power in 
decomposition of the groups. 

 
Table 2. Eigenvalues and the percentage of variance explained by functions in the 

discriminant analysis 

Function Eigenvalue Percent of variance Cumulative % Canonical correlation 

1 17246.86 97.50 97.50 1.00 

2 319.16 1.80 99.30 0.998 

3 116.61 0.70 100.00 0.996 

4 8.62 0.00 100.00 0.947 

 
 
Table 3. The values of Wilks’ lambda in discriminant analysis 

Test of function (s) Wilks’ lambda Chi-square df Sig. 

1 through 4 0.00 3180.31 44 0.00 

2 through 4 0.00 1804.79 30 0.00 

3 through 4 0.00 991.39 18 0.00 

4 0.10 319.19 8 0.00 

 
 
The discriminant coefficients of the variables have shown in Table 4. These results 

indicated the linear correlation between environmental variables and discrimination 
function. Precipitation was primarily the most influential factors in the first function. 
While in the second function, the percentage of slope, silt, sand and percentage of stone 
and gravel on the soil surface (PSG) turned out to be the most effective factors. 
Moreover, saturation humidity (SP), mean annual temperature (mean. T.), altitude and 
organic carbon (OC) were determined as effective factors in the third function, and 
finally, phosphorus (P), potassium (K), total of neutralizing value (TNV), acidity (pH), 
electrical conductivity (EC) and clay in the fourth function, to identify sites and 
distribution of F. ovina species. 

According to the results of stepwise discriminant analysis (Table 5), discriminant 
function coefficients for the studied species using canonical functions in the first 
function is as follows (Eq. 1): 

 

 
 

(Eq.1) 
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where, the saturation humidity (SP), electrical conductivity (EC), acidity (pH), total of 
neutralizing value (TNV), organic carbon (OC), silt, clay, aspect, altitude, mean annual 
temperature (Mean T) and annual precipitation are parameters that determined as 
effective in the equation, whereas Y is the presence or absence of target species in 
equation. 

 
Table 4. Discriminant coefficient of factors in canonic functions 

Variable 
Functions 

1 2 3 4 

Precipitation (mm) 0.958* 0.089 -0.088 -0.059 

Slope (%) 0.027 -0.385* -0.082 -0.035 

Silt (%) -0.004 0.083* 0.016 -0.040 

Sand (%) 0.000 -0.064* -0.004 0.043 

PSG (%) 0.039 0.063* 0.025 0.029 

Aspect (°) -0.007 0.025 0.149* -0.086 

SP (%) 0.000 0.037 -0.070* 0.023 

Mean T. (°C) 0.009 -0.019 0.065* -0.016 

Altitude (m) -0.009 0.017 -0.061* 0.036 

OC (%) -0.002 0.039 -0.046* 0.005 

P (ppm) 0.022 -0.237 -0.096 -0.560* 

K (ppm) -0.002 0.032 -0.076 -0.332* 

TNV (%) -0.002 0.228 0.019 0.325* 

pH 0.010 0.052 -0.007 0.306* 

EC (ds/m) -0.004 0.020 -0.007 -0.179* 

Clay (%) 0.007 0.000 -0.015 -0.022* 
*Largest absolute correlation between each variable and any discriminant function 

 
 
Table 5. Canonical discriminant function coefficients 

Variables 
Function 

1 2 3 4 

SP 0.171 -1.829 0.117 0.412 

EC -2.837 11.749 -16.538 -13.053 

pH 5.056 -30.753 13.408 3.451 

TNV -1.619 12.962 -4.947 -0.114 

OC -1.559 18.309 1.298 -3.823 

Silt 0.177 -1.068 1.040 0.290 

Clay -0.207 1.266 -0.404 -0.839 

Aspect 0.008 0.011 0.115 -0.013 

Altitude -0.025 0.202 0.161 0.460 

Mean T. 2.967 6.617 78.136 102.263 

Precipitation 4.217 0.325 -0.063 -0.012 

(Constant) -1544.03 -428.691 -1182.9 -2023.9 
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The results of the classification of the studied habitats using discriminant analysis 
have been shown in Table 6. The result presented in Table 6, shows the frequency as 
well as the observed and predicted values of adjustment. Frequency percentage 
provided in Table 6 represents the level of matching in observed and predicted items. 
Accordingly, if the data of F. ovina was placed in the discrimination function, the 
function would recognize correctly in 100% of the membership of the species in the 
group Zaker-Khanchay. Meanwhile, 100% membership of species was in Shilander and 
Soltanieh groups. Moreover, if data of the sites (without the target species) was placed 
in the discrimination function, the function would detect correctly, in 100% of cases, 
membership in the non-presence group. This indicates correct selection of factors 
affecting the distribution and dissemination of the studied species. In general, the value 
of a person’s membership (100%) proves accuracy of recognizing the group function. 

 
Table 6. The results of classification using discriminant analysis

a
 

 Group 
Predicted group membership 

Total 
1 2 3 4 5 

O
ri

g
in

a
l 

co
u

n
t 

%
 

1 100.0 0.0 0.0 0.0 0.0 100.0 

2 0.0 100.0 0.0 0.0 0.0 100.0 

3 0.0 0.0 100.0 0.0 0.0 100.0 

4 0.0 0.0 0.0 100.0 0.0 100.0 

5 0.0 0.0 0.0 0.0 100.0 100.0 
a100.0% of original grouped cases correctly classified 
Group1, The Zaker.Khanchay habitat (with presence of F. ovina). Group2, Adjacent Zaker-Khanchay 
and Shilander habitat (with absence of F. ovina). Group3, The Shilander habitat (with presence of F. 

ovina). Group4, The Soltanieh habitat (with presence of F. ovina). Group5, Adjacent Soltanieh habitat 
(with absence F. ovina) 

Discussion and conclusion 

The presence, absence and plant species distribution in natural ecosystems depend on 
factors such as climate, edaphic, available resources, competition among species, 
natural and non-natural stress, and plant biological zone. In a large scale, the 
distribution of plant communities is more influenced by the climate and secondly by the 
edaphic factors, while in local scale, edaphic factors and available sources are the most 
important factors and other factors are the next critical ones (Fridley, 2001; Mirzaei 
Mossivand et al., 2017). 

The results of the analysis of variance for the parameters of the studied sites showed 
that from the 20 evaluated parameters (Table 1), except for the canopy cover of species, 
other variables have a significant difference (P ≤ 0.01). Thus, according to the results, it 
can be concluded that the ecological conditions of each habitat are different. On the 
other hand, the results of the Canonical Discriminant Function Coefficients (Table 5) 
indicated that in the presence or absence of the Ferula ovina species in the studied 
habitats, the percentage of saturation humidity (SP), the percentage of electrical 
conductivity (EC), acidity (pH), percentage of total neutralizing value (TNV), 
percentage of organic carbon (OC), percentage of silt, aspect, altitude, mean annual 
temperature (mean T.), and the annual precipitation were effective factors. 

Although the F. ovina species was one of the dominant species of vegetation in the 
southern regions of the study area, in other geographic areas it was also distributed in 
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a sporadic manner. Indubitably, the geographical aspect affects the amount of soil 
humidity, soil temperature, and light intensity received by the plant . The difference in 
the light intensity in different aspects of hillside and crests affect the local climate and 
plant communities (Gonzales-Alcaraz et al., 2014). It seems that alterations in the 
local climate conditions are among the main factors influencing the distribution and 
presence or absence of the target species. Based on field observations, it has been 
proved that F. ovina mainly dominated the hillsides that had a greater light intensity. 
Investigations conducted on the descriptive autecology study of F. ovina in Iran are in 
agreement with our findings. Azhir and Shahmoradi (2007) concluded that the 
distribution and presence or absence of the F. ovina species depend on the 
geographical aspect and percentage of slope. 

Precipitation, mean annual temperature, and altitude not only affected the presence or 
absence of the species, but the impact of precipitation on the distribution of the studied 
species in the locations was the most effective factor. These results are in agreement 
with the findings of Davies et al. (2007) which state that topographic characteristics 
(e.g., elevation, slope and aspect) are closely associated with the local climate (e.g. 
precipitation, evaporation and temperature) that greatly impacts plants. This is also in 
conformity with Xu et al. (2013), who stated that precipitation and temperature are 
consistently highlighted as influential in the distribution of plants (Xu et al., 2013). 

The percentage of silt in the soil in the habitat of F. ovina was higher than habitats 
where it was absent and the clay and sand percentage of soil in sites where the target 
species was present was lower than the habitats where it was absent. In other words, it 
seems that the studied species prefer soils that have a medium texture, as the soil texture 
was an effective factor in the distribution and presence or absence of the F. ovina. Soil 
texture due to the influence of moisture amount and available nutrients in plants, water 
holding capacity in the soil, food cycle, ventilation, depth of plant rooting, and the 
amount of runoff flowing after rainfall on the soil surface as well as the distribution of 
plants plays a role (EL-Sheikh and Youssef, 1981; EL-Ghani, 2003). Accordingly, 
previous reports have mentioned that soil texture is a key factor in the presence or 
absence of the plant in the studied locations (Taghipour et al., 2008; Ghorbani and 
Asghari, 2014). 

The quantity of the total of neutralizing value (TNV) in the habitats of F. ovina is 
significantly higher than the places without the species. It seems that the TNV has been 
identified as an effective factor in discriminating locations. However, it has had less 
effect on the distribution of species in locations with the presence of the F. ovina 

species. Previous studies on F. ovina have also emphasized that this species had a 
significant percentage of canopy cover on a relatively calcareous geological formation 
in comparison to other places. Likewise, it was the dominant species in many areas of 
Iran (Azahir and Shahmoradi, 2007). 

The electrical conductivity (EC) represents the amount of conductive solute 
contained in the soil solution, one of the main ones being salt (sodium chloride). 
Although the studied sites were not saline areas, the amount of electrical conductivity in 
the presence of the species was between 0.28 to 0.39 ds/m, in mutuality, and in the 
absence of the species it was between 0.47 to 0.87 ds/m. Salinity and soil salinity are 
commonly found on agricultural land, and the lands on which they are located 
(mountainous lands) are considered as saline soils in non-saline soils, but it seems that 
even this difference has caused electrical conductivity (EC) to be among the factors 
influencing the presence or absence of the species in the studied locations. 
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Another important factor in the distribution of the species in the habitats was the 
percentage of slope. The highest percentage of canopy cover of the target species was 
observed in the habitat that had a higher slope percentage among all the habitats. 
Usually, slope is considered a limiting factor in the distribution and establishment of 
plants. As the slope increases, the depth of soil and soil moisture decreases, and as a 
result, the plants’ establishment is restrained. Our results are in conflict with this issue. 

 This species, although in the growth stages due to the presence of the volatile 
compounds, is not heavily grazed, but after the end of the growing period and when the 
branches and leaves become yellow, they play a major role in grazing in the late summer 
and early autumn. Of course, it plays a more important role in fodder forage in local 
livestock feeders (Fig.3). Thus, the slope as a natural factor in this case has led to a 
reduction in overgrazing and the inappropriate use of rangelands, and it has been a 
limiting factor in the studied locations. However, it did not affect the distribution of the 
target species. 

 This rangeland species has an extensive canopy cover and is important not only in 
forage production, but due to the wide canopy cover and the extent of the root system, it 
increases the humus and soil organic matter. It can also be considered as one of the most 
important species in decreasing soil erosion. 

 Though organic carbon had a relatively small effect on the distribution of the species in 
the studied locations, it was one of the factors influencing the presence or absence of the 
species studied. The results of many studies showed that organic carbon was one of the soil 
characteristics affecting the distribution and presence or absence of vegetation in the 
evaluated areas. These findings were in agreement with the results of Ayyad (1976), 
Mahdavi et al. (2009), Kooch et al. (2007). A study of the ecological distribution of some 
indicator species and their effective soil factors showed that the distribution and presence or 
absence of vegetation in those areas correlated with the soil properties such as soil texture, 
quantity of phosphorus, percentage of organic carbon, and acidity. 

The increased uses of fossil fuels, land use change and degradation of vegetation 
have led to the release of a huge amount of greenhouse gases into the atmosphere 
(Hamburg et al., 1997). Carbon dioxide is the most important greenhouse gas and 
increasing its density in the atmosphere has increased global warming and climate 
change. Moreover, climate change is one of the most important challenges that have 
very adverse effects on the environment and human life on the planet (Hamburg et al., 
1997; IPCC, 2007; UNDP, 2000). The global estimate of carbon in rangeland soils is 
about 30% of its total amount in the planet (Sarapatka and Cizkova, 2013). One of the 
most effective ways to reduce greenhouse gases is to sequester them in soil or plant 
organs (Rossi et al., 2009). Plant biomass is one of the factors affecting the storage of 
organic carbon in soil and the species studied is one of the species that has a high 
biomass in rangelands. The high organic carbon content of the soil and its significant 
difference in sites with the presence of target species relative to sites without its 
presence indicates the important role of this species in the accumulation of organic 
carbon in these areas. In this regard, Ghoreyshi et al. (2013) also indicated that with 
increasing the organic matter, more carbon was stored in the soil of the studied sites. 

In other studies, the percentage of stone and gravel on the soil surface (PSG) was 
another factor affecting the distribution of the studied species in the locations, which 
was in agreement with the results of Assadian et al. (2017). In many ecological studies, 
the percentage of stone and gravel on the soil surface is not very noticeable. Its amount 
plays an important role in maintaining soil moisture, water penetration in the soil, and 
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soil conservation in sloping lands. Especially in arid regions like Iran, PSG is important 
for maintaining the moisture in the under soil, and can play an important role in the 
survival of plants. 

Although many similar results from other studies were cited to support our above-
mentioned discussion, there still existed some different aspects between our studies and 
other ones. For example, Xu et al. (2013) documented precipitation and temperature are 
consistently highlighted as influential in the distribution of plants, while the percentage 
of slope, silt, sand and the percentage of stone and gravel on the soil surface were more 
important than temperature in our study. However, it is very difficult to really discern 
the differences in the results from different studies, because the vegetation, soil, and 
topography relationship is very complicated per se; the aims of the other studies and the 
associated measures taken were very different and the local conditions also varied from 
one study to another. In this regard, Amooaghaie (2009) has reported that the F. ovina 
species is among the endangered ones distributed in many areas in Iran. On the other 
hand, it seems in view of different reasons including habitat degradation due to 
inappropriate and unsuitable usage such as over grazing and even excessive harvesting 
for winter forage of livestock in areas by local people, it is certain that some 
characteristics of environmental factors such as topography, climate, soil texture, the 
amount of gypsum and lime, and some other characteristics of the soil are in 
compatible, and are the nature of the ecosystems. 

However, how human activities and exploitation of rangeland ecosystems will cause 
some of the factors such as soil organic matter, potassium and phosphorus in this study 
to be affected by this process, and the distribution, presence and absence of species will 
affect in the locations. This is an important theory or framework to direct the practice of 
ecosystem restoration and management. It is difficult to directly restore the original 
species in the degraded dry lands; hence, several steps following a natural succession 
sequence would be necessary. In addition, plant degradation is not only an ecological 
but also an economic and social problem; some relevant conservation policies are 
needed to reduce human disturbance on the ecosystem. Thus, in the restoration and 
management of species habitats, not only vegetation and environmental factors but also 
human activities should be considered. 

This study has tried to provide some useful information on the distribution of F. 

ovina. Results will be useful in developing future F. ovina management guidelines, 
which can be used to rehabilitate and develop the habitats of this rangelands species in 
the regions, and this can play an important role in the issue of carbon sequestration, soil 
erosion and soil conservation in the rangelands. Other factors influencing the 
distribution of the species such as biotic interactions, genetic adaptation, and the 
species’ dispersal abilities should be taken into account in order to draw relevant 
conclusions to have a better conservation, as well as oriented decisions. 
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Abstract. The aim of the study was the biostratigraphical evaluation of Padeha Formation based on 
conodont accumulation in Yazdanshahr. The section under study is located north of Yazdanshahr in 
northwestern Zarand County in Kerman, central Iran. After investigating several sections of the Padeha 
formation in the Kerman area, one fossiliferous section was chosen for study. In terms of lithology, the 
section is composed mainly of red-colored clastic and evaporative rock with carbonate intercalations. The 
conodont accumulations indicate two local biozones: the Zieglerodina remscheidensis and Pandorinellina 

steinhornensis assemblage zones and the Eugenathodontidae-Icriodus assemblage zone. Based on the 
abundance of Spathognathodontidae and similarities to global biozones, these biozones were found to be 
of the Late Silurian (Early Pridoli) age. No evidence of the Icriodus genus (especially woschmidti or post-
woschmidti species) was observed in this assemblage. The latter biozones manifest the appearance of 
Eugenathodontidae in the Early Devonian; therefore, a sedimentary hiatus exists within the Late Silurian 
to the start of Early Devonian (Late Pridoli to Pragian). The sediment was deposited in a depositional 
environment ranging from lagoons to shallow waters (inner carbonate platform). The Yazdanshahr 
section was the most complete of the Padeha formation because conodonts were found in the lower, 
middle and upper parts of the section. This function will allow researchers to correlate their sections with 
these findings based on stratigraphic principles. 
Keywords: Icriodus, sedimentary environment, Silurian, Kerman, biozones 

Introduction 

Devonian deposits in Iran were first reported on a geological map prepared by the 
National Iranian Oil Company. Located near Gush-Kamar in the Ozbak-Kuh mountains, 
the type section was studied by Ruttner et al. (1968), Stocklin (1971) and Stocklin et al. 
(1965, 1991). Late Silurian-Early Devonian sediment has been studied in Kerman 
province in Iran and reported according to stratigraphic principles (Huckriede et al., 
1962). Most recent studies have been based on conodonts, fish remnants, brachiopods, 
corals and palynomorphs. The following authors have recently worked on conodonts: 
Ahmadi et al., 2012; Bahrami, 2011, 2013, 2014, 2015; Boncheva et al., 2007; 
Adhamian, 2003; Ashuri, 2004, 2006; Gholamalian, 2007; Gholamalian and Kebriaei, 
2008; Gholamalian et al., 2009; Yazdi, 1999; Weddige, 1984. 

Geologically speaking, Iran is divided into five structural units: the Zagros, Alborz, 
Sanandaj-Sirjan, Eastern Iran and Central Iran (Stocklin et al., 1965; Stocklin, 1968; 
Stocklin and Nabavi, 1971; Stocklin and Setudehnia, 1991; Heydari et al., 2008). In 
terms of structure, Central Iran is composed of five blocks: the Lut, Tabas, Kalmard, 
Posht-Badam, Anar and Dehshir (Alavi, 1991; Heydari et al., 2008; Fig. 1). Devonian 
sediment has been described in the Jeirud Formation in the Central Alborz (Assereto, 
1963), the Khoshyeilagh formation in the northeastern Alborz (Bozorgnia, 1973), the 
Moli and Ilanqareh Formation (unofficial name) in West Azerbaijan and Maku (western 
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Alborz) (Alavi-Naini and Bolourchi, 1973) and the Pedeha, Sibzar, Bahram and Shisto 
formations in Central Iran (Ruttner et al., 1968). 

The type section of the Padeha formation is named after the village of Padeha in the 
Ozbak-Kuh mountains (Eastern Iran). Lithologically characterized by red sandstone, 
dolomite and gypsum at Ozbak-Kuh (eastern Central Iran), the Padeha formation 
overlies the fossiliferous carbonates of the Niur formation and underlies the Sibzar 
dolomites. This formation formed in the Early Devonian and exhibits shallow facies 
related to the Caledonian orogeny (Ruttner et al., 1968; Stocklin, 1971). The Padeha 
formation was deposited in an inner platform and extends across all of the Central Iran 
basin. Based on its stratigraphic position, this formation has been aged back to the Early 
Devonian. 

Devonian deposits in Iran (Pedeha, Sibzar, etc.) are not well known and a large deal 
of uncertainty is associated with them. In general, Early Paleozoic Devonian deposits in 
Iran precipitated in separate geological units. Few studies have been done on the effect 
of sea level at the time the Late Silurian and Early Devonian rock formed. Evidence 
indicates the effect of Caledonian movement (Ruttner et al., 1968; Stocklin, 1971). Sea 
transgression covered most of Iran in the Middle and Late Devonian. In the present 
research, an attempt is made to determine the age of the sediment based on conodont 
accumulation. 

Methodology and study area 

The structural units of Iran were investigated and the Kalmard block was selected for 
study. The study area is located about 18 km from Zarand and 70 km to the northeast of 
Kerman. The measured section was delimited as 31º3′55′′N and 30º2′40′′N latitude and 
56º17′ 5′′E and 56º15′10′′E longitude (Fig. 1). 

 

 
Figure 1. Structural units of Iran located in the studied section 
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Field sampling and length measurements were undertaken systematically wherever a 
change in the lithology was identified to carefully investigate the biostratigraphy of the 
study area. If needed, more than one sample (+4 kg) was taken from the corresponding 
bedding. The samples were studied carefully after undergoing the following preparation 
steps: crushing (to dimensions of 3 cm), acid treatment (10% acetic acid), washing, 
sieving (75, 125, 250 and 710 mesh), picking (with a needle) and photography. 

Discussion 

An investigation on Late Silurian and Devonian deposits (Padeha, Sibzar, and 
Bahram) in the Central Iran microplate indicates that, during the Late Silurian, most of 
Central Iran was exposed out of water. The Devonian deposits in Central Iran formed in 
separate basins. Evidence indicates a radical variation in thickness even at short 
distances. For instance, the Hur section is 280 m thick (Ahmadi et al., 2012), the 
Varkamar section is 210 m thick and the Neqeleh section is about 200 m thick. The 
Nachf section is about 120 m thick and the Shomal-Tar section is about 200 m (near 
Isfahan) (Bahrami et al., 2015). The Shahmirzad section is 450 m thick (Heydari et al., 
2008) and the Soh section is 88 m thick (Adhamian, 2003). 

These radical changes in thickness can be attributed to horst and graben basins from 
the Caledonian and Hercynian epirogenic phases in Central Iran (Soffel and Forster, 
1980; Weddige, 1984). The presence of gypsum as evaporative facies in the section 
base along with carbonate intercalations containing Spathognathodontidae indicate a 
lagoon on an inner carbonate platform (Table 1) (Sweet, 1988; Flugel, 2010). The 
presence of evaporative facies in the Late Silurian can be attributed to the Ardenian 
orogeny. The Early Devonian red-colored clastic facies with carbonate intercalations 
can be attributed to the Earian orogeny. 

 
Lithostratigraphy of Yazdanshahr section 

The study area is located in the northern Shabjereh mountains near Khorramabad 
(northeastern Kerman, Central Iran; Fig. 2). The local sedimentary rock were different 
types of clastic, colloidal carbonate and evaporative rock. The lower boundary is 
covered by alluvial deposits. The two local members were identified as follows: 

Lower boundary (base): talus and fluvial (covered) 
Member I 
Lithozone I 

1. 20 m of grey, reddish and white gypsum with clay or gypsum-bearing clay 
intercalations. 

2. 6.8 m of olive green lime and the fresh grayish green colour (argillaceous micrite 
or sandy mudstone becoming pelmicrite or wackestone in the upper layers). 

3. 58 m of white to red gypsum with grey-coloured shaley limestone intercalations. 
4. 32.8 m of brick-coloured sandstone in alternation with limestone in fresh red color 

with layering thickness of 0.5-1 m. The penetration of ferrous compounds into the 
rocks caused their red appearance (sample 3). 

5. 4.5 m of light grey and creamy light-grey limestone. This limestone encompasses 
gypsum beddings in the form of two 1-m thick hard beddings (sample 5). 
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Table 1. Distribution of conodont species in Yazdanshahr column 

Yazdan shahr 
                            

Taxa 18 19 20 21 22 23 24 25 40 42 49 50 51 53 61 62 67 69 70 73 74 76 80 89 90 91 ### Total 

Bipennatus Philip, 1965 
        

3 4 2 3 2 3 1 3 2 1 2 3 
       

29 

Bipennatus bipennatus Bischoff and Ziegler, 1957 
         

2 
       

3 21 2 
       

28 

B.bipennatus bipennatus Bischoff and Ziegler, 1957 
                           

0 

Distomodus sp.Branson and Mehl 1947 
 

1 1 
                        

2 

Hindeodlla compressa Huddle, 1934 
        

1 
            

1 
    

1 3 

Hindeodella equidentata Rhodes, 1953 
       

2 
                   

2 

Icriodus sp Branson and Mehl 1934 
        

2 4 
           

5 1 
    

12 

Icriodus brevis, Stauffer, 1940, 
        

2 
 

2 
            

2 1 
  

7 

Icriodus brevis brevis Stauffer, 1940 
                        

1 
  

1 

I. brevis spicatus Youngquist and Pelerson, 1947 
                       

3 1 
  

4 

Icriodus.regularicresens Bultynck, 1970 
         

1 
          

2 1 1 2 
   

7 

I. struvei Weddig, 1977 
                    

2 1 
     

3 

Ligonodina Ulrich and Bassler 1926 
  

1 
 

2 2 2 1 
                   

8 

Ligonodina elegans Walliser 1964 
                           

0 

Lonchodina Bassler, 1925 
 

1 3 1 4 6 6 1 
                   

22 

Neopripniodus Rhodes  dna Muller ,  6591 
 

1 1 2 1 2 3 5 
                   

15 

Neopripniodus bicurvatus Branson and Mehl, 1933 
 

1 3 2 2 1 
                     

9 

Ozarkodina Branson and Mehl, 1933 
 

2 3 4 4 3 2 
                    

18 

Ozarkodina confluens Branson and Mehl, 1933 
 

2 6 5 4 2 1 
                    

20 

Ozarkodina denckmanni Ziegler, 1956 
 

2 1 
 

2 1 
                     

6 

Ozarkodina media Walliser, 1957 
   

1 
                       

1 

Ozarkodina typical Branson  dna Mehl, 1933 
  

4 4 3 3 1 
                    

15 

Ozarkodina Ziegleri Walliser, 1964 
 

1 2 3 3 
 

1 
                    

10 

Panderodus simplex Branson and Mehl, 1933 
 

1 2 2 
                       

5 

Pandorinellina exigua Philip, 1966 
 

3 5 6 5 4 2 
                    

25 

Pandorinellina steinhornensis Ziegler, 1956 
 

2 1 5 4 4 2 
                    

18 

Plectospathodus Branson and Mehl, 1933 
 

2 3 3 1 
                      

9 

Trichonodella symetrica Branson and Mehl, 1933 
 

1 3 4 6 5 2 
                    

21 

Wurmiella excavata Branson and Mehl, 1933 
  

1 2 2 
                      

5 

Zieglerodina remscheidensis Ziegler, 1960 
 

2 5 3 6 4 1 
                    

21 

Total 
 

22 45 47 49 37 23 9 8 11 4 3 2 3 1 3 2 4 23 5 4 8 2 7 3 0 1 ### 
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Figure 2. Lithostratigraphic section of Yadanshahr, Iran 
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6. 88.4 m of soft gypsum with thinly-bedded intercalations of pease-coloured 
limestone. 

Lithozone II 
7. 13 m of light- to dark-grey limestone together with shell fragments (sandy 

bioclast lime wackestone/pelbioclast lime wackestone or sandy 
biomicrite/pelbiomicrite (light- to dark-grey limestone)). Solution breccia 
from the dissolution of gypsum can be observed in the base of this rock unit. 
The identified conodonts include: 

a. Ozarkodina confluens (Branson and Mehl, 1933) 
b. Spatognathodus primus (Branson and Mehl, 1933) 
c. Pandorinellina steinhornensis (Ziegler, 1956) 
d. O. confluens (Branson and Mehl, 1933) 
e. P. exigua (Philip, 1966) 
f. Zieglerodina remscheidensis (Ziegler, 1960) 
g. Distomodus (Branson and Mehl, 1947) 
h. Hindeodella equidentata (Rhodes, 1953) 
i. Ligonodina (Ulrich and Bassler, 1926) 
j. L. elegans (Walliser, 1964) 
k. Lonchodina (Bassler, 1925) 
l. Neopripniodus bicurvatus (Branson and Mehl, 1933) 
m. O. denckmanni (Ziegler, 1956) 
n. O. ziegleri (Walliser, 1964) 
o. Panderodus simplex (Branson and Mehl, 1933) 
p. Trichonodella symetrica (Branson and Mehl, 1933) 

8. 17.4 m of yellow to grey limestone, creamy with no fossil which gradually 
turns to red. 

Member II 
Lithozone III 

9. 10.2 m of red-white-brick-coloured sandstone containing siliceous cement 
with quartz and feldspar. 

10. 1 m of thinly-bedded red to white dolomitic sandy limestone (dolograinstone 
or sandy dolosparite). 

11. 10 m of red sandstone with siliceous cement and abundant quartz and feldspar 
grains. It turns gradually to micrite and microsparite. The identified 
conodonts include: 

a. I. struvie (Weddige, 1977) 
b. I. regularicresens (Bultynck, 1970) 
c. I. brevis (Staulfer, 1940) 
d. I. brivis spicatus (Youngquist and Peterson, 1947) 
e. Bipennatus bipennatus (Bischoff and Ziegler, 1957) 

12. 8.7 m of thinly bedded clay-bearing red sandstone containing trace fossils. 
13. 1 m of gray marl limestone (micrite to microcrystalline matrix, laterally 

becoming bioclastic lime wackestone or biomicrite) 
14. 7 m of coarse-grained red lime sandstone with weak carbonate cement and 

abundant clastic grains of quartz and feldspar 
15. 2 m of light green dolomitic limestone (packstone-dolosparite) with 

sparicalcite cement and abundant rhombohedral calcite 
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16. 4 m of red to white sandstone with medium to coarse grains of quartz and 
feldspar and siliceous cement 

Lithozone IV (Sibzar formation) 
17. 15 m of grey to dark limestone to dolostone with sparicalcite cement and 

abundant rhombohedra of dolomite. Organic remnants of crinoid debris, fish 
teeth and conodonts are as follows: 

a. I. brevis (Stauffer, 1940) 
b. B. bipennatus sub sp. 

18. 20.2 m of red sandstone (quartz arenite), medium- to coarse-grained quartz 
along with nodules of iron oxide (opaque minerals, feldspar and siliceous 
cement) 

19. 0.2 m of dark gray limestone (biosparite-grainstone) with sparicalsite cement 
and calcite rhombohedra. The only conodont is Ozarkodina sp. 

20. 17 m of red sand with argillaceous matrix together with three light-grey 
dolostone beddings 

21. 6.7 m of yellowish grey dolostone (dolograinstone-dolosparite). The 
identified conodonts include: 

a. Icriodus sp., I. struvei (Weddige, 1977) 
b. I. brevis (Stauffer, 1940) 
c. I. brevis brevis (Stauffer, 1940) 
d. Bipennatus sp., B. bipennatus (Bischol and Ziegler, 1957) 
e. Ozarkodina sp. 

22. 4.5 m of white to red quartzose sandstone 
23. 20.4 m of light-grey to yellow dolomite (dolosparite dolograinstone) with 

three layers of red sandstone. 
24. 8 m of light grey to yellow dolostone with quartzose grains and sparit calcite 

cement. Identified conodonts include: 
a. Icriodus sp., I. aff. regularicresens (Bultynck, 1970) 
b. Bippenatus sp 2. 

25. 20.63 m of white to red quartzose sandstone 
26. 6 m of light-gray dolomite (dolograinstone dolosparite) 
27. 2 m of marl containing trilobite, ostracoda, Ecinid spine and bryozoan 

Bahram grey brachiopoda limestone (Bahram Formation) 
 

Biozonation of Yazdanshahr section 

The conodont collections in this section contain 15 genus, 20 species and 5 
subspecies were identified (Fig. 3). Together, these identify two biozones as follows: 

1. Zieglerodina remscheidensis, Pandorinellina steinhornensis assemblage zone. 
The elements collected in this part relate to Spathognathodontidae and 
include the following: 
 O. confluence (Branson and Mehl, 1933) (Spathognathodus primus; 

Branson and Mehl, 1933) 
 Zieglerodina remscheidensis (Ziegler, 1960) (S. remscheidensis; 

Ziegler,1960) 
 Pandorinellina steinhornensis (Ziegler, 1966) (S. steinhornensis, Ziegler, 

1956) 
 P. exiguus philipi (Klapper, 1969) 
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Figure 3. Biostratigraphic section of Yadanshahr, Iran 
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The collected elements were comparable to the following: 
 Murphy et al. (2004) (from Nevada, Spain, Germany and Czech 

Republic) 
 Farrel (2004) (from Camelford limestone, Australia) 
 Corradini et al. (2014) (from Cellon section) 
 Corriga et al. (2011) (from Malinfier section, Italy) 
 Mathieson et al. (2016) (from Cobra Supergroup in Western New South 

Wales, Australia) 
 Drygant and Szaniawski (2012) (from Podolia, Ukraine) 
 Corriga et al. (2014) (from Tafilalt, southeastern Morocco) 
  Ziegler (1975, 1991) 

 
As such, the age of this biozones is Pridoli. 

 
2. Eugenathodontidae-Icriodus assemblage zone 

The elements collected in this part are related to Eugenathodontidae and 
include the followings genus: 
 Bipennatus (Philip, 1965) 
 B. bipennatus (Bischoff and Ziegler, 1957) 
 B. bipennatus bipennatus (Bischoff and Ziegler, 1957) 
 Icriodus sp. 

 I. struvei (Weddige, 1977) 
 I. brevis (Stauffer, 1940) 
 I. brevis brevis (Stauffer, 1940) 
 I. brevis spicatus (Youngquist and Peterson, 1947) 

 
As such, the age of this biozone is Pragian to Emsian with the collected 
elements being comparable to those in the following work: 

 
 Mathieson et al. (2016) (from Cobra Supergroup in Western New South 

Wales, Australia); Murphy (2005) (from Nevada) 
 Murphy (2005) (from Nevada) 
 Corriga et al. (2014) (from Podolia, Ukraine) 
 Clark et al. (1966) (from Nevada) 
 Nasehi (1996) (from Central Iran) 
 Ziegler (1975, 1991) 

 
It is difficult to identify the contact between the Silurian and Devonian. The studied 

section exhibit a stratigraphic hiatus between the Late Pridoli and Early Pragian. 
Lochkovian deposits have not been observed in Iran; therefore, Central Iran was 
exposed out of water. 

Conclusion 

The studied section indicates that the Padeha Formation has two members across this 
area. The lower part (evaporative deposits with carbonate intercalations) has been aged 
back to the Late Silurian, while the upper part of Padeha Formation (clastic deposits 
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with carbonate intercalations) is reported to be formed in the Early Devonian. The 
contact between the lower and upper parts exhibits a sedimentary hiatus (Late Pridoli to 
Late Emsian). Stratigraphists and geologists can correlate the stratigraphic column with 
this section. Using stratigraphic principles, it will be possible to solve the problem of 
age determination in Central Iran. 

Within this time window, present-day Iran formed on the northern margin of the 
Gondwana Supercontinent, which later divided into separate structural units under the 
effect of Caledonian epirogenic movement (from faulting and formation of horst and 
graben basins). In the Late Silurian and Early Devonian, sea transgression and 
regression occurred, respectively. Note that the transgression at this time extended to 
limited parts of Iran. The evidence presented herein confirms the hypothesis of a horst 
and graben basin along the paleo faults in Central Iran in the Early Paleozoic. 
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APPENDIX 

Plate 1 

1. Bipennatus Philip, 1965 
2. B. bipennatus bipennatus Bischoff and Ziegler, 1957 

3. B. bipennatus bipennatus Bischoff and Ziegler, 1957 
4. B. bipennatus bipennatus Bischoff and Ziegler, 1957 
5. B. bipennatus bipennatus Bischoff and Ziegler, 1957 
6. Bipennatus bipennatus Bischoff and Ziegler, 1957 
7. Bipennatus bipennatus Bischoff and Ziegler, 1957 
8. Bipennatus bipennatus Bischoff and Ziegler, 1957 
9. Bipennatus sp.aff B. palethorpei Telfond, 1975 (Plate 2: 4, 8) 
10. Bipennatus Philip, 1965 
11. Bipennatus Philip, 1965 
12. Bipennatus bipennatus Bischoff and Ziegler, 1957 
13. Bipennatus bipennatus Bischoff and Ziegler, 1957 
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Plate 2 

1. Ozarkodina ziegleri Walliser, 1964 
2. Ozarkodina ziegleri Walliser, 1964 
3. Trichonodella symetrica Branson and Mehl, 1933 
4. Ozarkodina ziegleri Walliser, 1964 
5. Ozarkodina ziegleri Walliser, 1964 
6. Ozarkodina Branson and Mehl, 1933 
7. Ozarkodina ziegleri Walliser, 1964 
8. Trichonodella symetrica Branson and Mehl, 1933 
9. Ozarkodina Branson and Mehl, 1933 
10. Trichonodella symetrica Branson and Mehl, 1933 
11. Trichonodella symetrica Branson and Mehl, 1933 
12. Trichonodella symetrica Branson and Mehl, 1933 
13. Trichonodella symetrica pinnula Philip, 1966 
14. S element of ? Ozarkodina Branson and Mehl, 1933 
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Plate 3 

1. Ligonodina elegans Walliser 1964 
2. Ligonodina Bassler, 1925 
3. Distomodus Branson and Mehl 1947 
4. Lonchodina Bassler, 1925 
5. Hindeodella equidentata Rhodes, 1953 
6. Ozarkodina typica denckmanni Ziegler, 1956 

7. Ozarkodina denckmanni Ziegler, 1956 
8. Ozarkodina denckmanni Ziegler, 1956 
9. Lonchodina Bassler, 1925 
10. Ozarkodina typica denckmanni Ziegler, 1956 

11. Ozarkodina typica denckmanni Ziegler, 1956 

12. Ozarkodina typica denckmanni Ziegler, 1956 

13. Ozarkodina typica denckmanni Ziegler, 1956 

14. Ozarkodina ziegleri Walliser, 1964 
15. Ozarkodina typica denckmanni Ziegler, 1956 

16. Ozarkodina typica denckmanni Ziegler, 1956 
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Plate 4 

1. Hindeodella subtillis N166 
2. Hindeodella equidentata Rhodes, 1953 N22 
3. Wurmiella excavata Branson and Mehl, 1933; Neopripniodus excavatus 

Branson and Mehl, 1933 N30 
4. Lonchodina Bassler, 1925 N20 
5. Ligonodina salopina Rhodes, 1953, N24 
6. Ligonodina salopina Rhodes, 1953, N25 
7. Neopripniodus bicurvatus Branson and Mehl, 1933 N30 
8. Wurmiella excavata Branson and Mehl, 1933 Neopripniodus excavatus 

(Branson and Mehl) 
9. Wurmiella excavata Branson and Mehl, 1933 Neopripniodus excavatus 

(Branson and Mehl) N 
10. Neopripniodus bicurvatoides Walliser, 1964 N30 
11. Lonchodina Bassler, 1925 N21 
12. Wurmiella excavata Branson and Mehl, 1933; Neopripniodus excavatus 

(Branson and Mehl) N20 
13. Lonchodina Bassler, 1925 N20 
14. Lonchodina Bassler, 1925 N 
15. Wurmiella excavata Branson and Mehl, 1933 Neopripniodus excavatus 

(Branson and Mehl) N20 
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Plate 5 

1. Ozarkodina confluens Branson and Mehl, 1933 (Spatognathodus primus 

primus Branson and Mehl, 1933) N21 
2. Ozarkodina confluens Branson and Mehl, 1933 (Spatognathodus primus 

primus Branson and Mehl, N19 
3. Zieglerodina remscheidensis Ziegler, 1960 (Spathognathodus remscheidensis 

Ziegler,1960) N 22 
4. Zieglerodina remscheidensis Ziegler, 1960 (Spathognathodus remscheidensis 

Ziegler, 1960) N25 
5. Zieglerodina remscheidensis Ziegler, 1960 (Spathognathodus remscheidensis 

Ziegler, 1960) N19 
6. Zieglerodina remscheidensis Ziegler, 1960 (Spathognathodus remscheidensis 

Ziegler, 1960) N25 
7. Ozarkodina confluens Branson and Mehl, 1933 (Spatognathodus primus 

Branson and Mehl, 1933) N19 
8. Ozarkodina confluens Branson and Mehl, 1933 (Spatognathodus primus 

Branson and Mehl, 1933) N24 
9. Pandorinellina exigua Philip, 1966 (Spathognathodus exiguous Philip, 1966) 

N21 
10. Pandorinellina exigua Philip, 1966 (Spathognathodus exiguous Philip, 1966) 

N21 
11. Pandorinellina exigua Philip, 1966 (Spathognathodus exiguous Philip, 1966) 

N22 
12. Pandorinellina exigua Philip, 1966 (Spathognathodus exiguous Philip, 1966) 

N21 
13. Pandorinellina exigua Philip, 1966 (Spathognathodus exiguous Philip, 1966) 

N20 
14. Zieglerodina remscheidensis Ziegler, 1960 (Spathognathodus remscheidensis 

Ziegler, 1960) N19  
15. Pandorinellina exigua Philip, 1966 (Spathognathodus exiguous Philip, 1966) 

N21 
16. Pandorinellina cf exigua Philip, 1966 (Spathognathodus exiguous Philip, 

1966) N19 
17. Pandorinellina sp  Muller & Muller 1957 
18. Pandorinellina steinhornensis Ziegler, 1966 (Spathognathodus steinhornensis 

Ziegler, 1956) N23  
19. Ozarkodina cf confluens Branson and Mehl, 1933 (Spatognathodus primus 

Branson and Mehl, 1933) N25  
20. Zieglerodina cf remscheidensis Ziegler, 1960 (Spathognathodus 

remscheidensis Ziegler, 1960) N21  
21. Pandorinellina cf steinhornensis Ziegler, 1966 (Spathognathodus 

steinhornensis Ziegler, 1956) N19 
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Plate 6 

1. Zieglerodina remscheidensis Ziegler, 1960 (Spathognathodus remscheidensis 
Ziegler, 1960) N26 

2. Ozarkodina confluens Branson and Mehl, 1933 (Spatognathodus primus 
Branson and Mehl, 1933) N25 

3. ?Pandorinellina exigua Philip, 1966 (Spathognathodus exiguous Philip, 
1966) 

4. Zieglerodina remscheidensis Ziegler, 1960 (Spathognathodus remscheidensis 
Ziegler, 1960) N24 

5. Ozarkodina confluens Branson and Mehl, 1933 (Spatognathodus primus 

primus Branson and Mehl, 1933) N26 
6. Pandorinellina steinhornensis Ziegler, 1966 (Spathognathodus steinhornensis 

Ziegler, 1956) N18 
7. Pandorinellina steinhornensis Ziegler, 1966 (Spathognathodus steinhornensis 

Ziegler, 1956) N24 
8. Ozarkodina confluens Branson and Mehl, 1933 (Spatognathodus primus 

primus Branson and Mehl, 1933) N20 
9. Zieglerodina remscheidensis Ziegler, 1960 (Spathognathodus remscheidensis 

Ziegler, 1960) 
10. Pandorinellina steinhornensis Ziegler, 1966 (Spathognathodus 

steinhornensis, Ziegler, 1956) N20 
11. Pandorinellina exigua Philip, 1966 (Spathognathodus exiguous Philip, 1966) 

N22 
12. Pandorinellina exigua Philip, 1966 (Spathognathodus exiguous Philip, 1966) 

N22 
13. Pandorinellina steinhornensis Ziegler, 1966 (Spathognathodus steinhornensis 

Ziegler, 1956) N26 
14. Pandorinellina exigua Philip, 1966 (Spathognathodus exiguous Philip, 1966) 

N20 
15. Pandorinellina exigua Philip, 1966 (Spathognathodus exiguous Philip, 1966) 

N22 
16. Pandorinellina steinhornensis Ziegler, 1966 (Spathognathodus steinhornensis 

Ziegler, 1956) N19 
17. Pandorinellina steinhornensis Ziegler, 1966 (Spathognathodus steinhornensis 

Ziegler, 1956)N26 
18. Ozarkodina confluens Branson and Mehl, 1933 (Spatognathodus primus 

Branson and Mehl, 1933) N19 
19. Pandorinellina exigua Philip, 1966 (Spathognathodus exiguous Philip, 1966) 

N20 
20. Pandorinellina steinhornensis Ziegler, 1966 (Spathognathodus steinhornensis 

Ziegler, 1956) N21 
21. Ozarkodina confluens Branson and Mehl, 1933 (Spatognathodus primus 

Branson and Mehl, 1933) N24 
22. Pandorinellina steinhornensis Ziegler, 1966 (Spathognathodus steinhornensis 

Ziegler, 1956) N19  
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Plate 6 
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Plate 7 

1. Icriodus brivis spicatus Youngquist and Peterson, 1947 no. 65 
2. Icriodus brevis brevis Stauffer, 1940 
3. Icriodus regularicresens Bultynck, 1970 
4. Icriodus regularicresens Bultynck, 1970 
5. Icriodus sp Branson and Mehl, 1934 
6. Icriodus regularicresens Bultynck, 1970 
7. Icriodus regularicresens Bultynck, 1970 
8. Icriodus struvei Weddige, 1977 
9. Icriodus.regularicresens Bultynck, 1970 
10. Icriodus struvei Weddige, 1977 
11. Icriodus regularicresens Bultynck, 1970 
12. Icriodus struvei Weddige, 1977 
13. Icriodus regularicresens Bultynck, 1970 

14. Icriodus sp 
15. Icriodus brivis spicatus Youngquist and Peterson, 1947 
16. Icriodu brivis spicatus Youngquist and Peterson, 1947 
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Plate 7 

 


