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Abstract. The Asclepias syriaca L. is an invasive weed species which continuously occurs in numerous 
populations in the ruderal and agricultural land in Serbia. The aim of the study was to examine the 
antioxidant capacity of the A. syriaca water and methanol extracts and investigate the effects of the selected 
extracts towards the seed germination, growth, seedlings development and oxidative stress parameters of 
maize (Zea mays L.), soybean (Glycine max (L.) Merr.) and sunflower (Helianthus annuus L.). The water 
extract exhibited the higher total tannin content and superoxide free radical scavenging activity, while the 
methanol extract had a higher antioxidant capacity (measured by FRAP, DPPH and ABTS assays). The 
total tannin content ranged from 0.252 (methanol extract) to 0.805 (water extract) mg GAE/g. The water 
extract showed a significant germination inhibition in the tested plants, while no inhibition was noted in the 
case of the methanol extract compared with the control. However, both of the tested extracts types 
significantly reduced shoot and root length in case of all the tested plants. 
Keywords: Asclepias syriaca, allelopathy, growth inhibition, antioxidant capacity 

Introduction 

The common milkweed (Asclepias syriaca L.) occured as an invasive weed in Central 
and Eastern Europe (Mojzes and Kalapos, 2015) and spread through the extensive areas 
where it formed new ecosystems (Kelemen et al., 2016). Except being common in 
abandoned arable land and deforested clearings (Szilassi et al., 2019), as well as on the 
sand grassland (Bakacsy, 2019), this weed species favours fields and plantations of the 
agricultural crops (Bakacsy and Bagi, 2020). Many scientific papers confirm the problem 
of the common milkweed presence in agricultural crops, as well as the cause of the yield 
reduction of the crops such as: great millet, maize, alfalfa, wheat, sorghum and soybean 
(Cramer and Burnside, 1982; Bhowmik, 1994; Hartzler and Buhler, 2000). In the past 
decades in Serbia a continuous presence of the weed species A. syriaca has been 
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established in the neglected orchards and vineyards, along the roads and railway lines, as 
well as on the dams and other ruderal habitats where it most frequently forms uniform 
associations, or it occurs with other weed species and A. syriaca being the most 
predominant. From there it spreads to the arable land where it forms “oases”, especially 
in maize, sunflower, soybean, rapeseed, orchards and vineyards (Dolmagić, 2010). 

The allelopathic effect of A. syriaca was determined by Le Tourneau et al. (1956) who 
reported that the water extract of the aerial plant parts at the concentration of 2 g dry 
weight per 100 mL of water inhibits the seed germination, as well as the length of 
coleoptile and hypocotyl of the Mida wheat. Rasmussen (1975) subsequently found that 
the water extracts obtained from A. syriaca leaf inhibited the seedling growth of the 
cultivated sorghum (Sorghum bicolor L.). More recently, Narwal et al. (2000) established 
that the water extract from the fresh root inhibits the germination of Amaranthus 
retroflexus L., Chenopodium album L. and Lepidium sativum L. Similarly, Beres and 
Kazinczi (2000) found that A. syriaca water extract reduces the maize germination by 
34%, as well as hinders the germination of sunflower and soybean seeds. The same extract 
was found to induce fresh weight production increase in wheat. According to Szilágyi et 
al. (2018), the water extract of the A. syriaca stem in the concentration of 8 g/100 mL 
inhibited the garden cress (Lepidium sativum L.) seed germination, which was also noted 
in case of the 4 and 8 g/100 mL concentrations of the leaf water extract. 

The common milkweed is a perennial plant with rhizomatic root, which is effective in 
the vegetative propagation of the plant (Bagi, 2008). Considering its powerful root, large 
leaf area, effective seed dispersion and clonal spread, drought tolerance (Szitár et al., 
2018), as well as the allelopathic properties, this weed can be competitive in case of the 
other less aggressive plant species (Borders and Lee-Mäder, 2014). 

The analyses of the A. syriaca chemical composition indicate that the whole plant is 
the source of polyphenols, oils and hydrocarbon polymers. In 48 A. syriaca populations 
studied by Campbell (1983) the presence of polyphenol + oil was noted in 4.7−14.4% of 
the dry weight samples, while 0.2−1.2% contained hydrocarbon polymers. In addition, 
the presence of phenolic acids (p-hydroxybenzoic, p-coumaric, protocatechuic and 
caffeic acid) in A. syriaca leaves and flowers was determined by the TLC and HPLC 
methods. The mentioned author also found that the flowers contain gallic acid, while 
α-resorcylic, vanilla and chlorogenic acid were obtained from the leaves. Sikorska et al. 
(2000) subsequently established that the conjugated forms of phenolic acids predominate 
in the A. syriaca plant. 

All the aerial plant parts, as well as the root, contain cardenolide glycosides identified 
as syriobioside, syrioside, syriogenin, xysmalogenin, desglucouzarin, uzarigenin and 
uzarin, as well as proteins, fitosterols and vitamin C. The resins, waxes, rubber, oil, 
enzymes, terpens and hydrocarbons are considered to be the main components of the 
A. syriaca latex (Sikorska et al., 2000). The cardenolides, the bitter-tasting steroids, 
exhibit toxic effects in animals that consume the plant because they interrupt the Na-K 
flux in animal cells (Malcolm, 1991). 

Given the increasing prevalence of A. syriaca in agroecosystems the aim of this paper 
was to establish whether the water and methanolic extract of A. syriaca root has a negative 
effect towards the seed germination, the growth and the seedlings development of the 
most important field crops (maize, sunflower and soybean), and whether the extracts 
cause oxidative stress for the studied plants. 
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Materials and Methods 

Sampling and extracts preparation 

The study was conducted in 2019 by using the root samples of the A. syriaca collected 
in May of the same year from the banks of the Danube (45°15’39” N; 19°52’00” E) and 
dried at 40°C for 5 days in the dryer, after which they were ground into powder and stored 
at 2°C until the analysis. The bioassay experiment was carried out two months later, in 
July, by dispersing the 40 g of the dry root mass in 1 L of the distilled water for 24 hours 
in a shaker (GFL, Schuttelapparate Shakers, Germany, Model 3015) in the dark. The 
resulting water extract at the concentration level of 0.04 g/mL, which was marked as 
WAT, was filtered according to the method described by Chon et al. (2003) and used for 
making further diluents in order to get 4 final tested concentrations: 0.04, 0.03, 0.02 and 
0.01 g/mL. 

The methanolic solution was prepared by dispersing 40 g of the dry root mass in 1 L 
of 95% methanol at 24°C for 24 hours in a shaker (GFL, Schuttelapparate Shakers, 
Germany, Model 3015) in the dark, followed by filtering using the same procedure as for 
the WAT. After that the methanol was evaporated to the absolutely dry matter which had 
been diluted in 1 L of the distilled water and marked as 0.04 g/mL MET. From this 
dilution, three other diluents were made in order to get 4 final tested concentrations: 0.04, 
0.03, 0.02 and 0.01 g/mL. 

The WAT and the MET extracts were used for further bioassays under the assumption 
that the WAT extracts absorb more bioactive compounds than the MET extracts, which 
presumably could be the cause of the greater inhibition of the seed germination and shoot 
and root length of the tested plants by the WAT extracts. 

For the laboratory examination of the allelopathic effect of A. syriaca root extracts the 
soybean (sort Balkan), sunflower (P-251) and maize (hybrid NS 5053) seeds were used. 
Each extract was diluted with distilled water to obtain the 0.01, 0.02, 0.03 and 0.04 g/mL 
concentrations. For each of the four tested concentrations, as well as for the controls, four 
replicates were done by placing 25 maize, soybean and sunflower seeds separately in the 
Petri dishes (Ø 12 mm) on a filter paper soaked with 8 mL of the particular extract 
concentration, i.e. distilled water in case of controls. The whole experiment was carried 
out twice. Prior to commencing the experiment, all seeds were sterilized via the Voll et 
al. (2005) method. The seeds were allowed to germinate in a temperature-controlled 
chamber at 24°C during a 12-hour light period, after which the temperature was reduced 
to 20°C for a 12-hour dark period, while maintaining the average air humidity at 65%. 
The allelopathic activity of the A. syriaca root on the maize, soybean and sunflower crops 
was determined by measuring the seedling shoot and root length (Marinov-Serafimova et 
al., 2007), as well as by recording the number of the germinated seeds, 7 days after the 
start of the experiment. After that the plants were collected for the oxidative stress 
analysis. The germination percentage was calculated using the following formula (Eq.1): 
 

 ( )
TSS

GS
GP

100
%


=

 
(Eq.1) 

 
In Equation 1, GP is the germination percentage, GS represents the number of the 

germinated seeds, while the TSS stands for the total seeds sown. 
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Chemical analysis of the Asclepias syriaca root extract 

One gram of the dry plant material was extracted overnight with 50 mL of 70% 
methanol. The water extracts were prepared with boiling distilled water. The extracts 
were centrifuged, filtered and kept in the refrigerator until the analysis. 

The contents of the total phenolic (TP) compounds and total tannins (TT) in extracts 
were determined using a Folin-Ciocalteu colorimetric method (Nagavani and Raghava 
Rao, 2010). The amount of TP and TT was calculated as a gallic acid equivalent (GAE) 
from the calibration curve of the gallic acid standard solutions. The obtained results were 
expressed in milligrams of the gallic acid equivalents per 1 g of the dry plant weight (mg 
GAE/g). 

The ferric-reducing antioxidant power (FRAP) assay was carried out according to the 
procedure reported by Valentão et al. (2002). The ABTS (2,20-Azino-bis (3-
Ethylbenzothiazoline-6-Sulfonic Acid)) assay was based on a method described by Miller 
et al. (1993). The scavenging of the free radicals was evaluated in a DPPH (2,2-diphenyl-
1-picrylhydrazyl) acetone solution (Lai and Lim, 2011). The degree of the solution 
discoloration indicates the scavenging efficiency of the added substance. The total 
antioxidant activity (TAA) of plant extracts was performed by phosphomolybdenum 
method as reported by Kalaskar and Surana (2014). The standard curves for FRAP, 
ABTS, DPPH and TAA assays were plotted using the trolox solution. The standard curve 
was constructed using the different concentrations of the acetone solution of the trolox 
and the results were expressed as mg trolox equivalents per gram of dry plant material 
(mg TE/g). The superoxide free radical (O2

̵) scavenging activity was carried out by the 
NBT (nitroblue tetrazolium) test (Kalaskar and Surana, 2014). The results were expressed 
as the percentage (%) of the inhibition of O2

- production during 15 minutes. 
The obtained data are reported as the average values for at least three independent 

replications for all of the performed assays. 

Biochemical analysis of the tested plants 

For the determination of the biochemical parameters 2 g of the fresh plant material 
(soybean, sunflower and maize) treated with 0.02 and 0.04 g/mL of the WAT, as well as 
for the control, were homogenized in 10 mL of the phosphate buffer (0.1 M, pH 7.0). 
After the centrifugation, the supernatants (soybean, sunflower and maize extracts) were 
used for the biochemical analyses. The biochemical analyses were carried out 
spectrophotometrically using an UV/VIS spectrophotometer (Thermo Scientific 
Evolution 220 (USA)). 

The superoxide dismutase (SOD) (EC 1.15.1.1) activity was assayed according to the 
method of Mandal et al. (2008) which was slightly modified by measuring its ability to 
inhibit the photochemical reduction of the nitro blue tetrazolium (NBT) chloride. One 
unit of the SOD activity was defined as the amount of enzymes required to inhibit 
reduction of the NBT by 50%. The activity of the enzyme was expressed in U/g of fresh 
weight (FW). The amount of removed superoxide anion radicals was determined by the 
method of Misra and Fridovich (1972). The total amount of removed superoxide anion 
radicals was given in nmol O2 per g of fresh weight (nmol O2/g FW). The 
malondialdehyde (MDA) content, an end product of the lipid peroxidation process, was 
measured at 532 nm using the thiobarbituric acid (TBA) test (Mandal et al., 2008). The 
total amount of the TBA-reactive substances was given in nmol of MDA equivalents per 
g of fresh weight (nmol MDA/g FW). 



Popov et al.: Chemical characterization of common milkweed (Asclepias syriaca L.) root extracts and their influence on maize (Zea 
mays L.), soybean (Glycine max (L.) Merr.) and sunflower (Helianthus annuus L.) seed germination and seedling growth 

- 4223 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4219-4230. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_42194230 
© 2021, ALÖKI Kft., Budapest, Hungary 

Statistical analysis 

For biochemical analysis of the tested plants all measurements were performed in 
triplicates. The values of the biochemical parameters were expressed as the average value 
± standard error and tested by ANOVA followed by the comparison of the average values 
by Duncan’s multiple range test (p<0.05). The data were analyzed using TIBC 
STATISTICA version 13.5.0.17. The same statistical analysis was used in order to 
determine the statistical significance of the maize, sunflower and soybean shoot and root 
length inhibition as the dependent variables and the water and methanol A. syriaca root 
extract concentrations as the independent variable, as well as for the seed germination of 
the tested plants as the dependent variable. 

Results and Discussion 

Chemical analysis of the Asclepias syriaca root extracts 

The content of the total phenolics, tannins and antioxidant capacity of the water and 
methanol extracts of the A. syriaca roots are shown in Table 1 where the average values 
and standard deviation are shown. Regarding the extraction solvent significant 
differences were found in the content of most measured chemical parameters in the 
extracts of the A. syriaca roots (p<0.05). No significant differences were observed in TP 
content and TAA of water and methanol extracts. It is observed that water extracts possess 
a significantly higher (p<0.05) TT content and a higher superoxide free radical (O2

-) 
scavenging activity measured by NBT assay (51.92%) compared with the extraction with 
70% methanol (12.39%). The TT contents in the examined extracts ranged from 0.252 
(methanol extract) to 0.805 (water extract) mg GAE/g. The methanol extract of the 
A. syriaca roots possess a higher antioxidant capacity in comparison with the water 
extract measured by FRAP, DPPH and ABTS assays. 
 

Table 1. The content of the phenolic compounds and the antioxidant capacity of the water and 
methanol extracts of the A. syriaca roots presented as the average value ± standard deviation 

 

Total 
phenolics 

(mgGAE/g) 

Total 
tannins 

(mgGAE/g) 

FRAP 
(mgTE/g) 

DPPH 
(mgTE/g) 

ABTS 
(mgTE/g) 

TAA 
(mgTE/g) 

NBT assay 
(%) 

Water 
extract 

2.104 ±  
0.057a 

0.805 ± 
0.073a 

2.441 ± 
0.058a 

1.000 ± 
0.322a 

2.469 ± 
0.162a 

105.184 ± 
14.202a 

79.41 ± 
1.52a 

Methanol 
extract 

2.046 ±  
0.080a 

0.252 ± 
0.085b 

3.085 ± 
0.071b 

1.557 ± 
0.050b 

3.069 ± 
0.145b 

94.535 ± 
3.581a 

51.92 ± 
1.44b 

The values followed by the same letter are at the same level of the statistical significance for p<0.05 

 
 
Effect of Asclepias syriaca root extracts on the bioassay test species 

The applied A. syriaca WAT concentrations exhibited a significant germination 
inhibition in maize, soybean and sunflower seeds in comparison with the control group. 
The higher WAT concentrations have induced the notable decrease in the percentage of 
the germinated sunflower and maize seeds. The similar results were obtained by Nádasy 
et al. (2018) who noticed that 7.5% water extract of the A. syriaca root reduced the maize 
germination by 20%. 
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Nevertheless, the MET extracts have shown no inhibition regarding the seed 
germination of any of the tested plants (Fig. 1). 
 

Concentration*Tested plant; LS Means

Current effect: F(16, 188)=26.104, p=0.0000

Effective hypothesis decomposition

Vertical bars denote +/- standard errors
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Figure 1. The effect of the Asclepias syriaca root extracts on the maize, soybean and sunflower 
seeds germination (%) 

 
 

The effects of the different WAT and MET concentrations showed the high statistical 
differences regarding the maize shoot (psl=0.0000 for p<0.01) and root length (prl=0.0000 
for p<0.01). Duncan's post hoc test confirmed the tested statistically significant 
differences and emphasized the similar shoot and root inhibition induced by 0.02, 0.03 
and 0.04 g/mL of the MET (Fig. 2). 
 

Figure 2. The effect of the water and methanol A. syriaca root extracts on the shoot and root 
length of the maize 

Wilks lambda=.50042, F(16, 3580)=92.547, p=0.0000

Effective hypothesis decomposition

Vertical bars denote 0.95 confidence intervals
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In case of the soybean, the effects of the different WAT and MET concentrations were 
similar as in the previous case, where high statistical differences were determined for both 
the shoot (psl=0.0000 for p<0.01) and root length (prl=0.0000 for p<0.01). According to 
the Duncan's post hoc test high statistically significant differences in shoot and root 
inhibition were observed for 0.04 g/mL of the MET, followed by 0.02, 0.03 and 
0.04 g/mL of the WAT concentrations (Fig. 3). 
 

Figure 3. The effect of water and methanol A. syriaca root extracts on shoot and root length of 
soybean 

 
 

Comparing the effects of the different WAT and MET concentrations, high statistical 
differences were observed considering the sunflower shoot (psl=0.0000 for p<0.01) and 
root length (prl=0.0000 for p<0.01). Duncan's post hoc test confirmed the tested statistical 
significances and highlighted the similar shoot and root inhibition induced by the 0.03 
and 0.04 g/mL of the WAT and 0.02, 0.03 and 0.04 g/mL of the MET (Fig. 4). 

Biochemical analysis of the tested plants 

The significant decrease in the activity of the SOD was detected in sunflower seedlings 
after the treatment with 0.02 g/mL of the WAT. On the other hand, in the soybean 
seedlings the higher concentration of the WAT (0.04 g/mL) significantly increased the 
activity of the SOD. In the maize seedlings there was no significant difference in the 
activity of the SOD in the treated seedlings compared with the seedlings from the control 
group. 

The total amount of the removed superoxide anion radicals was significantly higher in 
all treated seedlings after the treatment with the higher concentration (0.04 g/mL) of the 
WAT. 

The accumulation of malondialdehyde (MDA) was notably higher in maize and 
soybean seedlings after the treatment with the higher concentration of the WAT 
(0.04 g/mL). In the maize seedling the amount of MDA was 301 nmol MDA/g FW, while 
the amount of MDA in the soybean seedling was 284 nmol MDA/g FW. The 

Wilks lambda=.68468, F(16, 3580)=46.658, p=0.0000

Effective hypothesis decomposition

Vertical bars denote 0.95 confidence intervals
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accumulation of the MDA indicates that 0.04 g/mL of the WAT expresses the negative 
effect against the maize and soybean seedlings inducing oxidative stress accompanied by 
the induction of the lipid peroxidation process. In the sunflower seedlings there was no 
significant increase in the lipid peroxidation intensity. The obtained results are shown in 
Table 2. 
 

Figure 4. The effect of the A. syriaca water and methanol root extracts concentrations on the 
sunflower shoot and root length 

 
 

Table 2. The effect of the two tested concentrations of the Asclepias syriaca water extracts and 
the control on the activity of the antioxidant enzymes, as well as on the MDA content in the 
seedlings of the maize, soybean and sunflower presented as the average value ± standard 
deviation 

Tested plant Variable LP nmol MDA/g FW SOD U/g FW nmol O2/g FW 

maize 

control 44.273±0.685a 44.745±0.579a 5.835±0.568a 

0.02 g/mL 43.151±3.952a 47.339±0.556a 75.970±3.905b 

0.04 g/mL 301.613±4.927e 46.249±1.220a 80.392±0.810b 

soybean 

control 57.511±4.312b 1.993±0.065e 101.954±11.459b 

0.02 g/mL 66.335±1.425c 2.858±0.260e 129.852±82.732b 

0.04 g/mL 284.412±7.513d 22.899±14.134b 241.929±4.500c 

sunflower 

control 42.179±4.094a 21.507±0.919b 88.575±6.710b 

0.02 g/mL 40.758±0.648a 12.333±3.444c 102.849±3.683b 

0.04 g/mL 40.011±0.565a 22.335±5.096b 226.798±19.858c 

The values followed by the same letter are at the same level of the statistical significance for p<0.05 

 
 

The chemical composition analysis of the A. syriaca extract revealed the presence of 
the phenolic compounds. The total phenolic and tannin content was higher in the 
A. syriaca root WAT extract compared with MET extract. The negative effect of the 
WAT on the lipid peroxidation process in maize and soybean seedlings was probably 

Wilks lambda=.72505, F(16, 3580)=39.022, p=0.0000
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caused by the phenolics and other toxic plant secondary metabolites presented in 
A. syriaca root. 

The results of the other authors indicate that the yield losses could be due to 
phytotoxins produced by A. syriaca. Rasmussen (1975) reported that the water extracts 
from the fresh A. syriaca leaves inhibited the growth of the grain sorghum seedlings. 
Cramer and Burnside (1982) found that water extracts of A. syriaca shoot and root 
significantly reduced the germination percentage, hypocotyl length and the radicle length 
of sorghum. Even though, as allelochemicals, phenols occupy a significant place in the 
scientific literature (Einhellig, 2004), some characteristics of this group of compounds do 
not correspond with the allelochemical concept. For example, cinnamic acid is 
universally present in all higher plants, while benzoic acids are found in all examined 
Magnoliophyta (Dalton, 1999). Moreover, they are an integral part of the soil to which 
they are delivered via root secretions, as well as through microbiological activities 
involved in the degradation of plant residues, which are considered to perform a major 
impact on the free phenols level in the soil (Blum, 2004). Although the allelopathic effect 
of the phenols has been extensively studied (Inderjit, 1996), in most cases these 
compounds are present as a mixture. Similarly, it is likely that more than one compound 
induces the allelopathy reaction (Einhellig, 2004). Different compounds have varying 
toxicity, similar modes of action, or affect cellular functions in several different ways, 
due to which they do not exhibit a typical herbicidal effect. Their individual 
concentrations in the soil are usually lower than in laboratory conditions and are 
insufficient for significant allelopathic activity. It is assumed that the intensity of the 
phenolic compounds allelopathic activity in the natural conditions depends solely on their 
combination and on the ratio of their quantities, although the possible synergism among 
the compounds has not yet been proven. 

The extensive body of literature on the organic acids possible mechanisms of action, 
especially phenolic acids, exists (Rice, 1984; Einhellig, 2002; Prasad and Devi, 2002). 
The available evidence indicates that the root cell membrane is the primary site of action, 
similar to contact herbicides. This root cell membrane disorder leads to the impairment 
of its normal functioning and thus results in the interruption of the nutrient and water 
absorption or energy accumulation (Einhellig, 1995; Blum et al., 1999; Einhellig, 2002; 
Prasad and Devi, 2002). Hence, there is no universal plant response to the inhibitory 
concentration of these allelochemicals in relation to, for example, natural stresses. The 
phenolic acids act as the systemic herbicides since they are absorbed through the roots 
and gradually translocated throughout the entire plant (Glass and Böhm, 1971; Harper 
and Balke, 1981; Lehman and Blum, 1999). 

Conclusion 

The applied A. syriaca water extract concentrations exhibited a significant germination 
inhibition in maize, soybean and sunflower seeds, while the MET extracts did not inhibit 
seed germination of any of the three tested plants. Also, all the concentrations of the 
studied water extract caused the inhibition to the epicotyl and hypocotyl increase of the 
three tested plants seedlings, with the exception of the lowest concentration of the WAT 
extract (0.01) which had no significant influence on the shoot length. The MET extract in 
all of the tested concentrations inhibited the shoot and root length of the tested plants, 
with the exception of the lowest concentration of the MET extract (0.01) which had no 
significant influence on the shoot length of soybean. 
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The activity of the SOD was significantly decreased in sunflower seedlings treated 
with 0.02 g/mL of the A. syriaca water extract, while it was notably increased in the 
soybean seedlings treated with 0.04 g/mL of the same extract. In case of the maize 
seedlings a significant difference in the activity of the SOD compared with the control 
group was not observed. 

The total amount of removed superoxide anion radicals was significantly higher in all 
of the treated seedlings after the treatment with the higher concentration (0.04 g/mL) of 
the A. syriaca water extract. 

The MDA accumulation was notably higher in maize (301 nmol MDA/g FW) and 
soybean seedlings (284 nmol MDA/g FW) treated with 0.04 g/mL of the A. syriaca water 
extract, which implicates that the mentioned water extract concentration induced 
oxidative stress, both with the induction of the lipid peroxidation process in maize and 
soybean seedlings. In the sunflower seedlings there was no significant increase in the lipid 
peroxidation intensity. 

As it was mentioned before, in the natural conditions, the presence of the A. syriaca 
significantly reduces the crop yield. This adverse effect can be attributed to the 
competitive relationship between weeds and crops. Still, the levels of the secondary 
metabolites from the A. syriaca root should be subjected to a detailed evaluation, as well 
as its allelopathic effect in case of other crops. 

Considering numerous consequences of the continuous pesticide use the modern 
agriculture has a task to maintain the quality and the quantity of the crop production while 
minimizing pesticide application and soil erosion. The concept of allelopathy applied in 
the modern agricultural production could be of great importance in achieving that 
important task. Since allelochemicals affect the growth and the yield of the cultivated 
crops, as well as the present weed populations, the further research considering 
allelopathy could contribute to finding the alternative ways for the weed management. 
The possible way of using allelopathy in agriculture implies the production of natural 
fertilizers with herbicidal activity based on allelochemicals. 
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Abstract. Foxtail millet (Setaria italica (L.) P. Beauvois) is a high-nutrition food source. It is commonly 
consumed in Africa, Asia, Central America, and South America. The key to popularize high-quality 
foxtail millet in accordance with local conditions is quantifying the impacts of cultivation conditions on 
its quality. Here, we determined the effects of different fertilizer levels nitrogen (N), tetraphosphorus 
decaoxide (P2O5), and potassium oxide (K2O), tribenuron-methyl (TBM) herbicide, and selenium (Se) on 
the quality of foxtail millet Jingu 54 using a quadratic general rotation combination design. The first 
principal component, which could explain 57.41% of the total variance of grain quality, was chosen as the 
comprehensive quality of Jingu 54 via principal component analysis. The effects of fertilizer levels and 
Se on comprehensive quality of Jingu 54 were significant (P < 0.05), except for TBM. The effects of N × 
K2O, N ×TBM, and K2O × TBM interactions reached significance for the comprehensive quality of Jingu 
54 (P < 0.05). The grain quality of Jingu 54 was predict by regression equation (P = 0.0048, R2 = 0.8451). 
Recommended cultivation conditions are 108.31 kg ha-1, 94.80 kg ha-1, 105.03 kg ha-1, 88.08 g ha–1, and 
18.48 g ai ha–1 for N, P2O5, K2O, Se, and TBM, respectively. The maximum predicted comprehensive 
quality of Jingu 54 was 56.85. This study lays a theoretical foundation for achieving high quality Jingu 54 
in the field. 
Keywords: Jingu 54, comprehensive quality, principal component analysis, response surface 
methodology, tribenuron-methyl herbicide 

Introduction 

Foxtail millet (Setaria italica (L.) P. Beauvois) is known as the first of five cereals 
grain has high nutritional value (Sachdev et al., 2021). It is second only to wheat and 
maize in dry farming of north China and characterized by small genome, short growth 
cycle and tolerance to drought stress (Jones and Liu, 2009; Yang et al., 2012; 
Veeranagamallaiah et al., 2008). Some studies have investigated the effects of 
cultivation conditions on crop quality in wheat (Zȍrb et al., 2018; Xia et al., 2019), 
maize (Chilimba, et al., 2012; Guo et al., 2020), and rice (Chen and Chen, 2019; Huang, 
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2020), but few have examined the cultivation conditions on quality of foxtail millet. 
Moreover, existing studies have focused on the relationship between individual quality 
indicators of foxtail millet and individual cultivation conditions by using statistical 
methods such as simple correlation analysis, which lacks comprehensiveness and is 
insufficient at explaining the complex interaction between different factors (Powers et 
al., 2020). 

Principal component analysis (PCA) is a widely used statistical method for reducing 
variable dimensionality. Actually, as a multivariate correlation method, PCA 
disintegrates a few of inter-correlated variables into smaller sets of clusters which are 
composed of variables with lower or no degree of correlation (Anju and Banerjee, 
2012). Similarly, as a statistical modeling and analysis technique, response surface 
methodology (RSM) is very popular in optimizing multiple variables (Mao et al., 2018; 
Montgomery, 2008). Hence, RSM has widespread application prospects in processing 
biotechnology, such as protein extraction, biofuel production, fermentation, and enzyme 
immobilization (Feng and Zhang, 2020; Abdel-Fattah et al., 2002; Liu et al., 2003; 
Adinarayana and Ellaiah, 2002). Moreover, RSM had been used on seedlings, and 
canola (Brassica napus L.) (Dong et al., 2011; Koocheki et al., 2014) culture, Chinese 
white poplar (Populus tomentosa Carr.). However, its application in optimization of 
foxtail millet cultivation conditions is barely explored. 

Improper fertilization levels and fertilization methods will reduce the efficiency of 
fertilizers and also increase environmental pollution, thus hampering the quality of 
foxtail millet. The effects of nitrogen (N), phosphorus (P), potassium (K), and their 
interaction on the quality of millet have rarely been reported. In addition, exogenous 
selenium (Se) can increase the content of lutein in tomato (Pezzarossa et al., 2013). It 
was reported that foliar application Se increased the concentration of iron and zinc in 
colored-grain wheat (Xia et al., 2019). Whether Se addition also benefits the quality of 
foxtail millet and affects yellow pigment content in foxtail millet grains is unknown. 
Finally, while the effect of herbicides on yield components has been reported (Guo et 
al., 2019; Suganthi et al., 2013; Robinson et al., 2013), its impact on the quality of 
foxtail millet is not well-understood. 

The foxtail millet variety used in this study is Jingu 54, which was breeded from 
Jingu 21 (a dominant foxtail millet in China) and Jingu 20 (high yielding and drought 
tolerance). Jingu 54 show a specific characteristic in high yielding, quality and Se 
enrichment. However, the sown area of Jingu 54 in Shanxi province is about 0.5 
million acres. The object of this study was to (1) obtain a comprehensive quality 
measurement of foxtail millet Jingu 54 by PCA, and (2) assess the effects of fertilizer 
levels, tribenuron-methyl (TBM) herbicide, and Se on quality of foxtail millet. We 
carried out field experiments based on 5-factor-5-level quadratic general rotary 
combination design. Based on the experimental results, the optimal cultivation 
conditions were determined, thus providing a guidance for future quality improvement 
of foxtail millet. 

Materials and methods 

Experimental site and materials 

Field experiments were carried out in the Agricultural Experimental Station of 
Shanxi Agricultural University in Taigu County, Jinzhong City, Shanxi, China. An 
average annual rainfall of 462.9 mm and 9.9 °C of the annual average temperature are 
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owned by the study site which has a temperate continental climate. The meteorological 
data of the experimental locations throughout the growth season of foxtail millet (May-
September) in 2019 are shown in Table 1. 

 
Table 1. Meteorological data of the experimental sites during growing season of foxtail 
millet (May-September) in 2019 

Month Precipitation (mm) 
Temperature (℃) ≥ 20 ℃ accumulated 

temperature (℃) 
Sunshine 
hours (h) Min Max 

5 30.1 2.6 35.1 329.1 277.0 

6 41.6 12.7 35.2 708.0 224.2 

7 63.8 12.1 37.0 768.8 229.9 

8 42.2 10.5 33.8 706.8 214.0 

9 73.9 7.4 34.2 218.4 217.0 

 
 
The test variety was the foxtail millet Jingu 54. Strawberries were cultivated for 

rotation with foxtail millet Jingu 54 in the experimental site. Soil texture was red sandy 
loam and with a medium organic matter content (17.9 g kg-1). Soil texture was 
characteristic of red sandy loam and a medium organic matter content (17.9 g kg-1). Soil 
pH was 8.2. Soil involves original soil-available K2O (93 mg kg-1), N (76 mg kg-1), and 
P2O5 (29 mg kg-1) (Soil Survey Staff, 2014). 

 
Experimental design 

Quadratic general rotation combination design with a 5-factor-5-level was 
implemented to optimize fertilizer levels (N, P2O5, and K2O), herbicide, and Se. The 
five independent factors (x1 to x5) were studied at five different levels (coded: −2, −1, 0, 
+ 1, and + 2, respectively) (Table 2), at the central point with six repetitions and two 
replications at the axial and factorial points, respectively (Table 3). The recommended 
applicable dose of the herbicide was form 13.5 g ha-1 to 22.5 g ha-1. A total of 32 
treatment combinationswith three replications were run in a completely randomized 
block design and protection rows were set around the experimental site. Each plot was 
3 m × 6 m in size. The plant density and the apllied row distance were 330,000 plants 
per hectare and 23 cm, respectively. The best combination in 2019 was chosen for the 
verification test in 2020, planting on May 18, with a plot size of 6 m ×6 m = 36 m2 and 
6 plots. 

 
Table 2. Levels and codes of five experimental factors 

Code N (kg ha–1) P2O5 (kg ha–1) K2O (kg ha–1) Se (g ha–1) Tribenuron-methyl (g ai ha–1) 

–2 0 0 0 0 0 

–1 69 36 37.5 60 20 

0 138 72 75 120 40 

1 207 108 112.5 180 60 

2 276 144 150 240 80 △j 69 36 37.5 60 20 
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Table 3. Program and experimental results of quadratic general rotation design for quality 
traits comprehensive quality of foxtail millet 

No x1 x2 x3 x4 x5 
Protein 

(%) 
Fat 
(%) 

Yellow 
pigment 
(mg kg-1) 

Folic 
acid 

(ug g-1) 

Se 
(ug kg-1) 

Alkali Gel Amylose PC1 

1 1 1 1 1 1 9.9 5.28 11.48 1.76 48.59 2.6 95.43 16.46 50.72 

2 1 1 1 -1 -1 10.96 5.6 12.25 1.79 48.59 3.31 99.7 17.76 54.15 

3 1 1 -1 1 -1 10.47 4.5 10 1.86 49.15 2.98 85 14 43.88 

4 1 1 -1 -1 1 10.15 5.28 11.56 1.83 50.07 2.76 95.43 16.6 50.58 

5 1 -1 1 1 -1 9.95 4.96 11.13 1.89 49.15 2.64 91.15 15.88 48.07 

6 1 -1 1 -1 1 10.55 5.49 12.2 1.85 48.04 3.04 98.16 17.67 53.29 

7 1 -1 -1 1 1 9 4.99 11.01 1.87 50.26 2 91.5 15.69 47.51 

8 1 -1 -1 -1 -1 10.72 4.83 10.6 1.8 48.96 3.15 89.44 14.99 46.93 

9 -1 1 1 1 -1 9.05 5.45 12.22 1.83 46 2.04 97.65 17.7 52.95 

10 -1 1 1 -1 1 9.41 5.28 11.39 1.72 48.78 2.27 95.43 16.32 50.40 

11 -1 1 -1 1 1 9.63 5.23 11.67 1.83 46.93 2.42 94.74 16.79 50.87 

12 -1 1 -1 -1 -1 10.66 5.46 11.89 1.77 48.22 3.11 97.82 17.15 52.76 

13 -1 -1 1 1 1 9.44 4.68 10.31 1.84 49.52 2.29 87.39 14.52 44.97 

14 -1 -1 1 -1 -1 9.08 5.5 12.02 1.75 46.93 2.05 98.33 17.37 52.86 

15 -1 -1 -1 1 -1 9.52 5.15 11.46 1.86 49.15 2.35 93.72 16.43 49.57 

16 -1 -1 -1 -1 1 10.01 5.21 11.44 1.76 46.56 2.67 94.4 16.4 50.65 

17 -2 0 0 0 0 9.63 5.41 12.07 1.81 46 2.42 97.14 17.45 52.73 

18 2 0 0 0 0 10.5 4.91 10.83 1.87 51 3 90.47 15.38 47.18 

19 0 -2 0 0 0 9.6 5.32 11.91 1.78 48.78 2.4 95.94 17.18 51.33 

20 0 2 0 0 0 10.8 5.59 11.99 1.7 48.41 3.2 99.53 17.31 53.74 

21 0 0 -2 0 0 11.15 5.19 11.29 1.82 49.33 3.44 94.23 16.15 50.20 

22 0 0 2 0 0 9.11 5.47 12.14 1.84 47.11 2.07 97.99 17.56 52.79 

23 0 0 0 -2 0 10.01 5.4 12.27 1.9 47.11 2.67 96.97 17.78 52.78 

24 0 0 0 2 0 10.39 5.05 11.52 1.89 49.89 2.93 92.35 16.54 49.14 

25 0 0 0 0 -2 10.09 5.65 12.37 1.84 46 2.73 100.38 17.95 54.86 

26 0 0 0 0 2 9.68 5.17 11.38 1.83 49.33 2.45 93.89 16.29 49.59 

27 0 0 0 0 0 11.62 5.65 12.4 1.8 48.22 3.75 100.38 18.01 54.99 

28 0 0 0 0 0 11.81 5.62 12.6 1.83 49.52 3.87 99.87 18.34 54.77 

29 0 0 0 0 0 10.61 5.74 12.59 1.81 48.78 3.07 101.58 18.31 55.30 

30 0 0 0 0 0 11.37 5.72 12.73 1.86 48.78 3.58 101.24 18.56 55.59 

31 0 0 0 0 0 12 5.49 12.25 1.81 48.59 4 98.16 17.76 53.78 

32 0 0 0 0 0 11.18 6 13 1.79 47.48 3.45 105 19 57.99 

x1 – N, x2 – P2O5, x3 – K2O, x4 –Se, x5 –tribenuron-methyl, PC1-the first principal component 

 
 
Uniform seeds were sown on May 6, 2019 using a 2BX-3 small seeder (College of 

Engineering, Shanxi Agricultural University). Seedlings with at least three fully 
expanded leaves were thinned in accordance with plant spacing. One half of N was 
applied as a basal fertilizer, and the other half as a top-dressing at the jointing-booting 
stage. K2O and P2O5 were sereved as supplement natural fertilizers. Fertilizers included 
urea (N 46%), triple superphosphate (P2O5 42%), and sulfate of potash (K2O 50%). 
Different dosages of TBM herbicide (10%) and water as control were applied on foxtail 
millet Jingu 54 seedlings at five-leaf stage. Different dosages of selenite selenium 
(Na2SeO3) were sprayed on the leaf surface during the filling stage. Plots were irrigated 
and prepared by rotary tillage before sowing. Weed control was undertaken by inter-
tillage twice during the experimental period. 

The response surface design, which (1) significantly reduces the number of 
experiments (n = 32) without loss of information when compared to the 5-factor-5-level 
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full factorial design (n = 55); (2) simultaneously analyzes the effects of linear, quadratic, 
and interaction terms of target factors; and (3) obtains a prediction model with a curved 
surface, is the main advantage of the current study. Although the orthogonal design may 
decrease the number of trials as well, it only examines the isolated experimental sites 
one at a time. In contrast, the response surface design enables for ongoing analysis of 
the experimental levels throughout the optimization process. The latter approach may 
produce equal variances at experimental sites with equal distance to the center point, 
overcoming the limitation of orthogonal design methods and improving optimization 
accuracy. Using a response surface design, optimal conditions for comprehensive 
quality of foxtail millet can be found. The research took into account all interactions 
between fertilizer levels, Se, and herbicide, yielding more accurate findings than prior 
studies that just looked at single-factor impacts (Yang et al., 2018). 

 
Measurement 

The gel consistency was determined using a method described by Tran et al. (2011) 
with slight modifications. Finely grounded foxtail millet grain (100 mg) in duplicate 
were putted into 13 mm × 100 mm tubes which were respectively filled with 200 μL 
ethyl alcohol (95%), 0.025% thymol blue, 2.5 mL 0.15 N KOH. The tubes were mixed 
using a Vortex Genie mixer and then placed in a vigorously boiling water bath for 
8 min, held at room temperature for 5 min, and cooled in an ice water bath for 20 min. 
After this, tubes were laid horizontally on a light box on top of graphing paper. Measure 
the distance that the gel migrated in the tube after 1 h. 

The amylose content in foxtail millet starches was determined according to the 
procedure of the American Association of Cereal Chemists (2000). 

The alkali digestion value was measured from twenty intact and fully mature foxtail 
millet grains of uniform size that were placed in a Petri dish. 10 mL 1.7% potassium 
hydroxide (KOH) solution was added to each Petri dish until the grains were completely 
submerged. The grains remained dispersed to facilitate decomposition and covered with 
a lid. The samples were placed in a 30 °C thermostat incubator (BIC-300, Shanghai 
Boxun Industry & Commerce Co., Ltd. Medical Equipment Factory) for 6 h and the 
decomposition of each grain was then observed. The degree of decomposition was 
recorded according to Table 4. The alkali digestion value was calculated as follows: 
A = ∑ (G × N)/7, where A is alkali digestion value, G is grade of each grain, and N is 
number of grains at the same degree. 

 
Table 4. Standard for alkali digestion value of foxtail millet grain samples 

Standard Degree of decomposition Definition 

1 Grain unchanged White core in grain 

2 Grain expanded White core in grain, with powdery ring 

3 Grain expanded, with incomplete or narrow ring White core in grain, with flocculent or nebulous ring 

4 Grain enlarged, with complete and wide ring Cotton white core in grain, with nebulous ring 

5 Grain cracked, with complete and wide ring Cotton white core in grain, with clear ring 

6 Grain partially dispersed and dissolved, blended with ring Cloud white core in grain, with no ring 

7 Grain completely dispersed Both core and ring disappeared in grain 

 
 
The crude protein and fat content of grain samples were determined by the methods 

described in Association of Official Analytical Chemists (AOAC, 2000). Percentage 
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crude protein (CP%) was determined by the Kjeldahl method and calculated based on 
the percentage N (N%) obtained: CP% = N% × 6.25. Fat content (%) was detected by 
the Soxhlet extraction technique. 

Total 500 mg finely grounded foxtail millet grain (was acid-digested with 5 mL 70% 
superior-grade pure nitric acid and 2 mL 30% hydrogen peroxide to measure Se. With 
ultrapure water (18.2 MΩ cm-1) the digested samples were diluted to 25 mL. We 
analyzed the concentration of Se in the digestion solution by atomic fluorescence 
spectrometry (AFS-933, Beijing Jitian Instrument Co., Ltd.). 

Folic acid was determined in exactly 2.5 g foxtail millet grain. Sample was weighed 
into 25 mL 0.1 mol L-1 potassium dihydrogen phosphate (KH2PO4) and incubated in a 
50 °C thermostat water bath for 8 h. The sample was then centrifuged in a high-speed 
refrigerated centrifuge (Neofuge 15R, Shanghai Lishen Scientific Equipment Co., Ltd.) 
at 5000 rpm for 10 min. The supernatant was collected, followed by addition of 0.5 g 
aniline-treated activated C. The mixture was thoroughly vortexed and then heated to 
boiling in a water bath (DK-S26, Shanghai Jinghong Experimental Equipment Co., 
Ltd.) for 10 min. The sample was filtered and the supernatant was discarded. The 
residue was washed five times with 7 mL 3% ammonia: 70% ethanol. The eluate was 
evaporated and concentrated to 5 mL, followed by addition of 1 mL 2% glacial acetic 
acid. Thereafter, 0.04% potassium permanganate (KMnO4) was added dropwise until 
the color of the solution no longer changed. Furthermore, 3% hydrogen peroxide (H2O2) 
was added until the color of KMnO4 faded. The solution was diluted to a volume of 
10 mL. The fluorescence intensity was measured using a fluorescence 
spectrophotometer (BioSpectrometer fluorescence, Germany Eppendorf) at 
Ex = 370 nm and Em = 443 nm (Shao et al., 2014). 

The content of grain yellow pigment was determined using the method described by 
Ning et al. (2016). The absorbance was measured at 450 nm using a spectrophotometer 
(UV-2400, Shanghai Sunny Hengping Scientific Instrument Co., Ltd.). 

 
Statistical analysis 

All treatments were performed at triplicate and results presented as mean values. We 
collected the crops (2 m × 2 m) in the middle of each plot for lab analysis to minimize 
the marginal impact. Using SAS 9.4 software (SAS Institute Inc., Cary, NC, USA), all 
data analysis were processed. Comprehensive quality of foxtail millet was obtained by 
principal component analysis (PCA). Quadratic regression model was used for 
optimizing the cultivation conditions of foxtail millet for fertilizer levels, herbicide and 
Se. Effects of factorial interactions on grain quality were based on contour plots with 
Graphpad prism 8.0. 

Results 

PCA of quality indicators of foxtail millet 

To analyze the relationship between the cultivation conditions and grain quality of 
foxtail millet, PCA was used. Only two eigenvalues were > 1 and explained 82.34% of 
the total variance in grain quality (Table 5). As a result, the first two eigenvalues were 
picked out for further analysis; other small but non-zero eigenvalues were discarded to 
set up some potential contributing source factors. From the rotated component matrix 
(Table 6), it was noticeable that all quality parameters were clearly illustrated by the 
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first two principal components. The first principal component (PC1) explained 57.41% 
of the variance including protein, fat, folic acid, gel consistency, amylase, alkali 
digestion value, yellow pigment, and Se. Obviously, the second principal component 
(PC2), accounting for 24.92% of the variance, had high loadings for protein, Se, and 
alkali digestion value. Consequently, PC1 was chosen to represent the comprehensive 
quality of foxtail millet. 

 
Table 5. Eigenvalues, contribution, and cumulative contribution of the correlation matrix of 
indicators for comprehensive quality of foxtail millet 

Principal component Eigenvalue Contribution proportion (%) Cumulative (%) 

F1 4.5926 57.4080 57.4080 

F2 1.9943 24.9285 82.3365 

F3 0.9334 11.6670 94.0035 

F4 0.4571 5.7140 99.7175 

F5 0.0225 0.2818 99.9993 

F6 0.0000 0.0004 99.9997 

F7 0.0000 0.0002 99.9999 

F8 0.0000 0.0001 100.0000 

 
 
Table 6. Eigenvectors of selected principal components for comprehensive quality of foxtail 
millet 

Quality indexes 
Eigenvector 

F1 F2 

protein 0.2246 0.6032 

fat 0.4583 -0.0798 

Yellow pigment 0.4522 -0.0800 

Folic acid -0.1509 0.1444 

Se -0.2182 0.4753 

Alkali digestion value 0.2243 0.6033 

Gel consistency 0.4582 -0.0803 

Amylose 0.4522 -0.0790 

 
 

Effects of fertilizer levels, Se and hericide on grain comprehensive quality of foxtail 

millet 

Except for TBM, the effects of fertilizer levels and Se on comprehensive quality of 
foxtail millet were significant (P < 0.05). The effect on comprehensive quality was the 
most significant for Se (P = 0.0014), followed by N (P = 0.0135), K2O (P = 0.0180), 
and P2O5 (P = 0.0341) (Table 7). In the design range, the effects of the five factors on 
comprehensive quality showed a parabolic trend, yet with various patterns (Fig. 1). 
With increasing K2O, comprehensive quality first increased rapidly; when K2O 
exceeded 0.5, the quality showed a slow decline. With increasing P2O5 and N, 
comprehensive quality climbed slightly and then gradually decreased. With increasing 
Se and TBM, comprehensive quality increased slightly and then plummeted. 
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Table 7. Test of significance for the coefficients of regression equation for comprehensive 
quality of foxtail millet 

Term Sum of square DF Mean square Partial correlation F-value P-value 

x1 18.3750 1 18.3750 -0.6631 8.6328 0.0135* 

x2 12.4416 1 12.4416 0.5891 5.8452 0.0341* 

x3 16.4011 1 16.4011 0.6418 7.7054 0.0180* 

x4 38.4054 1 38.4054 -0.7882 18.0434 0.0014** 

x5 6.7416 1 6.7416 -0.4728 3.1673 0.1027 

x1×x1 60.8736 1 60.8736 -0.8498 28.5992 0.0002** 

x2×x2 18.5659 1 18.5659 -0.6650 8.7225 0.0131* 

x3×x3 32.6839 1 32.6839 -0.7633 15.3553 0.0024** 

x4×x4 41.4913 1 41.4913 -0.7995 19.4932 0.0010** 

x5×x5 22.3593 1 22.3593 -0.6989 10.5047 0.0079** 

x1×x2 1.8225 1 1.8225 -0.2687 0.8562 0.3746 

x1×x3 25.0000 1 25.0000 0.7186 11.7453 0.0057** 

x1×x4 2.6082 1 2.6082 -0.3166 1.2254 0.2919 

x1×x5 25.8064 1 25.8064 0.7241 12.1242 0.0051** 

x2×x3 1.9600 1 1.9600 0.2779 0.9208 0.3579 

x2×x4 1.0712 1 1.0712 0.2092 0.5033 0.4928 

x2×x5 0.0016 1 0.0016 -0.0083 0.0008 0.9786 

x3×x4 1.5006 1 1.5006 -0.2454 0.7050 0.4190 

x3×x5 14.2884 1 14.2884 -0.6156 6.7129 0.0251* 

x4×x5 0.1190 1 0.1190 0.0711 0.0599 0.8174 

 
 

 

Figure 1. Effects of single factors on comprehensive quality of Jingu 54 
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The effects of N × K2O, N ×TBM, K2O ×TBM interactions reached statistical 
significance for comprehensive quality of foxtail millet (Table 7). The contour plots 
(Fig. 2) were mapped to show the interactive effects of N × K2O, N ×TBM, K2O 
×TBM. 

 

 

Figure 2. Significant effects of factor interactions on comprehensive quality of Jingu 54. a: N × 
K2O; b: N ×TBM; c: K2O × TBM 

 
 
When P2O5, TBM and Se were fixed at the zero level, the comprehensive quality of 

foxtail millet decreased and then increased with the increase of N and K2O (Fig. 2a). 
The effect of N was greater at higher K2O levels than at lower K2O levels. At lower N 
levels, enriching K2O caused little change in the comprehensive quality; at higher N 
levels, comprehensive quality first increased rapidly and then decreased slowly with the 
increase of K2O. 

When P2O5, K2O, and Se were fixed at the zero level, increasing N caused a 
dramatic comprehensive quality increase at high TBM levels, but not at low TBM 
levels. With continued increase in N application, there was a downward trend in 
comprehensive quality (Fig. 2b). When TBM levels was increased at lower N levels, 
the comprehensive quality first increased slowly and then decreased rapidly. An 
opposite trend was observed in the comprehensive quality with increasing TBM levels 
at higher N levels. 

When N, P2O5, and Se were fixed at the zero level, comprehensive quality began to 
increase quickly and then dropped as TBM levels were increased at an appropriate (or 
lower) level of K2O. When TBM levels were reduced at higher K2O levels, 
comprehensive quality was rapidly increased after a slow reduced (Fig. 2c). 
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Response of comprehensive quality of foxtail millet to fertilizer, herbicide and Se 

To obtain a practicable and effective model, the actual responses should be suitable 
for existing linear, two factor interactions, cubic, or quadratic model. The quadratic 
model was selected and validated in the analysis of variance. The results included 
Fisher variation ratio (F value), probability value (P value), lack of fit, and adjusted R-
squared (RAdj

2). The second-order polynomial equation for grain quality follows: 
 

 
y = 55.48 - 0.88x1 + 0.72x2 + 0.83x3 - 1.27x4 - 0.53x5 - 1.44x1

2 - 0.80x2
2 - 1.06x3

2 -
 1.19x4

2 - 0.87x5
2 - 0.34x1x2 + 1.25x1x3 - 0.40x1x4 + 1.27x1x5 + 0.35x2x3 + 0.26x2x4 -

 0.01x2x5 - 0.31x3x4 - 0.95x3x5 + 0.09x4x5 
(Eq.1) 

 
where y is the predicted response of grain quality and x1, x2, x3, x4, and x5 are coded 
values of N level, P2O5 level, K2O level, Se level, and TBM level, respectively. 

The statistical significance of Equation 1 was evaluated by an F-test. The F-test of 
the response surface variances showed that the equation (R2

adj was 0.8451) was 
statistically valid (P < 0.05), and lack of fit item test was not significant (P > 0.05). The 
optimal values of the selected factors in their respective coded values were: x1 = -
0.4303, x2 = 0.6334, x3 = 0.8007, x4 = -0.5320, and x5 = -1.0761. Accordingly, the 
actual N level, P2O5 level, K2O level, Se level, and TBM level were 108.31 kg ha-1, 
94.80 kg ha-1, 105.03 kg ha-1, 88.08 g ha–1, and 18.48 g ai ha–1, respectively. The 
maximum predicted comprehensive quality of foxtail millet was 56.85. Multivariate 
quadratic regression indicated that the relationship between the five factors and 
comprehensive quality of Jingu 54 was significant, which can be used for forecast of 
production. 

 
Verification of Jingu 54 cultivation conditions 

The theoretically optimum combination was not included in the 32 experimental 
treatment combinations developed in 2019. Six plots with an area of 6 m × 6 m were 
chosen in May 2020 to further validate the optimum conditions of 108.31 kg ha-1, 
94.80 kg ha-1, 105.03 kg ha-1, 88.08 g ha-1, and 18.48 g ha-1 for N, P2O5, K2O, selenium, 
and tribenuron-methyl, respectively. The comprehensive quality of Jingu 54 was 57.46, 
and the error with the projected value was 1.07 percent, which was extremely near to 
the model value, confirming the model’s practicability. 

Discussion 

Cultivation conditions have a significant impact on the grain quality of foxtail millet. 
Existing research on the connection between cultivation circumstances and foxtail 
millet quality has often relied on simple correlation analysis, which cannot show the 
intricate interaction of internal regulation (Powers et al., 2020). Multiple statistical 
analyses were used in this study to gradually show that fertilizer levels, herbicide, and 
Se influence the grain quality of foxtail millet. 

Both the quality indicators of foxtail millet and the growing circumstances were 
multidimensional factors in the research. As a result, determining optimum cultivation 
conditions influencing grain quality of foxtail millet proved challenging. PCA was 
initially utilized in the research to get the main component reflecting the comprehensive 
quality of foxtail millet. Furthermore, the most important cultivation factors influencing 
foxtail millet quality were identified, and an optimum connection model was developed 
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using regression analysis. The optimum growing conditions were established, and the 
impacts of one-factor and two-factor interaction on comprehensive quality of foxtail 
millet were investigated. The above-mentioned progressive system analysis is also a 
quantitative comparison study of the development trend in a dynamic process. This 
technique overcomes the drawbacks of utilizing single indicators and methodologies, 
having limited and dispersed cultivation circumstances, and a lack of thorough research 
and assessment of the crop-cultivation connection. As a result, the results reached here 
are more trustworthy and may better represent the real circumstances, which meet the 
requirements of this research. Furthermore, the findings provide a logical decision-
making foundation for future research and analysis of foxtail millet. 

Foxtail millet grain quality is a multifaceted characteristic that includes nutritional 
quality, as well as cooking and eating quality (Suman et al., 2015). Based on the PCA 
findings, we chose PC1 to represent the comprehensive quality of foxtail millet since it 
contributed 57.41 percent of the total variance. This component comprised nutritional 
quality (protein, fat, yellow pigment, folic acid, and Se) as well as cooking and eating 
quality (gel consistency, amylase, alkali digestion value), and therefore accurately 
reflected the foxtail millet quality. 

Reasonable fertilization settings may enhance crop quality while reducing nutrient 
loss and avoiding possible environmental issues (Wang et al., 2011). Our findings 
revealed that single factors N, P, and K had a substantial impact on the comprehensive 
quality of Jingu 54, and that the quality rose initially and then declined as fertilization 
increased (Li, 2008). This may be because enhanced soil fertility raised the pace of 
grain filling, delayed the appearance of the filling phase, extended the filling time, and 
accelerated the accumulation of nitrogen, phosphorus, and assimilates in grains, all of 
which are beneficial to grain quality formation (Li, 2008). Nitrogen and potassium may 
boost photosynthetic capacity, enhance pigments that absorb light energy, improve 
carbohydrate synthesis and transformation, and boost grain nutritional quality. 
However, overuse of a particular nitrogen fertilizer resulted in a decrease in quality 
(Wang et al., 2011). Tang et al. (2019) obtained similar results while researching the 
potential function of nitrogen fertilizer in rice quality regulation. Guo et al. (2020) 
demonstrated that judicious nitrogen fertilizer application may enhance the 
concentration of certain nutritional components in maize kernel and improve its quality. 
Zȍrb et al. (2018) demonstrated that nitrogen fertilizer aided protein accumulation in 
wheat. Chen and Chen (2019) discovered that phosphate fertilizer may enhance the 
amount of starch, crude protein, and amino acids in rice, as well as boost phosphorus 
absorption in rice and straw. Results indicated that the impact of N, P, and K on foxtail 
millet quality was at the following sequence N > P > K, which was inconsistent with 
previous finding on beta-carotene and lutein of foxtail millet (Dong et al., 2018). The 
explanation for the discrepancy may be because the research was more thorough in its 
assessment of the plant’s overall quality, including lutein. 

Appropriate nitrogen, phosphorus, and potassium ratios may significantly enhance 
crop growth and development, accelerate the accumulation and transit of photosynthetic 
products after anthesis, and improve grain nutritional quality (Wang et al., 2010). 
According to the findings, the combination between N and K had a substantial impact 
on the quality of Jingu 54. When the potassium level is low, an excessively high 
nitrogen level will result in a decrease in quality, while when the potassium level is 
high, the higher the nitrogen level is within a specific range, the better the quality. The 
findings indicated that crop quality could not be improved in the presence of low 
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nitrogen, but that quality deteriorated significantly as potassium treatment increased, 
suggesting that excessive potassium application should be avoided in the presence of 
low nitrogen. Because N and K complement each other in the process of plant 
metabolism, maintaining the proper N/K ratio is essential to guarantee excellent quality 
(Wang et al., 2011). But the effects of the interaction of phosphorus, nitrogen, and 
potassium did not reach statistical significance for comprehensive quality of Jingu 54. 
There are many studies on the use of N, P, and K fertilizers in combination, although 
most of them focus on the impact of fertilization on crop yield or fertilizer efficiency. 
According to Wang et al. (2010) the interaction of N and P had a substantial impact on 
rice production, while the interaction of N and K was not significant. Wang et al. (2011) 
demonstrated that when the K level was low, a high N level resulted in a lower yield, 
while a higher N level in a specific range resulted in a greater yield, which was 
comparable to the findings of our research. However, research on the effect of N, P, and 
K interactions on crop quality is limited, making it difficult to determine a reasonable 
fertilization ratio for crop quality. This research provides a certain reference for the 
investigation of the effects of combined application of nitrogen, phosphorus, and 
potassium on crop quality. 

This study revealed a significant role of Se in the comprehensive quality of Jingu 54. 
In consistent with our finding, previous studies have shown that exogenous Se can 
increase the content of lutein in tomato (Pezzarossa et al., 2013). Similarly, Se (at 0-
810 kg ha-1) increased the content of lutein in carrots by 94.2% (Biacs et al., 1995). 
However, other trials have shown that exogenous Se has no effect on the content of 
lutein in cabbage (Lefsrud et al., 2006) or tomato (Pezzarossa et al., 2014). The reason 
for the inconsistency of these results may be due to the concentrations of exogenous Se 
and/or the characteristics of the target crop. So far, there are few reports on the effect of 
Se on foxtail millet, especially regarding to their yellow pigment content. Previous 
investigation on corn shows that Se application on leaf surface does not influence 
mineral content in corn kernels (Wang et al., 2013). Studies on various crops such as 
corn (Chilimba et al., 2012), wheat (Broadley et al., 2010), and rice (Boldrinet et al., 
2013) showed that the Se content in the grain has a linear relationship to the 
concentration of exogenous Se. This research also found that when selenium content 
rose, the quality of Jingu 54 improved at first, then declined. To avoid the negative 
health consequences of deficiency or excessive selenium intake appropriate dose should 
be chosen when applying selenium fertilizer to crops, so that selenium may completely 
exercise its biological activities of anti-oxidation and immune promotion (Boldrinet et 
al., 2013). The combination of selenium with nitrogen, phosphorus, potassium, and 
herbicide did not achieve a significant level of influence on the comprehensive quality. 
But most of them adopted orthogonal design without analyzing the interaction between 
factors (Long et al., 2019). 

Weed competition has become an important limiting factor for crop growth and 
development, with chemical herbicides controlling weeds in the field while also 
reducing crop yields and quality (Iqbal et al., 2019; Javaid and Tanveer, 2013). Because 
yield and quality are two determinants of millet value (Chauhan and Openga, 2012), it 
is critical to investigate the effects of herbicides. The findings indicated that the quality 
of Jingu 54 rose initially and subsequently deteriorated as TBM herbicide concentration 
increased. Malalgoda et al. (2020) discovered that incorrect administration of 
fensulfuron-methyl may have a serious impact on agricultural seed protein content. The 
impact of herbicide stress on agricultural seed mineral content was suggested by Gugala 
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et al. (2010, 2012) and Ning et al. (2015). The interaction between TBM and N (and K) 
had a substantial effect on the comprehensive quality of Jingu 54 in this research. The 
quality of Jingu 54 improved quickly initially and then declined slowly as TBM 
concentration increased at high nitrogen levels, indicating that nitrogen may mitigate 
pesticide damage at specific concentrations. When TBM was raised to a specific level at 
high potassium levels, the quality of Jingu 54 dropped quickly, which may be 
attributable to the suppression of potassium on TBM degradation (Huang, 2020). The 
effect of herbicides on crop quality can only be fully appreciated via a comprehensive 
investigation of soil and crop nutritional status, which necessitates further research. 

Conclusion 

It is the first time to report the effects of different fertilizer levels (N, P2O5, and 
K2O), TBM herbicide, and Se on comprehensive quality of foxtail millet Jingu 54. The 
optimal application of N, P, K, Se and herbicides could reduce waste, reduce pollution, 
and protect the ecological environment without affecting the quality of foxtail millet. 
Additionally, foxtail millet grain was reported to be enriched with Se through 
exogenous Se under the foliar application of Se. Our study established a multivariate 
quadratic regression model of comprehensive quality, which showed statistical 
significance and thus could be used for production prediction. Based on the regression 
model, optimal cultivation conditions were obtained for Jingu 54 under the following 
experimental conditions: N level, P2O5 level, K2O level, Se level, and TBM level as 
108.31 kg ha-1, 94.80 kg ha-1, 105.03 kg ha-1, 88.08 g ha–1, and 18.48 g ai ha–1, 
respectively. The maximum predicted comprehensive quality of foxtail millet was 
56.85. Our study provides a valuable practice for the optimized cultivation management 
and targeted planting of high-quality foxtail millet. Because of the impact of soil 
environment and fertilization, the development of grain quality is a complicated process 
that has to be researched more thoroughly. 
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APPENDIX 

Figure A1. A diagram of the used experimental design (a quadratic general rotation 
combination design with a 5-factor-5-level was used, with 32 treatments and three replications). 
96 units were run in a fully randomized block design, with protection rows placed around the 
experimental location) 

3 m × 6 m Protection row 

Protection 
row 

5 (A4B2C4D4E2) 

Aisle 

30 (A3B3C3D3E3) 

Aisle 

14 (A2B2C4D2E2) 

Protection 
row 

7 (A4B2C2D4E4) 28 (A3B3C3D3E3) 17 (A1B3C3D3E3) 

32 (A3B3C3D3E3) 24 (A3B3C3D5E3) 12 (A2B4C2D2E2) 

25 (A3B3C3D3E1) 13 (A2B2C4D4E4) 26 (A3B3C3D3E5) 

10 (A2B4C4D2E4) 1 (A4B4C4D4E4) 22 (A3B3C5D3E3) 

21 (A3B3C1D3E3) 31 (A3B3C3D3E3) 9 (A2B4C4D4E2) 

16 (A2B2C2D2E4) 7 (A4B2C2D4E4) 18 (A5B3C3D3E3) 

8 (A4B2C2D2E2) 2 (A4B4C4D2E2) 29 (A3B3C3D3E3) 

12 (A2B4C2D2E2) 27 (A3B3C3D3E3) 17 (A1B3C3D3E3) 

9 (A2B4C4D4E2) 23 (A3B3C3D1E3) 2 (A4B4C4D2E2) 

1 (A4B4C4D4E4) 5 (A4B2C4D4E2) 27 (A3B3C3D3E3) 

4 (A4B4C2D2E4) 15 (A2B2C2D4E2) 6 (A4B2C4D2E4) 

26 (A3B3C3D3E5) 11 (A2B4C2D4E4) 30 (A3B3C3D3E3) 

18 (A5B3C3D3E3) 8 (A4B2C2D2E2) 19 (A3B1C3D3E3) 

25 (A3B3C3D3E1) 16 (A2B2C2D2E4) 32 (A3B3C3D3E3) 

13 (A2B2C2D4E2) 4 (A4B4C2D2E4) 15 (A2B2C2D4E2) 

3 (A4B4C2D4E2) 6 (A4B2C4D2E4) 24 (A3B3C3D5E3) 

28 (A3B3C3D3E3) 19 (A3B1C3D3E3) 1 (A4B4C4D4E4) 

22 (A3B3C5D3E3) 14 (A2B2C4D2E2) 32 (A3B3C3D3E3) 

30 (A3B3C3D3E3) 9 (A2B4C4D4E2) 16 (A2B2C2D2E4) 

21 (A3B3C1D3E3) 25 (A3B3C3D3E1) 11 (A2B4C2D4E4) 

3 (A4B4C2D4E2) 11 (A2B4C2D4E4) 7 (A4B2C2D4E4) 

27 (A3B3C3D3E3) 2 (A4B4C4D2E2) 20 (A3B5C3D3E3) 

20 (A3B5C3D3E3) 28 (A3B3C3D3E3) 29 (A3B3C3D3E3) 

6 (A4B2C4D2E4) 26 (A3B3C3D3E5) 8 (A4B2C2D2E2) 

23 (A3B3C3D1E3) 5 (A4B2C4D4E2) 31 (A3B3C3D3E3) 

17 (A1B3C3D3E3) 22 (A3B3C5D3E3) 3 (A4B4C2D4E2) 

31 (A3B3C3D3E3) 15 (A2B2C2D4E2) 21 (A3B3C1D3E3) 

4 (A4B4C2D2E4) 24 (A3B3C3D5E3) 14 (A2B2C4D2E2) 

20 (A3B5C3D3E3) 10 (A2B4C4D2E4) 19 (A3B1C3D3E3) 

18 (A5B3C3D3E3) 12 (A2B4C2D2E2) 23 (A3B3C3D1E3) 

13 (A2B2C4D4E4) 29 (A3B3C3D3E3) 10 (A2B4C4D2E4) 

Protection row  

The numbers in the table are treatment codes, which are the same as the treatment codes in Table 2 of 
the main text. A1, A2, A3, A4, and A5 correspond to nitrogen fertilizer levels of 0, 69, 138, 207, and 276 
kg ha–1 correspondingly; B1, B2, B3, B4, and B5 equate to 0, 36, 72, 108, and 144kg ha–1 of phosphate 
fertilizer, respectively; C1, C2, C3, C4, and C5 equate to 0, 37.5, 75, 112.5, and 150kg ha–1 of potash 
fertilizer, respectively; D1, D2, D3, D4, and D5 equate to 0, 60, 120, 180, and 240kg ha–1 of selenium 
fertilizer, respectively；E1, E2, E3, E4, and E5 correspond to 0, 20, 40, 60, and 80g ai ha–1 of the various 
herbicide levels 
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Figure A2. The photos of the experimental culture or equipment 
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Abstract. The goal of the study was to determine the effect of drought on the bread wheat genotypes at pre-and 
post-heading stage. This research was conducted for two years in 2017-2018 and 2018-2019 wheat growing 
season at Dicle University Faculty of Agriculture Research and Application Field in Diyarbakir, Turkey. Two 
check varieties (Empire and Pehlivan) and 8 CIMMYT bread wheat lines were used as materials in the study. 
Significant differences in all features such as heading stage, chlorophyll content (SPAD), normalized difference 
vegatation index (NDVI), leaf area index (LAI), plant height, grain weight and grain yield between the genotypes 
were identified. Based on the results of the correlation analysis performed over the two-year average data; grain 
yield was found to be correlated with an increase of all the characteristics studied during the pre-heading period 
when drought stress were encountered. In terms of grain yield, late varieties are resistant to stress that occurs 
prior to heading, while early varieties have become advantageous after heading. According to the results of the 
study, ideal genotypes with high yield and stability are expected to have moderate heading stage in environments 
where precipitation fluctuates from year to year due to climate change. 
Keywords: bread wheat, drought, stress, heading, yield 

Introduction 

Drought, one of the environmental stress factors, is the most important factor limiting 
crop production in rain-based agricultural areas in most of the world. Appropriate criteria 
should be developed for genotype evaluation to better understand how and in what way 
drought affects wheat yield in different development stages. Through this way, progress 
can be made towards the development of higher competitive genotypes, which will better 
respond to the dominant form of drought in area with certain ecological conditions 
(Ayranci, 2012). Drought tolerance in cool season cereals is rightly related to plants' 
ability to root deeply. The response of each genotype to drought varies depending on the 
stage of development. Drought in the early stages of development, decreases plant height, 
leaf area and number of fertile tiller; drought between stem elongation and spike 
formation, decreases number of fertile flowers in the spikelet, fertile spikelet in the spike 
and fertile spike; drought in the heading stage, decreases the number of grain in the spike; 
drought after flowering causes weight loss in the grain, while drought during the grain 
filling period leads to loss of grain in the tips and bottoms of the spike by increasing intra-
spike competition in terms of sharing the insufficient assimilates (Kutlu and Kinaci, 
2010). 

The effects of both heat and drought stress are expected to increase in dry-farming 
regions such as Central America, North Africa , Central Asia, Western Asia and Western 
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Australia in the near future (IPCC, 2012). In Mediterranean climate regions, wheat is 
mostly grown in arid and semi-arid areas without irrigation, and plants are exposed to 
drougt and high temperatures during grain growth, resulting in major yield reductions. 
While the world population density rises day by day and the arable land declines, crop 
losses due to high temperatures have become increasingly critical in meeting the growing 
demand for food. The most important issue in plant breeding studies for drought tolerance 
is identifying the morphological and physiological response mechanisms used by plants 
to withstand water deficiency and drought. Developing the reactions of plants to stress 
caused by high temperatures and water deficiency, as aimed in this research, can be the 
basis for drought tolerance studies and can be used as a selection criterion for the selection 
of resistant plants. Today, there is a need to develop new wheat varieties that show high 
performance under drought and high heat stress. This need can only be met by focusing 
on crop and plant physiology features through interdisciplinary cooperation (Yildirim et 
al., 2009a). 

In a study by Qaseem et al. (2019) was aimed to quantify effects of drought, heat and 
combined heat and drought during reproductive stage on wheat yield. Grain yield was 
reduced by 56.47%, 53.05% and 44.66% under combined heat and drought, heat and 
drought treatment, respectively. 

Drought stress is a major abiotic stress factor, constraining wheat production and 
quality worldwide. Additionally, grain yield under stress and non-stress environments 
were highly correlated with the mean productivity, the geometric mean productivity, 
stress tolerance index, yield index, harmonic mean, drought resistance index and modified 
stress tolerance index (Ali and El-Sadek, 2016). 

In this research, the effects of physiological and morphological properties on grain 
yield in bread wheat were investigated under conditions of drought that occurred before 
and after heading stage. 

Materials and methods 

This research was conducted for two years in 2017-2018 and 2018-2019 wheat 
growing season at Dicle University Faculty of Agriculture Research and Application 
Field in Diyarbakir (37° 53ˈ North and 40° 16ˈ East), Turkey. Two check varieties 
(Empire and Pehlivan) and 8 CIMMYT bread wheat lines were used as materials in the 
study. 

The results of some physical and chemical analysis of the soil of the experiment area 
are given in Table 1. The clay content of the soils is high and heavy. In addition, there are 
no significant problems with pH, salinity and groundwater. The soil of the trial area is 
low in organic matter, alkaline (pH 7.9) and clayey. 

Some climate data are given in Table 2 for the two years (2017-2018, 2018-2019) that 
the study was conducted in. The first year of this study, while in the pre-heading period 
(December-April), plants received 268.40 mm of precipitation, in the same period the 
precipitation amounted to 604.80 mm in the second year. Since the average precipitation 
amount at the pre-heading stage was 429.50 mm over long term, the first year was 
exceptionally dry and the second year was exceptionally rainy. The precipitation was 
172.20 mm during the 1st year of the study in the post-heading period (May-June), with 
the precipitation 46.80 mm in the 2nd year of the study. Since the total long-term average 
precipitation amount is 52.20 mm in this period, the area where the study is conducted is 
subject to terminal drought stress. 
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Table 1. Soil analysis results of the experiment area 

Physical and Chemical Properties 
Depth of soil 

0-30 cm 30-60 cm 60-90 cm 
pH 7.7 7.9 7.8 

P2O5 (%) 0.42 -- -- 
Organic matter (%) 1.67 1.67 -- 

Lime (%) 7.8 7.8 8.7 
EC (dS/m) 0.48 0.37 0.42 

Soil structure 

Sand (%) 10 12 12 
Silt (%) 24 22 21 

Clay (%) 66 66 67 
Class Structure C C C 

Field Capacity (g/10 g) 35.5 35.2 36.4 
Fading point (g/100 g) 25.5 25.3 27 
Volume weight (g/cm3) 1.19 1.25 1.27 

İnf. Speed (mm/h) 8   

 
 

Table 2. The average monthly rainfall (mm) and temperature (0C) 

STAGE Months 
Average Temperature (oC) Precipitation (mm) 

2017-2018 2018-2019 Long years 2017-2018 2018-2019 Long years 

PRE 
HEADING 

October 17.00 18.90 17.30 1.00 35.00 32.20 
November 10.10 10.20 9.50 21.20 59.00 54.20 
December 5.80 6.30 3.90 12.80 78.00 71.40 
January 5.20 3.80 1.70 86.60 67.60 70.30 

February 7.60 5.40 3.60 86.40 77.40 68.00 
March 12.30 8.20 8.40 11.60 135.20 65.10 
April 15.90 11.80 13.80 48.80 152.60 68.30 

Average 9.48 7.62 6.82 44.57 94.97 66.22 
Total 73.90 64.60 58.20 268.40 604.80 429.50 

POST 
HEADING 

May 19.40 20.10 19.20 157.80 45.80 44.10 
June 26.50 28.30 26.20 14.40 1.00 8.10 

Average 22.95 24.20 22.70 86.10 23.40 26.10 
Total 45.90 48.40 45.40 172.20 46.80 52.20 

 
 

Although the pre-heading period was much hotter in the first year than the seasonal 
averages, the grain filling period was in seasonal norms. In the second year, except for 
the booting period, the pre-heading period was marginally above the seasonal average, 
while it was seen as stressful after the spike emergence (Table 2). The analysis of climate 
data shows that two different environments are formed. In this scenario, pre-heading 
period, the first year was assessed as extremely drought and heat stressful and high rainy 
and suitable climate post-heading period. In the second year, on the contrary of the first 
year, it was accepted as the environment with high rainfall and partially heat stressed for 
pre-heading, and moderate hot stress environment post-heading stage. Water content in 
the soil is high in the second year, based on the 239 mm of precipitation received before 
planting in the first year. 

The experiment was established in both years with 4 replication according to the 
randomized completed block design. The parcel area was set to be 6 m2 (0.2 m x 5 m x 6 
rows) (Figure 1). Sowing was carried out in the first year on 15 December and the second 
year on 5 February, with a trial sowing machine, 500 seeds density per square meter. As 
a sowing fertilizer of 6 kg da-1 nitrogen (N) and 6 kg da-1 phosphorus (P2O5) was applied, 
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while 6 kg da-1 nitrogen (N) at stem eleongation. In the study, for weed control (narrow 
and broad-leaved) were applied fenoxaprop-p-ethyl and Tribenuron-Methyl active 
substances herbicides. Harvesting was done in both years on July 17 by harvesting a 5 m2 
area with the plot combine harvester. The heading stage in the characteristics examined 
was calculated as the number of days between the planting date and the period during 
which the spike appeared at 1/2 in half of the plants in the plot. Plant height was 
determined by measuring the distance between the soil surface and the top spikelet tip in 
10 plants in the plot by meter. The grain yield was calculated by weighing the seeds 
harvested with the parcel combine harvester and later counting one thousand grain (g) in 
the grain counting machine. The normalized difference vegatation index (NDVI) has been 
calculated using Trimple Green Seeker (Trimble Navigation Limited, Sunnyvale, CA, 
USA), ranging between 0.00-0.99. The SPAD value (chlorophyll content) of the 
physiological properties examined in the study was measured with the SPAD-502 
chlorophyll meter (Minolta Camera Co., Japan) device, and the leaf area index (LAI) was 
measured with the LAI-2000 (LI-COR, Lincoln, NE) device. SPAD, LAI and NDVI 
measurements were performed during the heading period, in sunny weather and between 
11:00 and 14:00h, when there was no wind. 
 

  

  

Figure 1. Images of the research field 
 
 

Using JUMP Pro 13 statistical package software the data of the analyzed features were 
subjected to variance analysis and and the differences between the averages were revealed 
by LSD testing. 

Results and discussion 

Heading stage (day) 

There were important variations between the bread wheat genotypes for the heading 
stage obtained by evaluating the amount of time spent from the emergence to the heading. 
The heading stage varied between 130.0-133.3 days in the first year and 96.3-105.3 days 
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in the second year (Table 3). It was observed that DZ20-9 line with 130.0 days in first 
year and DZ20-3 line with 96.25 days in second year were the earliest genotype. The 
Pehlivan variety and DZ20-6 line were the most late genotypes in the first and second 
years, respectively. According to the average results of both years, the heading stage 
varied between 113.4-119.1 days and the DZ20-3 line was determined to be the earliest 
genotype. The fact that genotypes have different values for their heading stage in two 
years may be attributable to the emergence delay due to the first year's severe drought 
and genotypes having different biological characteristics. The fact that the earliness 
feature extends the grain filling time allows for greater assimilation accumulation in the 
grain and supports yield increase. According to the two-year average results; while the 
yield of the late varieties was low, it was determined that the medium-early varieties had 
high yields (Table 3). Yildirim et al. (2005) also notes that there is an increase in grain 
yield of early varieties. Blum (2010) shows that the earliness feature (early flowering) is 
the mechanism of drought escape, especially in the late developmental periods, however, 
late flowering implies higher yield potential, and early genotypes may experience 
decreased yields in environments where the drought arrival period is unpredictable, and 
therefore earlyness reported that it can be used to optimize phenology in more predictable 
environments. Yavas (2010) stated that wheat genotypes were started earlier heading in 
drought stress than stress-free conditions. 

SPAD value (chlorophyll content) 

SPAD measurements have demonstrated a strong association with chlorophyll derived 
from plants. There was no difference between bread wheat genotypes in both years in 
terms of chlorophyll content and SPAD values ranged between 44.63-51.08 in the first 
year and 41.93-46.75 in the second (Table 3). The fact that the genotype x year interaction 
is insignificant and that the genotypes with high chlorophyll content give similar results 
in both years reveal that this parameter is mostly under genotypic control and that the 
SPAD meter device can be used safely in selection by breeders. It is reported that by using 
the SPAD meter as a selection criterion in breeding programs, a genetic improvement in 
yield can be achieved (Yildirim et al., 2009b). 

Yildirim et al. (2013) reported that the SPAD meter can be used in the selection of 
plants with high yield potential in both normal and heat stress conditions according to the 
measurements made during the milk grain growth stage in the bread wheat F2 segregation 
progenies. In the study of Yildirim et al. (2009b) on the use possibilities of chlorophyll 
content and canopy temperature in durum wheat breeding, they stated that there is a broad 
variation between genotypes and the chlorophyll content of each genotype may vary 
depending on the time of plant development. They determined that a genotype with low 
chlorophyll content among the different hybrid genotypes  could increase the chlorophyll 
content in later ages of the plant. They reported that this could alter the ranking between 
genotypes by growing periods, and therefore it would be beneficial to perform selection 
in more than one period, rather than in a single measurement period. The SPAD value 
was found to be correlated with leaf chlorophyll and nitrogen, and critical values for 
maximum shoot growth were 53 when low water was given, and 44 for excess water 
values (Barraclough and Kyte, 2001). 
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Table 3. Mean values for heading stage, SPAD, NDVI and LAI value of bread wheat genotypes 

Genotypes 

Heading stage(day) SPAD value NDVI value LAI value 

2017-2018 2018-2019 
Mean of 

years 
2017-2018 2018-2019 

Mean of 
years 

2017-2018 2018-2019 
Mean of 

years 
2017-2018 2018-2019 

Mean of 
years 

DZ20-3 130.50 bc 96.25 d 113.42 e 47.28 44.37 45.82 0.32 0.56 cd 0.44 de 0.88 1.23 ab 1.05 

DZ20-4 130.25 bc 97.50 cd 113.88 de 46.4 44.38 45.39 0.31 0.56 cd 0.44 e 0.63 1.05 b 0.84 

DZ20-5 130.75 bc1 102.00 ab 116.38 bc 50.78 46.37 48.57 0.33 0.57 cd 0.45 c-e 0.78 1.13 b 0.95 

DZ20-6 133.00 a 105.25 a 119.13 a 46.9 44.78 45.84 0.39 0.64 ab 0.51 ab 1.13 1.08 b 1.10 

DZ20-7 133.00 a 99.75 bc 116.33 bc 48.43 41.93 45.18 0.34 0.55 cd 0.44 c-e 0.95 1.13 b 1.04 

DZ20-8 131.00 bc 104.25 a 117.63 ab 48.17 42.55 45.36 0.37 0.59 b-d 0.48 bc 0.83 1.08 b 0.95 

DZ20-9 130.00 c 97.75 cd 113.88 de 44.63 46.73 45.68 0.36 0.59 bc 0.48 b-d 0.87 1.08 b 0.97 

DZ20-10 131.00 bc 100.00 bc 115.50 cd 46.43 43.53 44.98 0.35 0.54 d 0.44 c-e 1.03 0.73 c 0.88 

Empire 131.75 ab 99.50 b-d 115.63 cd 48.95 46.75 47.85 0.36 0.57 cd 0.46 c-e 0.80 1.15 b 0.98 

Pehlivan 133.25 a 105.00 a 119.13 a 51.08 43.73 47.4 0.39 0.66 a 0.52 a 0.95 1.50 a 1.23 

Mean 131.45 A 100.72 B 116.087 47.9 44.51 46.21 0.35 B 0.58 A 46.63 0.88 1.11 0.10 

LSD 1.74 3.32 1.82 - - - - 0.047 0.04 - 0.30 - 

P ** ** ** - - - - ** ** - ** - 

CV(%) 0.91 2.21 1.56 7.11 7.36 6.99 12.57 5.17 8.15 27.52 22.52 22 

LSD, least significant difference; 1: Means with the same letter are not significantly different; CV, coefficient of variation; P, Significance levels:*, P<0.05; **, P<0.01 
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NDVI value 

Spectral reflectance indices are valuable instruments for assessing the process of 
photosynthesis. NDVI is one of the commonly used canopy indices as an indicator of the 
surface green area which the plant covers and is directly related to the yield of grain 
(Kizilgeci et al., 2018). The NDVI has been associated with a variety of factors, including 
crop nutrient shortage, grain production, and long-term water stress. However, rather than 
representing the influence of a single component, NDVI must be seen as a composite 
measure of plant development that incorporates several plant growth variables (Verhults 
and Govaerst, 2010). The difference in NDVI value between genotypes was negligible in 
the first year, while significant was in the second year (Table 3). During the first year the 
NDVI value ranged from 0.31-0.39 and in the second year from 0.54-0.66. Pehlivan and 
DZ20-6 genotypes had the highest value in both years in terms of NDVI ranking. The 
lowest-value genotype were DZ20-10 at second year. 

Looking at the two-year average values, NDVI ranged between 0.44 and 0.52 and 
genotypes with the highest value were similar in both years. The low NDVI values of the 
first year compared to the second year can be explained by the drought stress experienced 
in the first year of the study. The drought experienced in this period resulted in poor plant 
growth, decreased number of leaves, and shortened plant height. As a result, the 
vegetation density in the plot remained weak and the NDVI measurements were adversely 
affected by this situation. In this regard, NDVI measurements may not be effective in 
disclosing the difference between genotypes in drought environments before heading 
stage. Masuda et al. (2002) stated that the production of chlorophyll varied depending on 
the growth conditions of the plant, and that the amount of chlorophyll decreased under 
adverse conditions. It has been reported that there is a significant relationship between 
NDVI and biomass in wheat under full irrigation, supporting irrigation and rainfed 
conditions, particularly in the early periods between tillering and the start of the stem 
elengation period, and this relationship has disappeared in later periods and also an 
important relationship between the yield and NDVI values in rainfall and support 
irrigation has been reported (Savasli et al., 2012). Crusiol et al. ( 2017) stated that several 
factors such as the stage of measurement, the type of sensor and the environment affect 
the NDVI value. 

LAI (leaf area index) value 

In wheat, the leaf area index (LAI) gradually increases and quickly after emergence, 
reaching its peak value 2-3 weeks before flowering and gradually decreases as a result of 
leaf loss caused by maturity (Koc and Barutcular, 2000). In the first year of the study, 
analysis of variance of leaf area index of genotypes was found to be statistically 
insignificant, whereas in the second year of the study, it was statistically significant. Leaf 
area index values ranged between 0.63-1.13 in the first year and 0.73-1.50 in the second 
year. The highest leaf area index value was obtained in the from variety Pehlivan with 
1.50. Drought experienced in the early stages of development in the first year of the study, 
resulting in a decrease in plant height, leaf area and fertile tiller. 

While the LAI value varies depending on the plant's genotype and period of 
development (Kizilgeci et al., 2017), it is more important to determine the appropriate 
values for each genotype rather than the low or high LAI value, and it is recommended 
that varieties with a high HFA value be selected when more biomass is intended (Yildirim 
et al., 2018). The leaf area of the plants is significant in arid and semi-arid areas where 



Albayrak et al.: Effect of drought on morphological and physiological development of bread wheat (Triticum aestivum L.) 
genotypes at pre and post heading period 

- 4258 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4251-4263. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_42514263 
© 2021, ALÖKI Kft., Budapest, Hungary 

water is inadequate in terms of resistance to drought. Varieties which do not have large 
leaf areas are preferred especially in arid areas (Okursoy, 2005). 

Plant height (cm) 

Average values of bread wheat genotypes for plant height are given in Table 4. In both 
years of the study, the difference between genotypes was found to be statistically 
significant. Plant height of genotypes varied between 37.6 and 44.2 cm in the first year 
and between 80.4 and 97.4 cm in the second year. In the study, the highest plant height 
values were obtained from DZ20-6 and DZ20-9 lines in the first year and from Empire 
variety with 97.4 cm in the second year. Whereas in the first year the average plant height 
of the genotypes was 40.2 cm, in the second year it was 87.8 cm and a double value was 
observed compared with the first year. The differences in plant height between the two 
years may be attributed to the drought stress of the plants due to inadequate rainfall prior 
to heading in the 2017-2018 season of the experiment, and precipitation in the second 
year prior to heading was twice as high as in the previous year. It has been stated that 
water stress during the tillering period causes a decrease in plant height (Baloch et al., 
2007). Plant height decreases due to low rainfall and high average temperature (Mut et 
al., 2006). Different studies showed that bread wheat's plant height decreased under the 
drought stress seen in different growth stages, and this decrease showed variability 
depending on the drought period and severity (Shamsi et al., 2010). Akinci (2003) stated 
that the plant height ranged between 51.6 and 113.7 cm in its study of 26 varieties of 
bread wheat. 

Grain weight (g) 

Thousand grain weight is a trait that is influenced by multiple genes, and varies 
depending on the genotype and environment (Dogan and Kendal, 2012). Thousand grain 
weights of the genotypes ranged from 27.22 to 35.67 g in the first year and from 26.57 to 
34.0 g in the second year, and the variance between the varieties in both years was 
statistically important. Looking at Table 4, it is shown that the maximum grain weight 
value in the first year was obtained from the DZ20-6 line at 35.67 g, and the lowest grain 
weight value was obtained from the DZ20-8 genotype at 27.22 g. Table 4 reveals that the 
highest thousand grain weight value was obtained from a DZ20-6 line of 35.67 g in the 
first year and the lowest thousand grain weight from the DZ20-8 genotype with 27.22 g. 
DZ20-4 was the highest thousand grain with a weight of 34.0 g in the second year, while 
DZ20-8 gave a weight of 26.57 g for the lowest grain weight. On average, grain weight 
were between 26.89 g and 31.78 g based on the two-year findings of the study. Although 
it was very dry and hot before heading period in the first year, after spike emergence high 
rainfall caused thousands of grain weights to grow. It has been recorded in studies of 
varieties and lines of bread wheat that thousands of grain weights ranged from 29.9-49.7 g 
(Sahin et al., 2005). 

Grain yield (kg ha-1) 

In both years, variations between different wheat genotypes were found to be 
statistically significant at a level of 1% (Table 4). The highest grain yield was obtained 
from DZ20-6 line with 14.78 kg ha-1 in the first year of the study, while the lowest grain 
yield was obtained from the genotypes DZ20-3 (8.05 kg ha-1) and DZ20-4 (8.690 kg ha-1). 
The highest yield was obtained in the second year from DZ20-9 line at 30,09 kg ha-1, 
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while the lowest yield  was obtained from DZ20-6 genotype at 20.12 kg ha-1. Two-year 
average grain yield data varied between 15.98-20.97 kg ha-1 and DZ20-7 and DZ20-9 
genotypes yielded the highest grain yield. In a study conducted under similar conditions, 
the grain yield of bread wheat varieties varied between 29.96 kg ha-1 and 73.29 kg ha-1 
(Yildirim et al., 2005). In the first growing season, the low total precipitation before 
heading caused drought stress and a very low yield of grain. In the second year of the 
study, flowering and grain filling period was negatively affected due to insufficient 
rainfall after the heading. The drought experienced in this period reduced the yield 
potential by causing both shortening of the grain filling period and the sterility of the 
upper spikelets. In the second year, despite the dry period after spiking, the higher grain 
yield in the first year may have been caused by the remobilization of the reserves 
accumulated in the stems and leaves before spiking. Early drought in wheat, it was 
recorded, has less impact than the drought in late development period and reduces the 
number of tillering, drought before heading stage reduces the number of fertile spikes, 
the number of spike grains and grain yield and the lowest yield is attributed to drought 
during grain filling (Abayomi and Wright, 1999). 
 

Table 4. Mean values for plant height, grain weight and grain yield 

Genotypes 
Plant height (cm) Grain weight (g) Grain yield (t ha-1) 

2017-
2018 

2018-
2019 

Mean of 
years 

2017-
2018 

2018-
2019 

Mean of 
years 

2017-
2018 

2018-
2019 

Mean of 
years 

DZ20-3 37.6 e 91.87 ab 64.73 b-d 29.61 ef 32.30 ab 30.95 a 8.05 e 23.91 b 15.98 e 

DZ20-4 38.95 de 81.20 e 60.08 e 29.17 ef 34.00 a 31.58 a 8.69 e 28.11 a 18.40 b-d 

DZ20-5 40.87 b1 84.55 e 62.71 c-e 28.57 fg 26.61 c 27.59 b 13.59 b 24.17 b 18.88 bc 

DZ20-6 44.2 a 80.45 e 62.33 d-e 35.67 a 26.98 c 31.32 a 14.79 a 20.12 c 17.45 c-e 

DZ20-7 41.2 b 91.07 bc 66.13 ab 30.26 d-f 32.67 ab 31.46 a 11.59 c 30.35 a 20.97 a 

DZ20-8 37.8 de 84.70 de 61.25 e 27.22 g 26.57 c 26.89 b 11.54 c 21.44 bc 16.49 e 

DZ20-9 42.8 a 90.60 b-d 66.70 ab 31.81 cd 32.02 ab 31.91 a 11.48 c 30.09 a 20.79 a 

DZ20-10 40.65 bc 90.85 bc 65.75 a-c 30.81 c-e 30.46 b 30.64 a 10.27 d 28.70 a 19.49 ab 

Empire 39.23 cd 97.40 a 68.31 a 32.32 bc 31.23 ab 31.78 a 11.78 c 28.58 a 20.18 ab 

Pehlivan 38.7 de 85.33 c-e 62.02 de 33.88 b 27.17 c 30.53 a 11.01 c-d 22.31 bc 16.66 de 

Mean 40.20 B 87.80 A 64.00 30.93 30 30.47 11.28 B 25.78 A 18.53 

LSD 1.58 6.03 3.03 1.72 2.74 1.61 1.07 3.53 1.80 

P ** ** ** ** ** ** ** ** ** 

CV(%) 2.71 5.06 4.74 3.84 6.53 5.28 6.53 9.44 9.7 

LSD, least significant difference; 1: Means with the same letter are not significantly different; CV, 
coefficient of variation; P, Significance levels:*, P<0.05; **, P<0.01 

 
 

The DZ20-6 line, which yielded the highest yield in the dry first year, increased by 
36.06 percent in the second year and was more stable but yielded lower than other 
genotypes, according to Figure 2 showing the yield order of genotypes by rainfall amount. 
DZ20-7 lines, which yielded 11.59 kg ha-1 in the first year, increased by 161.94% in the 
second year and yielded 30.35 kg ha-1. This shows that this genotype has a general 
resistance to drought before and after heading. Among the genotypes, the DZ20-4 
genotype with an increase of 223% was the most positive response to the total amount of 
precipitation before heading. Jana et al. (1990) reported that frequency of wheat 
population with early heading, early maturity and long grain filling period are considered 
as indicators of increase tolerance to drought. This strategy may be valid if stress is 
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experienced throughout entire development period or before reproductive period. In this 
way, late-heading genotypes get the maximum yield during the first dry year because they 
continue to be stay-green throughout the growing stages and are better able to take 
advantage of late rains. 
 

Figure 2. Two-season rainfall and seasonal yield changes 
 
 
Correlation analysis among investigated parameters 

The increase in all properties had a positive effect on the grain yield in the first year 
when drought and heat stress occurred in the pre-heading period, and a positive and 
significant relationship was found between grain yield and SPAD, plant height and 
thousand grain weight characteristics, in the second year (Table 5). Late genotypes 
provided a yield advantage in the first year due to the drought during the pre-heading 
period, whereas early genotypes were found to be advantageous in the second year due to 
drought after heading. Karaman et al. (2014) examined the relationship between 
physiological parameters and grain yield in some bread wheat varieties and found a strong 
association between grain yield and NDVI measurement. Yildirim et al. ( 2018) reported 
that grain yield was associated with NDVI and LAI among the physiological 
characteristics examined in bread wheat, but there was no significant relationship between 
grain yield and SPAD. Sakin et al. (2015) reported that there is a positive and significant 
relationship between grain yield and plant height in bread wheat, and the grain yield of 
tall varieties is high. 
 

Table 5. The correlations between parameters 

Parameters 
LAI 

Value 
Plant height 

(cm) 
NDVI 
Value 

Heading stage 
(day) 

SPAD 
Value 

Grain weight 
(g) 

Year-I Year II Year-I Year II Year-I Year II Year-I Year II Year-I Year II Year-I Year II 
Plant height 

(cm) 
0.71** 0.17           

NDVI Value 0.81** 0.60** 0.76** -0.02         

Heading 
stage(day) 

0.69** 0.22 0.53** -0.24 0.66** 0.49**       

SPAD Value 0.49** 0.14 0.52** 0.19 0.63** 0.09 0.59** 0.21     

Grain 
weight (g) 

0.59** -0.07 0.54** 0.39* 0.58** -0.33* 0.64** -0.65** 0.28 0.16   

Grain yield 
(kg ha-1) 

0.66** 0.03 0.75** 0.51** 0.76** -0.2 0.61** -0.09 0.53** 0.52** 0.52** 0.59** 
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Conclusion 

Wheat yield varies depending on the annual precipitation as well as the distribution of 
precipitation. During the years of the research, the difference in the amount of 
precipitation in the wheat growing season before and after the heading offered an 
opportunity to test the genotype responses to different conditions. 

When comparing late genotypes to early genotypes, it has been shown that the late 
genotypes are more productive in the dry season when there is precipitation during the 
grain filling phase. 

To achieve stability and high yield potential in environments where seasonal 
precipitation fluctuates as a result of climate change, it would be beneficial to make the 
variety recommendation with mid-early varieties that produce the highest yield in both 
seasons rather than early and late genotypes. 

Based on the findings, it will be possible to recommend to farmers mid-early genotypes 
DZ20-7 and Empire, which have demonstrated general stability and good production, as 
well as to assess them as parent in breeding studies. 

Testing multiple genotypes in different locations will allow researchers to give a more 
accurate genotype recommendation to growers. 
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Abstract. This study was carried out to determine the effects of various plant densities on growth 
parameters and dry matter accumulation in cotton (Gossypium hirsutum L.). Field experiments was 
conducted on the experimental site of Field Crops Department in Faculty of Agriculture, University of 
Harran. The Stoneville-453 cotton variety was used as plant material. Experimental layout was 
randomized blocks with 3 replications in the two years of experiment. Plant densities (PD) were 70 × 5 
cm (PD1, 28 plants per m2), 70 × 20 cm (PD2, 7 plants per m2) and 35 × 5 cm (PD3, 57 plants per m2). 
Plant height (cm), number of nodes (pieces), height to nod ratio (HNR, piece), stem diameter (cm), stem 
dry matter accumulation (g), leaf dry matter accumulation (g), flower dry matter accumulation (g), total 
dry matter accumulation (g), number of leaves (pieces), leaf area index (LAI) at 60 th, 75th, 90th, 105th and 
120th days from sowing and yields during harvest period were determined. The plant height, number of 
nodes, stem diameter, flower, leaf, stem and total dry matter accumulation weights were higher in the 
PD2 treatment, while LAI and yields were higher in PD3 treatment. 
Keywords: biomass, leaf area index, management factors, row spacing, high yield formation 

Introduction and literature review 

Genetic potential of a variety, environmental conditions and cultural processes in 
crop production are the major factors affecting crop yield. Plant density in cotton 
cultivation is one of the most important variables affecting yield per unit area and 
increasing profitability. Proper plant density and fertilizer management are the most 
important factors to obtain high cotton yield (Bednarz et al., 2006; Tariq et al., 2018). 
Previous studies revealed that extreme high or low plant density causes a significant 
decrease in cotton yield. The cotton is extremely responsive to management factors, 
therefore, optimum density of cotton plants may vary depending on location, 
environment, cultivar and preferences of growers (Silvertooth et al., 1999; Dong et al., 
2006a, b). However, the final lint yield of cotton was reported as stable across a wide 
range of plant population densities (Bednarz et al., 2000; Siebert et al., 2006). 

Some studies reported that fiber yield increases with higher plant density per unit 
area (Mao et al., 2015) and plant density has a positive effect on yield increase (Zhi et 
al., 2016), while some studies indicated that plant density has no impact on cotton 
yield (Ren et al., 2013). Optimum plant density is a key determinant of high yield 
formation in cotton. The growth and development of plants can provide a beneficial 
micro-environment (canopy temperature, relative humidity and light transmittance) 
for high yield (Yang et al., 2014). 

Kerby et al. (1990) reported that the dry matter content during the first squaring, 
first flowering, peak blooming and boll opening periods was higher under 
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increased plant densities. In addition, leaf area index, dry matter accumulation and 
the number of bolls per unit area increased with decreasing row spacing (Samani et 
al., 1999). 

The density of cotton population significantly affects layout of canopy, interception 
of light and eventually development of bolls. In addition, plant height, photosynthetic 
efficiency of leaves, plant architecture and boll sizes are also affected by number of 
plants per unit area (Hussain et al., 2000; Siebert et al., 2006). Lint yield and leaf area 
index increase with the increase in plant density, however, leaf area of single leaves is 
reduced (Gwathmey and Clement, 2010). 

Distribution of assimilates between vegetative and reproductive organs has a 
significant impact on cotton yield (Reta-Sánchez and Fowler, 2002; Jones et al., 1996; 
Kerby et al., 1993). Studies indicating the importance of biomass accumulation and its 
distribution among reproductive organs for cotton yield (Saleem et al., 2010; Bange 
and Milroy, 2004; Wells and Meredith, 1984) were mostly carried out under extensive 
agricultural practices and using non-transgenic cotton varieties. 

Production of high amount of biomass is needed for cotton yield and ratio of 
biomass among reproductive organs affects the cotton yield (Bange and Milroy, 
2004). The cotton plants accumulate high vegetative biomass. The accumulation of 
biomass increases in early growth stages with the availability of more light to lower 
parts (Khan et al., 2020), while it decreases in the last growth stages due to shedding 
of fruits and leaves (Zhi et al., 2016; Khan et al., 2017). 

Leaf area or leaf area index is considered an important indicator of growth, which 
is defined as the net increase in dry matter content for unit leaf area at unit time. The 
plant leaf area depends on the number of leaves on a plant, the average single leaf 
area, and the photosynthetic functional length of the leaves. The effects of these three 
features on the leaf area may vary depend on genetic structure of the variety and 
environmental conditions (Reddy and Reddy, 1992). The increase in leaf area index of 
cotton plants is slow in the first periods of the growing period, while increases rapidly 
later and can reach the highest level at the growing period of about 100 days 
(Wullschleger and Oosterhuis, 1992). The LAI which generally varies between 3.7 
and 5.2, gradually decreases in later periods due to the leaf losses caused by the 
increase in the generative development of plants and leaf aging (Reta-Sánchez and 
Fowler, 2002). 

Even though this study was conducted in 2006 and 2007 years, plant densities 
related to inter-row and intra-row spacings differ from region to region and machine 
or manual harvesting types in cotton cultivation areas. For this reason, this study still 
maintains its importance. 

This study was carried out to determine the effects of different plant densities on 
the growth parameters of cotton and the changes in dry matter accumulation until 
harvest. 

Materials and methods 

Stoneville-453 cotton variety (Gossypium hirsutum L.) was used as plant material 
in the study. The Stoneville-453 cotton variety was breed by the Stoneville Seed 
Company and registered in 1988 (Calhoun et al., 1997). The variety, certified to be 
used in the Sanliurfa region in 1995, is preferred by farmers, especially due to 
medium early and high gin efficiency (42%) (Harem, 2010). 
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Experimental site 

Field experiments were conducted in Eyyubiye Campus of Harran University, and 
the experimental site is located in Harran Plain, Sanliurfa (37°08’ North and 38°46’ 
east, ASL 465 m) close to Syrian border in Turkey (Fig. 1). 

Average temperature values during cotton growth period (April-November) in 2006 
was between 11.4 and 33.4 °C and it was between 12.6 and 34.0 °C in 2007. Total 
precipitation in 2006 (April-November) varied from 0 to 81.1 mm, while it varied from 
0 to 49.2 mm in 2007 (Table 1). 

 
Table 1. Some important meteorological data of the experimental field (Anonymous, 2007b) 

Months Years 
Av. max 

temp. (°C) 
Av. min 

temp. (°C) 
Av. temp. 

(°C) 
Av. relative 

humidity (°C) 
Av. total 

precip. (mm) 

April 

First year 23.2 12.3 17.8 62.9 81.1 

Second year 18.8 8.8 13.1 66.5 49.2 

Long term averages 22.0 10.0 15.9 56.0 49.2 

May 

First year 30.4 16.9 23.8 45.9 17.4 

Second year 31.1 19.5 25.4 54.0 8.8 

Long term averages 28.6 15.0 22.0 45.0 26.0 

June 

First year 38.0 22.8 30.8 40.8 0.3 

Second year 37.2 23.0 30.4 36.9 0.8 

Long term averages 34.4 20.2 27.9 32.4 3.0 

July 

First year 38.5 24.9 32.2 45.5 0.3 

Second year 40.8 27.0 34.0 31.3 8.0 

Long term averages 38.6 26.8 33.1 29.7 0.6 

August 

First year 40.4 26.0 33.4 44.6 - 

Second year 39.3 25.4 32.2 41.9 3.2 

Long term averages 38.1 23.6 31.2 32.3 0.9 

September 

First year 32.3 22.4 27.2 42.3 - 

Second year 36.0 22.0 28.4 36.4 - 

Long term averages 33.8 19.8 26.7 35.1 1.1 

October 

First year 25.9 12.8 20.6 61.5 42.5 

Second year 28.4 16.5 21.6 47.7 25.9 

Long term averages 26.9 14.2 20.1 44.8 23.8 

November 

First year 16.3 7.7 11.4 57.5 26.2 

Second year 18.3 8.6 12.6 58.2 15.4 

Long term averages 18.6 8.3 12.8 59.0 45.7 

 
 
The soil of experimental field is alluvial, deep, and high in lime and potassium, 

while, poor in phosphorus content. Soil samples were taken from a depth of 0-20 cm in 
2006 and 2007 before planting. 

The clay content of the soil samples were 56.50 and 59.04%, pH value was 7.76 and 
7.66, organic matter content was 1.59 and 1.45%, and lime content was 25.4 and 23.7%, 
respectively (Table 2). 
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Figure 1. The map of the experimental field 
 
 
Table 2. Some physical and chemical soil properties of the experimental field (Anonymous, 
2007a) 

Soil properties First year Second year 

Clay (%) 56.50 59.04 

Silt-loam (%) 22.70 22.72 

Sand (%) 20.80 18.24 

pH 7.76 7.66 

Lime (CaCO3) (%) 25.40 23.70 

Total salt (%) 0.052  0.068 

Organic matter (%) 1.59 1.45 

 
 

Experimental design 

Cotton seeds were planted on May 15 in 2006 and 2007. The experiment was 
conducted as a completely randomized block design with three replications. Each plot 
consisted of 4 rows with 10 m length. The plots were fertilized to provide 160 kg N ha−1 
and 80 kg P ha−1 phosphorus. Half of nitrogen and all of phosphorus were applied using 
20.20.0 compound fertilizer during planting and the other half of nitrogen was applied 
using ammonium nitrate (33% N) fertilizer at the beginning of flowering. 

Traditionally, 70 × 20 cm of planting density is applied in the region where the 
experiments were carried out. In this study, different planting densities applied so as to 
determine interactions of the yield and some growth parameters with plant densities. 

Following the sufficient emergence, the number of plants were decreased to arrange 
plant density to 70 × 5 cm (PD1, 28 plants m-2), 70 × 20 cm (PD2, 7 plants m-2) and 
35 × 5 cm (PD3, 57 plants m-2) (Fig. 2). Total of 900 mm irrigation water was applied 
in 2006 and 2007 with 9 furrow irrigations. All necessary agricultural practices during 
growing periods were carried out conventionally. Aphids (Aphiss gossypii), leafhopper 
(Empoasca spp), silverleaf whitefly (Bemisia tabaci Genn.) and cotton bollworm 
(Heliothis armigera Hübn.) were observed in 2006 and 2007; therefore, pesticides were 
applied considering the economic damage thresholds. Against aphids (Aphiss gossypii) 
insecticide (40% Dimethoate active substance) with dose of 1000 cc ha-1, against 
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leafhopper (Empoasca ssp) and whitefly (Bemisia tabaci Genn) 200 g ha-1 of 
Acetamiprid and 600 cc ha-1 of Esfenvalerate, and against greenworm (Heliothus 
armigera Hübn.) 200 g ha-1 of Acetamiprid and 2000 cc ha-1 of Cloropyrifos were 
mixed and applied. 

 

 

Figure 2. An image from the experiment field 
 
 

Cotton plant growth parameters 

The plant height, stem diameter, leaf number, number of nodes, height to node ratio 
(HNR) and leaf area index (LAI) of randomly selected 10 plants from each plot were 
determined at 60 (T1), 75 (T2), 90 (T3), 105 (T4) and 120 (T5) days after planting 
(DAP) according to Montgomery (1997). 

 
Biomass accumulation and partitioning 

These plants were then separated into three parts as reproductive structures (flowers), 
leaves and stems, and dried separately. Total dry matter weights were calculated by 
summing the dry matter weights of plant parts. Samples were oven dried at 70 ℃ for 
72 h until attaining a constant weight (Wells and Meredith, 1986; Kandil et al., 2004). 

Daily dry matter production was calculated using the following equation explained 
by Board (2000): 

 
 BBO = W2 – W1 / T1 – T2  
 

W1: Dry weight of plants at T1 (g plant-1), W2: Dry weight of plants at T2 (g plant-1), 
T1: The time when the dry matter weight determined during the first growing period 
(day), T2: The time when the dry matter weight determined during the second growing 
period (day). 

 
Leaf area index (LAI) 

Leaf area index was calculated using the following equation explained by Board 
(2000): 

 
 Leaf area index (LAI) = total leaf area of plant (cm2) / total area covered by a plant (cm2)  
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Seed cotton yield 

The yields for experimental plots were determined by harvesting two rows in the 
middle after removing 1 m on each side to remove edge effect. Seed cotton yield per 
hectare was calculated using the mean yield value obtained for plots. 

 
Data analysis 

The field experiment was conducted in randomized block design, however, the data 
obtained for plant growth parameters except the seed cotton yield were analyzed in the 
statistical program of MINITAB 18.1 according to the split plots in the randomized 
blocks. The averages were grouped using the Tukey-HSD test. 

Results and discussion 

Variance analysis indicated a significant difference between years; therefore, the data 
of each year were presented separately. 

 
Plant height (cm) 

The highest plant height in 2006 (78.71 cm) was obtained in the PD2 plant density 
treatment, while the highest plant height in 2007 was recorded in PD1 and PD3 plant 
densities (65.97 cm and 65.30 cm). In the first year of the field experiment, the plant 
height decreased in parallel with the increase in plant density per m-2 (Table 3). The 
results recorded in the first year are in accordance with findings of Khan et al. (2020), 
Clawson et al. (2006) and Gwathmey and Clement (2010) who reported a decrease in 
plant height with the increase in plant density. In contrast to the plant heights in the first 
year, plant height increased with the increase in plant density in the second year. Similar 
to the results of second year, Kaggwa-Asiimwe et al. (2013) and Beyyavas et al. (2018) 
also indicated an increase in plant height with the increase in plant density. The 
differences in relationship between plant height and plant density may be attributed to 
the differences in climate and environmental conditions of the experimental sites. 

The highest plant height in 2006 during plant growth period examined was reached at 
T5 (97.14 cm) and in 2007 at T4 and T5 times (78.42 cm and 79.65 cm). The cotton 
plant has an indeterminate growth habit (Tariq et al., 2018), therefore, the plant height 
regularly increases with the progress in time. 

 
Number of nodes (pcs plant-1) 

The highest number of nodes in 2006 and 2007 was obtained in PD2 plant density 
(17.34 and 14.90 pcs plant-1). Our findings are consistent with the findings of Clawson 
et al. (2006) and Gwathmey and Clement (2010) who reported that wide row distance in 
cotton cultivation increased the number of nodes per plant. 

The highest number of nodes per plant in both years (18.81 and 17.83 pcs plant-1) 
was recorded in at T5 time (Table 3). Since cotton has an indeterminate growth pattern, 
the number of nodes is increasing proportionally with increase in plant height. 

The number of nodes vary according to genetics of the plant, fertilization, irrigation 
and cultural practices. In particular, excessive nitrogen fertilization and irrigation 
applications may cause an increase in plant height and, as a result, an increase in the 
number of nodes. 
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Table 3. The effect of different plant densities and growth times in cotton on plant height 
(cm), number of nodes (pcs plant-1), height to node ratio (HNR) and stem diameter (cm) 
  

Treatments  

Plant height 
(cm) 

Number of nodes 
(pcs plant-1) 

Height to node 
ratio (HNR) 

Stem diameter 
(cm) 

2006 2007 2006 2007 2006 2007 2006 2007 

Plant density 

PD1 75.22 b*  65.97 a* 15.64 b* 14.14 b*  4.72 a* 4.63 a*  0.81 b*  0.71 b* 

PD2 78.71 a 63.07 b 17.34 a 14.90 a 4.47 b 4.20 b 1.11 a 1.43 a 

PD3 74.58 b 65.30 a 15.23 b 13.91 b 4.77 a 4.60 a 0.76 b 0.71 b 

Times 

T1 40.00 e 36.05 d 11.21 d 9.30 d 3.60 c 3.92 c 0.65 d 0.47 c 

T2 66.62 d 54.53 c 15.07 c 14.22 c 4.42 b 3.84 c 0.75 cd 0.67 b 

T3 84.95 c 75.24 b 17.41 b 14.56 c 4.89 a 5.17 a 0.76 c 0.86 a 

T4 92.13 b 78.42 a 17.84 b 15.69 b 5.19 a 4.99 a 1.04 b 0.87 a 

T5 97.14 a 79.65 a 18.81 a 17.83 a 5.16 a 4.46 b 1.27 a 1.91 a 

 F values 

PD   12.83**  7.42**  55.13**  13.53**  5.39* 17.06** 76.60**  44.54** 

T  844.49** 699.31** 245.33** 295.74** 53.04** 63.61** 90.05** 116.54** 

PD × T   12.55**  19.83**  5.03*  13.00**  3.59**  1.12ns  0.85ns  6.82** 

*Means that do not share a letter are significantly different. *p ≤ 0.05, **p ≤ 0.01, ns: non-significant 
PD1: 70 × 5 cm, PD2: 70 × 20 cm, PD3: 35 × 5 cm 

 
 

Height to node ratio (HNR) 

The highest HNR in both years of the experiment was obtained in PD1 (4.72 and 
4.63 pcs plant-1) and PD3 (4.77 and 4.60 pcs plant-1) treatments. The increase in plant 
density caused an increase in plant height a consequently to the HNR (Table 3). 

The HNR in both years increased proportionally to the increase in the number of 
days. The HNR in 2006 was ranked from low to high as T1 (3.60 cm) < T2 (4.42 
cm) < T3 (4.89 cm) < T5 (5.16 cm) < T4 (5.19 cm), and in 2007 T2 (3.22 cm) < T1 
(3.92 cm) < T5 (4.46 cm) < T4 (4.99 cm) < T3 (5.17 cm). The HNR peaked in T3 and 
T4 times, which are the flowering peak and boll development periods, and slightly 
decreased after the cut-out period. The HNR in this study are coincide with the findings 
of Birgul (2008) and Celik et al. (2009) who reported that the HNR was 2.6 at the 
squaring stage, 3.4 at the beginning of flowering, 4.6 at the flowering peak, 5.1 in the 
cut-out period, 5.04 in the boll opening period and 4.84 in the harvest period. The 
results can be associated with the consumption of nutrients in the development of more 
bolls with the formation of flowers and bolls in the generative period after certain 
vegetative development period. Therefore, plants continue generative development 
rather than vegetative growth (Kerby et al., 1993). 

 
Stem diameter (cm) 

The stem diameter of the plants in the PD2 (1.11 and 1.43 cm) treatment was higher 
in both years of the experiment compared to the other two plant densities. The result can 
be explained by the fact that plant in wide row plantings benefit from the competitive 
environment better and the plant uptake and use more nutrients. In both years of the 
experiment, the stem diameter increased proportionally with the increase in the number 
of days. The stem diameter of cotton plants by the time was T1 < T2 < T3 < T4 < T5, 
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respectively (Table 3). Zhang et al. (2016) reported that stem diameter increased as 
plant density decreased. 

 
Flower dry matter weight (g plant-1) 

The highest flower dry matter accumulation in both years of the experiment was 
obtained in PD2 (49.36 and 44.48 g) treatment. The decrease in the number of plants 
per m-2 in wide row plantings improved the utilization of competitive environment and 
nutrients in plant development. Our results are in agreement with those reported by 
Khan et al. (2020), who stated that flower dry matter accumulation decreases with the 
increase in plant density. Similarly, Yang et al. (2014) indicated that accumulation of 
flower biomass decreased in high and low plant densities. 

The flower dry matter accumulation increased proportionally with increase in the 
number of days (Table 4). The results are similar to the findings of Dai et al. (2015), 
who reported that dry matter accumulations gradually increased with plant growth. The 
highest flower dry matter accumulation in 2006 was obtained at T5 time (82.01 g), 
while T3 (45.22 g), T4 (41.98 g) and T5 (50.86 g) times were in the same group in 
2007. This result reveals that plants produce flower dry matter in proportionally with 
the progress in generative period. The flower dry matter weight in total dry matter 
weight in 2006 was ranked as PD1 (46%) > PD3 (44%) > PD2 (37%) and in 2007, PD2 
(58%) > PD1 (55%) > PD3 (39%) (Table 2). In terms of time, the flower dry matter 
weight in total dry matter weight in 2006 was ranked as T1(%6) < T2 (%16) < T3 
(%40) < T5 (%46) < T4 (%47); in 2007, T1 (%4) < T2 (%13) < T5 (%62) < T4 
(%54) < T3 (%69). The flowers and boll dry matter accumulation in total dry matter at 
T3 time (90th day), which coincides with the flowering peak and boll development 
period, was higher in 2007 compared to the other times examined. 

 
Table 4. The effect of different plant densities and growth times in cotton on flower dry 
matter weight (g plant-1), leaf dry matter weight (g plant-1), stem dry matter weight (g plant-1) 
and total dry matter weight (g plant-1) 

Treatments  

Flower dry 
matter weight 

(g plant-1) 

Leaf dry matter 
weight 

(g plant-1) 

Stem dry matter 
weight 

(g plant-1) 

Total dry matter 
weight 

(g plant-1) 

2006 2007 2006 2007 2006 2007 2006 2007 

Plant density 

PD1  33.40 b* 29.91 b* 17.98 b* 13.93 a* 21.31 b* 10.93 b*  72.69 b* 54.77 b* 

PD2 49.36 a 44.48 a 46.05 a 16.01 a 37.11 a 15.85 a 132.52 a 76.34 a 

PD3 33.80 b 10.85 c 21.85 b  8.73 b 21.75 b  7.98 b  77.40 b 27.56 c 

Times 

T1  0.85 c  0.49 b  7.88 c  8.32 c  5.01 c  3.23 b 13.74 c 12.04 b 

T2  6.44 c  3.52 b 18.21 c 12.22 bc 15.58 bc 11.47 a 40.23 c 27.21 b 

T3 41.79 b 45.22 a 38.52 ab 8.56 c 25.12 b 11.51 a 105.43 b 65.29 a 

T4  63.17 ab 41.98 a 31.94 b 19.20 a 38.00 a 16.07 a 133.11 b 77.25 a 

T5 82.01 a 50.86 a 46.59 a 16.13 ab 49.93 a 15.66 a 178.53 a 82.65 a 

 F values 

PD   4.84* 17.29** 40.41** 24.29** 16.48** 15.93** 2.46** 12.84** 

T  43.48** 21.60** 25.42** 23.44** 38.56** 16.12** 15.15** 26.72** 

PD × T   1.06ns  4.06**  4.18**  5.19**  2.12ns  1.21ns  0.72*  4.35** 

*Means that do not share a letter are significantly different. *p ≤ 0.05, **p ≤ 0.01, ns: non-significant 
PD1: 70 × 5 cm, PD2: 70 × 20 cm, PD3: 35 × 5 cm 
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Leaf dry matter weight (g plant-1) 

Leaf dry matter accumulation in the PD2 (46.05 and 16.01 g) was higher than the 
other two densities in both years of the experiment. The results indicated that plants 
benefited better from the competitive environment with the decrease in the number of 
plants per m2 in wide row plantings and plants utilized the nutrients more efficiently in 
development. In contrast to our findings, Khan et al. (2020) reported that higher number 
of plants per unit area in dense planting caused higher vegetative growth and increase in 
total and vegetative biomass. Leaf dry matter accumulation increased proportionally 
with the increase in the number of days (Table 4). The highest dry matter accumulation 
in 2006 was obtained at T5 time (46.59 g) and in 2007 at time T4 (19.20 g). The results 
revealed that physiological recession period started at T4 time in 2006 due to climate 
and environmental conditions and it was between T3 and T5 times in 2007. The ratio of 
leaf dry matter weight in total dry matter weight in 2006 was ranked as PD2 
(35%) > PD3 (28%) > PD1 (25%); in 2007, as PD2 (39%) > PD1 (25%) > PD3 (21%) 
(Table 2). In terms of the times, the ratio of leaf dry matter weight in total dry matter 
weight in 2006 was ranked as T1 (57%) > T2 (45%) > T5 (26%) > T4 (24%) > T3 (8%), 
and in 2007, T1 (69%) > T2 (45%) > T4 (25%) > T5 (20%) > T3 (13%). 

 
Stem dry matter weight (g plant-1) 

Stem dry matter accumulation in both years of the trial with PD2 treatment (37.11 
and 15.85 g) was higher compared to the other two plant density treatments. The results 
revealed that decreasing the number of plants per m2 in wide row plantings improved 
the use of the competitive environment, and plants utilized nutrients better in 
development. The results were contradicting to the findings of Khan et al. (2020) who 
indicated that the total and vegetative biomass increased with the increase in the number 
of plants per unit area due to high vegetative growth. The stem dry matter accumulation 
increased proportionally with the increase in the number of days (Table 4). The highest 
stem dry matter accumulation in 2006 was recorded at T4 (38.00 g) and T5 (49.93 g), 
and in 2007, it was obtained at T2, T3, T4 and T5. The stem diameters at T2, T3, T4 
and T5 were statistically similar and included in the same group. However, the results 
revealed that plants entered to the physiological recession period between T4 and T5 
due to the climate and environmental conditions. In terms of planting density, the ratio 
of stem dry matter weight in total dry matter weight in 2006 was ranked as PD1 
(29%) > PD2 (28%) > PD3 (28%); in 2007, it was ranked as PD3 (29%) > PD2 
(21%) > PD1 (20%) (Table 2). In terms of the times examined, the ratio of stem dry 
matter weight in total dry matter weight in 2006 was ranked as T2 (39%) > T1 
(36%) > T4 (29%) > T5 (28%) > T3 (24%); in 2007, it was ranked as T2 (42%) > T1 
(27%) > T4 (21%) > T5 (19%) > T3 (18%). 

 
Total dry matter weight (g plant-1) 

The PD2 treatment provided higher total dry matter weight (132.52 and 76.34 g) in 
both years of the experiment compared to the other two plant densities (Fig. 3). The low 
plant density increased the use of light, nutrients and water, and consequently the plant 
growth. In addition, higher number of bolls, flowers, leaves and fruiting branches were 
formed per plant in low density planting. Therefore, total dry matter accumulation per 
plant was also increased in low plant density. Similarly, Kerby et al. (1990) reported 
higher dry matter accumulation under lower number of plant per unit area. In contrast to 
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our findings, Ali et al. (2009) indicated that dry matter accumulation increased 
proportionally with the increase in planting density. Rahman et al. (2013) reported that 
the dry matter ratio per unit area in a plant density of 30 cm was 323.32 g m-2 which 
decreased to 257.18 g m-2 at a plant density of 50 cm in soybean. The results attributed 
to the dry matter production and accumulation in the side branches by encouraging the 
formation of side branches in low plant densities. The increase in the number of side 
branches causes increase dry matter content in low plant population compared to the 
normal plant population and also causes more nodes and fruit formation (Carpenter and 
Board, 1997). High plant density increases plant total biomass, while the individual 
biomass of a cotton plant decreases (Khan et al., 2019). The results for vegetative and 
reproductive dry mass obtained in our study are contradicting to the findings of Afzal et 
al. (2018) who stated that total dry matter production in low density was 19.32% lower 
than high density plantings. 

The results showed that total dry matter accumulation increased with the increase in 
the number of days (Table 4). The dry matter accumulation of the plant in 2006 and 
2007 increased proportionally from the vegetative period to the end of the generative 
period (T1 < T2 < T3 < T4 < T5) (Fig. 4). 

 

 

Figure 3. Total dry matter weight at different plant densities 
 
 

 

Figure 4. Total dry matter weight at different plant growth times 
 
 
Daily dry matter production in 2006 between T1-T2 period was 1.77 g plant-1, 

between T2-T3 period 4.35 g plant-1, between T3-T4 period 1.85 g plant-1 and between 
T4-T5 period 3.03 g plant-1. The daily dry matter production in 2007 between T1-T2 
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periods was 1.01 g plant-1, between T2-T3 period 2.54 g plant-1, between T3-T4 0.80 g 
plant-1, and between T4-T5 0.36 g plant-1. The daily dry matter production in both years 
of the trial reached the highest level between T1 and T2. This can be explained by the 
highest growth and development of cotton plants, as well as the highest flowering and 
fruiting development. 

 
Leaf area index (LAI) 

The PD3 (57 plants m-2) in both years of the trial produced higher leaf area index 
(11.55 and 12.66) than other plant density treatments (Fig. 5). Leaf area index ranged 
from 1.48 to 12.66. 

It can be observed that the leaf area index values increased proportionally from the 
vegetative period to the end of the generative period (T1 < T2 < T3 < T4 < T5) in both 
years of the experiment (Fig. 6). Gwathmey and Clement (2010) and Yao et al. (2017) 
stated that leaf area index increase with the increase in plant density; however, an 
individual leaf area may be reduced in high plant density. 

The LAI in both years increased proportionally with the increase in the number of 
days (Table 5). The results reported in previous studies are consistent with our findings. 
For example; Zhang et al. (1962) reported that LAI value reached 6.12 in 400000 plants 
ha-1 plant density, while LAI was 3.82 in 200000 plant ha-1 plant density. 

Rahman and Hossain (2011) stated that the leaf area index value increased with the 
increase of plant density. In their research while leaf area index was observed 2.45 per 
20 plants m-2, 3.69 per 60 plants m-2. Samani et al. (1999) reported that the leaf area 
index and dry matter accumulation unit area increased with the decrease of row spacing. 
Zhang et al. (2016) and Wang et al. (2016) reported that a relatively higher leaf area 
index (LAI) occurs at higher plant densities. 

 
Table 5. The effect of different plant densities and growth times on the leaf area index (LAI), 
number of leaves (pcs plant-1) and seed cotton yield (kg ha-1) 

Treatments  

Leaf area index 
(LAI) 

Number of leaves 
(pcs plant-1) 

Seed cotton yield 
(kg ha-1) 

2006 2007 2006 2007 2006 2007 

Plant density 

PD1  4.49 b*  4.48 b* 31.73 b* 32.40 b* 477.31 c 6010.33 b* 

PD2  2.02 c  1.48 c 43.10 a 43.50 a 522.62 b 5294.67 c 

PD3 11.55 a 12.66 a 28.43 b 28.31 b 575.90 a 7096.00 a 

Times 

T1  2.64 d  2.23 c 20.50 c 21.72 c   

T2  5.84 c  6.29 b 33.56 b 33.44 b   

T3  6.82 b  6.48 b 30.61 b 33.66 b   

T4  6.94 b  7.66 ab 52.39 a 55.50 a   

T5  7.88 a  8.38 a 35.00 b 37.51 b   

    F values    

PD  953.41** 460.57** 20.33**  20.23** 268.65** 958.88** 

T   96.12**  47.01** 27.51**  25.98**   

PD × T   25.97**  15.95**  2.95*  2.68*   

*Means that do not share a letter are significantly different. *p ≤ 0.05, **p ≤ 0.01 
PD1: 70 × 5 cm, PD2: 70 × 20 cm, PD3: 35 × 5 cm 
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Figure 5. Leaf area index at different plant densities 
 
 

  

Figure 6. Leaf area index at different growth times 
 
 

Number of leaves (pcs plant-1) 

The number of leaves (43.10 and 43.50 pcs plant-1) in PD2 treatment was higher in 
both years compared to the other two plant densities (Table 5). Similarly, Khan et al. 
(2020) stated that the number of leaves per plant is affected by the plant density and the 
number of leaves decreases with increasing density. In addition, the decrease in the 
number of plants per m2 in wide row plantings improved the utilization of competitive 
environment, nutrients were used better in plant development, and thus more leaves 
were formed. The number of leaves in 2006 from low to high was ranked as T1 
(20.50) < T3 (30.61) < T2 (33.56) < T5 (35.00) < T4 (52.39). In 2007, the number of 
leaves was ranked as T1 (21.72) < T2 (33.44) < T3 (33.86) < T5 (37.51) < T4 (55.50). 
The highest number of leaves in both years of the experiment was obtained at T4 (105th 
day). Although the number of leaves per plant generally increased from T1 to T4 
period, decreased at T5 period. This situation can be explained by the slowing of 
vegetative development due to physiological maturation and senescence of the plant. 

 
Seed cotton yield (kg ha-1) 

In both years of the experiment, the yield increased with the increase in the number 
of plants per m2 (Table 5). The yield in PD3, narrow planting, was higher in both years 
(5759 and 7096 kg ha-1) compared to the yield recorded in other plant density 
treatments (Figs. 7-8). 
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Figure 7. Seed cotton yield at different plant densities (kg ha-1) (first year) 
 
 

  

Figure 8. Seed cotton yield at different plant densities (kg ha-1) (second year) 
 
 
The yield per plant was decreased or the total dry matter accumulation per plant was 

lower in dense plantings, however, the increase in the number of plants per unit area 
caused an increase in total yield. The increase in the number of plants in a unit area up 
to a certain number decreased the yield per plant, however total yield increased. 

Zhang et al. (2016) reported that the seed cotton yield (5908, 6158 and 6074 kg ha-1) 
increased with the increase of plant density (12, 18 and 24 plant m-2), which is 
consistent with our results. 

Conclusions 

The results indicated that the growth parameters examined were affected by the plant 
density treatments tested in the experiment. The PD2 treatment (7 plants per m-2) caused 
higher plant height, number of nodes, stem diameter, flower, leaf, stem and total dry 
matter weights, while PD3 treatment (57 plants per m-2) yielded higher LAI and yield 
compared to the other plant density treatments. The decrease in the number of plants per 
m-2 in wide row plantings improved the benefit from the competitive environment and 
increased the use of light, water and nutrients in plant development. However, the 
increase in the number of plants per unit area had a positive effect on yield. Excessive 
plant density can cause plants to receive less light, increase in disease and pest 
populations, and difficulties in planting and especially harvesting. 
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Plant density varies from each region to region due to factors such as genetic 
structure, climate and soil conditions, fertilization, irrigation, cultural practices and 
harvesting method. Therefore, the most suitable plant density in the regions where 
cotton is grown should be determined according to the results of the researches 
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Abstract. The marine environment is the largest ecosystem, richest in biodiversity and biological activity. 
Diatoms are almost omnipresent and common in the plankton and benthos in both freshwater and marine 
environments. They have a major influence on their environment whereas representing a significant part in 
primary production and carbon fixation in marine ecosystems. Microscopic examination and cell culture 
technique have been applied to detect, isolate and study the diatom species. On the other hand, molecular 
methods have contributed to overcome the drawbacks of the classical methods and also to accomplish the 
research objectives more efficiently. Metagenomics is an advanced molecular method utilizing direct 
collected microbial samples and has been used in various fields of microbial studies. It provides obvious 
details on the taxonomy, biodiversity, ecology and further information around the potential functions. 
Consequently, it can explore the biochemical components that have significant importance in various 
biotechnology, ecology, biomedicine and industry applications. This review focused on the effectiveness 
of the metagenomics method for exploring microbial communities and recruiting this to discover the diatom 
community. 
Keywords: microbial communities, genomic, sea water, molecular technique, gene markers 

Introduction 

Diatoms are silicified, ubiquitous and highly abundant microalgae that are rich in 
minerals, metabolites and various biochemical compounds. These compounds have 
significant roles in various fields such as industry, pharmaceutics, biotechnology, and 
biodegradation (Vanelslander et al., 2009). Some species are used in the biomonitoring 
of ecological assessment as a response to the environmental fluctuations and changes in 
water habitats (Poikane et al., 2016). Diatoms have been described and characterized 
traditionally based on morphological characteristics (Falasco et al., 2009), by microscopic 
examination which does not require cultivation in a laboratory. Furthermore, valuable 
biochemical components of diatoms have been detected through growing, isolating and 
studying characteristics of the species after being cultivated under laboratory conditions 
(Araújo and Garcia, 2005). Despite the long history of the study of diatom diversity and 
the numerous researches about its importance, knowledge on the diversity of diatoms and 
their potential applications still limited. Consequently, the ecological conditions and 
various interactions related to them continue to be misleading. 

In the 1980s, molecular techniques were applied to diatom studies for the first time 
(Medlin et al., 1988). Molecular phylogenetic researches have been widely performed to 
overcome morphological limitations to identify and classify diatoms (Evans et al., 2007; 
Jahn et al., 2007; Mann et al., 2010; Moniz and Kaczmarska, 2010). Powered by advances 
in the technology of next-generation sequencing, metagenomics has the possibility to 
explore the taxonomic and functional diversity of the microbes sampled from a certain 
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natural environment. Moreover, metagenomic analysis aims to determine the genome 
sequences of uncultivable and rare microbes, for describing microbial ecosystems and for 
discovering the novel genes and gene products (Wrighton et al., 2012; Yatsunenko et al., 
2012; Albertsen et al., 2013). 

This review shows the traditional methods used in diatom community studies and 
obstacles that hindered the advancement of diatoms' researches and applications. In 
addition, it illustrates the metagenomic approach as an alternative method to diatoms 
discovery and discusses the potential capabilities and applications. 

General information of diatoms 

Diatoms (Bacillariophyta) represent one of the most common and high diversity group 
of microalgae and have an important role in the food web and ecosystems (Mann, 1999). 
They are photosynthetic, microscopic, unicellular and eukaryotic microalgae 
(McLaughlin, 2012). There are more than 200,000 species of diatoms reported worldwide 
(Mann and Droop, 1996), but only about 12.000 species have been defined (Guiry, 2012). 

Diatoms are almost omnipresent, they exist wherever water is present, in water bodies 
and terrestrial ecosystems as well as in aerosols (Jahn et al., 2007). They occur in 
terrestrial environments such as mosses, wet rocks and soils (Falasco et al., 2014; 
Tofilovska et al., 2014). Most of diatoms are common in the plankton and benthos in all 
aquatic habitats including freshwater and marine (Smol and Stoermer, 2010), except the 
warmest and most hypersaline environments (Round et al., 1990). Benthic diatoms are 
found in large quantities on the surface of intertidal sediments that are covered with water 
at high tide and exposed to the atmosphere within low tide status (Admiraal, 1984; Round 
et al., 1990; Haubois et al., 2005). Their dominant and diversity in the tidal flats contribute 
to the maintenance of the functional ecosystems such as primary production, algal 
biomass, nutrient cycling and sediment stabilization (Admiraal, 1984; Sullivan and 
Moncreiff, 1988; Underwood and Kromkamp, 1999). 

The wide distribution of diatoms makes them fitting tools for a variety of applications 
both, as living and fossils organisms (Atazadeh and Sharifi, 2010). Marine diatoms 
contribute to around 40% of the total primary production in marine ecosystems and 20% 
of global carbon fixation. They feed the food chains of aquacultures with sufficient levels 
of amino acids and vitamins (Brown, 1991). Moreover, diatoms contain a high abundance 
of diverse biochemical compounds that make them important sources for applications in 
various fields (Caldwell, 2009; Falkowski et al., 1998). Some strains have been selected 
as the best candidates for biofuel production (D’Ippolito et al., 2015). Biochemical 
compounds are also used in other applications such as in therapeutic (e.g. anticancer and 
anti-tuberculosis) (Lauritano et al., 2018; Hussein and Abdullah, 2020), for foods, food 
supplements and nutrition industries (Chauton et al., 2015). In addition, they can be 
applied for biomineralization, biomaterials synthesis, degradation of wastes, and 
nanotechnology (Dolatabadi and de la Guardia, 2011; Jamali et al., 2012). Besides, 
diatoms play role in forensic science as one of independent techniques used to diagnose 
a cause of death by drowning (Levkov et al., 2017). Some species, especially benthic 
diatoms, are highly sensitive to changes in the condition of the environment. Therefore, 
they are used as bio-indicators for the ecological assessment of water habitats around the 
globe (Stevenson and Smol, 2015; Poikane et al., 2016). 
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Traditional methods applied for studying diatoms 

Many of the studies depended on the traditional methods to determine taxonomic 
information, cellular composition and the functional roles of diatoms. Despite the long 
history of the study of diatom diversity and the numerous studies about its importance, 
the information on the diversity of benthic diatoms still limited. 

Microscopy examination 

Morphological taxonomic identification is the traditional methodology for 
determining the diatoms used to date. This method is performed by microscopic 
inspection of the outline and details of the silicified frustule or valve (Shape, Raphe, 
Puncta and Cingula), and the examination slid is prepared according to the condition of 
the study sample (McLaughlin, 2012). The morphological method is distinguished by its 
ability to examine the sample directly without the need for culture, and to identify a large 
majority of the taxa and lower taxonomic levels, until genus and species, shown in 
(Fig. 1A) (Falasco et al., 2009; Rivera et al., 2018). 
 

Figure 1. Illustration of the steps of the traditional method for studying diatom species; (A) 
Microscopic examination, (B) Cultivation and Sanger sequencing 

 
 

However, the morphological method is an impediment for continuous studies for 
several reasons: 1) depends on the simple forms and small size of benthic diatoms. Also, 
challenges arise when differentiating between morphologically near species, 2) it needs 
an extensive experience, 3) requires a great deal of time and effort (Sullivan and Currin, 
2002; Brotas and Plante-Cuny, 2003; Underwood and Barnett, 2006; Kahlert et al., 2012). 
In addition, before applying morphological analysis, some samples need to be treated 
with acidic treatment, because these samples contain a lot of sediment particles and 
organic material. As a result, this processing removes all organic material and makes it 
impossible to know whether the frustules of diatoms are dead or alive (Baldi et al., 2011). 
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Cell culture technique 

Diatom cells can be used for numerous applications of biotechnology such as using 
silicon originated from frustules in aquaculture, using of intracellular and extracellular 
metabolites extracted from the cells in cosmetic, industrial and pharmaceutical 
applications (Lebeau and Robert, 2002). Given the importance of diatoms, species 
cultivation is the reliable method for growing, isolating and studying the characteristics 
of the species and its valuable components. This method is based on preparing an artificial 
environment in the laboratory, with suitable ingredients for culturing diatoms (Fig. 1B). 
In addition, the procedure for the culture involves other aspects such as maintenance of 
the culture in the laboratory scale, as well as control the quantity and quality of products 
throughout careful control of environmental factors and conditions, such as temperature, 
aeration, availability of nutrient, pH and light intensity, and their constant supply to the 
aqua farmers in different phases of growth (Lebeau and Robert, 2003; Perumal et al., 
2015). Cell culture technique may be able to grow individual species that have not been 
well defined, to isolate those important for biotechnology or to increase  cells number for 
species to be studied (Nanjappa et al., 2013). 

Although culturing diatoms has many advantages, there are many drawbacks that make 
it a tedious and costly process, such as 1) imbalance of any component of the media leads 
to the limitation of diatom growth, 2) it requires certain light intensity and photoperiod, 
3) it causes overproduction of the beneficial products with a decrease in biomass 
production as a consequence of metabolic stress conditions, 4) some species may not 
grow in the presence of others or they may appear transparent (Sullivan and Currin, 2002; 
Lebeau and Robert, 2003; Kahlert et al., 2012; D’Ippolito et al., 2015). In addition, 
microalgae are generally challenging in axenic culture without any contamination 
(Ashokkumar et al., 2015). 

Microscopy examination and cell culture technique are the conventional approaches 
that have been used extensively in the taxonomy and biotechnology. Nevertheless, there 
were many studies needed more examinations, such as chemical, physical and 
biochemical tests and statistical analysis, to complete the results of the study. Despite 
that, these methods are still used up to date. 

Molecular approaches 

To identify and characterize the taxonomy of cultured and uncultured diatoms, there 
is a need for molecular methods that are more effective, more accurate, rapid and highly 
specific for the detection of diatom species, as an alternative method to microscopic 
examination (Siaut et al., 2007; Nguyen et al., 2011). Such morphologically similar 
species are not necessarily similar in their genetic content, therefore these methods 
provide precise identification at the species level. Accordingly, protein expression is 
different within species. Sanger sequencing is one of these approaches based on PCR 
sequencing of a specific gene, where it can accurately read an average length of 800 base 
pairs. These methods rely on the extraction, storage, amplification and sequencing of 
DNA from environmental samples (Fig. 1B) (Lear et al., 2018). Therefore, using the 
Sanger sequencing method is suitable for individual gene sequencing from a pure culture 
containing a single strain. In addition, this method can be run for 96 individual specimens 
at one time (Kim et al., 2014). Sanger sequencing has been used to study the diversity of 
microalgal communities but in low-diversity environments (Aliaga Goltsman et al., 2009; 
Bates et al., 2012; Park et al., 2015). Although this technique is in use, yet it does not fit 
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large-scale experiments and the complex microbial communities study. As such, 
sequencing technologies were developed to coincide with the modern studies that have 
focused on microbiota and microbiome (Turnbaugh et al., 2007; Thursby and Juge, 2017; 
Song et al., 2018). Furthermore, metagenomics is a powerful molecular approach used 
for the comprehensive analysis of microbial community which replaces a series of 
traditional studies. 

Metagenomics 

Metagenomic analysis is an advanced molecular method that offers comprehensive 
portraits of microbial communities isolated directly from their environment (Dutilh, 
2014; Kumar Awasthi et al., 2020). It provides more significant data and a deep insight 
into the taxonomic composition and diversity, functional genes, novel genes exploration, 
the structure and organization of genomes, metabolic products and biocatalysts, which 
were difficult to find through classical laboratory methods as the conditions were 
optimized for those finding which missed a lot of important aspects to human needs and 
knowledge (Tringe et al., 2005; Felczykowska et al., 2015; Roumpeka et al., 2017). 
Metagenomics is primarily a microbial community science, with a primary emphasis on 
describing and predicting the interactions between different populations of microbes and 
the interaction between species or among species (Marx, 2013). 

Nevertheless, metagenomics is a culture-independent analysis of the genomic content 
of entire microbiome into their structure and function in a given environment 
(Handelsman et al., 1998). It depends on two procedures which are next-generation 
sequencing (NGS) and bioinformatics (Fig. 2). NGS provides millions to billions of 
nucleotide short reads in massively parallel analysis and high-throughput with low cost 
(Metzker, 2010; Mardis, 2011). These sequencing outputs are digital and hence enable 
direct quantitative comparisons through bioinformatics tools (Kulski, 2015; Jünemann et 
al., 2017). Therefore, this combination produces huge data obtained from environmental 
DNA and processes it to provide an obvious perception of their biosynthesis. 
 

Figure 2. Schematic illustrates the amplicon metagenomics workflow for studying diatom 
community 
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Marine microbial metagenomics 

Communities of microorganisms- archaea, bacteria, viruses, phages, fungi, microalgae 
and other eukaryotic microorganisms- are an integral part of, and play important roles in, 
various ecosystems. The marine environment is the largest ecosystem, richest with 
biodiversity and biological activity (Zhao, 2011; Felczykowska et al., 2012). The 
microbial community was estimated in the oceans which host about 3.6 x1029 microbial 
cells. While soil represents the most diverse environment contained 2.6 x 1029 cells of the 
bacterial community (Torsvik and Øvreås, 2002; Sogin et al., 2006). As for the human 
level, the intestine is the most densely part of the microbial community in the human 
body, where bacterial counts reaching 1012-14 cells (Prescot et al., 1999; Tremaroli and 
Bäckhed, 2012; De Mandal et al., 2014). Although of the numerous studies on microbes 
and their ecological importance, the marine microbial community is still not completely 
exploited yet. The main reason for not characterizing these microbes is the difficulties in 
detecting under microscopy and in reproducing or culturing microbes by classical 
techniques under laboratory conditions (Epstein, 2013). 

Nowadays, metagenomics can be considered an advance technology to investigate 
genetic information of marine microbiome (Barone et al., 2014). The taxonomy of 
metagenomics aims to detect the exact species of microbes and to classify the data of 
various microbial groups through the analysis of specific genes that reside in a given 
environment (Kumar Awasthi et al., 2020). Metagenomics can recognize the microbial 
genes that carry out specific functions and can detect the ecological factors that shape the 
microbial diversity of community structures (Delmont et al., 2011). Moreover, it 
contributes to found microbial fingerprints of diverse environments (Behzad et al., 2016). 
Using metagenomics term was began when Handelsman and colleagues extracted the 
collection of microbial DNA from soil samples (Handelsman et al., 1998). For 20 years, 
metagenomics has been used to explore microbial communities in soil, marine water, 
activated sludge, animal waste and, human and animal guts (Poroyko et al., 2010; Beale 
et al., 2018; Cabral et al., 2018; Cai et al., 2018; Lekunberri et al., 2018; Yang et al., 
2018). For example, Hess et al. (2011) applied high-throughput sequencing to analyze the 
samples from the rumen of fistulated cows samples in an extended metagenomic study. 
They discovered more than 2.5 million novel genes and the nearly entire genomes of 15 
microorganisms that had never cultured in the laboratory. They also recorded exceeding 
27,000 putative carbohydrate-active enzymes with cellulolytic function (Hess et al., 
2011). Besides, metagenomic studies provide significant visualization into previously 
unidentified terrestrial and marine microorganisms (Daniel, 2005; Simon and Daniel, 
2011). 

High-throughput sequencing 

Metagenomics depend on NGS which works on the principle of high-throughput 
sequencing (HTS) that was successfully implemented in the microbial community 
environment, where it becomes essential in studies on genomics, epigenomics and 
transcriptomics (Sogin et al., 2006). There are two major methods based on high-
throughput sequencing for studying the microbiome: whole-genome-shotgun (WGS) and 
marker-gene (amplicon) metagenomics. WGS is sequencing complete genomes of all 
microorganisms in a certain environment at a single time. In contrast, the sequencing-
based on marker gene targets a specific region of gene for microbial community existent 
in an ecological sample (Fig. 2) (Pérez- et al., 2020). Both approaches are suitable option 
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applicable in different conditions according to the target study. Nevertheless, marker gene 
analysis is useful for long- term projects or studies due to the fact that it consumes mostly 
short time, because of their low cost, and the simplicity and easiness of analyzing results 
for large numbers of samples, compared to WGS (Knight et al., 2018). 

Generally, high- throughput sequencing involves PCR amplification of a marker gene 
using primers designed according to the marker. All genetic markers are conserved genes 
including one or more hypervariable regions, which can be used to discriminate different 
or closely related lineages. The ideal marker (1) composed of a short sequence which 
amplified and sequenced easily during one read following a standardised laboratory 
technique, (2) the global primers is flanked by the conserved region, and (3) it has the 
ability which resolving the different organism's species (Stoeckle, 2003; Hebert et al., 
2003; Moritz and Cicero, 2004). Various gene regions have been used as markers for 
different microorganisms. The mitochondrial cytochrome oxidase I gene (cox1 or COI) 
has been used for the analysis of eukaryotes communities (Seifert et al., 2007; Stern et 
al., 2010). The widest marker that contributes to studying microbial diversity and 
community structures is nuclear-encoded small subunit ribosomal RNA genes (SSU-
rRNA). This marker includes the 16S rRNA gene (16S rDNA) and the 18S rRNA gene 
(18S rDNA) that has been used extensively to examine prokaryotic and eukaryotic 
diversity, respectively (Janda and Abbott, 2007; Zhan et al., 2013; Hugerth et al., 2014; 
Saghaï et al., 2015; Groendahl et al., 2017; Yergeau et al., 2017; Winand et al., 2019). 
Furthermore, another nuclear marker is the internal transcribed spacer region (ITS), 
which is a common one in the fungal community study (Tedersoo et al., 2010; Schoch et 
al., 2012; Kemler et al., 2013; Nilsson et al., 2013), and already been used as a marker in 
some protists (Stern et al., 2010; Molins et al., 2018). To study photosynthetic 
microorganisms, microalgae, the chloroplast gene encoding, ribulose-1,5-bisphosphate 
carboxylase large-subunit (rbcL) is utilized as a molecular marker (Patel et al., 2018; 
Pujari et al., 2019). 

Marker genes of diatoms 

For diatom communities, the 18S rRNA gene, COI, ITS and rbcL already have shown 
potential for use as marker (Moniz and Kaczmarska, 2009). Nevertheless, two markers of 
them are more useful to analysis diatom communities, 18S rRNA gene and rbcL gene, 
because they are less heterogeneous between individuals when distinguishing between 
species (Mann et al., 2010; Zimmermann et al., 2011). The highly conserved region, 18S 
rRNA gene, uses for deep phylogenetic analyses and biodiversity screening. It contains 
nine highly variable regions; V1 to V9, but V4 and V9 regions are the best candidates 
(Stoeck et al., 2010; Pawlowski et al., 2012; Zimmermann et al., 2015). Both of them are 
the most variable regions of the 18S rRNA gene, however, the V4 region is strongly 
approximated to the variability of the entire 18S gene (Dunthorn et al., 2012). The V4 
represents the largest and most complex of the highly variable regions within the 18S 
locus, while its length ranges 390–410 bp long fragment of the 1800 bp long 18S rRNA 
gene (Nelles et al., 1984; Nickrent and Sargent, 1991). The efficiency of using the V4 
region in environmental studies is due to its ease of amplification with the universal 
primers and its ability identification to the species level. The 18S rRNA gene is 
distinguished by its high representation in databases and more extensive compared with 
other genetic markers (Zimmermann et al., 2011). 

On the other side, rbcL marker also demonstrated the ability to distinguish among 
diatom taxa and study of the phylogenetic (Trobajo et al., 2010; MacGillivary and 
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Kaczmarska, 2011; Rimet et al., 2018; An et al., 2018). Use the rbcL gene as a genetic 
marker is recommend due to its ease of amplification and alignment, and low 
susceptibility to contamination by heterotrophic pollutants (Evans et al., 2007; 
MacGillivary and Kaczmarska, 2011). Furthermore, it affords better resolution 
recognition of diatom species than 18S rRNA, in addition to it lacks long branch artefacts 
among its phylogeny and not influenced by sequencing errors (Beszteri et al., 2001; 
Lenaïg Kermarrec et al., 2013; An et al., 2017). Despite of it is appropriate as a marker 
for the study of taxonomy and phylogenetic analyses of benthic diatoms, it is more 
conserved than the 18S rRNA gene and failed to cluster the entire diatoms assemblage 
(Guo et al., 2015; An et al., 2017). 

Metagenomics- next-generation sequencing applied in diatoms study 

Next-generation sequencing (NGS) is the most effective technique to analyze diatom 
community structures and functions, where render it possible in a short time, less effort 
and minimal cost (Visco et al., 2015). It enables the rapid and accurate classification of 
benthic diatom and contributes extremely to study the biodiversity. It can also reveal 
hidden and small cells that cannot appear under the microscope (Zhan et al., 2013). NGS 
includes various platformers and three of them were commoly applied in diatom studies, 
Roche 454 System, Ion torrent and Illumina sequencer. 

The 454 pyrosequencing was applied to study microbial communities in various 
environments for different purposes (Tedersoo et al., 2010; Cheval et al., 2011; Mayo et 
al., 2014; Groendahl et al., 2017). It was a convenient tool for the taxonomic 
characterization of diatom communities and within the context of biomonitoring 
(Zimmermann et al., 2011; Kermarrec et al., 2013; Lenaïg Kermarrec et al., 2014; 
Nanjappa et al., 2014; Piredda et al., 2018). Ion Torrent Personal Genome Machine 
(PGM) has been used for structure and function analyses of fungal, bacterial and archaeal 
communities (Whiteley et al., 2012; Kemler et al., 2013; Groendahl et al., 2017). Most 
diatoms studies that applied HTS by Ion Torrent machine, targeted rbcL gene, compared 
the ability of the molecular approach to assess the composition of diatom community, 
quality indices (the Specific Pollution sensitivity Index (SPI)) score and ecological status, 
to the ones generated by the morphology-based method (Rivera et al., 2017; Rivera et al., 
2018; Bailet et al., 2019). The third platform which used for studying diatom was Illumina 
platform, it which has been used combined with the rbcL in most studies to explore the 
structure and diversity of diatom community with estimating the environmental condition 
and the effect of spatial and temporal changes on diversity and distribution of 
communities (Rimet et al., 2019; Tapolczai et al., 2019). Recently, most studies are 
targeted to describe benthic diatoms communities by using Illumina sequencer with rbcL 
or 18S rRNA gene (An et al., 2018, 2020; Mora et al., 2019; Bailet et al., 2020; Huang et 
al., 2020; Stoof-Leichsenring et al., 2020). 

Metagenomics applications 

Identification of microbial communities is followed by detecting their functional genes 
and metabolic activities, therefore, leading to employment of microbes to useful various 
applications. Metagenomics is an effective tool to achieve that and reveal the secrets of 
countless microbial communities. The metagenomic approach has the potential to 
improve knowledge in various fields, such as biomedicine, Agriculture, pharmaceutical, 
industrial and ecological applications (Fig. 3). 
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Figure 3. The various fields of metagenomic applications 
 
 

In biomedical sciences, metagenomics has been used to develop strategies of novel 
diagnostic and treatment after describing the human microbiome role in healthy and 
patient individuals and also in populations. Zhao et al. (2021) presented a description of 
the relationship between the gut microbiome of patients with lung cancer and the clinical 
outcomes of chemotherapy based on the metagenomic analysis. Although most of the 
natural and bioactive compounds of marine microbes remain unknown to date, 
metagenomics was able to identify microbial communities, that have diverse biosynthetic 
capacities, and then the uncovering some distinct biocatalysts that were used in 
biotechnological applications (Turnbaugh and Gordon, 2008; Jeon et al., 2009; Coughlan 
et al., 2015). It was also utilized for explorating enzymes from nature to be taken 
advantage of in industrial applications, such as cellulase, lipase and protease (Lopez-
Lopez et al., 2014; Schröder et al., 2014; Pessoa et al., 2017). Furthermore, metagenomics 
has been used in marine biomonitoring field through study the microbial community 
during an intense dinoflagellate bloom (Nowinski et al., 2019). Using the metagenomic 
method in agriculture applications helped in monitoring the ecological status and the early 
detection of problems affecting the microbial population in agricultural environments 
(Goss-Souza et al., 2019). In addition to these applications, there is a wide spectrum of 
research areas that have utilized metagenomics. 

Accordingly, it is expected that diatom applications based on metagenomics will 
discover completely unknown components, functions and characteristics for various 
diatom species, as well as detailed information on previously studied functions with other 
methods. 

Conclusion 

Marine ecosystems tend to be rich in bioactive compounds produced by various marine 
microorganisms. Diatoms are one of the most common and more active microorganisms 
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found in the seawater. They have, however, received insufficient attention due to used 
classical methods limitations. The advancement of molecular methods and their 
effectiveness for detecting microbial communities contributed to improve the output of 
microbial studies. Since the majority of marine microbes are not cultivable, the 
metagenomic method holds great promise for discovering their communities and novel 
applicable compounds of significant biological activities. It is expected that 
metagenomics will be used increasingly in the future to detect previously unknown 
diatom communities and to broaden the scope of diatom applications. Nevertheless, even 
with substantial advances in the development of molecular tools used for the assessments 
and monitoring of microbial diversity, the morphological approach remains critical in the 
eco-genomic era in species identification and detection. Finally, further research in 
metagenomics field is expected to provide new fascinating discoveries and exciting 
findings. 
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Abstract. Salinity is one of the major environmental factors limiting plant growth and development. Two 
cultivars (the native “Gansu,” GS; and the imported “Italian,” IT) of sainfoin (Onobrychis viciifolia 
Scop.) were exposed to two neutral salts (NaCl and Na2SO4) and two alkaline salts (Na2CO3 and 
NaHCO3) at concentrations ranging from 0-300 mM. After seven days seed germination rates and radicle 
and hypocotyl lengths were compared. Exposure only to 50 mM neutral salts did not affect significantly 
relative germination rates compared to control (0 mM). In contrast, higher concentrations of neutral salts 
and alkaline salts significantly inhibited germination rates and reduced radicle and hypocotyl lengths. 
Although the two cultivars were visually similar in appearance and had similar patterns in response to 
saline and alkaline stresses, GS had relatively higher threshold germination concentration compared to IT, 
and the radicles and hypocotyls of seedlings grown under NaCl and Na2SO4 were longer than for IT, 
indicating that GS is more salt-tolerant. Under neutral salt stress, the recovery germination percentage 
increased with higher salt concentration. However, under alkaline salt stress, the recovery germination 
percentage sharply decreased with increasing salt concentration. These results suggest that the damage 
caused by alkaline salts is more severe than those caused by neutral salts. The present study provides 
novel insights into the responses of seed germination to different types of salinity in an important forage 
species. 
Keywords: forage, germination rate, hypocotyl, radical, physiological response 

Introduction 

Abiotic stress seriously affects plant growth and development, resulting in crop 
failure and reducing average crop yields worldwide (Muscolo et al., 2014; Khalil et 
al., 2016; Partheeban et al., 2017; Niu et al., 2018). Salinity is one of the most 
important abiotic factors and impacts almost every aspect of plant biochemistry and 
physiology, from seed germination and seedling growth to the final production and 
yield from mature crops (Lu et al., 2010; Gebremedhn and Berhanu, 2013; Radic et 
al., 2019). Exposure of seeds to saline conditions may compromise subsequent 
seedling establishment (Albuquerque and Carvalho, 2003; Ahmadvand et al., 2012). 
Indeed, salinization has already affected over 800 million hectares of land, 
approximately 6% of the total land area worldwide (Munns and Tester, 2008; Wu et 
al., 2015a). 

Assessing salt tolerance of seed germination is extremely important because 
successful establishment depends entirely on seed germination, and seeds with more 
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rapid germination under saline conditions are expected to establish faster and 
accumulate more biomass (Gorai and Neffati, 2007; Petrovic et al., 2016). One of the 
most common experiments to study seed germination sensitivity to salinity involves the 
application of NaCl, Na2SO4, Na2CO3, and NaHCO3 to seed and seedling media (Zahra 
et al., 2011; Idris and Ali, 2015; Hu et al., 2018; Li and Zhao, 2018). 

Sainfoin (Onobrychis viciifolia Scop.) is one of the most bloat-safe forage legume 
crops with high tannin levels, and it is renowned for its medicinal value to grazing 
animals (Mohajer et al., 2014). Recently, various studies have characterized the 
environmental preferences, agronomy, plant-microbial interactions, and crop protection 
of sainfoin (Okcu and Topaloglu, 2019). Sainfoin is an important forage species in 
agriculture preferred by farmers over other forage legumes. It is widely distributed 
throughout the arid and semi-arid areas of northern China, Europe, and Russia 
(Baldinger et al., 2014; Wu et al., 2017; Cirujeda et al., 2019). Since meat products have 
become more popular as people’s living standards have improved, increasing forage 
crops will be crucial in increasing livestock production. However, in some areas, 
development of forage crops is negatively affected by abiotic stress. As a result, forage 
plants may become the focus of breeding programs, particularly for developing salt-
tolerant varieties. For sainfoin cultivation, the most important problem is poor 
germination (Okcu and Topaloglu, 2019), which always results in undesirable 
establishment and, occasionally, in crop failure (Abbasdokht et al., 2014; Radic et al., 
2019). Our previous studies showd that low salt (5-50 mM NaCl) did not affect plant 
growth of sainfoin, whereas high salt (100 and 200 mM) significantly limited its growth 
(Wu et al., 2017). Recently, it was reported that the damages caused by alkaline 
(Na2CO3) stress on the growth of sainfoin plants were more serious than those caused 
by saline-alkaline (NaCl: Na2CO3) stress (Wu et al., 2021). However, the studies on 
effects of neutral and alkaline salts on seed germination and early seedling growth of 
sainfoin have been rarely performed. 

The objective of this work was to investigate and compare the effects of two 
common salt stress factors, neutral salinity (NaCl and Na2SO4) and alkaline salinity 
(Na2CO3 and NaHCO3), on seed germination and seedling growth of two sainfoin 
cultivars. The results of the present study would not only provide novel insights into the 
responses of seed germination to different types of salinity in forage species, but also 
provide a practical basis for improvement and utilization of saline soil. 

Materials and methods 

Plant materials 

This study was carried out in the Lab of Plant Physiology and Ecology at Lanzhou 
University of Technology, Lanzhou, Gansu Province, China, from March through 
December, 2019. The seeds of sainfoin (O. viciifolia Scop.) cultivars “Gansu” (GS, 
native breed) and “Italian” (IT, imported breed) were purchased from Lanzhou 
Nongfeng Seed and Seedling Technology Co., Ltd. and Gansu Mammoth Agriculture 
Co., Ltd., respectively. The seeds of these two cultivars are very similar and cannot be 
distinguished based on appearance. The masses of 1000 seeds of GS and IT were 
23.03 and 21.07 g, respectively. Prior to the experiment, excessively large or small 
seeds were discarded, and seeds of uniform size were collected for the germination 
experiments. Seeds were kept in a cold chamber at 4 °C until the start of the 
experiments. 

http://dict.youdao.com/w/eng/purchase/#keyfrom=dict.basic.discriminate
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Germination test 

A total of four salinity types (NaCl, Na2SO4, Na2CO3, and NaHCO3) were applied. 
Seeds of GS and IT were exposed to two neutral salinities (NaCl and Na2SO4) and two 
alkaline salinities (Na2CO3 and NaHCO3) at 0, 50, 100, 200, 250, and 300 mM during a 
seven-day period and their germination assessed. 

Seeds were first surface sterilized in a 3% sodium hypochlorite solution for 8 min, 
then rinsed with the sterile distilled water five times, soaked in the distilled water for 
12 h, and briefly dried on filter paper. Fifty seeds were randomly placed on 9-cm 
diameter Petri dishes with three layers of filter paper wetted with 12 mL of the 
treatment solutions. The filter paper and solutions were changed each day. Petri dishes 
were randomly placed in the dark in a precision incubator that maintained the 
temperature at 18 °C. Three independent replicates were conducted for each treatment. 

After 7 d of salt exposure, ungerminated seeds were transferred to Petri dishes with 
only distilled water and incubated at 18 °C for an additional 6 d. 

 
Data collection 

Seeds were considered to have germinated when their radicle length was at least 1 mm. 
The number of seeds germinated on each Petri dish was recorded daily during the seven-
day salinity exposure. The hypocotyl and radicle lengths were measured using a ruler on the 
seventh day. The germination rate (GR) was calculated according to Hu et al. (2018) as 

 

 
a

(%) 100GR
b

=   (Eq.1) 

 
where a is the number of germinated seeds and b is the number of total seeds per 
treatment. The recovery germination percentage (RGP) was calculated as 

 

 (%) 100
c

RGP
d

=   (Eq.2) 

 
where c is the number of newly germinated seeds in recovery test, and d is the number 
of seeds transferred to the distilled water treatment (Zhang et al., 2014). 

 
Statistical analysis 

Data analysis was performed using SPSS 22.0 (Chicago, USA). Two-way and three-
way ANOVAs using salinity type, salinity concentration, and cultivar, as the factors were 
performed to analyze the differences among the four salinity types, the seven salinity 
concentrations, the two cultivars, and their interactions. Duncan’s Multiple Range tests 
were used to determine significant differences between means at the P < 0.05 level. 

Results 

Effects of neutral and alkaline salts on seed germination rate 

We compared the effects of different concentrations of neutral salinities (NaCl and 
Na2SO4) and alkaline salinities (NaHCO3 and Na2CO3) on the time courses of seed 
germination (Figs. 1 and 2). 
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Figure 1. Time course of seed germination of the sainfoin cultivar “Gansu” (GS) subjected to 
NaCl (a), Na2SO4 (b), Na2CO3 (c), and NaHCO3 (d) in various concentrations (0, 50, 100, 150, 
200, 250, and 300 mM) during a seven-day period. Fifty seeds were pooled in each replicate 

(n = 3). Values are mean ± standard error (SE), and error bars represent SE 
 
 

 

Figure 2. Time course of seed germination of the sainfoin cultivar “Italian” (IT) subjected to 
NaCl (a), Na2SO4 (b), Na2CO3 (c), and NaHCO3 (d) in various concentrations (0, 50, 100, 150, 
200, 250, and 300 mM) during a seven-day period. Fifty seeds were pooled in each replicate 

(n = 3). Values are mean ± standard error (SE), and error bars represent SE 
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GS had a higher rate of seed germination than IT under both normal (no added salts) 
and saline treatments. At the end of the experiment on the seventh day, the highest 
germination rate under NaCl exposure for both cultivars occurred with the 50 mM NaCl 
treatment, followed by 100 mM in GS and 0 mM in IT. Germination rates were 
significantly reduced by higher salt concentrations in both GS (200, 250, and 300 mM) 
and IT (100, 150, 200, 250, and 300 mM) compared to control (0 mM) (Figs. 1a and 
2a). Under Na2SO4 treatments, the concentration of 50 mM did not affect germination 
rate in either GS or IT, while higher concentrations (100–300 mM) significantly 
decreased germination rate in both cultivars compared to the control (0 mM) (Figs. 1b 
and 2b). Under 50 mM Na2CO3 treatment, GS began to germinate on the first day, while 
IT did not begin to germinate until the third day. By the seventh day, the 50 mM 
concentration of Na2CO3 significantly reduced gemination rates of GS and IT by 52.9% 
and 67.9%, respectively, compared to the 0 mM control concentration, whereas high 
concentrations (100-300 mM) completely inhibited germination in both cultivars 
(Figs. 1c and 2c). Under NaHCO3 treatment, germination rates were reduced 
significantly both in GS and IT by 50 mM concentration over a seven-day period 
compared to the 0 mM control. Exposure to 100 mM NaHCO3 observably decreased 
germination rates in GS and IT to levels significantly lower than at a concentration of 
50 mM. Both cultivars maintained lower germination rates when exposed to 150 mM 
NaHCO3, and germination was almost completely inhibited under high concentrations 
(200, 250, and 300 mM) of NaHCO3 throughout the seven days of treatment (Figs. 1d 
and 2d). 

The effects of salt exposure on relative gemination rate in the two cultivars were 
further analyzed. Under neutral salts (NaCl and Na2SO4), the relative germination rates 
both in GS and IT remained unchanged at 50 mM, but relative germination rate decreased 
significantly with increasing salt concentration from 100 to 300 mM (Fig. 3a, b). 

Interestingly, the relative germination rate of GS was higher than IT under both NaCl 
and Na2SO4 treatments. Furthermore, Na2SO4 had a stronger inhibitory effect on seed 
gemination than NaCl, especially at high concentrations. Under alkaline salts (Na2CO3 
and NaHCO3), the increasing of salt concentration reduced significantly the relative 
germination rates, reaching zero at 100 mM Na2CO3 and 200 mM NaHCO3 (Fig. 3c, d), 
indicating that Na2CO3 more strongly inhibited seed germination than NaHCO3. The 
relative germination rate of GS was significantly higher than that of IT when exposed to 
50 and 100 mM NaHCO3 (Fig. 3d). Moreover, the results of the two-way ANOVA 
showed that the effects of salinity type, salinity concentration, and their interaction on 
germination rates were significant in GS. However, in IT, both salt type and salt 
concentration had significant effects on germination of IT, but the interaction between 
salt type and salt concentration was not significant (Table 1). 

 
Table 1. Two-way ANOVA of effects of salinity type and salinity concentration on 
germination rate and lengths of the hypocotyl and radicle in two sainfoin cultivars, “Gansu” 
(GS) and “Italian” (IT), exposed to salinity stress 

Variable and source of variation 

GS IT 

Germination 
rate 

Hypocotyl 
length 

Radicle 
length 

Germination 
rate 

Hypocotyl 
length 

Radicle 
length 

Salinity type (df = 3) 24.685** 14.698** 27.350** 7.886** 29.865** 1.036 

Salinity concentration (df = 6) 62.195** 54.182** 123.842** 62.236** 63.289** 23.219** 

Salinity type × concentration (df = 18) 3.130** 6.363** 3.310** 1.536 4.466** 1.345 

*P < 0.05; **P < 0.01 
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Figure 3. Germination rates of seeds in two sainfoin cultivars “Gansu” (GS) and “Italian” (IT) 
after subjected with NaCl (a), Na2SO4 (b), Na2CO3 (c), and NaHCO3 (d) of various 

concentrations (0, 50, 100, 150, 200, 250, and 300 mM) for 7 d. Fifty seeds were pooled in each 
repeat (n = 3). Values are mean ± standard error (SE) and error bars represent SE 

 
 

Effect of neutral and alkaline salts on growth of hypocotyl and radicle in two sainfoin 

cultivars during seed germination 

To explore effects of different kinds of salts on seedling growth after seed 
germination, the lengths of hypocotyl and radicle were measured at the end of the 7-day 
salt exposure. As shown in Table 2, under neutral salts, all concentrations (50-300 mM) 
significantly reduced the lengths of hypocotyl and radicle in both GS and IT compared 
to the control (0 mM). 

At the same salt concentration, the reduction of hypocotyl and radicle lengths by 
NaCl was less than by Na2SO4 in both cultivars. For example, at 300 mM NaCl and 
Na2SO4, hypocotyl length in GS was reduced by 89.9% and 94.9%, respectively, 
compared to control (0 mM). Under Na2CO3 stress, the minimum concentration 
needed to completely inhibit growth of both the hypocotyl and the radicle was 150 
mM in GS, but only 100 mM in IT. However, under NaHCO3 stress, the minimum 
concentration to completely inhibit growth was 200 mM in both cultivars (Table 2). 
The results of a two-way ANOVA showed that the effects of salt type, salt 
concentration, and the salt type × concentration interaction were significant for both 
hypocotyl length and radicle length in GS, but only for hypocotyl length in IT. 
Salinity type and salinity concentration had significant effects on radicle length in IT, 
but their interactive effect was not significant (Table 1). Further analysis showed that 
the hypocotyl and radicle growth under salinity stress varied among cultivars, salinity 
types, and salinity concentrations (Table 3). 
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Table 2. Effects of NaCl, Na2SO4, Na2CO3, and NaHCO3 of various concentrations (0, 50, 
100, 150, 250, and 300 mM) on growth of hypocotyl and radicle after seed germination in 
two sainfoin cultivars, “Gansu” (GS) and “Italian” (IT) 

Stress GS IT 

Salinity type 
Concentration 

(mM) 
Hypocotyl length 

(mm) 
Radicle length 

(mm) 
Hypocotyl length 

(mm) 
Radicle length 

(mm) 

NaCl 

0 26.33 ± 6.46a 82.56 ± 10.67a 24.00 ± 5.61a 74.78 ± 15.72a 

50 14.22 ± 7.64b 57.78 ± 12.57b 14.78 ± 3.59b 59.00 ± 8.27b 

100 5.00 ± 1.93c 49.56 ± 6.24c 7.33 ± 3.87c 41.67 ± 8.07c 

150 5.00 ± 3.16c 41.00 ± 7.22d 7.33 ± 4.24c 37.22 ± 8.75c 

200 3.33 ± 0.50c 25.67 ± 3.70e 3.78 ± 1.39cd 19.44 ± 6.38d 

250 3.33 ± 0.86c 10.33 ± 5.07f 3.11 ± 0.92d 11.44 ± 6.12de 

300 2.67 ± 1.00c 6.11 ± 2.36f 1.22 ± 0.44d 1.78 ± 0.83e 

Na2SO4 

0 26.33 ± 6.46a 82.56 ± 10.67a 20.67 ± 2.87a 72.00 ± 12.41a 

50 12.22 ± 2.22b 45.78 ± 10.45b 8.00 ± 4.47b 47.17 ± 7.80b 

100 7.11 ± 3.01c 39.89 ± 7.18b 4.00 ± 1.41c 35.17 ± 7.78b 

150 3.44 ± 0.88d 26.11 ± 3.75c 2.83 ± 0.75c 25.5 ± 7.71bc 

200 3.11 ± 1.26d 14.44 ± 7.41d 2.83 ± 0.75c 15.5 ± 1.97cd 

250 2.11 ± 0.60d 9.56 ± 3.84de 2.75 ± 1.25c 5.75 ± 1.89de 

300 1.33 ± 0.50d 4.00 ± 1.22e 1.00 ± 0.00c 2.00 ± 1.15e 

Na2CO3 

0 24.00 ± 1.87a 74.89 ± 5.22a 24.00 ± 1.87a 74.89 ± 7.29a 

50 10.88 ± 2.31b 11.00 ± 1.82b 10.44 ± 0.95b 10.22 ± 3.59b 

100 1.00 ± 0.00c 1.33 ± 0.33c - - 

150 - - - - 

NaHCO3 

0 24.00 ± 1.87a 74.89 ± 5.22a 24.00 ± 1.87a 74.89 ± 7.29a 

50 18.75 ± 1.50ab 18.13 ± 2.02b 13.67 ± 1.84b 11.67 ± 2.72b 

100 15.71 ± 1.14bc 5.71 ± 0.80c 17.00 ± 1.22b 4.33 ± 1.08b 

150 10.00 ± 1.22c 4.50 ± 0.95c 4.40 ± 0.92c 6.00 ± 1.54b 

200 - - - - 

Columns with different lowercase letters indicate significant differences at P < 0.05 (Duncan’s test) 

 
 
 
Table 3. A three-way ANOVA analysis of effects of salinity types, concentrations and 
cultivars on germination rates of seeds, and lengths of hypocotyls and radicles in sainfoin 
exposed to salinity stresses 

 Fv Fs Fc Fv × s Fv × c Fs × c Fv × s × c 

df 1 3 6 3 6 18 18 

Germination rate 318.878** 56.006** 198.717** 6.746** 2.123* 6.956** 1.791* 

Radicle length 0.221 33.282** 111.598** 7.848** 2.125* 8.340** 2.187* 

Hypocotyl length 0.355 8.523** 76.845** 2.326 2.002 1.984* 1.410 

Fv, comparison of two sainfoin cultivars; Fs, comparison of two types of salinity; Fc, comparison of 
four concentrations of salinity; Fs × c, comparison of two kinds of salinity and four concentrations of 
salinity; Fv × c, comparisons of two cultivars and four concentrations of salinity; Fs × v × c, 
comparisons of two cultivars, two kinds of salinity, and four concentrations of salinity 
*P < 0.05; **P < 0.01 

 
 

Seed germination recovery in two sainfoin cultivars after different types of salts 

stresses 

To evaluate how harmful different types of salts and different salt concentrations 
were on seeds, the seeds ungerminated after seven days of salt treatment were 
transferred to distilled water, and germination recovery was tested. As shown in 
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Figure 4, after Na2SO4 exposure, germination recovery increased with increasing salt 
concentration from 50 to 300 mM in both cultivars, and the among of increase was 
significantly less in IT than in GS. 

 

 

Figure 4. Recovery germination of seeds in two sainfoin cultivars “Gansu” (GS) (a) and 
“Italian” (IT) (b) subjected with NaCl, Na2SO4, Na2CO3, and NaHCO3 of various 

concentrations (50, 100, 150, 200, 250, and 300 mM) for 7 d 
 
 
After NaCl stress, the recovery germination percentage (RGP) maintained the stable 

levels with increasing salt concentration in both GS and IT. Compared to the two 
neutral salts, after exposure to two alkaline salts, RGP significantly declined with 
increasing salt concentration. Although germination recovery also occurred in alkaline 
salt treatments, RGP was very low, and the maximum RGP was only 5%. The RGP 
reached zero when the concentration of Na2CO3 was 100 and 150 mM in IT and GS, 
respectively. However, recovery germination did not occur in either GS or IT when 
concentrations of NaHCO3 exceeded 200 mM (Fig. 4a, b). These results suggest that 
alkaline salinities are more harmful to seeds of both sainfoin cultivars than neutral 
salinities. 

 
Threshold and critical salt concentrations for the germination of seeds and growth of 

hypocotyl and radicle in two sainfoin cultivars under different types of salts stresses 

As shown in Table 4, both threshold and critical salinity concentrations for seed 
germination were relatively higher under neutral salts than under alkaline salts for both 
cultivars. Under neutral salts, GS exhibited higher threshold concentrations of 200 mM 
NaCl and 150 mM Na2SO4 and higher critical concentrations of 250 mM NaCl and 
200 mM Na2SO4, whereas IT showed relatively lower threshold and critical 
concentrations. Under alkaline salts, GS displayed the same threshold and critical 
concentrations as IT in both Na2CO3 and NaHCO3 conditions (Table 4). 

Discussion 

The different effects of neutral and alkaline salinities on seed germination and 

recovery of two sainfoin cultivars 

Both neutral and alkaline salts inhibited seed germination, with germination 
significantly reduced with increasing salt concentrations (Figs. 1 and 2). For example, 
the germination rate of GS under 50 mM of neutral salts was as high as the control 
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(0 mM) (>80%) (Fig. 1a, b), and the length of the radicle and hypocotyl exceeded 12 
and 45 mm, respectively (Table 2). However, few seeds germinated (<30%) at a 
concentration of 300 mM (Fig. 1a, b), and the lengths of the hypocotyl and radical at 
this high salt concentration were reduced by more than 90% (Table 2). In alkaline 
salinities, hypocotyl and radicle length were reduced to zero (Table 2). Similar results 
were also found in Haloxylon ammodendron (Huang et al., 2003), in which the 
germination rate gradually declined with increasing salinity concentrations. 

 
Table 4. The threshold and critical salt concentration for the seed germination, and the 
hypocotyl and radicle growth in two sainfoin cultivars “Gansu” (GS) and “Italian” (IT) 
exposed to different salts stresses 

Cultivars Salinity 
Threshold salinity concentration (mM) Critical salinity concertation (mM) 

Germination Hypocotyl Radicle Germination Hypocotyl Radicle 

GS 

NaCl 200 50 50 250 100 150 

Na2SO4 150 50 50 200 50 100 

Na2CO3 50 50* 50* 50 50 50 

NaHCO3 100 100 50* 100 100 50 

IT 

NaCl 150 50 50 250 100 150 

Na2SO4 100 50 100 200 50 100 

Na2CO3 50 50 50* 50 50 50* 

NaHCO3 100 50 50* 100 150 50 

Threshold salinity concentration is defined as the highest level of salinity resulting in non-significant 
decrease, and the critical salinity concertation is defined as the level of salinity resulting in a 50% 
decrease of seed germination or lengths of hypocotyls and radicles. “*” represents significant decrease 
compared to the control from 50 mM salinity concentration 

 
 
It is well-known that neutral salts and alkaline salts impose distinct types of stresses 

(Shi and Sheng, 2005). Plants exposed to alkaline conditions experienced not only ionic 
stress but also high pH stress, which aggravates the effects of ionic toxicity and osmotic 
stress on seeds and damages the seed embryo (Yang et al., 2009). In the present study, 
the differences between neutral and alkaline salinities were further investigated. It is 
clear that alkaline salinity was more harmful than neural salinity to sainfoin seed 
germination and seedling growth (Table 2). Both GS and IT cultivars had higher 
germination under neutral salinities (NaCl and Na2SO4) than under alkaline salinities 
(NaHCO3 and Na2CO3). Under Na2CO3, seeds germinated only at a concentration of 
50 mM. Similarly, under NaHCO3 stress, germination did not occur at concentrations 
exceeding 150 mM. However, at even 300 mM concentrations of NaCl and Na2SO4 
seeds still germinated (Figs. 1 and 2). Additionally, sainfoin exhibited a relatively 
higher threshold concentration of neutral salts than alkaline salts during germination. 
The threshold concentrations of NaCl and Na2SO4 for GS germination were 200 and 
150 mM, while the corresponding thresholds of alkaline salts (Na2CO3 and NaHCO3) 
were 50 and 100 mM, respectively. However, for germination of the IT cultivar, the 
critical concentrations of NaCl and Na2SO4 were 250 and 200 mM, while the 
corresponding critical concentrations of alkaline salts (Na2CO3 and NaHCO3) were 50 
and 100 mM, respectively (Table 4). These results suggest that damage caused by 
alkaline salts is more serious than those caused by neutral salts. In previous studies, it 
was observed that the damage due to alkaline salts are often more complex, and the 
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process and degree of damage, as well as the breakdown of ecological performance, are 
more severe than those due to neutral salts (Yang et al., 2009). 

In the neutral salt treatments, the recovery germination percentage increased with 
increasing salt concentration (Fig. 4). For instance, the recovery percentages in GS 
increased from 5% to 40% under Na2SO4, with the maximum recovery germination 
percentage occurring after exposure to 300 mM, indicating that neutral salts only 
temporarily inhibited seed germination in sainfoin. However, under alkaline salt stress, 
the recovery germination percentage sharply decreased with increasing salt 
concentrations. In addition, both cultivars exhibited lower recovery germination 
percentage in alkaline conditions compared to neutral salinity conditions (Fig. 4). These 
results implied that alkaline salinity not only temporarily inhibited seed germination but 
also led to prolonged toxicity. 

 
The different tolerance to salt stresses in two sainfoin cultivars 

Both neutral and alkaline salinity stresses led to reduced germination rate with 
increasing salt concentration. The reduction in germination was proportional to the 
concentration of Na+, with more Na+ leading to lower rates of germination (Hu et al., 
2018). Under neutral salt conditions, the germination curve of 250 mM in NaCl almost 
coincided with that of Na2SO4 at 200 mM in both GS and IT. Similarly, under alkaline 
conditions, the germination curve of 50 mM in Na2CO3 was almost the same as that of 
NaHCO3 at 100 mM (Figs. 1a, b and 2a, b). These results demonstrated that Na+ might 
be toxic to seed germination. Na+ has been reported to have a physiological role in 
seedlings of sugar beet (Wu et al., 2015b), and high absorption of Na+ inhibited and 
decreased germination rate (Carpýcý et al., 2009). Toxicity of Na+ may therefore be the 
main cause of reduced germination with increasing salinity concentration. 

Salt tolerance has been shown to differ during seed germination and vary among 
different plant varieties (Hu et al., 2018). Although GS and IT exhibited a very similar 
appearance and displayed the same patterns of response to saline and alkaline stresses, 
there were nonetheless obvious differences in salt tolerance between the two cultivars. 
GS was more tolerant to neutral salt stress during germination, as the germination rate 
showed a relatively higher threshold concentration compared to IT (Table 4). 
Additionally, the radicles and hypocotyls of seedlings grown under NaCl and Na2SO4 
were also longer in GS than in IT. These results confirmed that GS was more tolerant to 
NaCl and Na2SO4. However, both GS and IT experienced sharp reductions in 
germination at higher concentrations of alkaline salts (Fig. 3), which was exemplified 
by the lower critical concentration at 50 mM Na2CO3 and at 100 mM NaHCO3 
(Table 4). These results implied that sainfoin is extremely sensitive to alkaline 
conditions. 

It is well documented that the role of the seed coat is to protect the embryo from 
harmful environmental conditions (Wierzbicka and Obidzińska, 1998; Yang et al., 
2012). The effect of abiotic stress on seed germination of different crop cultivars 
depends upon different seed structures (Wierzbicka and Obidzińska, 1998; Ashraf and 
Foolad, 2005). In general, a solid seed coat can protect the seed embryo from salt 
toxicity, particularly because of its wide variability in structure compared to other 
tissues or organs (Wierzbicka and Obidzińska, 1998). The seed coat, therefore, is the 
major barrier to salinity stress, and it prevents embryo toxicity prior to seed coat 
degradation by the germinating embryonic roots (Hu et al., 2018). As the two sainfoin 
cultivars have similar structures of seeds, the reason for the stronger salinity tolerance 
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of GS compared to that of IT may be attributed to its higher quality seeds (i.e. the 
heavier mass of 100 seeds), which can hold more dry matter and more energy in the 
seed embryo. 

Conclusions 

Different types of salts inhibited seed germination and growth of hypocotyls and 
radicles, with increasing inhibition with increasing salt concentrations. Salts affected 
sainfoin germination and early growth in the following order: 
Na2CO3 > NaHCO3 > Na2SO4 > NaCl. Neutral salinity only temporarily inhibited 
germination, whereas alkaline salinity temporarily inhibited germination during 
exposure but also proved toxic to sainfoin seeds even after removal of the salts. Thus, 
the effects of neutral salinity and alkaline salinity were different, and damage due to 
alkaline salinity was more severe than that of neutral salinity. GS seeds germinated and 
grew more rapidly compared to IT seeds under saline-alkaline stress, suggesting that GS 
is more salt-tolerant. However, the molecular mechanisms underling the response of 
sainfoin to saline-alkaline stress need to be addressed in the future research. 
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Abstract. Black carp (Mylopharyngodon piceus), grass carp (Ctenopharyngodon idella), silver carp 

(Hypophthalmichthys molitrix) and bighead carp (Aristichthys nobilis) are the four major Chinese carps and 

are migratory fishes living in rivers and lakes in the Yangtze River of China. The flow regime alternation 

of rivers has an impact on the spawning and reproduction conditions of four major Chinese carps in the 

lower reaches of the Three Gorges Reservoir. To investigate the changes in hydrological conditions and 

spawning and reproduction performances of four major Chinese carps during their spawning period before 

and after impoundment of Three Gorges Reservoir, a quantitative analysis of the relevance between such 

hydrological parameters as flow, water level, sediment concentration and water temperature of Yichang 

Station and larva runoff of the four species during their spawning period was carried out. As suggested by 

the results, when four major Chinese carps are spawning, the proper hydrological parameters would be 

11,000-15,000 m3/s for flow, 43.0-46.0 m for water level, 0.01-0.21 kg/m3 for sediment concentration and 

4-8 d for water rise, and 22-24℃ for water temperature. Among those values, water rise and sediment 

concentration appear to be in significant positive correlation with the larvae abundance of four major 

Chinese carps, and thus remain critical factors. After the impoundment of Three Gorges Reservoir, the 

declining trend in flow, water level and water temperature during the spawning period of four major Chinese 

carps is not significant when compared with that in sediment concentration (by over 98%). The spawning 

and reproduction time of four species also gets retarded due to the late-coming proper water temperature, 

so does the spawning scale. The proportions of four carps also change a lot, with silver carp ascending to 

be at the highest ratio among them. This study can provide a reference for the protection of important fishes 

in the lower reaches of Three Gorges Reservoir. 

Keywords: Three Gorges Reservoir, Yichang Station, eco-hydrological conditions, four major Chinese 

carps, spawning ground 

Introduction 

In past decades, hydraulic engineering, a much-disputed human activity, is gaining 

more and more attention (Ban et al., 2014). On one hand, it does bring economic benefits 

such as flood control, irrigation, power generation, shipping, industry and urban domestic 

water to human beings (Poff et al., 1997; Jiang et al., 2014); on the other, it also changes 

mailto:guowenxian163@163.com
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the natural hydrological conditions of rivers and overturns their original continuity, 

producing some negative effect on the species composition and adaptability of 

biocoenosis within the reaches in question (Cai et al., 2018; Grill et al., 2019). As the 

hydraulic engineering development gets enhanced, the original hydrological conditions 

of rivers will definitely suffer a more severe impact, and the balance of riverine ecosystem 

will be thus destroyed (Xue et al., 2017). As a result, to study the impact of hydraulic 

engineering development on hydrological conditions and ecology of rivers turns out to be 

a hot spot in the current riverine eco-hydrology research field (Li et al., 2011; Wang et 

al., 2018). 

Three Gorges Reservoir is situated at the middle reaches of Yangtze River. Within its 

downstream segment from Yichang to Chenglingji, there is a spawning site for the 

important commercial fishes, namely “four major Chinese carps” which accounts for 42.7% 

of total spawning capacity along the River. This is one of the most important natural 

reproduction zones for Chinese carps in Yangtze River (Guo et al., 2011; Li et al., 2013). 

The impoundment at Three Gorges Reservoir has produced a significant effect on the 

spawning and reproduction of four major Chinese carps, which is analyzed by some 

scholars. Li et al. (2012) deduced the principal hydrological parameters affecting 

spawning activity of fishes by figuring out the flow demand of four major Chinese carps 

in Yangtze River by using the variational method. By defining a series of water 

temperature parameters, Cai et al. (2017) analyzed the change in reproduction time of 

four major Chinese fishes and water temperature parameters before and after the 

impoundment of Three Gorges Reservoir and suggested that low temperature of 

discharging water may be held responsible for the delay of reproduction time. Peng et al. 

(2012) revealed the possible adverse effect of dissolved gas supersaturation resulting 

from post-impoundment flood discharge at Three Gorges Reservoir on the spawns and 

larval fishes of four major Chinese carps. Apart from those, there are also some other 

related studies (Zhao et al., 2012; Yang et al., 2017). 

Fish conservation has been the focus of discussion on many environmental issues. The 

construction of reservoir dam has changed the natural rhythm of surface runoff, resulting 

in significant changes in the physical environment, chemical environment, biome 

structure and function of river ecosystem (Chen et al., 2017; Herath et al., 2020). 

According to statistics, 85 of the 113 major rivers in Canada, the United States, Europe 

and the former Soviet Union were affected by major construction, resulting in changes in 

downstream hydrological processes, fragmentation or disappearance of aquatic habitats, 

and declining fish diversity and resource levels (Li et al., 2018). Over the past hundred 

years, dam construction has led to the threat or extinction of nearly 1,800 species of 

identifiable freshwater fish worldwide (Agostinho et al., 2008; Dai et al., 2017). At 

present, the impact of hydropower development on fish has become the focus of attention 

of all sectors of society, and the protection of fish habitat has become an important part 

of the ecological protection system of hydropower engineering construction (Feng et al., 

2013; Zhang et al., 2017, 2018). 
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Since a majority of previous studies concentrate on single hydrological parameter, 

whereas spawning and reproduction behaviors of four major Chinese carps are under the 

influence of multiple factors. In this study, the hydrological parameters and the larvae 

runoff monitoring data downstream Three Gorges Reservoir were investigated to evaluate 

the impact of the eco-hydrologic conditions of Three Gorges Reservoir on the spawning 

activity of four major Chinese carps. Our objectives were (1) to determine the correlation 

between the hydrological conditions and the spawning activity of four major Chinese 

carps; (2) to analyze the variation of hydrological conditions during spawning period of 

four major Chinese carps before and after impoundment at Three Gorges Reservoir; (3) 

to assess the impacts of Three Gorges Reservoir on the spawning and reproduction 

activities of four major Chinese carps. The study can provide a theoretical basis for 

rvierine ecosystem protection of the Yangtze River. 

Study area and methods 

Sampling location and time 

The present study selected the spawning site of four major Chinese carps in lower 

reaches of Three Gorges Reservoir as the research area. Ever since the founding of the 

People’s Republic of China, three influential investigations concerning the reproductive 
habits, spawns, larval fish development, spawning site distribution, and spawning scale 

of four major Chinese carps have been conducted during 1958-1966, 1981-1986 and 

1997-2010, respectively. During those investigations, a great number of monitoring data 

were generated. In accordance with a survey by Institute of Hydrobiology, there were 

altogether 30 spawning sites for four major Chinese carps in Tianjia Township from 

Chongqing to Hubei before Gezhou Dam Hydro-Junction was built, among which 11 

were located in the segment from Yichang to Chenglingji with 42.7% of total spawning 

quantity along the river. Those spawning sites are the habitats of spawning and 

reproduction for four major Chinese carps with critical ecological functions and constitute 

important eco-functional regions in the biological resources of Yangtze River. After 

Gezhou Dam was completed, the major spawning sites above the dam include Xinshi 

Township, Pingshan, Anbian, Chongqing, Changshou, Wuling, Gaojia Township, 

Zhongxian County, Wushan, Badong and Liantuo, while those below the dam are 

Yichang-Zhicheng Cross-section, Jingshan-Jianli Cross-section, Chenglingji-E’Cheng-

Wuxue Cross-section, Jiujiang-Hukou-Pengze Cross-section. From Yichang to 

Chenglingji along Yangtze River, there are 10 spawning sites for four major Chinese 

carps, among which 9 are located at Jianli and the cross-sections above it. The relative 

positions of spawning sites are demonstrated in Fig. 1. 
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Figure 1. Distribution of spawning sites of four major Chinese carps in middle reaches of 
Yangtze River 

 

 

In the Yangtze River, silver carp usually reproduce in late April to early July, and 

middle May to middle June is the best time for breeding (Yi et al., 1988). The breeding 

activity of bighead carp is usually from May to July, slightly later than that of silver carp. 

The reproductive period of grass carp is usually earlier than that of black carp. Generally 

spawning begins in late April or early May and ends in late June or early July. The 

spawning period of black carp is from May to July, a little later than that of grass carp 

and silver carp. Spawning requirements of four major Chinese carps are specific and 

rigorous: they typically spawn in large and turbid rivers; the lowest water temperature for 

spawning is 18°C, with a peak occurring at 21–24°C; an increase in the river flow is the 
key triggering factor to spawning. Eggs and larvae need to drift in the freeflowing river 

reaches for at least 100 km until they grow large enough to migrate into the nursery 

habitats of connecting lakes, such as Dongting Lake and Poyang Lake (Zhang et al., 2000; 

Chen et al., 2009). 

The spawning grounds of four major Chinese carps are generally located in the area of 

curved river, wide and narrow river surface and complicated riverbed topography, or there 

are sandbars and reefs in the middle of the river, or sandy beaches and rocky beaches 

along the river. In these regions, the flow direction and velocity are various, and the flow 

pattern is extremely turbulent. Special environmental conditions form complex and 

diverse flow characteristics, which provide the environmental factors needed for the fish 

to spawn. Figure 2 are the photos of the typical spawning grounds. 
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Figure 2. The photos of typical spawning grounds 

 

 

Data and statistical analysis 

Survey and monitoring of carps’ larvae 

Every year from 1997 to 2005, sampling was conducted daily between May 1 and 

June 30. Samples were collected twice daily, once between 9:00 and 11:00, and once 

between 15:00 and 17:00. The gears used for capture of larvae were a ring net and a trap 

net. A ring net was used to gather larvae and eggs from different water depths. The ring 

net consisted of a round mouth formed by a steel loop (diameter=50 cm; area=0.1963 m2), 

a conical net and a collection bucket. The netting was made of fine silk with the grid size 

of 0.5 mm. A steel frame supported the whole body. A flow meter was fixed in the mouth 

of the net. A large weight was attached to the bottom of the frame to assist sinking the net 

into the flowing water. Trap nets were used to collect eggs and larvae from near water 

surface in littoral areas. 

The underlying data for this study are measured hydrological data and seedling 

monitoring data for the spawning period of fish in protected areas for 2009-2016, and the 

sources and related processing of the data are as follows: Since 2009, the Yangtze River 

Fisheries Research Institute of the Chinese Academy of Aquatic Sciences has carried out 

routine monitoring of fish resources in protected areas, including the monitoring points 

of the early fish resources in the upper reaches of the Yangtze River in the Jiangjin district 

of several river sections (E106°15°, N29°18'), fish eggs are collected from May 1 to 

July 10, each day from 09:00-11:00 a.m. and 15:00-17:00 p.m. 
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Data processing and evaluation 

The field data should record the parameters of water depth, current velocity and 

sediment of each fish sample. Fish samples were clearly classified by species and age, 

and their length and weight were recorded. At the same time, other habitat parameters 

such as type of deep pool, cover or shelter were recorded. Figure 3 is the distribution of 

the current velocity in the spawning ground of a certain fish in a river. Unless the observed 

data is very large, the frequency distribution curve will not be very smooth, so the data 

can be grouped by a certain width of interval to increase the smoothness of the curve. The 

formula of interval width is shown in (1). The fitness curve can be obtained from the 

midpoint of each interval of a simple continuous frequency histogram. Smooth the curve 

further if necessary (Figure 3). The data can also be standardized by dividing by the 

maximum of the curve to get a fitness of 0 ~ 1. Table 1 shows the results of an analysis 

of a field observation. 

 

Figure 3. Velocity distribution in fish spawning ground 

 

 

Table 1. Field observation data and preference function of fish depth preference 

Depth 
/cm 

Area 
/m2 

Number N/Nmax A/Amax Nnorm/Anorm Preference 
Smoothing 
Preference 

0~10 100 0 0 1.00 0 0 0 

10~20 70 19 0.51 0.70 0.73 0.37 0.50 

20~30 50 37 1.00 0.50 2.00 1.00 1.00 

30~40 45 31 0.84 0.45 1.86 0.93 1.00 

40~50 60 25 0.68 0.60 1.13 0.56 0.60 

50~60 40 13 0.35 0.40 0.88 0.44 0.45 

60~70 30 5 0.14 0.30 0.45 0.23 0.30 

70~80 25 3 0.08 0.25 0.32 0.15 0.15 

80~90 20 3 0.08 0.20 0.41 0.20 0.15 

90~100 10 0 0 0.10 0 0 0 
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The formula for interval width is 

 

 
R

I=
I+3.908lg N  

(Eq.1) 

 

Formula: I for the best spacing size, R for the observed value range, n for the observed 

number of species. 

The frequency data for habitat use need only be plotted at simple locations based on 

measured data, while the habitat preference function must include the availability of 

different habitat quality, as shown in Table 1. The number of individuals divided by the 

proportion of the total habitat area (or volume) in some ranges can yield very different 

fitness curves. If the proportion of a category is too small, the ratio may be too large, so 

species abundance and area need to be standardized first. 

In this study, the hydrological data about Yichang Station in lower reaches of Yangtze 

River were placed under an analysis. This hydrological station is of the control station of 

Three Gorges Reservoir, which can well reflect the change characters of the flow at the 

four major Chinese carps’ spawning sites in the lower reaches of Yangtze River. Besides, 

the data about water level, flow rate, water temperature and sediment concentration at 

Yichang Station (during 1956-2016) have a long history and are thus highly 

representative. The four major Chinese carps in the downstream Jianli cross-section of 

Three Gorges Reservoir were selected here as the research objects. This cross-section is 

situated at about 210 km downstream from Yichang, and the spawning site extended by 

25 km. The hydrological data about Yichang Station were collected from Hydrological 

Yearbook of Yangtze River, while the larvae runoff monitoring data from Yangtze River 

Three Gorges Ecological and Environmental Monitoring Bulletin (during 1997-2016). 

Results 

Analysis of correlation between the spawning and reproduction of four major Chinese 

carps and the hydrological conditions 

From 1997 to 2016, altogether 26 batches of four major Chinese carps were monitored 

as spawning in corresponding sites of Jianli, and the water level, flow rate, sediment 

concentration and water temperature data of that day were either measured or collected 

on site for an analysis of the average, minimum, maximum values as well as the suitable 

range of flow rate during the spawning period of four major Chinese carps (Table 2). 

To conduct statistics of suitable range of flow rate during spawning period of four 

major Chinese carps, the spawning frequency of those fishes in the major flow rate 

characteristics were recorded to obtain the frequency curves of all the hydrological 

characteristic indicators as shown in Fig. 4. 

As revealed by an analysis of four major Chinese carps’ spawning and reproduction 
conditions, the spawning activity of them is almost all done during flooding season. 



Guo et al.: The impact of the ecohydrologic conditions of Three Gorges Reservoir on the spawning activity of four major Chinese 
carps in the middle of Yangtze River, China 

- 4320 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4313-4330. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_43134330 
© 2021, ALÖKI Kft., Budapest, Hungary 

Flooding is a process containing changes in a string of hydrological elements, including 

elevated water level and flow, accelerated flow rate, reduced transparency, and disorderly 

flow state, during which flow rate is accelerated so that four major Chinese carps are 

stimulated to become mature and parent fishes begin spawning and discharging seminal 

fluid. As the water levels lowers and flow rate decelerates, most of the reproductive 

activities come to a stop. 

 

Table 2. Principal hydrological characteristics of spawning cross-sections for four major 
Chinese carps 

Eigenvalues 
Flow 

(m3/s) 

Water 

level 
（m） 

Sediment 
concentration 

(kg/m3) 

Water 
temperature 

(℃) 

Rise rate of 
flow 

(m3/s·d) 

Rise rate of 
water-level 

(m/d) 

Flooding 
period 

(d) 

Means 17529 45.17 0.378 23.4 1615 0.54 7 

Minimum 7958 41.4 0.003 20.9 120 0.06 2 

Maximum 34700 49.88 1.41 25.8 5675 1.60 15 

Standard 
deviation 

5695 1.9 0.44 1.3 1523 0.39 3 

Suitable range 
11000-
15000 

43-46 0.01-0.21 22-24 100-1000 0.3-0.55 4-8 

 

 

  

  

Figure 4. Frequency curves of the hydrological indicators 



Guo et al.: The impact of the ecohydrologic conditions of Three Gorges Reservoir on the spawning activity of four major Chinese 
carps in the middle of Yangtze River, China 

- 4321 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4313-4330. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_43134330 
© 2021, ALÖKI Kft., Budapest, Hungary 

To quantify the relation between spawning quantity of four major Chinese carps and 

hydrologically influential factors, we fitted the larvae runoff and hydrological factors 

during spawning period. The fitting relationship between larvae runoff and flooding 

period can be expressed as 1.1842 0.4614y x= −  with a coefficient of association of 0.58 

and is significant positive (Fig. 5), and that between larvae runoff and sediment 

concentration expressed as 7.4458 1.8296y = +  with a coefficient of association of 0.58 and 

is significant positive (Fig. 6). The correlations between larvae runoff and other 

hydrological indicators are less significant. It can be thus inferred that flooding period 

and sediment concentration are two important factors affecting the spawning quantity of 

four major Chinese carps. 

 

  

Figure 5. The correlation curve of Duration of 

flow rising vs. larvae number 

Figure 6. The correlation curve of sediment 

vs. larvae number 

 

 

Change in hydrological conditions during spawning season of four major Chinese 

carps before and after impoundment at Three Gorges Reservoir 

This study highlights the change in the flow rate, water level, water temperature and 

sediment concentration of Yichang Station during the prosperous spawning months, May 

and June, of four major Chinese carps before and after the impoundment by Three Gorges 

Reservoir. To check the significance of change trend in all the hydrological factors during 

spawning season of four major Chinese carps, Mann-Kendall trend test was performed 

and the results are provided in Table 3. According to the results of test, there is no 

significant change in the flow rate during the spawning season of four major Chinese 

carps, but water level, water temperature and sediment concentration change considerably. 

Water level and water temperature in May passed 95% confidence test at a significant 

declining trend and while water level in June and sediment concentration in May and June 

passed 99% confidence test with a significant declining trend. It can be thus seen that 

during the spawning season of four major Chinese carps, such hydrological factors as 
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water level, water temperature and sediment concentration undergo a significant change 

which can be attributed to the impoundment at Three Gorges Reservoir. 

Table 3. Analytic table of hydrological indicators’ trend at Yichang Station during spawning 
season of four major Chinese carps 

Hydrological 

indicators 
Month cZ  Rulebook Trend 

Flow 
May 0.34 1.96cZ   Increase 

June -0.29 1.96cZ   Decrease 

Water level 
May -2.40 2.58cZ    Decrease* 

June -3.90 2.58cZ   Decrease** 

Water temperature 
May -2.19 2.58cZ    Decrease* 

June -1.78 1.96cZ 
 Decrease 

Sediment 

concentration 

May -7.95 2.58cZ 
 Decrease** 

June -5.69 2.58cZ 
 Decrease** 

* Significant trend at 0.05 confidence level; ** Significant trend at 0.01 confidence level 

 

 

To analyze the hydrological impact of impoundment at Three Gorges Reservoir on 

spawning season of four major Chinese carps in 2003, we summarized and analyzed the 

change in all the hydrological elements before and after the impoundment at Three Gorges 

Reservoir (Table 4). It can be inferred from Table 3 that after impoundment at Three 

Gorges Reservoir, all the hydrological factors displayed a declination in varying degrees. 

The average flow rate in June of several years dropped by 960 m3/s (5.32%) when 

compared with that before dam construction; average water level in May and June of 

several years declined by 8.24% and 3.15%, respectively; the declination in sediment 

concentration was most striking by being 98.11% (0.52 kg/m3) and 97.94% (0.95 kg/m3) 

in May and June, respectively. Therefore, water level doesn’t affect much the spawning 
and reproduction of four major Chinese carps. The declination in flow rate in May does 

inhibit the river flow during the spawning season of those fishes, but water temperature 

drop directly postpones their spawning time so that they have greatly reduced time for 

spawning. The dramatic decrease in sediment concentration may change the riverbed 

configuration in spawning sites of those carps, affecting their habitat conditions and thus 

their spawning and reproduction in a negative way. 

Change in spawning and reproduction of four major Chinese carps before and after 

impoundment at Three Gorges Reservoir 

Analysis of four major Chinese carps’ spawning time before and after impoundment at 
Three Gorges Reservoir 

On the basis of spawning monitoring data about four major Chinese carps in past years, 

the spawning activity of those fishes begins as early on April 28 and late on May 10 and 
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ends as early on June 15 and late on July 5. The spawning and reproduction of four major 

Chinese carps was found to be closely related to water temperature which mainly ranges 

between 14℃ and 30℃ from late April to late July at Yichang Hydrological Station. In 

natural conditions, four major Chinese carps begin spawning at 18℃ and remain most 

actively reproductive at 20-24℃, but end the activity when the temperature is below 18℃. 

Fig. 7 illustrates the change in lowest water temperature at Yichang Station during the 

spawning and reproduction period of four major Chinese. 

 
Table 4. Hydrological condition of spawning grounds of four major Chinese carps at the 
Yichang station in May and June 

Month 
Flow 

(m³/s) 
Water level 

(m) 

Water temperature 

(℃) 

Sediment 

concentration 

(kg/m³) 

May 

Per-impact 11560 41.22 21.24 0.53 

Post-impact 12315 40.98 19.49 0.01 

Change 755 -0.24 -1.75 -0.52 

Change degree 6.53% -0.59% -8.24% -98.11% 

June 

Per-impact 18060 43.62 23.47 0.97 

Post-impact 17100 42.66 22.73 0.02 

Change -960 -0.96 -0.74 -0.95 

Change degree -5.32% -2.20% -3.15% -97.94% 

 

 

Figure 7. Change in date of the lowest water temperature during spawning and reproduction 
season of four major Chinese carps over the years 

 

 

By checking the change in date on which daily average water temperature is stabilized 

at 18℃ during spawning and reproduction period of four major Chinese carps before and 
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after impoundment at Three Gorges Reservoir, we can find that during this period, little 

change occurs in term of effect of impoundment by the dame on the water temperature. 

After Three Gorges Reservoir begins impoundment, the water temperature at Yichang 

Station in April and May is lower than that in natural state before the impoundment by 

2℃. During 2004-2008, when four major Chinese carps begin spawning and reproduction, 

the date on which daily average temperature of Yichang Station gets stabilized at 18℃ 

are April 25, 26, 30, May 5 and April 30, respectively, later than that before impoundment 

by 10 days or so. During 2009-2013, the dates are May 10, 23, 23, 9 and 12, respectively, 

later than that after the impoundment by 10 days. Therefore, the impoundment at Three 

Gorges Reservoir does cause a postponement in the spawning and reproductive activities 

of four major Chinese carps, and the average postponement is about 20 days. It produces 

certain effect on their spawning activity which is postponed from the late April before 

impoundment to middle and late May and even early June after that. 

Analysis of spawning scale of four major Chinese carps before and after the impoundment 

at Three Gorges Reservoir 

In accordance with 1997 Yangtze River Three Gorges Project Ecological and 

Environmental Monitoring Bulletin from Chongqing to Tianjia Township, among which 

11 are located from Chongqing to Yichang and 11 in the 400 km Yichang-Chenglingji 

Cross-section downstream of the dam reservoir area, and 8 in Chenglingji-Wuxue Cross-

section. Before the impoundment at Three Gorges Reservoir, the larval fishes on Jianli 

cross-section mainly come from the spawning sites of four major Chinese carps above 

Gezhou Dam and reached a peak in term of spawning quantity in 1986 with larvae runoff 

being 7.2 billion. The larvae runoff monitoring results about four major Chinese carps on 

Jianli cross-section before and after the impoundment by Three Gorges Reservoir are 

derived from Yangtze River Three Gorges Project Ecological and Environmental 

Monitoring Gazette over the years (1997-2016) and provided in Fig. 8. 
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Figure 8. The monitoring results of four major Chinese carps’ larvae runoff at the Jianli cross-
section 

As revealed in Fig. 8, after impoundment is initiated at Three Gorges Reservoir, 

significant adverse effect has been produced on the spawning and reproduction of four 

major Chinese carps. The larvae runoff during 2003-2016 displays a notable drop from 

2.52 billion before impoundment to 0.29 billion after that. Since the larval fishes on Jianli 

cross-section are from the spawning sites in Yichang, Yidu, Jiangkou, Shishou and 

Diaoguan, the larvae runoff on this cross-section is found to be in dramatic declination 

with the lowest value (0.042 billion only) showing in 2009, and no larval flood was 

detected for the first time in 2005. In 2010, 0.43 billion larval fishes were detected, which 

are significantly higher than that in 2009. The major overlying reason is that a lot of 

original parent fishes were released in Shishou and Jianli cross-sections in this year and 

great flood peaks appeared in late June and early July. In order to promote spawning and 

reproduction among four major Chinese carps, ecological scheduling experiments have 

been launched at Three Gorges Reservoir since 2011. According to the experiments, when 

four major Chinese carps begin spawning and reproduction, the discharged flow of dam 

is underregulated. As suggested by the monitoring results, the effect of ecological 

scheduling is obvious and the spawning scale of those four major Chinese carps gets 

improved. The larvae runoff during 2012-2016 was 0.397 billion, 0.52 billion, 

0.355 billion, 0.51 billion and 1.34 billion, respectively. 

Analysis of spawning fish composition among four major Chinese carps before and after 

impoundment at Three Gorges Reservoir 

On the basis of data from several monitoring activities targeting four major Chinese 

carps in the history as well as those in recent four years, the composition of larval fishes 

of four major Chinese carps on Jianli-Sanzhou cross-section is demonstrated in Fig. 9. 
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Figure 9. The fry type of four major Chinese carps at the Jianli cross-section 

As shown in Fig. 9, before impoundment at Three Gorges Reservoir, the fishes on 

Jianli cross-section are mainly composed of grass carp and black carp, in which the former 

was overwhelming. The proportions of silver carp, black carp and bighead carp kept 

declining. By comparison, after the impoundment was started at Three Gorges Reservoir, 

great change occurred to the compositions of fishes in this cross-section, for the 

proportion of silver carp among larval fishes kept rising and reached 80.5% and 79.3%, 

respectively, in 2009 and 2016; the proportion of grass carp declined from 60.2% in 2003 

to 18.9% in 2016; and the proportions of black carp and bighead carp were reduced to the 

lowest value (<2%). 

Discussion 

The correlation between the spawning and reproduction of four major Chinese carps 

and the hydrological conditions 

Hydrological factors affecting the reproduction of four major Chinese carps 

Studies have shown that the key hydrological indicators affecting the reproduction of 

domestic fish are flow rate growth and flood duration (Feng et al., 2013; Xie et al., 2015). 

In this study, the response relationship between the early resources of the four major 

Chinese carps to the hydrological process was analyzed, and it was also concluded that 

there was a significant positive correlation between the number of domestic fish eggs and 

the flow growth rate during the flood process. When the duration of rising water was 3 d, 

the number of eggs and seedlings of domestic fish was low, and when the duration of 

rising water was 4 d or above, the number of eggs and seedlings of domestic fish was 

relatively high. Therefore, within a certain range of flow growth rate, the larger flow 

growth rate is beneficial to the reproduction of the four major Chinese carps. When the 
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flood duration is too low, it cannot achieve the purpose of stimulating domestic fish to 

lay eggs. 

The role of ecological dispatch in the breeding of domestic fish in the Jianli section 

Four major Chinese carps in the spring water temperature rose to more than 18 degrees 

C to start spawning, 15 to 20 degrees C process for four major Chinese carps glands from 

stage 3 to stage 4 has an important impact, after more than 20 degrees C, or even higher 

water temperature of 21 degrees C, the sexual gland development of domestic fish will 

be quickly completed, sexual maturity of the four major Chinese carps pro-fish began to 

concentrate on breeding. During the ecological dispatch period from 2013 to 2017, the 

water temperature in the section of the River reached 18 degrees C, and heated up one by 

one, and then reached more than 20 degrees C, and the water temperature during the 

ecological dispatch period reached the basic requirements of the spawning water 

temperature of domestic fish. 

According to the analysis of this study, when the ecological scheduling time of the 

Three Gorges Reservoir was in late June, the ecological scheduling promoted the 

formation of an effective water-inflation process in the Jianli River. The duration of 

water-inflation reached 4 d and above, and the flow growth rate reached 

1600-2833 m3/(s·d), which would stimulate the concentrated reproduction of domestic 
fish. The scholar has comprehensively analyzed the eco-environmental flow demand of 

domestic fish in the middle reaches of the Yangtze River before and after the operation 

of the Three Gorges (Li et al., 2015). It was considered that the normal reproduction of 

domestic fish was from June 15 to July 20 every year, and the flood rate was 

900-3100 m3/(s·d). The conclusion of this study is within this range, and on this basis, the 

duration and growth rate of water inflation are further quantified. The results of this study 

can be used as an ecological regulation scheme for the breeding activities of the four 

major Chinese carps in the Jianli section of the Three Gorges Reservoir. 

Conclusions 

According to an analysis of frequency curves of major hydrological factors during 

spawning and reproduction period of four major Chinese carps, the proper flow rate for 

spawning and reproduction activities of those carps is 11,000-15,000 m3/s, the proper 

flow rate rising amplitude is 5,000-13,000 m3/s, proper daily flow rate rising speed is 

100-1,000 m3/s d, and the proper flooding period is 4-8 d. Among those hydrological 

factors, flooding period is in significant positive correlation with the spawning and 

reproductive quantity of four major Chinese carps with a correlation coefficient of 0.58. 

The proper water level is 43.0-46.0 m, proper rising range for water level is 2.0-4.0 m and 

proper daily rising range is 0.3-0.55 m/d. The proper sediment concentration is 

0.01-0.21 kg/m3. The spawning quantity of those fishes and sediment concentration are 

in significant positive relation with correlation efficient being 0.57. The proper water 
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temperature range for spawning and reproduction of four major Chinese carps is 22-24℃. 

This last factor is not a critical one affecting the spawning and reproduction quantity of 

those carps, but it does influence the initial spawning and reproduction time of them. 

In May and June, the monthly average flow rate, water level, water temperature and 

sediment concentration in Yichang section display a declining trend, among which the 

first three don’t drop dramatically while the last one falls significantly at a confidence 

level over 95%. The sediment concentration declines by 0.52 kg/m3 and 0.95 kg/m3 in 

May and June after the impoundment, and the declination is over 98% of the pre-

impoundment values. The great reduction in sediment concentration may change the 

riverbed structure of spawning sites for four major Chinese carps and produce a negative 

effect on the habitat conditions of them and further affect their spawning and reproduction 

activities. 

An analysis of the spawning and reproduction conditions of four major Chinese carps 

in the middle reaches of Yangtze River reveals the number of spawning sites falls from 

28 in the 1970s to present 8. The spawning scale also displays a dramatic declination, for 

as suggested by the cross-section monitoring results in Jianli, the spawning scale goes 

from 7.2 billion in 1986 to 0.52 billion now and even reaches 0.042 billion in 2009. In 

the larvae composition among four major Chinese carps, silver carp enjoys an absolute 

advantage, while the number of grass carp declines and that of dark carp and bighead carp 

drops sharply. The spawning and reproduction are also postponed with initial date 

postponed from the middle April in the past to the present middle May and spawning 

peak from the past middle May to the present late June. 

In the future, we should combine engineering, non-engineering and management 

measures to comprehensively propose fish restoration and protection measures. 
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Abstract. The land use changes (LUC) have altered the vegetation net primary productivity (NPP). 
Human appropriation of net primary productivity resulting from LUC (HANPPluc) can be used to quantify 
the consequence of LUC on vegetation NPP. HANPPluc is defined as the difference between the potential 
and actual NPP availability in ecosystems. Based on the Thornthwaite Memorial model, CASA model, 
and multiple linear regression, this paper estimated the potential and actual NPP, explored the temporal 
and spatial changes of HANPPluc, and analyzed the impact of LUC on vegetation NPP in Anji, China. 
There was a significant increasing trend in annual HANPPluc from 1984 to 2014. The total mean value of 
HANPPluc was 155 Gg C year-1, while HANPPluc per unit was 82 ± 54 g C m-2 year-1. The growth of Moso 
bamboo (Phyllostachys pubescens) forests area caused an increase of 33.5 Gg C year-1 in NPP. However, 
the urbanization was the main reason for the decrease of NPP, which resulted in a decrease of 97.9 Gg C 
year-1 in NPP. This study quantified the impact of LUC on vegetation NPP, and provided key data for 
urban landscape planning, Moso bamboo management, and regional ecological carbon cycle models. 
Keywords: potential NPP, CASA model, Thornthwaite Memorial model, Moso bamboo forests, 
urbanization 

Introduction 

The Northern Hemisphere atmospheric CO2 concentration has been successively rising 
at an increasing rate, mainly due to the continued burning of fossil fuels and land use 
changes (LUC) (IPCC, 2013). By fixing atmospheric CO2, the forest ecosystems and 
cropland ecosystems mitigate the rise in CO2, and play important roles in the global 
carbon cycle. The economy in the subtropical region of China has developed rapidly since 
1978, and the economic achievement of China is mainly belonged to the subtropical 
region (Shi et al., 2020). The rapid economic development had accelerated the process of 
urbanization, and the area of urban land had increased significantly, which led to the 
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decrease in the area of forests and croplands. This is verified by the data on the 
subtropical region of China, where the area of urban land had increased by 4.9% of the 
total area, while the area of forests and croplands had decreased about 15.1% of the total 
area during the period 1980-2018. The urbanization has decreased the carbon 
sequestration ability of the forests and croplands (Chen et al., 2020; Mahbub et al., 2019). 
Thus, some obvious questions arise: how to monitor and evaluate the carbon fixation 
ability of the ecosystems, and how to quantify the impact of urbanization on carbon 
sequestration. 

Moso bamboo (Phyllostachys pubescens) forests are common in the subtropical region 
of China, covering approximately 3.9 million ha of area, and account for 74% of the 
Chinese bamboo forests area and 80% of the world’s bamboo forests area (Song et al., 
2016). Over the last 30 years, the area of Moso bamboo forests had increased 
significantly, and the rate of increase was approximately 3% (Chen et al., 2018; Song et 
al., 2013). The Moso bamboo growing pattern is greatly different from other forest types 
and accumulate large amounts of carbon (Cao et al., 2019). How to evaluate the carbon 
sequestration ability of the Moso bamboo forests, and analyze the impact of the growth of 
bamboo forests area on carbon sequestration are problems faced by ecologists. 

Net primary productivity (NPP), which is equal to the difference between the amount 
of carbon absorbed by plant photosynthesis and the carbon released by plant respiration, 
can reflect the carbon fixation ability of plants (Garbulsky and Paruelo, 2004). Therefore, 
quantifying the consequence of LUC on vegetation NPP will guide urbanization, control 
the decrease of ecosystem NPP, and mitigate the climate warming trends (Foley et al., 
2005). Human appropriation of net primary productivity resulting from LUC (HANPPluc) 
can be used to quantify the consequence of LUC on vegetation NPP, and has been widely 
used worldwide (Haberl et al., 2014; Huang et al., 2020; Weinzettel et al., 2019). 
HANPPluc is the loss of potential NPP due to LUC, and is defined as the difference 
between potential and actual NPP availability in ecosystems. Potential NPP (NPPpot) is 
the NPP of native ecosystems that would most likely exist in the absence of human 
activities, while actual NPP (NPPact) is the NPP of current ecosystems. As a percentage of 
NPPpot, the global HANPPluc varied between 4% and 56% during the period 1990-2015 
(Haberl et al., 2014, 2007; Plutzar et al., 2016; Pritchard et al., 2018; Saikku et al., 2015). 
In China, HANPPluc varied between 6% and 26% of NPPpot during the period 2000-2015 
(Chen et al., 2015; Huang et al., 2020; Lin et al., 2016). How to simulate NPPact and 
NPPpot are key problems for HANPPluc estimation. 

The Carnegie-Ames-Stanford approach (CASA) model is a widely used method for 
NPPact estimation in China, and the simulated NPPact was consistent with the observed 
NPP (Chen et al., 2017; Xu and Wang, 2016; Zhang et al., 2016). At present, empirical 
models that use correlations between climate data and measured NPP at individual sites 
have been widely used for NPPpot estimation (Lin et al., 2016). Based on Liebig’s Law of 
Minimum, the Miami model uses temperature and precipitation to estimate NPPpot (Gang 
et al., 2014; Zhang et al., 2015). NPPpot is not only related to temperature and 
precipitation, but also to other environmental factors. Actual evapotranspiration is used by 
the Thornthwaite Memorial model to estimate NPPpot (Liu et al., 2019; Yin et al., 2020). 
The Chikugo model is the function of precipitation and net surface radiation (Chen et al., 
2015). 

The accuracy of measured NPPpot directly affected the accuracy of empirical models. 
The core zone in a nature reserve is designed to strictly protect ecosystems, and 
minimize disturbance by human activities (Geneletti and Duren, 2008). The ecosystem 
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in the core zone is considered to be a natural ecosystem that is undisturbed by humans 
(Zhang et al., 2017b). Therefore, the NPPact in the core zone would be considered to be 
the NPPpot. However, the NPPpot estimation models based on the correlations between 
NPPpot in the core zone and climate data has not been reported. 

Given the above scientific challenges, this study used the CASA model to simulate 
the NPPact. Based on the core zone in the nature reserve, the NPPpot estimation models 
for the different forest types were established using multiple linear regression. Anji and 
TianMu Mountain Nature Reserve, located in eastern subtropical China (see Fig. 1a), 
were selected as test region. The forest types in Anji and the core zone in TianMu 
Mountain Nature Reserve are similar, and these are Moso bamboo forests (MBF), 
subtropical broadleaf forests (SBF), and subtropical needle leaf forests (SNLF). Based 
on the core zone in TianMu Mountain Nature Reserve, the NPPpot estimation models for 
the three forest types were established using the correlations between the measured 
NPPpot and temperature, precipitation, and solar radiation. The NPPpot in the croplands 
was estimated by the Thornthwaite Memorial model. The objectives of this study were 
to (1) estimate the NPPact and NPPpot in Anji, (2) explore the temporal and spatial 
changes of HANPPluc in Anji, and (3) analyze the impact of LUC on vegetation NPP. 

Materials and methods 

Study area 

Anji and the core zone in TianMu Mountain Nature Reserve are located in 
northwestern Zhejiang Province, China (see Fig. 1b). The area of the core zone in 
TianMu Mountain Nature Reserve and Anji are about 598 and 188601 ha. The forest 
types in Anji and the core zone in TianMu Mountain Nature Reserve are the MBF, SBF, 
and SNLF (see Fig. 1c and d). The SBF consists of the following six different tree 
species: Cyclobalanopsis glauca, Castanopsis sclerophylla, Castanopsis sclerophylla, 
Castanopsis eyrei, Schima superba, and Quercus fabri. The five different tree species in 
the SNLF are Pinus massoniana, Cryptomeria fortune, Pseudolarix amabilis, Pinus 
taiwanensis and Cunninghamia lanceolata. 

The Moso bamboo growing pattern is greatly different from other forest types. It can 
reach maximum height (10-20 m) in 2-4 months, and accumulate large amounts of 
carbon (Cao et al., 2019). The Moso bamboo is widely distributed in Anji, and the area 
of it increased significantly during the period 1984-2014. The croplands also exists in 
Anji, however, the area of the croplands, SBF, and SNLF has been decreased at a rapid 
rate due to the urbanization and increase of MBF. 

 
Design of HANPPluc estimation procedure 

HANPPluc is defined as the difference between NPPpot and NPPact. The CASA model 
was used to calculate NPPact in Anji and the core zone in TianMu Mountain Nature 
Reserve from 1984 to 2014. In order to estimate NPPpot, we assumed that: (1) Because 
no human activity is permitted in the core zone in a nature reserve (Hull et al., 2011), 
for the MBF, SBF and SNLF, the NPPact in the core zone in TianMu Mountain Nature 
Reserve would be considered to be NPPpot; (2) According to Tobler’s first law (TFL) of 
geography (Waters, 2017), the NPPpot in degraded regions should be equal to that in 
non-degraded regions when the degraded and non-degraded regions have similar natural 
conditions (Lin et al., 2016). The forest types in Anji and the core zone in TianMu 
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Mountain Nature Reserve are similar. Therefore, the NPPpot in the MBF, SBF and 
SNLF in Anji would be considered to be equal to that in the core zone in TianMu 
Mountain Nature Reserve. 

 

 

Figure 1. Location of (a) subtropical region of China and (b) Anji and the core zone in TianMu 
Mountain Nature Reserve, and the land cover maps in (c) Anji and (d) the core zone in TianMu 
Mountain Nature Reserve. The cyan square points are the plots of in-situ NPP observation, and 

the black triangle points are the carbon flux stations using the eddy covariance observation 
systems to measure NPP 
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Figure 2 shows the process of the HANPPluc estimation. Firstly, based on the 
meteorological data, NDVI, and land cover maps, the CASA model was used to 
estimate the NPPact in Anji and the core zone in TianMu Mountain Nature Reserve from 
1984 to 2014. Secondly, based on the CASA-simulated NPPact, meteorological data, and 
land cover maps in the core zone in TianMu Mountain Nature Reserve, the NPPpot 
estimation models for the SBF, SNLF, and MBF were established using multiple linear 
regression. Thirdly, according to assumption 2, based on the meteorological data and 
land cover map in 1984, the NPPpot in the SBF, SNLF, and MBF in Anji was simulated 
using the NPPpot estimation models for the three forest types. Fourthly, based on the 
meteorological data and land cover map in 1984, the Thornthwaite Memorial model was 
used to estimate the NPPpot in the croplands in Anji. Finally, the HANPPluc in Anji was 
calculated as the difference between NPPpot and NPPact. 

 
 

Thornthwaite Memorial model

temperature NDVI

CASA model

land cover 
maps

precipitation
solar 

radiation

NPPact in the core zone in TianMu 
Mountain Nature Reserve

NPPact in Anjitemperature
land cover 

maps
precipitation

solar 
radiation

multiple linear regression

NPPpot estimation models for the three forest types

temperature

land cover 
map in 1984
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radiation Simulated NPPpot in the three 

forest types in Anji

temperature precipitation

Simulated NPPpot in the cropland 
in Anji

land cover 
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Simulated HANPPluc in Anji
 

Figure 2. Flowchart of HANPPluc estimation. The gray cylinders are the datasets in Anji and 
the core zone in TianMu Mountain Nature Reserve, the green cylinders are the datasets in the 
core zone in TianMu Mountain Nature Reserve, and the blue cylinders are the datasets in Anji 

 
 

Input data 

The datasets we used for HANPPluc estimation are the meteorological datasets, 
NDVI, and land cover maps. The meteorological datasets, including monthly 
temperature, monthly precipitation, and monthly solar radiation, were provided by 
China Meteorological Administration (http://data.cma.cn/). The meteorological datasets 
are quality controlled, and the percentage of correct data is approaching to 100%. The 
meteorological datasets were also resampled to match the spatial resolution of 
HANPPluc using ordinary kriging method. The NDVI provided by AVHRR Global 
Inventory Modeling and Mapping Studies (GIMMS) group was used for NPPpot 
estimation. The NDVI3g dataset was downloaded from NASA Ames Ecological 
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Forecasting Lab (https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/), and then was 
resampled to match the spatial resolution of HANPPluc using ordinary kriging method. 
The land cover maps in Anji were derived from Landsat MSS and OLI scenes using the 
supervised Maximum-Likelihood classification (Chen et al., 2020). 

 
Field work 

In Tianmu Mountain Nature Reserve, eight sampling plots were selected to validate 
the NPP of the actual vegetation (see the cyan square points in Fig. 1d), and the size of 
each plot is 20 m×20 m. There were four sampling plots in the SBF, three sampling 
plots in the SNLF, and one sampling plot in the MBF. At each sampling plots, the mean 
heights, breast diameters and crown diameters of stand-grown trees were derived from 
the field investigations which carried out during the period 2005-2010. 

In the SBF in Tianmu Mountain Nature Reserve, there was one carbon flux 
observation station which using the eddy covariance observation systems to measure 
NPP (Chen et al., 2017). The carbon flux observation station was established in 2012, 
and the measured NPP has been obtained since 2013. In Anji, there was also one carbon 
flux observation station in the MBF (see Fig. 1c). The carbon flux observation station 
was established in 2010, and the measured NPP has been obtained since 2011. Details 
can be found in Chen et al. (2020). 

 
HANPPluc estimation 

HANPPluc is the loss of the potential NPP due to LUC (g C m-2 year-1), and can be 
calculated as: 

 

  (Eq.1) 
 

where NPPpot is the NPP of the potential natural vegetation that would most likely exist 
in the absence of human-led land use (g C m-2 year-1), and NPPact is the NPP of the 
actual vegetation (g C m-2 year-1). 

 
NPPact estimation 

The CASA model was used to estimate the NPPact. The monthly value of NPPact can 
be calculated as (Field et al., 1995; Potter et al., 1993): 

 
  (Eq.2) 
 

where S is the total solar radiation reaching the earth’s surface (MJ month-1). FPAR is 
the fraction of photosynthetically active radiation and was calculated following the 
procedure of Zhu et al. (2006).  is the temperature stress indicator,  is the water 
stress indicator. The equations of  and  can be found in Potter et al. (1993). 
LUEmax is the maximum light-use efficiency of the vegetation (g C MJ-1), and the values 
of LUEmax for the MBF, SBF, SNLF, and croplands can be found in Chen et al. (2020). 

 
NPPpot estimation 

The Thornthwaite Memorial model was used for the NPPpot estimation in the 
croplands. The Thornthwaite Memorial model uses the relationship between actual 
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evapotranspiration and carbon fixation to estimate NPPpot (Lieth, 1975; Liu et al., 2019). 
The yearly value of NPPpot can be calculated as: 

 

  (Eq.3) 
 

  (Eq.4) 

 

  (Eq.5) 
 

where V is the mean annual actual evapotranspiration (mm), Prec is the mean annual 
precipitation (mm), L is annual maximum evapotranspiration (mm), and Temp is mean 

annual temperature ( ). 
The NPPpot was affected by the temperature, precipitation, and solar radiation in Anji 

and the core zone in TianMu Mountain Nature Reserve (see Table 1). Therefore, the 
NPPpot estimation models for the SBF, SNLF, and MBF were established using multiple 
linear regression. The multilinear regression equation is 

 

  (Eq.6) 
 

where Ta is the mean monthly temperature (°C), P is the monthly precipitation (mm), S 
is the monthly solar radiation (MJ month-1), a, b, c, and d are the regression coefficients. 

 
Table 1. Pearson correlation coefficient (R) between NPPpot and temperature (Ta), 
precipitation (P), and solar radiation (S) for each forest type 

Forest type Ta P S 

SBF 0.81* 0.28* 0.82* 

SNLF 0.79* 0.27* 0.80* 

MBF 0.82* 0.29* 0.83* 

*At 5% signification level 

 
 

Land use transition matrix 

The land use transition matrix was used to detect the transition of different land 
cover type during the period 1984-2014 (Lü et al., 2020). The area of one land cover 
type in the year 1984 can be calculated as: 

 

  (Eq.7) 
 

where  is the area of the land cover type that was converted from type i to type j 
between 1984 and 2014, n is the number of land cover type,  is the area of the land 
cover type that showed the persistence of type i between 1984 and 2014. 

The area of the land cover type that was occupied by type j in the year 2014 is 
 

  (Eq.8) 
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Changing trend 

The slope of linear regression equation was used to calculate the HANPPluc changing 
trend during the period 1984-2014, and can be calculated as: 

 

  (Eq.9) 

 

where n is the number of years (n = 31),  is the HANPPluc in the year i. A 
positive slope value indicates that the HANPPluc is in an upward trend, and a negative 
slope value means that the HANPPluc is in a decreasing trend. 

Results 

Spatial pattern of LUC 

Figure 3 shows the LUC in Anji during the period 1984-2014. The land use 
transition matrix was obtained using Equations 7–8 (Table 2). Over the last 31 years, 
there was about 57.8% of the total area of Anji where the land cover type were not 
changed. The area of MBF increased from 30.4% of the total area of Anji in 1984 to 
43.7% in 2014, while the area of SBF and SNLF decreased about 7317 and 5666 ha. 
The area of croplands also decreased about 25324 ha due to the urban expansion, and 
the area of urban land increased from 2.0% of the total area of Anji in 1984 to 8.5% in 
2014. The area of river increased about 809 ha during the period 1984-2014. 

 

 

Figure 3. The land cover maps in the year (a) 1984 and (b) 2014 
 
 

NPPact estimation and validation 

The NPPact in Anji and TianMu Mountain Nature Reserve were simulated by the 
CASA model (see Eq. 2). The observed NPPact at the eight sampling plots in Tianmu 
Mountain Nature Reserve were used to validate the simulated NPPact (see Fig. 4a). The 
results show that the simulated annual NPPact was largely consistent with the observed 
NPPact (R2 = 0.91, p < 0.01), and the value of RMSE was 73 g C m-2 year-1. 
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Table 2. Land use transition matrix (unit: ha) of Anji during the period 1984-2014 

 SBF SNLF MBF Croplands Urban River 

SBF 18,215 667 10,335 1,330 523 118 

SNLF 656 8,763 9,528 3,484 918 23 

MBF 2,472 4,592 43,211 3,949 3,192 33 

Croplands 2,513 3,638 19,359 35,551 9,365 838 

Urban 14 45 214 1,505 1,852 155 

River 2 0 9 121 226 1,621 
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Figure 4. Comparison of (a) the simulated annual NPP with the observed NPP at the eight 
sampling plots in Tianmu Mountain Nature Reserve, and comparison of the simulated monthly 

NPP with the NPP derived from the carbon flux stations (b) from 2013 to 2014 in TianMu 
Mountain Nature Reserve and (c) from 2011 to 2014 in Anji 

 
 
The NPPact derived from the eddy covariance observation systems in TianMu 

Mountain Nature Reserve (see Fig. 4b) and Anji (see Fig. 4c) were also used to validate 
the simulated NPPact. The results show that the monthly NPPact simulated by CASA 
model was largely consistent with the NPPact derived from the eddy covariance 
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observation systems (R2 ≥ 0.59, p < 0.01). Therefore, the NPPact simulated by CASA 
model can be used for HANPPluc estimation. 

 
NPPpot estimation and validation 

The NPPpot in the croplands in Anji from 1984 to 2014 was simulated by the 
Thornthwaite Memorial model (see Eqs. 3–5). According to Tobler’s first law (TFL) of 
geography, the NPPpot in the SBF, SNLF, and MBF in Anji would be considered to be 
equal to that in the core zone in TianMu Mountain Nature Reserve. Based on the 
monthly CASA-simulated NPPact, temperature (Ta), precipitation (P), and solar 
radiation (S) for eight months (January, February, April, May, July, August, October, 
and November) from 1984 to 2014 in the core zone in TianMu Mountain Nature 
Reserve, the NPPpot estimation models for the SBF, SNLF, and MBF were established 
using multiple linear regression (see Table 3). 

 
Table 3. The NPPpot estimation models for each forest type 

Forest type NPPpot estimation models R2 p 

SBF  0.74  < 0.01 

SNLF  0.71  < 0.01 

MBF  0.76  < 0.01 

Ta: temperature, P: precipitation, S: solar radiation 

 
 
The monthly mean CASA-simulated NPPact for four months (March, June, 

September and December) from 1984 to 2014 in the core zone in TianMu Mountain 
Nature Reserve was used to validate the simulated monthly mean NPPpot of the three 
forest types (see Fig. 5). The results show that the simulated NPPpot was consistent with 
the CASA-simulated NPPact (R2 ≥ 0.68, p < 0.01). 
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Figure 5. Comparison of the simulated NPPpot with the NPPpot in the core zone in TianMu 
Mountain Nature Reserve 

 
 

HANPPluc interannual variability 

The HANPPluc in Anji from 1984 to 2014 were calculated using Equation 1. Using 
Equation 9, we can find that there was a significant increasing trend with the rate of 
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2 g C m-2 year-1 in annual HANPPluc, increasing from 1 g C m-2 year-1 in 1984 to 
48 g C m-2 year-1 in 2014 (see Fig. 6). The highest annual HANPPluc appeared in 2007, 
with the value of 248 g C m-2 year-1, while the lowest annual HANPPluc appeared in 
1984, with the value of 1 g C m-2 year-1. The annual averaged HANPPluc was 82 g C m-2 
year-1, and it means that the NPPact decreased about 82 g C m-2 year-1 due to the LUC. 

 

 

Figure 6. Interannual changes in the annual NPPact, HANPPluc, NPPpot, and HANPPluc/NPPpot 
in Anji during the period 1984-2014 

 
 
The increase of HANPPluc is also visible in the increase of HANPPluc as a percentage 

of NPPpot (i.e. HANPPluc/NPPpot), which increased from 0.2% in 1984 to 6.7% in 2014. 
The highest annual HANPPluc/NPPpot also appeared in 2007, with the value of 29.6%, 
while the lowest annual HANPPluc/NPPpot appeared in 1984, with the value of 0.2%. 
The annual averaged HANPPluc/NPPpot was 11%, which means that the NPPact 
decreased about 11% of the NPPpot due to the LUC during the period 1984-2014. 

Figure 6 also shows that there was a significant upward trends in the annual NPPact 
in Anji, and the rate of increase was 3.0 g C m-2 year-1. The annual NPPact varied 
between 382 and 833 g C m-2 year-1, and annual averaged NPPact was 614 g C m-2 year-

1. There was also a significant upward trends in the annual NPPpot in Anji, and the rate 
of increase was 5.4 g C m-2 year-1. The annual NPPpot varied between 474 and 
903 g C m-2 year-1, and annual averaged NPPpot was 697 g C m-2 year-1. 

 
Spatial pattern of HANPPluc 

In Anji, the total mean value of HANPPluc was 155 Gg C year-1, while HANPPluc per 
unit was 82 ± 54 g C m-2 year-1 from 1984 to 2014. The HANPPluc in central Anji were 
higher than those in other regions (see Fig. 7a). In general, the positive HANPPluc, i.e. 
NPPpot was higher than NPPact, appeared in northern, southern and central Anji, while 
the negative HANPPluc appeared in eastern and western Anji. The area of the negative 
HANPPluc regions was 73723 ha, accounting for 39% of Anji area. The MBF is widely 
distributed in those regions, NPPact was higher than NPPpot because of MBF 
management like the On and Off-year management and fertilization (Chen et al., 2018; 
Zhang et al., 2017a). 

Although there was an increasing trend in the annual HANPPluc, the changing trends 
showed a large spatial heterogeneity (see Fig. 7b). The HANPPluc increased in northern 
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and central Anji because of the urbanization and decrease of croplands. The area where 
the HANPPluc increased significantly was 11342 ha, accounting for 6% of Anji area (see 
Fig. 7c). Figure 7b also illustrates that the HANPPluc decreased in the northern, southern 
and central Anji due to land cover changes to highly productive land type (MBF). The 
area where the HANPPluc decreased significantly was 13232 ha, accounting for 7% of 
Anji area (see Fig. 7c). 

 

 

Figure 7. Spatial distributions of (a) annual HANPPluc, (b) changing trends in HANPPluc, (c) 
significant HANPPluc change (p < 0.1), and (d) annual averaged HANPPluc/NPPpot from 1984 to 

2014 in Anji 
 
 
Over the 31 years, the mean value of the ratio between HANPPluc and NPPpot (i.e. 

HANPPluc/NPPpot) was 11 ± 7%. The positive HANPPluc/NPPpot values were distributed 
in the northern, southern and central Anji (see Fig. 7d), and the highest value of 
HANPPluc/NPPpot appeared in central Anji due to land cover changes to urban land. The 
negative HANPPluc/NPPpot values appeared in eastern and western Anji, and the lowest 
value of HANPPluc/NPPpot was in eastern Anji because of land cover changes to highly 
productive land type (MBF). 
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Discussion 

Comparison with previous work 

Compared with previous work (see Table 4), the simulated NPPpot in Anji was 
similar to the result in the core zone in Tianmu Mountain Nature Reserve (Chen et al., 
2017), karst areas of south China (Lin et al., 2016), and coastal areas of Jiangsu (Zhang 
et al., 2015). However, the simulated NPPpot was lower than the result in Zhejiang 
reported by Pan (2020), and was higher than the result in Yangtze River Delta reported 
by Huang (2020). 

For SBF, the simulated NPPpot in Anji was similar to the result in the core zone in 
Tianmu Mountain Nature Reserve (Chen et al., 2017), Zhejiang (Sun, 2009), Gannan 
(Zou et al., 2011), and China (Lin et al., 2012). For SNLF, the simulated NPPpot in Anji 
was similar to the result in the core zone in Tianmu Mountain Nature Reserve (Chen et 
al., 2017), Zhejiang (Sun, 2009), and global tropical and subtropical needle leaf forests 
(Medková et al., 2017). Our result was higher than the result in cold temperate needle 
leaf forests in China reported by Ren (2017). For MBF, the simulated NPPpot in Anji 
was similar to the result in the core zone in Tianmu Mountain Nature Reserve (Chen et 
al., 2017). However, it was lower than the result in Wuyishan Biosphere Reserve (Li et 
al., 2006). For croplands, the simulated NPPpot in Anji was higher than the result in 
global croplands (Haberl et al., 2007). 

 
Table 4. Overview of previous work on NPPpot at different scale 

Work Study scale Time period 
NPPpot 

(g C m-2 year-1) 

This study Anji, China 1984-2014 697 ± 100 

Chen et al., 2017 The core zone in Tianmu Mountain Nature Reserve 1984-2014 720 ± 114 

Lin et al., 2016 Karst areas of south China 2000-2013 400-850 

Zhang et al., 2015 Coastal areas of Jiangsu, China 2000-2010 603-832 

Pan and Xu, 2020 Zhejiang, China 1981-2015 896 

Huang et al., 2020 Yangtze River Delta, China 2005-2015 424-631 

This study SBF in Anji 1984-2014 775 ± 106 

Chen et al., 2017 SBF in the core zone in Tianmu Mountain Nature Reserve 1984-2014 717 ± 120 

Sun, 2009 SBF in Zhejiang 1981-1998 500-800 

Zou et al., 2011 SBF in Gannan 1950-2000 733 

Lin et al., 2012 SBF in China 1961-2006 534-847 

This study SNLF in Anji 1984-2014 720 ± 97 

Chen et al., 2017 SNLF in the core zone in Tianmu Mountain Nature Reserve 1984-2014 665 ± 94 

Medková et al., 2017 Global tropical and subtropical NLF 2000 735 

Sun, 2009 SNLF in Zhejiang 1981-1998 500-800 

Ren et al., 2017 Cold temperate NLF in China 1982-2012 430 

This study MBF in Anji, China 1984-2014 805 ± 108 

Chen et al., 2017 MBF in the core zone in Tianmu Mountain Nature Reserve 1984-2014 731-784 

Li et al., 2006 MBF in Wuyishan Biosphere Reserve 1993 826 

This study Croplands in Anji, China 1984-2014 670 ± 63 

Haberl et al., 2007 Global croplands 2000 611 

NLF: needle leaf forests 
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During the period 1984-2014, the annual HANPPluc varied between 1 and 248 g C m-2 
year-1, with the mean value of 82 ± 54 g C m-2 year-1 (see Table 5). Our results were 
similar to the results in the regions where the geographic and climatic conditions are 
similar to Anji (Huang et al., 2020; Zhang et al., 2015). The national HANPPluc values 
from previous studies were also compared with the annual HANPPluc in Anji, and the 
results show that our results were similar to the results in China (Chen et al., 2015) and 
New Zealand (Fetzel et al., 2014). However, the result was higher than the global result 
reported by Haberl (2007). 

In Anji, the ratio between HANPPluc and NPPpot (i.e. HANPPluc/NPPpot) varied 
between 0.2% and 29.6%, with the mean value of 11 ± 7%. Our results were similar to 
the results in the regions where the geographic and climatic conditions are similar to 
Anji (Huang et al., 2020; Zhang et al., 2015). The result was also similar to the result in 
Karst areas of south China (Lin et al., 2016). As shown in Table 5, distinct differences 
in HANPPluc/NPPpot are found in different countries and regions. The HANPPluc/NPPpot 
in China was higher than that in East Asia or Europe (Chen et al., 2015; Haberl et al., 
2007; Plutzar et al., 2016), and was similar to the result in Central Asia (Huang et al., 
2018). The variation of the HANPPluc/NPPpot in New Zealand or global terrestrial 
ecosystems was larger than that in China (Fetzel et al., 2014; Haberl et al., 2014). The 
HANPPluc/NPPpot in Anji was lower than that in China, this is mainly caused by the 
increase of the area of forest types, increasing from 59% in 1984 to 66% in 2014 (see 
Table 2). 

 
Table 5. Overview of previous work on HANPPluc at different scale 

Quantity Study scale Time period Results References 

HANPPluc 

 (g C m-2 year-1) 

Anji, China 1984-2014 82 ± 54 This study 

Zhejiang, China 2005-2015 71 Huang et al., 2020 

Coastal areas of Jiangsu, China 2000-2010 -23-100 Zhang et al., 2015 

Yangtze River Delta, China 2005-2015 26-102 Huang et al., 2020 

China 2001-2010 45-121 Chen et al., 2015 

New Zealand 1860-2005 11-96 Fetzel et al., 2014 

Global 2000 4 Haberl et al., 2007 

HANPPluc/NPPpot 

Anji, China 1984-2014 11 ± 7% This study 

Coastal areas of Jiangsu, China 2000-2010 -11%-32% Zhang et al., 2015 

Yangtze River Delta, China 2005-2015 6%-19% Huang et al., 2020 

Karst areas of south China 2000-2013 13%-22% Lin et al., 2016 

China 2001-2010 11%-26% Chen et al., 2015 

East Asia 2000 5% Haberl et al., 2007 

Central Asia 1979-2012 0.3%-22% Huang et al., 2018 

Europe 1990-2006 11% Plutzar et al., 2016 

New Zealand 1860-2005 4%-37% Fetzel et al., 2014 

Global 2000 4%-55% Haberl et al., 2014 

 
 

Impact of land use changes on NPP 

Based on the HANPPluc and transition of different land cover types during the period 
1984-2014 (see Table 2), the HANPPluc changes resulting from LUC were calculated 
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(see Table 6). MBF has a strong capacity for carbon sequestration (Cao et al., 2019; 
Chen et al., 2020). Therefore, because of the increase of the MBF, which increased 
about 25207 ha during the period 1984-2014, the HANPPluc in the MBF decreased from 
49.0 Gg C year-1 in 1984 to 15.5 Gg C year-1 in 2014. It means that the NPP increased 
about 33.5 Gg C year-1 due to the increase of MBF. 

 
Table 6. The HANPPluc (Unit: Mg C year-1) resulting from LUC during the period 1984-
2014 in Anji 

Type SBF SNLF MBF Croplands Urban River Total 

SBF 19,192  138  1,481  -390  3,612  637  24,670  

SNLF 503  -2,523  -4,211  -2,782  5,757  111  -3,145  

MBF 3,449  1,770  15,600  701  27,369  129  49,018  

Croplands 3,484  1,059  4,358  2,953  49,732  4,267  65,853  

Urban -91  -215  -1,631  -9,480  0  0  -11,417  

River -45  0  -93  45  0  0  -93  

Total 26,493  228  15,504  -8,952  86,469  5,144   

 
 
The area of the SBF decreased about 7316 ha during the period 1984-2014, while the 

HANPPluc in the SBF increased from 24.7 Gg C year-1 in 1984 to 26.5 Gg C year-1 in 
2014. It means that the NPP decreased about 1.8 Gg C year-1. The area of the SNLF 
decreased about 5666 ha, which caused the NPP decrease of 3.4 Gg C year-1. The area 
of the urban land increased about 12291 ha, which caused the NPP decrease of 97.9 Gg 
C year-1. The area of the river increased about 809 ha, and it led to a decrease of 5.2 Gg 
C year-1 in the NPP. 

The area of the croplands decreased about 25323 ha during the period 1984-2014, 
and the area of the croplands occupied by MBF, SBF, or SNLF was about 16739 ha. In 
the vast majority of the global terrestrial ecosystems, converting croplands to forests 
increases NPP (Krausmann et al., 2013). As a consequence, the NPP increased 
7.5 Gg C year-1. 

Conclusion 

Based on the CASA model and the Thornthwaite Memorial model, this paper 
calculated the NPPact and NPPpot in Anji during the period 1984-2014, explored the 
temporal and spatial changes of HANPPluc in Anji, and analyzed the impact of LUC on 
vegetation NPP. The main findings are as follows: 

(1) Over the 31 years, there was an increasing trend in the annual HANPPluc, but the 
changing trends showed a large spatial heterogeneity. The HANPPluc increased in 
northern and central Anji because of the urbanization and decrease of the croplands. 
While the HANPPluc decreased in northern, southern and central Anji due to land cover 
changes to highly productive land type (MBF). 

(2) In general, the HANPPluc in central Anji were higher than those in other regions. 
The positive HANPPluc, i.e. NPPpot was higher than NPPact, appeared in northern, southern 
and central Anji, while the negative HANPPluc appeared in eastern and western Anji. 

(3) The increase of the MBF led to an increase in NPP, while converting croplands to 
forests also increased NPP. However, the increase of the urban land and river caused the 
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NPP decreasing significantly. Our results indicate that MBF is a good substitute for 
wood due to its strong capacity for carbon sequestration, and we also should control of 
the expansion of urban land. 

The long-term forecasting and evaluation of the temporal and spatial changes of 
HANPPluc has more important significance for land use management, and it is our future 
studies. 
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Abstract. The article aimed to determine the effects of different doses of Imidacloprid on carp 
(Cyprinus carpio) fries, in order to determine whether their response could be used for the bioindication 
of the substance in aquatic environments in Turkey. The fish (weight 0.34±0.03 g, total length 2.97±0.21 
cm) were subjected to 2.8 and 5.6 mg/l of Imidacloprid concentration for 96 and 168 h. A drop of blood 
from the caudal vein of carp was obtained and smeared on clean dry slide. Micronucleus (MN) and 
nuclear abnormality (NAs) analysis were carried out on erythrocytes. The frequency of micronucleus and 
nuclear abnormality observed varied significantly among the treated individuals (p<0.05). Imidacloprid 
led to negative alterations in the MN and NAs. 
Keywords: carp, Cyprinus carpio, Imidacloprid, micronucleus, nuclear abnormality 

Introduction 

The environmental mutagens have been classified into three groups, such as, living, 
physical and chemical mutagens (Manna, 1982, 1983). The consequences of these 
pollutions on fish and shellfish have been studied by toxicologists. The exploratory, 
research in this field has identified it as an important environmental problem, all over 
the world. The effectiveness of these chemicals on the hereditary components of 
living organisms were categorised in genetic toxicology (Bickham et al., 2000; 
Iturburu et al., 2017). Brusick (1980) reported that even if many toxic substances 
damage the genetic material in nonspecific manner, the effect of these agents are 
highly specific on nucleic' acid. Hence these are capable of producing harmful effect 
at sublethal level. 

The Imidacloprid can persist in soil, with 7-353 days for thiamethoxam and a half-
life (28 - 1250 days) of neonicotinoids highly variable which varies greatly among soil 
type and other factors, (Goulson, 2013; Ansoar-Rodríguez et al., 2015). Also, 
depending on soil and rainfall conditions, 2.4% to nearly 80% of the mass of 
neonicotinoids (including Imidacloprid) could make their way into water bodies 
(Kurwadkar et al., 2013; Ansoar-Rodríguez et al., 2015; Bonmatin et al., 2015). Due 
to its presence in various environments, inhabited by large numbers of organisms, 
toxicological studies are extremely important. Thus, the use of living organisms 
(bioindicator), capable of somehow indicating the presence of stresses generated by 
environmental pollutants (Carneiro and Takayanagui, 2009; Abdel-Mohsien and 
Mahmoud, 2015), is one way to monitor the negative effects in the environment. Due 
to the presence of significant levels that have been detected in water, it is very 
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important to conduct studies on the effects of Imidacloprid on aquatic organisms as 
bioindicators. Fish are widely to this end because their capacity to accumulate 
contaminants and show physiological, biochemical, histological or differentiated cell 
response (Fontanetti et al., 2012). These organisms may indicate variations in 
tolerance to environmental conditions created by the use of pesticides, including 
genetic change, which makes them excellent indicators with a high application for 
monitoring environmental genotoxicity (Yohannes et al., 2014). 

The micronucleus (MN) assay has been used as a measure of genotoxicity in fish 
under laboratory and field conditions. The formation of nuclear abnormalities (NAs) 
such as lobed, blebbed, and notched nuclei described by several authors have been 
reported in fish erythrocytes as a consequence of exposure to environmental and 
chemical contaminants with cytotoxic, genotoxic, mutagenic or carcinogenic activity. 
The micronucleus test in fish has the potential to detect clastogenic and aneugenic 
effects of environmental agents in aqueous media. Because teleost erythrocytes are 
nucleated, MN have been scored in fish erythrocytes as a measure of clastogenic 
activity (Heddle et al., 1983; Al-Sabti and Metcalfe, 1995; Fenech et al., 2003; 
Machado Da Rocha et al., 2009). 

Paralichthys olivaceus, in vitro cytotoxicity median inhibitory concentrations of 
38.5 mg/L to 41.9 mg/L of technical imidacloprid were reported, whereas other 
species like Oncorhynchus mykiss and Cyprinus carpio presented 96-h LC50 values of 
211 mg/L and 280 mg/L, respectively. Other negative effects, like the alteration of the 
neurobehavioral function in early-life and adult zebrafish (Crosby et al., 2015) or the 
stress syndrome in juvenile Oryzias latipes (Sanchez Bayo and Goka, 2005), have 
been described. Other vertebrates also suffer imidacloprid effects. For example, 
increased DNA damage in human peripheral blood lymphocytes exposed in vitro to 20 
mM imidacloprid (5 mg/L) have been reported (Costa et al., 2009). 

There was no published report on clastogenic effect of Imidacloprid on carp fry. 
Based on the observations from literature survey, it was investigated to study the toxic 
effect of Imidacloprid on erythrocytes of carp, C. carpio. 

Materials and Methods  

Fish and chemical supply 

Fish samples, weighing 0.34±0.03 g, were obtained from the Keban Fish Breeding 
Unit of IX. Region Directorate, the State Hydraulic Works in Turkey. They were 
brought to the laboratory and acclimated to laboratory conditions for 14 days. Water 
temperature in the tank was maintained at 24.0 ± 1.0 °C using a heater. Fishes were 
fed with pellet feeds during acclimating. Fish were fed ad libitum with a commercial 
feed throughout the experiments. Fish were stocked in 3 groups (25 fish/per group) in 
the tanks supplied. 

The first group was maintained in tap water as a control group. The fish in group 2 
and 3 were exposed to 2.8 and 5.6 mg/l of Imidacloprid (N-{1-[(6-chloro-3-pyridyl) 
methyl]-4,5-dihydroimidazol-2-yl} nitramide) concentration for 96 and 168 h (7 
days). The entire experiment was repeated two independent times; each replicate for 
each group contained twenty-five fish, for a total of 150 fish. At the 96 h and 168 h of 
the test, the fish were anaesthetized in an anaesthetic matter (50 ppm, benzocaine) and 
a drop blood was taken from the caudal vein. Water quality parameters were 
monitored daily for each tank. 
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Micronucleus assay 

The slides were prepared by smearing one drop of blood on clean microscopic 
slides, fixed in methanol for 10 min and left to air-dry at room temperature and finally 
stained with 5% Giemsa in Sorenson buffer (pH 6.9) for 20 min. A total of 1000 
erythrocytes were examined for each specimen under the light microscope. For the 
scoring of micronuclei, the following criteria were adopted from Fenech et al. (2003). 
The diameter of the MN should be less than one-third of the main nucleus. MN should 
be separated from or marginally overlap with main nucleus as long as there is clear 
identification of the nuclear boundary. MN should have similar staining as the main 
nucleus. 

Statistical analysis 

The one-way analysis of variance (ANOVA), Duncan’s Multiple Range Test was 
employed to compare the mean differences in MN frequency between control and 
different exposure periods and, in between successive exposure periods. 

Results 

Imidacloprid exposure elicited hyperactivity characterized by opercula movement, 
erratic swimming, loss of equilibrium, hanging in the water vertically and gasping for 
air. However, no fish died after the 168 h period of exposure to different Imidacloprid 
doses. 

Results of micronucleus assays with carp are shown in Tables 1, 2 and Figures 1, 2. 
In the 2.8 mg/L Imidacloprid group, the micronuclei cell number were not 
significantly different (p>0.05). As shown in the figure, Imidacloprid treatment 
significantly increased the micronucleus frequency in blood (P<0.05) in 5.6 mg/L 
treatment group. For the concentration of 5.6 mg/L Imidacloprid, the number of 
micronuclei cell was significantly higher than control after exposure of 168h, whereas 
the micronuclei abnormalities did not show any increase in relation to the control 
group up to 96 hours (Fig. 3). The number of nuclear abnormality (NA) moderate 
increased both 96h and 168 h in 5.8 mg/L Imidacloprid group. 
 

Table 1. Mean values of micronuclei frequencies in blood of fishes treaed with Imidacloprid 

 96h 168h 

Control 1.72±0.12 1.74±0.11 

2.8 mg/L 1.69±0.09 1.73±0.13 

5.6 mg/L 1.93±0.19a,b 2.28±0.20a,b 

 
 

Table 2. Mean values of binuclei frequencies in blood of fishes treaed with Imidacloprid 

 96h 168h 

Control 0.11±0.01 0.14±0.02 

2.8 mg/L 0.09±0.01 0.13±0.03 

5.6 mg/L 0.12±0.02 0.14±0.02 
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Figure 1. The erythrocytes from carp exposed to imidacloprid. (A) normal erythrocytes (B) 
micronucleus 

 
 

Figure 2. Mean values of binuclei frequencies in blood of fishes treaed with Imidacloprid 
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(A) 

 
(B) 

Figure 3. The erythrocytes from carp exposed to imidacloprid. (A) normal erythrocytes (B) 
micronucleus 

 
 
Discussion 

In the commercial formulation bioassay all fish exposed to 10 000mg/L İmidacloprid 
died after 3 h (Iturburu et al., 2017). In this study, Imidacloprid exposure elicited 
hyperactivity characterized by opercula movement, erratic swimming, loss of 
equilibrium, hanging in the water vertically and gasping for air. However, no fish died 
after the 168 h period of exposure to different Imidacloprid doses. 

This study, Imidacloprid caused a dose-dependent increase in the frequency of MN 
and other NAs, which was statistically significant (p < 0.05) in the highest concentration 
evaluated (5.6 mg/L) compared to the control (Tables 1, 2 and Figs. 1, 2). The results 
obtained in this study corroborate other pesticide studies using different species of fish, 
such as the evaluation of Imidacloprid (1-[(6-chloro-3-pyridinylmethyl]-N-nitro-2-
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imidazolidinimine; CASN˚138261-41-3; molecular formula C9H10ClN5O2), Aficida® 
and Endosulfan insecticides in fish erythrocytes from Oreochromis niloticus 
(Perciformes, Cichlidae), Cnesterodon decemmaculatus (Poeciliidae) and Carassius 
carassius (Cyprinidae) by the MN test (Candioti et al., 2010; Dar et al., 2015; Ansoar-
Rodríguez et al., 2015). These studies demonstrate the effectiveness of fish and the MN 
test as a model for the biomonitoring of aquatic ecosystems that may be affected by 
pesticides. 

At 100 mg/L and 1000 mg/L the imidacloprid micronucleus frequency was 
significantly higher than its negative control. Conversely, in the active ingredient 
bioassay the micronucleus frequency was significantly higher at 1000 mg/L 
imidacloprid in relation to its negative control (Iturburu et al., 2017). This study, for the 
concentration of 5.6 mg/L Imidacloprid, the number of micronuclei cell was 
significantly higher than control after exposure of 168 h, whereas the micronuclei 
abnormalities did not show any increase in relation to the control group up to 96 hours 
(Fig. 3). The number of nuclear abnormality (NA) moderate increased both 96 h and 
168 h in 5.8 mg/L Imidacloprid group. 

Conclusion 

Considering the genotoxic effects of Imidacloprid on C. carpio as obtained in this 
study by MN, there is serious apprehension about the potential danger of this drug to 
aquatic organisms. However, detailed studies using other assays having different end 
points may be needed to confirm the mutagenic and genotoxic status of the Imidacloprid 
and further explore the mechanism and interactions with the DNA metabolism in 
different aquatic organisms, especially fish. 
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Abstract. The short-term fencing effects on vegetation in dryland landscape depressions are analyzed and 
the economic performance of grazing-only and integrated grazing with cropping in regard to land capital 
are compared. The goal is to suggest efficient strategic choices and more profitable land allocation of 
lowlands in dry areas. To analyze the vegetation, 12 cages each 2 m² were installed at three sides of a 
depression (4 east, 4 middle and 4 west side). Natural vegetation was recorded in the inside and outside 
cages during the spring of 2015, 2016 and 2018. Pastoral productivity was also calculated. To study the 
economic performance of cropping systems, local owner-farmers representing three cropped areas (1, 3 and 
9 ha) were interviewed using socioeconomic surveys. The main results showed that short-term fencing 
increased diversity (24% to 61% in the middle cages). This improvement is due to annuals and the 
recruitment of palatable perennials. Economic evaluation showed that grazing is more profitable than 
integrated management, except for diversified and large cropped areas. The strategic recommendations for 
efficient, profitable and sustainable lowland allocation are short-term fencing with grazing-only in small 
depressions, and diversified crops mixed with grazing in larger depressions. 
Keywords: rangeland management, economic performance, drylands, landscape depressions, Marab 

Introduction 

During the last few decades, climate change and overexploitation have destroyed 
natural resources and dramatically changed many ecosystem services (Vijaya 
Venkataraman et al., 2012; Hoffmann et al., 2014). Impacts on ecosystems can be 
environmental, economic and social, particularly in the most vulnerable semi-arid and 
arid areas (Schilling et al., 2012; Grimm et al., 2013). In these areas, ecological balance 
has been destabilized by human pressure and changes in land use and abiotic stresses, 
consequently affecting biodiversity and resilience capacity (Aïdoud et al., 2006; 
Eskandari et al., 2016; Zhang et al., 2016). Despite their fragility, these large areas are 
occupied by almost 38% of the world’s human population. They contribute to carbon 
sequestration, combat desertification, and maintain livestock farming (Lal, 2002; 
Reynolds et al., 2007). Apart from its position in the food chain as the primary producer, 
spontaneous vegetation plays an important role in the prevention of soil degradation and 
erosion, maintenance of soil structure and fertility, and regulation of water flows and 
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climate (Alcamo, 2003; Hoffmann et al., 2014). Many natural ecosystems are disturbed 
following their conversion to farmland and selective exploitation. Grazing, animal 
breeding and seasonal cropping are the main agricultural activities affecting dryland 
ecosystems. These land uses have changed during recent decades due to intensification 
and increases in productivity, following changes in human population density and 
progress in cultivation techniques, mechanization and agrichemicals. Overgrazing occurs 
in some localities when the stocking rate is exceeded, and rangeland availability is 
reduced by plowing or water deficits (Ouled-Belgacem et al., 2013). Hence, human 
activities and poor land management, particularly overgrazing, exacerbated by climate 
change constitute the main causes of ecosystem degradation (FAO, 2006; Tietjen and 
Jeltsch, 2007; Carmona et al., 2013; Hoffmann et al., 2014).  

To avoid this decline, strategic management, conservation techniques and sustainable 
use should be pursued. Various solutions have been developed to preserve pastoral areas 
in Southern Tunisia, with a focus on rehabilitation and pastoral enhancement techniques 
and interventions. Fencing is one of the most well-known and traditionally widely 
practiced techniques for rangeland management in Tunisia and elsewhere around the 
world (Nefzaoui and Mourid, 2008; Squires et al., 2009; Gamoun et al., 2018; Ouled-
Belgacem, 2018).  

This technique, locally known as gdel, consists of leaving part of a rangeland to rest 
(without grazing) for a period of two to four years depending on the ecosystem capacity 
to recover and rainfall conditions, to reconstitute plant cover, reduce soil erosion and 
increase fodder production, soil organic matter ,and biodiversity (Ouled-Belgacem, 
2012). Landscape depressions, known as marab in Arabic, constitute one of the better-
integrated agro-pastoral systems with good edaphic and hydrologic properties. These 
agro-pastoral systems bring together the agricultural activities of grazing and cropping.  

However, instabilities shaped by these activities can lead to disturbed vegetation 
structure, principally revealed by a decline in perennial plants (Hubbell et al., 1999; 
Slimani and Aïdoud, 2004). Several approaches to local management have been applied 
to reduce degradation by enhancing some marginalized resources (e.g., revegetation using 
pastoral halophytes and alternative feeds in scarce seasons) and re-adjusting the 
ecological balance (Temel et al., 2015; Ayeb et al., 2016; Tlili et al., 2018).  

To mitigate ecosystem degradation and reduce forage deficiency requires improving 
our knowledge of the specificities of agro-pastoral systems. Furthermore, the grazing and 
cropping combination must be analyzed to show the environmental impacts and economic 
efficiency. In this context, the present work aims to assess free grazing and fencing 
impacts on natural vegetation and to compare the economic performance of grazing-only 
and integrated grazing with cropping to suggest optimal choices and more profitable and 
sustainable land allocation for arid lowland depressions. 

Materials and Methods 

Study site 

The study was in the Samaliete region, southern Tunisia (33°18′08.26″N, 
10°55′30.11″E; Figure 1). It is characterized by an arid Mediterranean climate with high 
temperature variability and precipitation patterns. The mean annual precipitation is about 
165 mm with an average annual temperature of 21.4° C (according to climate data for the 
period 1991–2016; https://climateknowledgeportal.worldbank.org). The rainiest months 
are December and January and the driest are June and July. Soils in this region are 
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calcareous with gypsic materials in the surface. Skeletal-gypsic soils are found in the 
surrounding areas, but the middle of depressions are characterized by deep, sandy soil. 
Some dwarf shrubs (e.g. Gymnocarpos decander Forssk. and Anthyllis henoniana Coss. 
Ex Batt.), forbs and grasses dominate the natural vegetation cover of the region.  

Historically, the region has been devoted to grazing sheep and goats with some 
cultivated field crops during rainy years (cereals and legumes). 
 

Figure 1. Geographical location of the study site 
 
 
Experimental design 

The experimental protocol was established on three sides of one lowland depression 
(east, middle and west side) in March 2015 (spring). The east and west sides of the 
depression were sloping (10%) but the middle was flat (about 50 m width, cropped area). 
On each side, four replicate-rectangular cages (each 50 cm high, 2 m2 area and 15 m apart) 
were installed to protect vegetation from grazing animals, including small rodents (Figure 
2, Figure 3). Four other rectangular quadrats (2 m2 each, control) were installed and kept 
open to free grazing. Some ecological indicators such as flora richness and density were 
monitored during the springs of 2015, 2016 and 2018 inside and outside the cages. 
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Figure 2. Cage design and the overall view of the experimental depression 
 
 

Figure 3. Cage locations and experimental design for the vegetation measurement in the west, 
middle and east sides of the studied depression 

 
 
Vegetation monitoring 

The grazing value (i.e. pastoral production) measurements were taken during the 
spring of 2015, 2016 and 2018, using the quadrat point method as described by Daget and 
Poissonnet (1971) and Floret (1988). Four lines (20 m length each) were monitored on 
each side of the depression. Every 20 cm along the tape, a fine pin was inserted in the 
ground and all vegetation and ground contacts were noted. In parallel, inside and outside 
cages, flora richness and density of perennial and annual species were evaluated, on each 
aspect/side during the study periods (Table 1). 

The majority of plant species were identified in the field, and samples of unidentified 
species were collected and identified in the laboratory using reference books and 
taxonomic databases. Plant diversity between the monitored plots (Table 1) was 
determined using Jaccard’s similarity index (SJ) as described by Roux and Roux (1967) 
(Eq. 1). 
 



Tlili et al.: Fencing-cropping-grazing comparability in arid lowlands 
- 4361 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4357-4371. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_43574371 
© 2021, ALÖKI Kft., Budapest, Hungary 

Table 1. Respective codes of the monitored plots within the depression over seasons 

Codes Aspects/Sides Grazing treatments Spring of 

EO1 East Outside 2015 

EO2 East Outside 2016 

EO3 East Outside 2018 

MO1 Middle Outside 2015 

MO2 Middle Outside 2016 

MO3 Middle Outside 2018 

WO1 West Outside 2015 

WO2 West Outside 2016 

WO3 West Outside 2018 

EI1 East Inside 2015 

EI2 East Inside 2016 

EI3 East Inside 2018 

MI1 Middle Inside 2015 

MI2 Middle Inside 2016 

MI3 Middle Inside 2018 

WI1 West Inside 2015 

WI2 West Inside 2016 

WI3 West Inside 2018 

 
 

   SJ (x, y) =                                                                                                                             
c 

(a + b – c)  

(Eq. 1) 

 
where a is the number of species in cage x, b is the number of species in cage y and c is 
the number of common species between x and y. The vegetation cover (VC) was: 
 

     VC  =                                                                                                                             
n 

N 
 x 100 

 
(Eq. 2) 

 
With n the number of hits of all plant species and N the total number of hits. Thereafter, 

specific frequency of presence (SFP) was calculated as: 
 

    SPFi  =                                                                                                                             
ni 

N 
x 100 

 

(Eq. 3) 

 
With ni the number of hits of the ith species. The specific contribution of presence 

(SCP) of ith species was: 
 

 
     SCPi  =                                                                                                                              

SFPi 

∑ SFP 
x 100 

n 

i=1 

 

(Eq. 4) 

 
The grazing value (GV) was then calculated: 

 

 GV  =                                                                                                                              0.2 x ∑ (SCPi x Isi) x VC 
n 

i=1 

 
(Eq. 5) 
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where Isi is the acceptability index of ith species (Le Houérou and Ionesco, 1973). Finally, 
pastoral productivity (P) was obtained according to Aïdoud et al. (1983): 
 

 P (FU ha−1 year−1) =                                                                                                                              7.52 x GV 
 

(Eq. 6) 

 
where FU is the forage unit, (one FU is the equivalent of 1 kg of barley). 
 
Socioeconomic surveys 

The field investigations were coupled with socioeconomic surveys with four owners 
of neighboring cropped depressions. Only these four owners are still in the region due to 
rural exodus. The objective of the surveys was to evaluate owner incomes (cropped 
systems) in comparison with owners only grazing. The four evaluated crops were barley 
(1 ha), barley and lentil (both in 1 ha), barley and lentil (both in 3 ha) and barley, wheat 
and lentil (all in 9 ha). 

Interviews were conducted by the research team during the spring of 2015 (rainy year, 
167.8 mm) and 2016 (dry year, 61.9 mm). The questionnaire had four sections: (i) 
household demographic information, (ii) agricultural systems, (iii) farm economic 
analysis and, (iv) community-identified problems assessment. Each interview lasted on 
average 1 hour. The data was coded and cleaned using Excel and data analysis was carried 
out using SPSS software. 

Economic evaluation 

Annual grazing incomes of 1 ha depressions (GI) in rainy and dry years (respectively 
2015 and 2016) were calculated as: 
 

 GI  =                                                                                                                              P x 0.14 
 

(Eq. 7) 

 
where 0.14 is the local price of 1 kg of barley (in Euro). 

 
After crop harvesting during the rainy year (2015), the economic benefits from small 

(1 ha), medium (3 ha) and large (9 ha) plowed depressions were calculated. The economic 
efficiency and profitability of land allocation in four different lowland systems were then 
evaluated, taking into account the land capital (i.e. small, medium and large plowed 
areas), the crop diversification and the land allocation (i.e. grazed and cropped lands). 

To investigate the economic performance and efficiency of each surveyed lowland 
farm, a set of economic indicators were calculated. These indicators were (i) total rainfed 
crop gross product, total cost (i.e. input and labor costs) and overall gross margin (crop 
income), (ii) efficiency of the production process (EPP) (gross product-inputs/gross 
product), to assess the overall economic efficiency of each farm, and (iii) the total income 
for the integrated crop and grazing systems for a period of four years. Note that in 
southern Tunisia the long-term frequency of rain is about 1 rainy/3 dry years per four-
year period (Ouessar et al., 2006). The total incomes for the grazing-only systems for four 
years were calculated to assess the profitability of the different farming systems and to 
identify more profitable land allocation. 

 



Tlili et al.: Fencing-cropping-grazing comparability in arid lowlands 
- 4363 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4357-4371. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_43574371 
© 2021, ALÖKI Kft., Budapest, Hungary 

Statistical analysis 

After testing normality (Shapiro–Wilk test) to verify homogeneity of variance, means 
were log-transformed. One-way ANOVAs were performed to separately compare 
density, richness and productivity under grazing, aspects and years effect. Two-way and 
three-way ANOVAs were used to test the interactions of these factors. Diversity analysis 
was carried out using the Jaccard similarity index between cages. All statistical analyses 
were performed using SPSS 20.0 software. 

Results 

Flora richness 

The number of annual and perennial species in the inside and outside cages are presented 
in Table 2. The highest number of annuals was found in the middle of the depression 
(16.3 ± 3.4 species) and on the eastern side for perennials (9.8 ± 2.1 species). The lowest 
number of annuals occurred in spring 2016 inside cages on the east side of the depression, 
with 6.5 ± 2.5 species. During this same season, 4 ± 1.2 perennial species were found in the 
outside cages on the western side. In general, annuals were dominant in the inside and 
outside cages compared to perennials. Only annual forbs on the eastern side of the 
depression showed a significant difference (F = 6.41; p < 0.05) between outside (10 ± 3.6) 
and inside cages (5.3 ± 2.1), in spring 2016. The highest number of shrubs was on the east 
side of the depression and the lowest in the middle. This was due to plowing effects. 
 

Table 2. Flora richness of inside and outside cages in the Samaliete depression during the 
spring of 2015, 2016 and 2018 

 Spring 
Inside Outside 

East Middle West East Middle West 

Annual 
forbs 

2015 10.3 ± 6.3 13.5 ± 2.7A 10.5 ± 3.1 9.8 ± 2.2A 13.3 ± 2.6 11.0 ± 3.6A 

2016 5.3 ± 2.1* 7.0 ± 1.4B 7.8 ± 2.9 10.0 ± 3.6A* 7.3 ± 3.2 7.5 ± 2.6AB 

2018 4.5 ± 1.3 6.8 ± 2.1B 7.3 ± 1.7 5.0 ± 1.4bB 9.0 ± 3.2a 5.8 ± 0.5abB 

Annual 
grasses 

2015 2.0 ± 1.6A 2.8 ± 0.9A 2.0 ± 0.8 1.8 ± 0.5 2.8 ± 0.5A 2.8 ± 0.9 

2016 1.3 ± 0.9AB 0.8 ± 0.5B 1.3 ± 0.1 0.8 ± 0.5 1.3 ± 0.5B 1.3 ± 0.5 

2018 0.8 ± 0.5B 1.5 ± 0.6B 0.8 ± 0.9 1.0 ± 1.2 1.8 ± 1.3AB 2.0 ± 1.4 

Total 
annuals 

2015 12.3 ± 7.5 16.3 ± 3.4A 12.5 ± 3.7 11.5 ± 2.1A 16.0 ± 2.2A 13.8 ± 4.3A 

2016 6.5 ± 2.5 7.8 ± 1.3B 9.0 ± 3.6 10.8 ± 3.9A 8.8 ± 3.3B 8.8 ± 3.0AB 

2018 5.3 ± 1.5b 8.3 ± 2.1aB 8.0 ± 1.4a 5.5 ± 1.7B 10.0 ± 3.4AB 7.0 ± 0.8B 

Perennial 
forbs 

2015 3.0 ± 1.12B 4.3 ± 2.2 3.5 ± 1.3 5.5 ± 3.1 5.0 ± 1.8 3.0 ± 1.4AB 

2016 5.5 ± 1.9A 4.0 ± 0.8 3.6 ± 1.7 6.0 ± 2.2a 3.5 ± 2.1b 2.3 ± 0.9bB 

2018 5.5 ± 1.7A 4.0 ± 1.4 6.3 ± 1.7 7.0 ± 1.2 5.3 ± 3.6 5.3 ± 1.7A 

Perennial 
grasses 

2015 0.5 ± 0.5 1.0 ± 1.1 1.0 ± 1.2 0.3 ± 0.5 0.8 ± 0.5 0.0 

2016 0.0 0.3 ± 0.5 0.5 ± 0.5 0.3 ± 0.5 0.8 ± 0.5 0.3 ± 0.5 

2018 0.3 ± 0.5 0.5 ± 0.5 0.5 ± 0.6 0.25 ± 0.50 0.5 ± 0.6 0.3 ± 0.5 

Shrubs 

2015 2.5 ± 1.3 0.8 ± 0.9 1.0 ± 1.1 2.0 ± 0.8a 0.0 b 1.0 ± 0.8ab 

2016 2.3 ± 0.6a 0.3 ± 0.5b 1.5 ± 0.6a 2.5 ± 1.0a 0.0 b 1.5 ± 0.6ab 

2018 2.5 ± 1.3 1.0 ± 0.8 1.0 ± 0.8 2.5 ± 1.3a 0.3 ± 0.5b 1.3 ± 0.5ab 

Total 
perennials 

2015 5.8 ± 1.9B 5.5 ± 2.9 5.0 ± 1.8 7.8 ± 4.0 5.8 ± 2.2 4.0 ± 1.4 

2016 7.8 ± 2.6A 4.5 ± 0.6 5.3 ± 2.2 8.8 ± 3.0a 4.3 ± 2.2b 4.0 ± 1.2b 

2018 8.3 ± 2.9A 5.5 ± 2.4 7.8 ± 2.8 9.8 ± 2.1 6.0 ± 3.9 6.8 ± 1.9 

a/b indicate significant differences between the depression sides during the same year; A/B indicate 
significant differences between years for the same side, according to Student–Newman–Keuls test. (*) 
indicates a significant difference between inside and outside cages for the same side and year. Values are 
means ± SD (n = 4) 
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Plant density 

Annual and perennial plant densities of inside and outside cages on the east, middle 
and west sides of the depression during the three years (2015, 2016 and 2018) are shown 
in Figure 4. The highest annual density was in the outside cages in the middle of the 
depression during spring 2015 (131.88 plants.m-2), and the lowest in the inside cages on 
the east side during spring 2018 (7.5 plants.m-2). For perennial density, the ANOVA 
showed a significant difference between years (outside cages on the east side: p < 0.05; 
between sides, outside cages in 2016: p < 0.05). The interaction of factors was not 
significant. However, there were significant differences for annual density between inside 
and outside cages only in the middle of the depression in spring 2016 (p < 0.05). Also, 
inter-annual significant differences were noted in the middle of the depression in both 
inside and outside cages on the one hand, and outside cages on the western side on the 
other hand. The main difference between aspects was found in the outside cages during 
the three years. No interaction between factors was noted. 
 

Figure 4. Annual and perennial densities (plant.m-2) inside and outside cages in the east, the 
middle and the west side of the Samaliete depression during the spring 2015, 2016 and 2018. 

a/b/c and A/B indicate significant differences between years inside and outside cages, 
respectively, in the same aspect; 1/2/3 indicate significant differences between sides in the same 

year, according to the Duncan test. (*) indicates significant difference between inside and 
outside cages for the same side and year; values are means ± SD (n = 4) 

 
 
Diversity 

Jaccard’s similarity index between the inside and outside cages is shown in Table 3. 
The highest index (0.76) was noted between the middle inside (MI1) and outside cages 
(MO1) in spring 2015, indicating that 76% of plant species were common to MI1 and 
MO1. The lowest index (0.17) was between the middle inside cages in spring 2016 (MI2) 
and eastern outside cages in spring 2018 (EO3). This indicates that the biggest difference 
in the floristic composition was between MI2 and EO3 (i.e. MI2–EO3). The main results 
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of this index indicate floristic homogeneity in the middle of the depression. Some indices 
exceeded 0.5, indicating that more than 50% of plant species were common between the 
cages. Within the same site, similarity indexes were higher in spring 2015 with 0.63, 0.76 
and 0.58 for EI1–EO1, MI1–MO1 and WI1–WO1, respectively. The similarity indices 
decreased in spring 2016 to 0.48 for EI2–EO2 and MI2–MO2. In spring 2018, similarities 
were lower with 0.41, 0.39 and 0.52 for EI3–EO3, MI3–MO3 and WI3–WO3, 
respectively. These results suggest that after three years of fencing, flora diversity had 
increased in all sites of the depression. 
 

Table 3. Jaccard’s similarity index inside and outside cages in the Samaliete depression. The 
index between inside and outside cages in the same location and year are indicated with 
bolded numbers  

 EO1 EO2 EO3 MO1 MO2 MO3 WO1 WO2 WO3 EI1 EI2 EI3 MI1 MI2 MI3 WI1 WI2 WI3 

EO1 1.00                  

EO2 0.58 1.00                 

EO3 0.48 0.49 1.00                

MO1 0.44 0.45 0.28 1.00               

MO2 0.34 0.41 0.28 0.51 1.00              

MO3 0.36 0.31 0.36 0.48 0.41 1.00             

WO1 0.52 0.40 0.27 0.59 0.46 0.44 1.00            

WO2 0.37 0.48 0.31 0.50 0.67 0.37 0.56 1.00           

WO3 0.45 0.36 0.43 0.42 0.37 0.58 0.51 0.44 1.00          

EI1 0.63 0.44 0.32 0.52 0.36 0.40 0.62 0.42 0.48 1.00         

EI2 0.50 0.48 0.34 0.40 0.43 0.28 0.42 0.46 0.37 0.49 1.00        

EI3 0.36 0.39 0.41 0.32 0.25 0.46 0.31 0.28 0.36 0.31 0.28 1.00       

MI1 0.48 0.43 0.32 0.76 0.49 0.43 0.60 0.51 0.40 0.60 0.48 0.35 1.00      

MI2 0.28 0.34 0.17 0.48 0.48 0.28 0.36 0.52 0.30 0.33 0.52 0.25 0.49 1.00     

MI3 0.31 0.31 0.39 0.31 0.25 0.39 0.25 0.28 0.36 0.29 0.28 0.46 0.35 0.28 1.00    

WI1 0.67 0.50 0.40 0.59 0.46 0.47 0.58 0.53 0.51 0.62 0.53 0.35 0.60 0.39 0.35 1.00   

WI2 0.50 0.55 0.35 0.50 0.51 0.35 0.46 0.58 0.41 0.49 0.68 0.33 0.51 0.61 0.29 0.64 1.00  

WI3 0.47 0.45 0.51 0.44 0.35 0.54 0.40 0.35 0.52 0.40 0.35 0.54 0.45 0.29 0.45 0.49 0.41 1.00 

EO, east outside; MO, middle outside; WO, west outside; EI, east inside; MI, middle inside; and WI, 
west inside. 1, 2 and 3 correspond to years 2015, 2016 and 2018, respectively 

 
 
Productivity and economic evaluation 

Rangeland production of the grazed area in the Samaliete depression significantly 
differed (p < 0.05) between the rainy (2015) and dry (2016) years, with 172.42 ± 79.99 
and 91.34 ± 41.67 FU ha−1 year−1, respectively. The lowland systems showed differences 
among the four farms in terms of economic performance and EPP, but also in terms of 
farming system (grazing-only and integrated grazing and cropping; Table 4). Farm 4 
showed the largest rainfed crop income per hectare (141 EUR/ha), followed by farm 2 
(10 EUR/ha). The other two small and medium farms (1 and 3) had negative values of 
−213 and −6 EUR/ha. However, farm 1 followed farm 4 in terms of EPP. 

The diversification of crops (barley, wheat and lentil) had a positive impact on the 
income of farms 4 and 2. This observation did not apply to farm 3, possibly due to the 
high cost of paid labor on this farm, used especially for harvesting. The land capital also 
played an important economic role wherein farm 4 (9 ha) had the largest crop income 
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(565 EUR, 141 EUR/ha). However, farm 3 had a much lower income (3 ha and 
−6 EUR/ha) than farm 2 (1 ha and 10 EUR/ha). 

 
Table 4. Characterization and differences in term of economic performance and efficiency of 
the production process between the four landscape depression farm) in the Samaliete region 

 Farm 1 Farm 2 Farm 3 Farm 4 

Total area (ha) 1 1 3 9 

Farming system (rainy year) Wheat Wheat + lentil 
Wheat + barley 

+ lentil 
Wheat + barley 

+ lentil 

Cropped area (wheat and barley) (ha) 0.35 0.35 1 3 

Cropped area (lentil) (ha) 0.1 0.1 0.35 1 

Grazing area (ha) 0.55 0.55 1.65 5 

Inputs (EUR) 17 34 92 207 

Labor costs (EUR) 82 88 252 405 

Total costs (EUR) 99 122 344 614 

Total costs (EUR /ha) 220 271 255 154 

Total crop gross product (EUR) 70 126 336 1179 

Total crop gross product (EUR /ha) 155 281 248 295 

Crop income (EUR) (rainy year) -29 5 -8 565 

Crop income (EUR /ha) (rainy year) -65 10 -6 141 

Grazing income (if with crops) (rainy year) 
(EUR) 

13 13 39 118 

Grazing income (if grazing only) (rainy year) 
(EUR) 

24 24 71 213 

Grazing income (EUR) (dry year) 12 12 37 112 

Total income (crop and grazing) (1 rainy year) 
(EUR) 

-16 18 31 683 

Total income (crop and grazing) (4 years) (EUR) 21 55 143 1018 

Total income (grazing only) (4 years) (EUR) 61 61 183 548 

Profit of grazing only (4 years) (EUR) 40 6 40 -470 

Efficiency of the production process (%) (gross 
product-inputs/gross product) 

75 73 72 82 

 
 
Discussion 

Overall, human population increase has generated unsustainable land use practices by 
destroying the natural balance and transforming pastures to crop–livestock systems 
(Tomlinson et al., 2002; Sanderson et al., 2013). These transformations vary according to 
social, climatic, edaphic and ecologic aspects. Lowland depressions in arid and semi-arid 
areas are natural spaces that have undergone remarkable management changes. These 
landscape depressions constitute valuable areas for agriculture due to their hydrologic 
characteristics and soil fertility (Louhaichi et al., 2012; Hassan et al., 2017). 

Our results showed that flora richness increased following fencing, with a dominance 
of annuals. Perennials had lower numbers in the middle of the depression, attesting to the 
negative effect of plowing. In the outside cages, the most common annual species in all 
depression sides during the three years were Anacyclus cyrtolepidiodes Pomel., 
Asphodelus tenuifolius Cav., Echium humile Desf., Fagonia glutinosa Del., Filago 
germanica L., Plantago ovata Forssk. and Schismus barbatus (L.) Thell. The common 
perennial plants were Argyrolobium uniflorum (Decne.) Jaub. & Spach, Deverra tortuosa 
(Desf.) DC., Erodium glaucophyllum (L.) L’Hér., Helianthemum sessiliflorum (Desf.) 
Pers, Herniaria fontanesii J. Gay and Linaria aegyptiaca (L.) Dum. Cours. Inside cages, 
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the most found species (more than 75%) were Anthyllis henoniana Coss. Ex Batt., 
Cynodon dactylon (L.) Pers., Gymnocarpos decander Forssk., Helianthemum kahiricum 
(Delile), Hippocrepis bicontorta Loisel and Reaumuria vermiculata (L.).  

The majority of perennial species in the outside cages were unpalatable or of low 
palatability and only occasionally palatable. The dominant species in the inside cages 
were palatable and very palatable perennial plants. After short-term fencing (3 years), 
unpalatable perennials were frequent in the outside cages, but in the inside cages there 
were increases in palatable and very palatable perennial species.  

Comparable studies stated that overgrazing can influence vegetation structure, 
reducing perennial species richness, especially by losing the most palatable ones, usually 
replaced by unpalatable and annual species (Noy-Meir, 1995; Peer et al., 2001; Louhaichi 
et al., 2009, 2012; Tarhouni et al., 2010). Decreasing richness reduces the regeneration 
ability of rangelands and their resilience capacity by reducing seed production (Louhaichi 
et al., 2012). Bochet (2015) suggested that, in arid and semi-arid patchy ecosystems, plant 
seeds can be transported by surface runoff and reach more favorable sites for installation. 
Lowland depressions can be a suitable refuge area for seed germination and plant growth. 
However, this opportunity can be lost if depression areas are overgrazed and continuously 
plowed during rainy years. 

Fencing had no effect on perennial plant density, but annual density increased in the 
middle. This can likely be explained by the abundance of unpalatable perennials in the 
outside cages, with the regeneration of palatable species in the protected cages or by the 
plowing effects favoring annual plants. These results corroborate the findings of 
Louhaichi et al. (2012) concerning the increase of plant density with fencing followed by 
an increase in annual forbs and grasses with a lower degree of perennial shrubs and semi-
shrubs. Hassan et al. (2017) also reported that plant density increased in protected areas 
in arid lowland pastures with a dominance of annuals from three main botanical families: 
Poaceae, Asteraceae and Brassicaceae. Generally, ecosystem regeneration takes time 
depending on rainfall, seed bank, seed sources, competition between species, severity of 
disturbance and grazing regime (Pakeman and Small, 2005). 

Similarly, species diversity increased greatly following short-term fencing in the 
middle and on the eastern side of the depression, with less increase evident on the western 
side. The diversity restitution in the middle is explained by the favorable conditions with 
good water status without grazing. Low diversity in the east and west sides can be 
explained by factors such as runoff (decreasing the soil moisture) and sun radiation 
(Louhaichi et al., 2012; Hassan et al., 2017). Plant diversity is considered the best 
indicator of health and resilience capacity of ecosystems. Without grazing, plant 
community recovery depends on precipitation, soil fertility and vegetation composition 
and physiognomy of woody or herbaceous species (Zhang, 1998). At low soil fertility, 
high annual species diversity was observed in protected Mongolian grasslands (Gough 
and Marrs, 1990). 

This study shows that short-term fencing with at least one rainy year on arid landscape 
depressions can improve rangeland productivity by avoiding the negative impact of 
overgrazing. Nevertheless, grazing intensity is not the only factor determining the 
profitability of these agro-pastoral systems, and farm size and crop type are also 
influential. Farm size and stocking rate are among the main factors affecting the adoption 
of environmental policies and crop-livestock management (Shideed et al., 2007). 
Consequently, effects of size and crop type on farm economic performance were studied, 
and an economic evaluation was applied.  
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The comparison of economic efficiency of land allocation between the studies 
depression suggests that g-razing only (non-fenced and non-cropped rangelands) in a 4-
year period (3 years dry and 1 rainy year) is more profitable than integrating grazing with 
crops (non-fenced and cropped rangelands) on small and medium farms. In the case of large 
plowed areas, integrating grazing and crops is more economically efficient, especially with 
crop diversification. In addition to these economic impacts, the association between 
livestock husbandry and crop production could be considered as a form of response to 
climatic and socio-environmental risks and uncertainties in southern Mediterranean arid 
regions (Sraïri et al., 2017). In this case, we have to take into account the possible negative 
impact of plowing on sustainability of rangelands.  

Special attention should be given to the most profitable farms to increase their economic 
performance and promote their sustainability. Attention should also be given to promoting 
and consolidating the productive choices that demonstrate their effectiveness, especially in 
small and medium lowlands, to produce diversified crops with high added value. The aim 
is to increase and secure farm income by developing diversified crops with high added 
value (e.g. vegetables and arboriculture) while modifying the rotation and adoption of new 
crops and reducing others that are less profitable or extending the cultivated area. The 
extension of cultivated areas can be done by improving water access through investing in 
the introduction of drip irrigation (occasionally subsidized by the state). These findings are 
consistent with previous research showing that crop diversification improves the 
performance of farming systems, enhances resilience and offers food security to households 
(Darnhofer et al., 2010; Souissi et al., 2018). The effectiveness of this strategy depends on 
the availability of farm assets, particularly wells, tractors, finance and family labor. 

Conclusion 

This study was carried out to investigate the vegetation composition and structure after 
fencing and to compare the incomes of management types (grazing-only and cropping with 
continuous grazing) in arid lowland depressions. The overall goal is the promotion of better 
pastoral, livestock and cropping management to meet population needs while protecting 
critical ecosystems. Results suggest that short-term fencing improved vegetation structure 
and pastoral productivity. Using landscape depressions as non-fenced rangelands (grazing-
only) is more profitable than integrating grazing with cropping in small and medium areas, 
while integrated management (grazing with large-area cropping), especially with crop 
diversification, appeared to be more profitable than grazing-only. In summary, the better 
use of landscape lowlands in arid areas, having a high productivity compared to highlands, 
requires consideration of grazing intensity, minimum profitable plowing area and crop 
diversification. Fencing on sloping sides of depressions increased their fodder production. 
Protection of some lowland areas could enhance biodiversity. These recommendations are 
meant to inform decision making in rangeland management projects in arid lands around 
the world. In future works, the evaluation of carbon sequestration in lowlands could help 
inform climate change mitigation and adaptation measures. 
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Abstract. This investigation revealed that there are 42 species belonging to fifteen families in eleven 
governorates of KSA. The highest number (seven) and percentage (20.60%) of introduced species were 
recorded in Dammam and Riyadh, while, the lowest values were recorded in the regions of Al-Baha, Al-
Ghat and Jizan (one and 2.94%). As for Al-Baha a large number of introduced species (nineteen, 46.34%) 
were recorded, nearly half of the number of species examined, while no invasive species were recorded in 
Bisha, Dammam, and Tabuk. The life growth of the introduced species ranges from trees to young weeds. 
Phanerophytes (45%) had the highest proportion of life expectancy for the introduced plants, followed by 
Therophyte (40%) and Chamaephytes (15%), while the highest percentage (63%) among life ratios of the 
introduced and invasive plants was recorded for Therophyte, and the percentage of life growth of 
introduced plants indicates the dominance of herbs among other life forms. Regarding the total growth of 
life, the highest recorded percentage was in herbs (50%), followed by shrubs (19.05%), trees (16.67%), 
bush (9.52%) and grass (4.76%). The biological growth of weeds was dominant for the invasive plant 
species, followed by trees in the introduced species, and shrubs and trees in the introduced and invasive 
species. These indicate that the annual species and invasive weeds are better adapted to the environmental 
conditions in the studied areas in KSA. 
Keywords: inventory, plants, biodiversity, introduced, invasive, regions, KSA 

Introduction 

Invasive alien species (IAS) are a leading threat causing the mass extinction of native 
species around the world. In response to this issue, the international community in 
October 2010 at Nagoya, Japan established several objectives concerning the 
Convention of Biological Diversity (CBD), with the 9th target focusing on establishing 
measures to prevent the introduction and incorporation of IAS by 2020 for all 
signatories (CBD, 2010, 2001). Invasive species are primarily spread by human 
activities, often unintentionally. Over the past few centuries, the range of plant species 
colonizing areas outside their native habitats has risen dramatically. (Seebens et al., 
2017). Current findings documented in a study by the world bank imply that changing 
climate leads to the dissemination and thus further intensifies the influence of such 
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species. Due to invasive species, more than $1 billion dollars was lost yearly in the US 
and $1.5 trillion dollars globally (Globalization101, 2020). 

In the different ecosystems across KSA only, it has been estimated that the number 
of alien and naturalized species was 2284 (Thomas, 2011). KSA flora comprises of 48 
foreign species, of which 9 species have been identified for the first time by KSA, as 
well as human intrusion in ecological systems, such as the eviction of naturally grown 
plants from intensely vegetated areas for road establishment (Kingston and Waldren, 
2003). Invasive plants are progressively broadening their existence in various 
ecosystems, such as roadsides, desolated areas, barren lands, agricultural areas, landfill 
sites, forest lands, etc., because of the lack of sustainable threats and intensified 
responsiveness. Competition between invasive and endemic species intensifies for 
water, sunlight, space and nutrients, and natural ecosystems can be disrupted by 
dispersing of invasive species. (USDA, 2020). An invader plant is a native or foreign 
species that have a disruptive impact on the growth and production of commercial plant 
species, triggering specific management issues, or grows where it is not desired (Le 
Roux, 1981). Invasive plants are often naturalized species that develop fertile offspring 
at significant distances from the parent plants, usually in very significant numbers (for 
clades propagating by seeds and other reproductive structures, the estimated scales are 
more than a hundred meters in less than 5 decades.; more than 2 m per year for clades 
distributing by roots, stolons, rhizomes or subterranean stems) accordingly they have 
the opportunity to disseminate across vast regions (Richardson et al., 2000). These 
species, independently and sometimes at unprecedented rates, are able to flourish, 
reproduce and disperse across the landscape (van Wilgen et al., 2001). Invasive species 
can be found in natural or semi-natural ecosystems and endanger indigenous 
biodiversity (IUCN, 1999). Invasive species have now become a worldwide challenge 
to the ecosystem, culture and the economy, endangering biodiversity, altering the 
balance of ecosystems and growing environmental devastation. (Levine et al., 2003). 
After ecosystem defragmentation, this is the second-largest factor for loss of 
biodiversity. (Gaertner et al., 2009). Invasive plants are significant threats to the 
stability of the ecosystem and biodiversity, where 80% of endangered species 
extinctions are due to invasions of non-native species worldwide. (Pimentel et al., 
2005). Invasive plants could indeed dramatically change biodiversity by replacing the 
range of native vegetation, insects, and microbial communities with invasive plants, 
thus obstructing ecosystem infrastructure. By altering the nutrient cycle and soil pH, 
invasive species alter the ecology of a given ecosystem (Drenovsky et al., 2007), where 
lowered pH might indeed decrease the availability of nutrients leading to reduced 
growth of native plants, especially in habitats with poor nutrient availability. 

Ecosystem services are the benefits that human derives from ecosystems, like food, 
fiber and water provision, nutrient cycling, water and air purification (carbon 
sequestration), as well as erosion prevention, pests, distribution regimes, recreation and 
tourism (Diaz et al., 2007; Naidoo and Ricketts, 2008). Invasive species frequently have 
harmful environmental effects on the habitats they enter (Pejchar and Mooney, 2009). 
Invasive plants severely decrease the crop yields (Pimentel et al., 2000) and values of 
agricultural lands, causing loss of forages, decreased rangeland productivity and fodder 
value due to invasion of pastures, in certain circumstances, soil carbon reserves have 
diminished (Eviner et al., 2010), leading to increased fire incidence, range, and 
vehemence (Mack et al., 2000), loss of aesthetic elegance in gardens and landscapes as 
well as the imposition of substantial expenses on the world economy (Vila et al., 2011). 
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Invasive plant species have an impact on the diversity of native species, impacting the 
abundance of water by reducing the flow of water in a system already heavily 
constrained by water (Mark and Dickinson, 2008), impairing the availability of soil 
nutrients and increasing the occurrence of many other groups of pests (Mack et al., 
2000) as well as disordered morphology of riparian areas of the water bodies, 
contributing to changes in flood frequency and intensity (Zavaleta, 2000) and increased 
soil erosion. Comparatively, after a foreign plant has occupied an ecosystem, by altering 
the light, solar radiation and temperature levels in the infiltrated places, it affects the 
characteristics of that area. For a variety of animals, the nature and affordability of food, 
shelter, nesting places sunning sites and rests have changed. Plant invasions have 
meaningfully undermined innate diversity by plummeting the abundance (by 43.5%), 
diversity (by 50.7%), and vitality (by 41.7%) of denizen plant species and the 
appropriateness (by 16.5%) and multiplicity (by 17.5%) of animal species (Vila et al., 
2010). Invasive plant species control is a global request to help the offset of damaging 
consequences and empower the restoration of natural biodiversity (Hulme, 2006) 
through their exclusion from invaded habitats (Blanchard and Holmes, 2008). Given 
different biological properties, the issue of alien species control can be identified as the 
question of how to allocate vital resources among different management efforts 
(protection, monitoring, and regulation) over space and time, the management target of 
minimizing the financial and ecological harm incurred by invasive species and the 
management costs (Büyüktahtakın and Haight, 2018). This present investigation was 
conducted to discover, identify, and to make an inventory of the introduced and invasive 
plants in some governorates of the Kingdom of Saudi Arabia (KSA), in addition, 
warning about them as a threat to the local plant species diversity and flora of KSA. 

Materials and methods 

Some of the introduced plant species and invasive introduced plant species were 
restricted during the year 2020 in eleven governorates of the Kingdom, every governorate 
was given a code from 1-11, respectively (1-Al-Baha, 2- Al Ghat, 3- Bisha, 4- Buraidah, 
5- Dammam, 6- Fayfa 7- Jizan, 8- Jeddah, 9- Tabuk, 10- Taif, 11 Riyadh). As shown in 
Figure 1, and the plant species and families to which they belong were defined using the 
following references (Chaudhary, 1999, 2000, 2001) and the website GBIF (Table 1). 

 
Table 1. The GPS coordinates of eleven governorates in the KSA 

No. Regions Latitude Longitude 

1 Al-Baha 20° 16’ 20.1864’’ N 41° 26’ 28.5036’’ E 

2 Al Ghat 26° 01’ 21.60” N 44° 57’ 23.39” E 

3 Bisha 19° 58’ 34.8672’’ N 42° 35’ 24.6012’’ E 

4 Buraidah 26° 21’ 33.2316’’ N 43° 58’ 54.5232’’ E 

5 Dammam 26° 23’ 57.3000’’ N 49° 59’ 3.6960’’ E 

6 Fayfa 17 16’ 00’’ N 43 06’ 00’’ E 

7 Jizan 16° 54’ 34.8588’’ N 42° 34’ 4.4472’’ E 

8 Jeddah 21° 32’ 35.9988’’ N 39° 10’ 22.0044’’ E 

9 Tabuk 28° 23’ 0.6288’’ N 36° 33’ 58.2876’’ E 

10 Taif 21° 16’ 13.01” N 40° 24’ 56.99” E 

11 Riyadh 24° 42’ 48.7872’’ N 46° 40’ 31.0656’’ E 
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Figure 1. Saudi Arabia map displaying the locations of the plant species being studied 
 
 

Statistical analysis 

Cluster analysis for introduced and invasive plant species based on Euclidean 
distances was performed by Ward’s method. The Principal Component Analysis (PCA) 
method explained by Harman (1976) was followed in the extraction of the components 
for eleven regions based on the presence and absence of introduced and invasive plant 
species. The percentage variability explained by each component was determined 
(Harman, 1976; Sharma, 1996). The data were subjected to descriptive statistics and 
PCA as well as biplot graphical display. Multivariate statistical techniques were 
executed using a computer software program PAST version 4.03 (Hammer et al., 2020). 

Results 

Investigation of many governorates in Saudi Arabia (Al-Baha, Al Ghat, Bisha, 
Buraidah, Dammam, Fayfa, Jizan, Jeddah, Tabuk, Taif, Riyadh,), revealed the presence 
of forty-two species in the eleven governorates as shown in Table 2. These species 
belong to fifteen families. Amaranthaceae and Asteraceae are the most common 
families among the investigated families (7 species, each); followed by Fabaceae with 6 
species, Aizoaceae with 4 species, and Cactaceae, Solanaceae, and Euphorbiaceae with 
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3 species each, followed by Poaceae with 2 species. While Annonaceae, Papaveraceae, 
Heliotropiaceae, Cucurbitaceae and Verbenaceae, Primulaceae and Potamogetonaceae 
are represented by 1 species. Prosopis juliflora (Sw.) was the most common species, it 
was recorded in 6 governorates (Al-Baha, Al Ghat, Buraidah, Jizan, Jeddah, Riyadh) of 
variable ecological conditions (Table 2). 

 
Table 2. List of presence (+) and absence (-) and the number int. and int. & inv. plant 
species and their families in the studied governorates  

Plant species  Families 
Governorates 

1 2 3 4 5 6 7 8 9 10 11 

Acacia ampliceps Maslin Fabaceae - - -  +  - - - - - - - 

Acacia salicina Lindl. Fabaceae - - -  +  - - - - - - - 

Alternanthera pungens Kunth Amaranthaceae  +  - - - - - - - - - - 

Amaranthus albus L. Amaranthaceae - - - - - -  +    +   +  - 

Amaranthus hybridus L. Amaranthaceae  +  - - - - - - -  +  - - 

Amaranthus spinosus L. Amaranthaceae - - - - - -  +  - - - - 

Annona squamosa L. Annonaceae - - - - - - - - - -  +  

Argemone ochroleuca Sweet Papaveraceae  +  -  +  - -  +  - -  +  -  +  

Atriplex suberecta I. Verd. Amaranthaceae - - - -  +  - - - - - - 

Conyza bonariensis (L.) Cronq. Asteraceae - - - - - - - - - -  +  

Cylindropuntia rosea (DC.) Backeb. Cactaceae  +  - - - - - - - - - - 

Datura innoxia Mill. Solanaceae  +   +  -  +  - - - -  +  -  +  

Datura stramonium L. Solanaceae  +  - - - - - - - - -  +  

Eclipta prostrata L. Asteraceae  +  - - - - - - - - - - 

Euphorbia heterophylla L. Euphorbiaceae - - - -  +  - - - - - - 

Euphorbia maculata L. Euphorbiaceae - - - - - - - - - - - 

Euphorbia prostrata Aiton Euphorbiaceae - - - - - - - - -  +  - 

Heliotropium curassavicum L. Heliotropiaceae  +  - - -  +  - - - -  +   +  

Imperata cylindrica (L.) P. Beauv. Poaceae - - - - - - -  +  - - - 

Kali turgida (Dumort.) Gutermann Amaranthaceae  +  - - - - - - - - - - 

Lantana camara L. Verbenaceae  +  - - - - - - - - -  +  

Leucaena leucocephala (Lam.) de Wit Fabaceae - - - - - - - - -  +   +  

Lysimachia arvensis subsp. Arvensis Primulaceae -  +  - - - - - - - - - 

Momordica balsamina L. Cucurbitaceae - - - -  +  - - - - - - 

Nicotiana glauca Graham Solanaceae  +  -  +  - -  +  - - - - - 

Opuntia ficus-indica (L.) Mill. Cactaceae  +  - - - - - - -  +  - - 

Opuntia stricta (Haw.) Haw. Cactaceae  +  - - - -  +  - -  +  - - 

Parkinsonia aculeata L. Fabaceae - - - - - - - -  +  - - 

Phragmites australis (Cav.) Steud. Poaceae - - - - - -  +   +  - - - 

Potamogeton perfoliatus L. Potamogetonaceae - - - - - - - - -  +  - 

Prosopis juliflora (Sw.) DC. Fabaceae  +   +  -  +  -  +   +  - -  +  - 

Prosopis koelziana Burkart Fabaceae - - - - - - - - -  +  - 

Salicornia europaea L. Amaranthaceae - - - -  +  - - - - - - 

Sesuvium portulacastrum L. Aizoaceae - - - -  +  - - - -  +  - 

Sesuvium sesuvioides (Fenzl) Verdc. Aizoaceae - - - - -  +  - - - - - 

Sesuvium verrucosum Raf. Aizoaceae - - - -  +  -  +  - - - - 

Tagetes minuta L. Asteraceae  +  - - - - - - - - - - 

Tridax procumbens L. Asteraceae  +  - - - - - - - - -  +  

Verbesina encelioides (Cav.) A. Gray Asteraceae  +  - - - - - - -  +  - - 

Xanthium spinosum L. Asteraceae  +  - - - - - - - - - - 

Xanthium strumarium L. Asteraceae  +   +  - - - - - - - - - 

Zaleya pentandra (L.) C. Jeffrey Aizoaceae  +  - - - - - - - - - - 
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On the other hand, Table 3 clarified the numbers and percentage of introduced and 
introduced and invasive plants growing in different governorates. The highest number 
and percentage of introduced species were recorded in Dammam and Riyadh (7 species 
with 20.60% each). On the other hand, the lowest number and percentage of introduced 
plants were recorded in Al-Baha, Al- Ghat, and Jizan, 1 species with 2.94% each. 
Nonetheless, Jeddah, Buraidah, Tabuk, Taif, and Viva recorded 4, 3, and 2 species with 
11.76%, 8.82, and 5.88% respectively. 

 
Table 3. Number and percentage of the presence of introduced and invasive plant species  in 
some studied governorates  

Plant Species 
Governorates 

Introduced Introduced & invasive 

Number Percentage % Number Percentage % 

Al-Baha 1 2. 94 19 46.34 

Al Ghat 1 2.94 3 7.31 

Bisha 2 5.88 0 0 

Buraidah 3 8.82 1 2.44 

Dammam 7 20.60 0 0 

Fayfa 2 5.88 7 17.07 

Jizan 1 2.94 4 9.76 

Jeddah 4 11.76 1 2.44 

Tabuk 3 8.82 0 0 

Taif 3 8.82 5 12.20 

Riyadh 7 20.60 1 2.44 

Total  34 100 41 100 

 
 
Concerning, introduced and invasive plants (Table 3), in Al-Baha a high number of 

species and hence percentage (19, 46.34%) was recorded, almost half the number of 
investigated species. While no invasive species was reported in Bisha, Dammam, and 
Tabuk. Moreover, it was clarified that the life growth of introduced species ranges from 
trees to small grass. These include 4-Trees (A. ampliceps Maslin, A. salicina Lindl., A. 
squamosa L. and P. aculeata L. twelve herbs, two bushes, one shrub and two grasses 
(P. australis and I. cylindrica) on the other hand, among introduced and invasive plants 
3 Trees (L. leucocephala (Lam.) de Wit, O. ficus-indica (L.) Mill and O. stricta (Haw.) 
Haw, ten herbs, two bushes seven shrubs and no grasses were recorded (Table 4). At the 
level of life form, nine Phanerophytes, eight Therophyte and three Chamaephytes were 
recorded in introduced plants. While four Phanerophytes, fourteen Therophytes and four 
Chamaephytes registed in introduced and invasive plants. Moreover, the percentage of 
life form of introduced plants (Table 5) showed that Phanerophytes and Therophyte had 
the highest percentage (45% and 40%) respectively while Chamaephytes were 
represented by 15%. Concerning the percentage life form of introduced and invasive 
plants, it indicated that the highest percentage was recorded in Therophyte among other 
life forms (63%), while Phanerophytes and Chemophytes shared the same percentage 
(18%). Percentage of life growth of introduced plants as is represented in Table 6, 
indicated the domination of herbs among other life growth, following the trend: herbs 
(57.14%) > trees (19.05%) > bush = grass (9.52%, each) and shrub (4.76%). The 
percentage of life growth of introduced and invasive plants (Table 7) followed a 
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different trend but also with the domination of herbs. Herbs were recorded in the highest 
number and no grass was reported. (Herbs (45%) > shrub (32%) > tree (14%) > bush 
(9%) > grass (0%).) In general, as is represented in Table 6, a total of forty-two species 
were found in the study area as introduced and invasive plants. In form of life form, 
Therophytes were recorded as the dominant life form, with a percent of more than half 
the investigated species (52.38%), followed by Phanerophytes (30.95%) and then 
Chamaephytes (16.67%), (Table 8), In terms of a total of life growth, on the other hand, 
it was showed that the highest number recorded was in herbs 21 species, with a percent 
of half the number of all studied plants (50%), t followed by shrubs (8, 19.05%), trees 
(7, 16.67%), bush (4, 9.52%) and grass (2, 4.76) (Table 8). 

 
Table 4. List of introduced and invasive plant species and their families (type, life form and 
life growth) in some governorates study 

Plant species  Type  Life form Life growth 

Acacia ampliceps Maslin Introduced Phanerophyes Tree 

Acacia salicina Lindl. Introduced Phanerophyes Tree 

Alternanthera pungens Kunth Introduced & Invasive Therophytes Herb 

Amaranthus albus L. Introduced & Invasive Therophytes Bush 

Amaranthus hybridus L. Introduced & Invasive Therophytes Bush 

Amaranthus spinosus L. Introduced Therophytes Big weed 

Annona squamosa L. Introduced Phanerophyes Tree 

Argemone ochroleuca Sweet Introduced Therophytes Herb 

Atriplex suberecta I. Verd. Introduced & Invasive Therophytes Shrub 

Conyza bonariensis (L.) Cronq. Introduced Therophytes Herb 

Cylindropuntia rosea (DC.) Backeb. Introduced & Invasive Therophytes Shrub 

Datura innoxia Mill. Introduced & Invasive Therophytes Shrub 

Datura stramonium L. Introduced & Invasive Therophytes Shrub 

Eclipta prostrata L. Introduced & Invasive Chamaephytes Herb 

Euphorbia heterophylla L. Introduced Chamaephytes Herb 

Euphorbia maculata L. Introduced Chamaephytes Herb 

Euphorbia prostrata Aiton Introduced Chamaephytes Herb 

Heliotropium curassavicum L. Introduced & Invasive Chamaephytes Herb 

Imperata cylindrica (L.) P. Beauv. Introduced Phanerophyes Grass 

Kali turgida (Dumort.) Gutermann Introduced & Invasive Therophytes Herb 

Lantana camara L. Introduced &Invasive Therophytes Shrub 

Leucaena leucocephala (Lam.) de Wit Introduced &Invasive Phanerophyes Tree 

Lysimachia arvensis subsp. Arvensis Introduced Therophytes Bush  

Momordica balsamina L. Introduced Phanerophyes) Herb 

Nicotiana glauca Graham Introduced& Invasive Phanerophyes) Shrub or small tree 

Opuntia ficus-indica (L.) Mill. Introduced &Invasive Chamaephytes Tree 

Opuntia stricta (Haw.) Haw. Introduced &Invasive Chamaephytes Tree 

Parkinsonia aculeata L. Introduced  Phanerophyes Tree 

Phragmites australis (Cav.) Steud. Introduced Phanerophyes Grass 

Potamogeton perfoliatus L. Introduced Phanerophyes Herb 

Prosopis juliflora (Sw.) DC. Introduced & Invasive Phanerophytes Shrub to small tree 

Prosopis koelziana Burkart Introduced  Phanerophytes Shrub to small tree 
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Salicornia europaea L. Introduced  Therophytes Herb 

Sesuvium portulacastrum L. Introduced  Therophytes Herb 

Sesuvium sesuvioides (Fenzl) Verdc. Introduced  Therophytes Herb 

Sesuvium verrucosum Raf. Introduced  Therophytes Herb to shrub 

Tagetes minuta L. Introduced & Invasive Therophytes Herb 

Tridax procumbens L. Introduced & Invasive Therophytes Herb 

Verbesina encelioides (Cav.) A. Gray Introduced &Invasive Therophytes Herb 

Xanthium spinosum L. Introduced &Invasive Therophytes Herb 

Xanthium strumarium L. Introduced & Invasive Therophytes Herb 

Zaleya pentandra (L.) C. Jeffrey Introduced & Invasive Therophytes Herb 

 
 
Table 5. Each percentage of the presence of introduced and invasive plant species, life form  
in some governorates of the Kingdom of Saudi Arabia 

Life form 
Type 

Phanerophytes Therophyte Chamaephytes Total 
No. 

Total 
P.% No. P.% No. P. % No. P. % 

Introduced 9 45 8 40 3 15 20 100 

Introduced & Invasive 4 18.18 14 63.64 4 18.18 22 100 

 
 
Table 6. Each percentage of the presence of introduced and invasive plant species, Life 
growth  in some governorates of the Kingdom of Saudi Arabia 

Life 
Growth type 

Tree Herb Bush Shrub Grass Total 
No.  

Total 
P.% No. P.% No. P.% No. P. % No. P.% No. P.% 

Introduced 4 20 11 55 2 10 1 5 2 10 20 100 

Introduced & Invasive 3 13.63 10 45.45 2 9.10 7 31.82 0 0 22 100 

 
 
Table 7. Total percentage of the presence of introduced and invasive plant species Life 
growth  in some governorates of the Kingdom of Saudi Arabia 

Life growth Tree Herb Bush Shrub Grass Total  

Number  7 21 4 8 2 42  

Percentage % 16.67 50  9.52 19.05 4.76 100% 

 
 
Table 8. Total percentage of the presence of introduced and invasive plant species life form 
in some governorates of the Kingdom of Saudi Arabia 

Life form Phanerophytes Therophytes Chamaephytes Total  

Number 13 22 7 42  

percentage 30.95% 52.38% 16.67% 100% 

 
 

Multivariate statistical technique 

For the determination of the similarities and differences among introduced and 
invasive plant species based on the presence and absence of them in some governorates 
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of the KSA, cluster analysis with the Ward method was used. According to the cluster 
analysis, the introduced and invasive plant species were divided into eight clusters (Fig. 
2). The tree diagram had exhibited the least distances or dissimilarity between the 
introduced and invasive plant species inside each cluster. While the high distances of 
these species are found among the eight clusters. Both the first and the seventh clusters 
consisted of two species. While each of the second, third, and sixth clusters comprised 
of five types. Each of the fourth and eighth clusters consisted of seven types and the 
fifth cluster of nine types. Figure 2 indicates that there are identical or similar species in 
their presence and absence in the study regions within all eight clusters except for the 
seventh cluster, for example, the two species Amaranthus hybridus and Opuntia ficus-
indica in the eighth cluster as well as the species Zaleya pentandra, Alternanthera 
pungens, Cylindropuntia rosea, Eclipta prostrata, Kali turgida, Tagetes minuta and 
Xanthium spinosum in the fifth cluster. On the other hand, the species Euphorbia 
maculata was not observed in any of the studied regions. 

 

 

Figure 2. Tree diagram for introduced and invasive plants species using ward’s method. 1: A. 
ampliceps; 2: A. salicina; 3: A. pungens; 4: A. albus; 5: A. hybridus; 6: A. spinosus; 7: A. 

squamosa; 8: A. ochroleuca; 9: A. suberecta; 10: C. bonariensis; 11: C. rosea; 12: D. innoxia; 
13: D. stramonium; 14: E. prostrata; 15: E. heterophylla; 16: E. maculata; 17: E. prostrata; 

18: H. curassavicum; 19: Icylindrica; 20: K. turgida; 21: L. camara; 22: L. leucocephala; 23: 
L. arvensis; 24: M. balsamina; 25: N. glauca; 26: O. ficus-indica; 27: O. stricta; 28: P. 
aculeata; 29: P. australis; 30: P. perfoliatus; 31: P. juliflora; 32: P. koelziana; 33: S. 

europaea; 34: S. portulacastrum; 35: S. sesuvioides; 36: S. verrucosum; 37: T. minuta; 38: T. 
procumbens; 39: V. encelioides; 40: X. spinosum; 41: X. strumarium; 42: Z. pentandra 
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Principal component analysis (PCA) 

PCA is a multivariate statistical approach that reduces the complex data by turning 
the number of interrelated variables into a smaller number of variables called principal 
components. Hence, it has been used to understand the relationship among the eleven 
studied regions based on the presence and absence of introduced and invasive plant 
species in these regions. The first five main PCAs extracted had larger eigenvalues than 
one (Eigenvalue > 1) which contributed to 69.36% of the accumulative variation of the 
original variables (Table 9). While the other PCAs extracted had eigenvalues less than 
one (Eigenvalue < 1). The results demonstrated that the PCA1 and PCA contributed to 
35.95% of the total variability with Al-Baha, Bisha, Jizan, and Taif regions in the PCA1 
and with AlGhat, Buraidah, and Jeddah regions in the PCA2. The first two PCAs had 
principally featured the eleven regions in various groups; consequently, PCA1 and 
PCA2 were harnessed to construct a biplot (Fig. 3). 

 
Table 9. PCA results for eleven regions based on presence and absence of introduced and 
invasive plant species 

Regions PCA1 PCA2 PCA3 PCA4 PCA5 

Al-Baha 0.47 -0.11 -0.20 -0.17 -0.06 

Al Ghat 0.19 0.54 -0.28 -0.03 -0.05 

Bisha 0.42 -0.18 0.42 0.27 0.11 

Buraidah 0.15 0.56 -0.24 0.01 -0.02 

Dammam -0.33 -0.14 0.00 0.45 -0.29 

Fayfa 0.20 -0.16 -0.33 0.17 0.75 

Jizan 0.44 0.12 0.42 0.30 -0.07 

Jeddah -0.14 0.47 0.41 0.03 0.07 

Tabuk -0.19 0.11 0.44 -0.47 0.43 

Taif 0.34 0.02 0.06 -0.12 -0.26 

Riyadh -0.16 0.25 -0.03 0.58 0.26 

Eigen value  2.24 1.72 1.47 1.19 1.02 

Explained variance  20.33 15.62 13.32 10.85 9.24 

Cumulative variance  20.33 35.95 49.27 60.12 69.36 

 
 
The relationships among different eleven regions based on the presence and absence 

of introduced and invasive plant species are graphically displayed in a biplot of PCA1 
and PCA2 (Fig. 3). A highly positive correlation was found between L3 and L6, L7 and 
L8, L2 and L4 as well as L1 and L3. The positive and low association between all 
possible pairs of the regions 1;2;3;4;6;9 were observed. Also, the low positive 
correlations were recorded for the L7 region with 2, 4, and 10 as well as for the L11 
region with 1 and 3. On the other hand, the other relationships were either very low or 
negative between the regions under study. This could be due to the existence of a 
relationship between these invasive species and the environmental conditions of these 
areas, especially the local species. 

Discussion 

Out of 13000 vascular plant species, 4% of plants are outside their original range in 
the world (Van Kleunen et al., 2015). The two American continents are considered to be 
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the main habitat for all the basic invasive species found in the Kingdom of Saudi 
Arabia. During the past decade, the urbanization in KSA has led to the introduction of 
many invasive, exotic, and harmful plant species (Al-Harthi et al., 2019). 

 

 

Figure 3. Biplot graph on the basis of the first two principal component axes of eleven regions 
according to the presence and absence of introduced and invasive plants species. L1: Al-Baha; 
L2: Al Ghat; L3: Bisha; L4: Buraidah; L5: Dammam; L6: Fayfa; L7: Jizan; L8: Jeddah; L9: 

Tabuk; L10: Taif; L11: Riyadh 
 
 
The governorates under study differed in the number and percentage of invasive 

plants, due to the difference in climate and soil, in addition to the fact that these plants 
found an appropriate habitat for growth in these areas. Plant growth changes with 
altering resource availability, the effect of plants on soil properties and soil feedbacks 
(Wang et al., 2020). Perhaps the success of these invasive plants in these areas is due to 
the assumption unavailability of the natural enemy (Keane and Crawley, 2002), contains 
new weapons (Callaway and Aschehoug, 2000), the evolution of increased 
competitiveness (Blossey and Notzold, 1995), plant-soil feedback (Klironomos, 2002) 
and resource availability (Wang et al., 2020), or the presence of some different 
mechanisms enhancing the invasion of alien plants (Qin et al., 2013). The environment 
and diversity variables showed a difference among habitats in the Kingdom of Saudi 
Arabia and environmental changes, as drought, heat, and an increase in CO2 and 
nitrogen can lead to a change in soil and plant growth (Pugnaire et al., 2019), which 
leads to the spread of invasive plants in these areas. The results showed that the highest 
percentage of invasive plants was found in Al-Baha region, which confirms the high 
invasion of these plants in this region. Invasive plant species menace local biodiversity, 
but whether alien species can competitively replace local species is still in dispute 
(Catford, 2018). Huang et al. (2016) reported that invasive species may not outperform 
native plants under resource limitation. There are several methods of controlling 
invasive species that have been adopted in countries with experience in this field, such 
as mechanical control, prescribed burning and chemical control (Berhanu and Tesfaye, 
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2006). Chemical control is not recommended to preserve the environment from 
pollution despite its proven effectiveness and success. 

The invasive species P. juliflora is generally found in the northwest, north, eastern 
and central regions of KSA, especially disturbed sites, or amongst secondary plants 
predominated by some other shrubs. (Thomas et al., 2010). The invasive species P. 
juliflora is spreading rapidly and compete with natural vegetation in the KSA due to 
rapid growth, resistance to drought, and ability to reproduce and spread successfully 
under drought conditions, in addition to the loss of the ecosystem to its natural 
immunity to resistance against such invasive species (Rogers, 2000; Berhanu and 
Tesfaye, 2006). Consequently, this species is considered very dangerous and has a 
negative impact on the biological diversity of the Kingdom of Saudi Arabia (Shiferaw et 
al., 2004). As explained by Thomas et al. (2010), that the invasive species P. juliflora 
has invaded most of the localities in inland sites in the Saudi Jazan region, which will 
have harmful effects on the local plants in this region. Harding and Bate (1991) reported 
that Invasive Prosopis species are spreading rapidly in arid regions as well as in areas of 
high rainfall and groundwater in South Africa. Invasive P. juliflora trees form dense 
thickets that are difficult to penetrate and not use the land for various agricultural 
practices (Harding and Bate, 1991), as well as interfere with mustering and injure 
livestock in Saudi Arabia (Thomas et al., 2016) and Africa (Berhanu and Tesfaye, 
2006). Invasive plant species have been reported to have faster growth rates than native 
plant species (Ramula et al., 2008). Some plant species are rare in their native regions, 
but highly invasive in other regions, such as Acacia baileyana, Eucalyptus globulus, 
Impatiens parviflora and Centaurea solstitialis (Catford, 2018). As a result of the 
multiple introductions of invasive plant species, genetically more diverse invasive 
species can arise and become more widespread (Oduor et al., 2015). Thus, the 
environmental adjustment of the introduced plant species can be indorsed by different 
introductions (Oduor et al., 2016). The different methods of reproduction play an 
important role in preserving certain genetic groups and thus the continuation of the 
natural hybridization process (Rebman and Pinkava, 2001), among these methods are 
sexual (self-fertility) and vegetative reproduction as well as the adventive embryo that 
led to the spread of invasive species in the kingdom, especially Opuntia ficus-indica and 
Opuntia stricta species. From these data, three types of life forms (Therophyte, 
Chamaephytes, and Phanerophytes) were identified for the invasive plant species in the 
KSA. The Phanerophytes life form recorded the highest percentage of the introduced 
types, followed by Therophyte and Chamaephytes. While, Therophyte life form was 
registered with the highest percentage of the introduced and invasive plants, followed 
by Phanerophytes and Chamaephytes equally. The results also showed that the life 
growth of herbs life was dominant for the invasive plant species, followed by trees in 
the introduced types, and shrubs and trees in the introduced and invasive types. These 
results indicate that the annual (Therophyte) and herb invasive species adapt better to 
the environmental conditions in the studied regions of the KSA. Perhaps the reason for 
the spread of invasive annual species is due to the method of propagation by seed or 
vegetative growth. The life form of wild species was adequately adapted from annual 
species through the study system by Nelis (2012). Under abiotic stress conditions, both 
grass and perennial invasive species adapt and have higher growth and spread rates 
(Nelis, 2012), and in regions with poor soils, thin grasses are more common and 
widespread than other plant species (Grime, 2001). Invasive plant species are frequently 
characterized by evolving adaptations in their exotic areas, and this adaptation appears 



Aljeddani et al.: Inventory of some introduced and invasive plant species in some governorates of the Kingdom of Saudi Arabia 
- 4385 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4373-4388. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_43734388 
© 2021, ALÖKI Kft., Budapest, Hungary 

after 20 years (Oduor et al., 2016). Nelis (2012) explained that the botanical 
characteristics of the life form may explain the differences in the processes underlying 
the dynamics of the plant populations, and the rate of growth and immigration of plant 
populations can be predicted by the life form. Thomas et al. (2016) reported that except 
for the species dominance which negatively correlated, invasive and alien species 
positively correlated with altitude and most of the indices of diversity in regions. A 
correlation was found between invasive species and several local species in the KSA, 
but these correlations are not fixed in all cases. 

Conclusion 

It was many ways in which these plants were introduced to the KSA, such as the 
seasons of Hajj, or for food, or medicinal purposes, decorations, etc., as well as the 
increase in international trade and travel, through occasional means, or human 
disturbances in natural habitats such as removal of native plants from heavily cultivated 
areas for road constructions, which is an agent change and a threat to local biodiversity, 
the environment, society, the economy, and the ecosystem. Therefore, in the future, 
laws must be established to limit the introduction and use of these plants and be under 
the supervision of the Ministry of Agriculture, and the community should be 
encouraged to use local plants. In addition to working on early detection and monitoring 
of new and emerging invasive plant species they can also be resisted by mechanical, 
biological, or chemical methods, especially before flowering and fruiting stages. 
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Abstract. In order to understand the community structure of phytoplankton and its relationship with 
environmental factors in Taihu National Wetland Park in northeast China, a study was conducted in Taihu 
in September 2020. The results showed that there were 39 species of phytoplankton belonging to 27 genera 
and 6 phyla, among which Chlorophyta was the most abundant (20 species). The abundance and biomass 
of 5# and 6# sampling sites were significantly higher than other sampling sites, which may be caused by 
eutrophication. In Taihu National Wetland Park, the dominant species were Merismopedia minima, 
Aphanizomenon flosaquae, Synedra acus, Synura.sp and Scenedesmus quadricauda. Phytoplankton 
community structure in autumn in Taihu National Wetland Park were mainly influenced by pH, NO3

--N, 
and water temperature. This research can provide a scientific basis for biodiversity protection and pollution 
control in Taihu National Wetland Park. 
Keywords: phytoplankton, biodiversity, richness, correlation, spatiality 

Introduction 

According to Chalar (2009), the Earth’s ecosystem is experiencing an unprecedented 
rate of biodiversity loss as a result of global climate change, eutrophication, and 
overexploitation of natural resources. Aquatic ecosystems especially lakes are vulnerable 
and the loss of biodiversity may have catastrophic consequences, such as algal blooms 
(Cardinale et al., 2012; Weyhenmeyer et al., 2013). Phytoplankton, which forms the base 
of food web in lakes, is particularly sensitive to variations in environmental factors 
(Mulvenna et al., 2012; Weyhenmeyer et al., 2013). Their community structure-like 
composition, abundance and biomass are affected by biotic factors, as well as abiotic 
factors like temperature, salinity, pH, nutrients and electrical conductivity (Oduor and 
Schagerl, 2007; Schagerl and Oduor, 2008; Oren, 2011). Investigations of phytoplankton 
communities in different ecosystem types have been carried out by different researchers 
in China (Ma and Yu, 2013; Sun et al., 2019; Ma et al., 2021). 

Taihu National Wetland Park is located in the east of Tailai County. The wetland park 
receives water from direct precipitation. It also receives inflow from domestic sewage 
and industrial wastewater from Tailai County (Lin, 2002). Before 1990's, the wetland 

mailto:heng.wei@buu.edu.cn
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park was seriously polluted because of the inflow of wastewater from Tailai paper mill. 
However, after the paper mill was banned from discharging its wastewater into the 
wetland, the water quality of Taihu National Wetland Park improved to a certain extent. 
In the recent years, the development of tourism and the influence of nearby residents' 
activities as a result of increase in human population have led to deterioration of the water 
quality in the wetland. As it currently stands, the water quality of the lake is in deplorable 
state. Although studies on planktons have been conducted in most of the aquatic systems 
in China (Sun et al., 2010; Yang et al., 2011; Shi et al., 2015), work of community 
structure of phytoplankton and their relationship to environmental variable of Taihu 
National Wetland Park is, however, lacking. So, this study will help fill the lacunae in 
scientific understanding of the community structure of this unique ecosystem. Moreover, 
this study will provide some reference for ecological restoration and management of the 
Wetland Park. 

Materials and methods 

Study area and sampling sites 

The study was conducted in Taihu National Wetland Park which lies on 
E123˚25'14.17"~E123˚29'00.97", N46˚24'12.10"~N46˚21'15.10" in northeast China 
(Chen et al., 2018). Taihu National Wetland Park covers an area of approximately 
1365 hm2 and it lies in an area which is under the influence of temperate continental 
monsoon climate zone. This study area receives an annual average precipitation of 
360 mm with an annual mean temperature of about 4.2 ℃. The wetland is important for 
water supply, flood control, tourism and recreation, and aquaculture. 

All samples were collected 3 times from 8 sampling sites of Taihu National Wetland 
Park in September (autumn) in 2020. The site included 1# located in the ditch close to 
Taihu, sites 2# and 3# were located in the sewage treatment plant, site 4# was located in 
the "reclaimed water" inlet of the sewage treatment plant, and sites 5-8# were located in 
the middle of the Taihu National Wetland Park (Table 1, Figure 1). 
 

Table 1. Location of sampling sites in Taihu National Wetland Park 

Sampling sites Coordinate Sampling sites Coordinate 

1# 46°21′56″N123°26′32″E 5# 46°23′03″N123°26′14″E 

2# 46°22′18″N123°26′42″E 6# 46°23′04″N123°26′20″E 

3# 46°22′25″N123°26′15″E 7# 46°23′02″N123°27′13″E 

4# 46°22′20″N123°26′50″E 8# 46°23′30″N123°26′51″E 

 
 
Sample collection and analysis 

At each sampling site water temperature (WT), pH, ammonia nitrogen (NH4+-N) and 
nitrate nitrogen (NO3−-N) were measured using a Multi parameter water quality analyzer 
(YSI 6600, YSI Inc., USA) while water transparency (SD) was determined using a 20 cm 
Secchi disk. Whole water samples from the same site were collected and transported to 
the laboratory for analysis of total nitrogen (TN), total phosphorus (TP) and chemical 
oxygen demand (CODCr). Total nitrogen (TN), TP and CODCr were analyzed according 
to the standard methods for China (MEP (Ministry of Environmental Protection, 2002). 
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Figure 1. Map of Taihu National Wetland Park Showing the distribution of sampling sites 
 
 

Replicates of phytoplankton samples (1 L at each site) were collected, put in a labeled 
bottle and immediately fixed with Lugol's solution. The phytoplankton samples were 
allowed to sediment for 48 h and then concentrated to 30 mL. Phytoplankton were 
identified by referring to the identification key of Hu (2006) and counted using an 
inverted microscope (Leica Microsystems, German) at 400× magnification. 
Phytoplankton diversity, richness and dominance were determined for each sampling 
sites using number of taxa, total number of individuals per taxa and relative abundance 
of each taxon over the sampling period respectively. Biomass of the phytoplankton was 
computed by dividing wet weight (mg) obtained from length–weight relation of the 
species to the volume of water (L) filtered (Sun et al., 2010). Shannon-Weaver diversity 
index (Shannon and Weiner 1948) was used to calculate diversity as follows: 
 

 H = −∑[(nN) ∗ (ln nN)] (Eq.1) 

 
where n = number of individuals of a taxon; N = total number of individual in a site. This 
index takes into account both the numbers of taxa and their relative abundance. 
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Taxon richness was calculated using Margalefs Index (D) (Clarke and Warwick, 
1994): 
 
 D = (S − 1) ∕ ln N (Eq.2) 
 
where S is the total number of species, N is the total number of individuals of all species, 
and Pi is the proportion of the number of individuals of the i-th species in the total number 
of individuals. 

Species dominance was computed according to the formula proposed by as follows: 
 
  𝑦 = 𝑓𝑖 × 𝑃𝑖 (Eq.3) 
 
where, y is the dominance, Pi is the proportion of the i-th species in the total number of 
individuals, fi is the frequency of the species at each sampling time. When y > 0.02, it is 
defined as the dominant species. Table 2 below shows the water quality evaluating criteria 
based on the diversity indices. 
 

Table 2. Diversity Index Water Quality Evaluation Standard 

Index Pollution index 

Shannon-Weaver Diversity index(𝐻′) 0-1 Heavy 1-3 Medium ＞3 Light 
Margalef Richness index(D) 0-1 Heavy 1-3 Medium ＞3 Light 

 
 
Data analyses 

The data was analyzed using SPSS 17.0 (SPSS, 2008) and Microsoft Excel window 
2007. Before analysis, the Kolmogorov-Smirnov method was used to test whether data 
were normally distributed, and the Bartlett test was performed to assess the homogeneity 
of variance. The data that did not meet the normality test was log transformed. One-way 
ANOVA was used to test the difference of the measures variable (environmental 
variables, phytoplankton diversity, richness and dominance) among sites. Relationships 
between phytoplankton species and environment variables were analyzed using the 
detrended correspondence analysis and redundancy analysis (RDA) using CANOCO 4.5 
software (Microcomputer Power, New York, USA). Monte Carlo simulations with 499 
permutations were used to test the significance of the physical–chemical variables in 
explaining the biomass of phytoplankton functional groups data in the RDA. Figures were 
drawn using Microsoft excel. 

Results 

Physical–chemical variables 

The mean spatial values of physical–chemical factors recorded among the sampling 
sites within the study period are presented in Table 3. The average WT was 18.62 ºC with 
the relative highest value of 20 ºC being recorded in site 1#. The values of pH measured 
in this wetland park were in the side of alkalinity (basic). TN, TP, NH4

+-N, NO3
--N and 

CODcr differed significantly among the sites. TN, TP, NH4
+-N and NO3

--N were 
significantly higher in site 2# with a mean value of 6.62, 0.67, 11.26 and 1.23 mg/L, 
respectively. Similarly, CODcr was significantly higher in site 2# (Table 2). 
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Classification which was done according to the Environmental Quality Standard for 
Surface Water (GB3838-2002), showed that with exception of NO3

—N which belongs to 
Class IV water quality, all the remaining measured variables belong to Class V water 
quality. 
 

Table 3. Water quality measurement results of Taihu National Wetland Park (unit: except water 
temperature and pH, the rest are all mg/L) 

Sampling site WT(ºC) pH 𝐍𝐇𝟒+-N 𝐍𝐎𝟑−-N TN TP CODCr 

1# 20 8.74 1.26 0.62 1.67 0.26 22.8 
2# 18 8.25 11.26 1.23 6.62 0.67 29.6 
3# 18 8.93 3.26 0.53 4.88 0.34 22.3 
4# 19 9.17 2.21 0.59 4.82 0.27 20.2 
5# 19 9.03 1.22 0.52 4.92 0.25 19.3 
6# 19 9.32 0.96 0.39 3.46 0.18 2.6 
7# 18 9.28 1.09 0.42 3.13 0.21 2.2 
8# 18 9.11 1.06 0.46 2.95 0.18 2.3 

Average value 18.62 8.98 2.79 0.59 4.06 0.30 15.2 
GB3838-2002   V IV V V V 

 
 
Phytoplankton species composition and their spatial distribution 

In the current study, a total of 39 species of phytoplankton belonging to 27 genera and 
in 6 classes were identified. Chlorophyta was the most with 20 species, accounting for 
51.28%; bacillariophyta was the second with 11 species accounting for 28.21%; 
Cyanophyta has 4 species, accounting for 10.26%; Euglenophyta has 2, accounting for 
5.13%; Chrysophyta and cryptophyta had 1 each which accounted for 5.13% altogether. 

Spatially, sampling site 5# had the highest number of species (31 species), followed 
by 6# (24 species) and the site with the least species number was 1# (Figure 2). The 
abundance and biomass of phytoplankton measured in the Taihu National Wetland Park 
was significantly different among sampling sites (Figure 3). There was spatial significant 
difference in abundance and biomass distribution among sampling sites (Figure 3). The 
abundance of the phytoplankton ranged between 141.6×104ind./L ~ 4311.6×104ind./L, 
with the highest value of 4311.6×104ind./L recorded in site 5# while the least 
(141.6×104ind./L) was measured at site 1#. The phytoplankton biomass measured ranged 
between 0.39 mg / L and 21.24 mg / L,with the highest value of 21.24 mg / L measured 
at site 6# and the lowest of 0.39 mg / L at site 1#. 
 

Figure 2. Number of phytoplankton species at sampling sites in Taihu National Wetland Park in 
autumn 
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Figure 3. Phytoplankton abundance and biomass in Taihu National Wetland Park 
 
 
Phytoplankton species diversity, richness and dominance 

Phytoplankton community attributes such as diversity, richness and dominance often 
give important clues of the functional status or health of aquatic system. From the results, 
Shannon Weaver index ranged from 1.041 to 2.371 in the study area while; Margalef 
richness index ranged from 0.838 to 3.665 (Table 4 and Figure 4). Spatially, site 5# had 
the highest value of phytoplankton diversity of (2.371) while site 1# with a value of 1.041 
was the least. Similarly, the taxon richness was significant higher in site 5# with a value 
of 3.665 and the least was observed in site 1# with a value of 0.838. Moreover, it is 
apparent that, Taihu National Wetland Park belongs to medium-heavy pollution type 
(Table 4). 
 

Table 4. The diversity index and pollution evaluation of phytoplankton sampling points in 
Taihu National Wetland Park in autumn 

Sampling site H' Assessment D Assessment 
1# 1.041 Medium pollution 0.838 Heavy pollution 
2# 1.248 Medium pollution 1.903 Medium pollution 
3# 1.492 Medium pollution 0.901 Heavy pollution 
4# 1.171 Medium pollution 1.001 Medium pollution 
5# 2.371 Medium pollution 3.665 Light pollution 
6# 2.229 Medium pollution 2.853 Medium pollution 
7# 1.045 Medium pollution 1.134 Medium pollution 
8# 1.287 Medium pollution 1.305 Medium pollution 

Average value 1.486 Medium pollution 1.7 Medium pollution 

 
 

Dominant species are defined by the dominance y > 0.02. The dominant species and 
their dominance of phytoplankton in Taihu National Wetland Park are shown in Table 5. 
In this study, the dominant species were Schizosaccharum tenuiflorum, filamentous alga 
bloom and Scenedesmus giraldii, belong to the indicator algae of eutrophic water body, 
and their dominance degrees are 0.675, 0.041 and 0.058, respectively. 

When the occurrence of a species is greater than 65, then the species is regarded as a 
common species (Occurrence frequency>65%). Table 6 shows the common species 
recorded during the study period in Taihu National Wetland Park. Seven common species 
belonging into 4 classes were observed in the wetland. These species are Merismopedia 
minima, Aphanizomenon flosaquae, Cyclotella meneghiniana and Scenedesmus 
quadricauda. These species are all indicator of eutrophic water body. 
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Figure 4. Phytoplankton taxon characteristics determined at the sites in the Taihu National 
Wetland Park 

 
 

Table 5. The dominant species of phytoplankton in Taihu National Wetland Park in autumn 

Dominant species Occurrence frequency Dominance 

Merismopedia minima 1 0.675 
Aphanizomenon flosaquae 1 0.041 

Synedra acus 1 0.023 
Synura.sp. 1 0.062 

Scenedesmus quadricauda 1 0.058 

 
 

Table 6. Common species of phytoplankton in autumn in Taihu National Wetland Park 

Phylum Species 

Cyanophyta 
Merismopedia minima 

Aphanizomenon flosaquae 

Bacillariophyta 
Synedra acus 

Cyclotella meneghiniana 

Chrysophyta Synura.sp. 

Chlorophyta 
Ankistrodesmus angustus 

Scenedesmus quadricauda 

 
 
Relationship between environmental variables and some major phytoplankton species 

RDA was carried out to determine the relationship between the abundance of the main 
functional species (Table 7) and environmental factors. The Monte Carlo test was 
significant for the first axis and all canonical axes (p < 0.001), suggesting that these 
environmental variables are important factors in explaining the group compositions. From 
Figure 5, NO3

--N(0.8692) was the main positive correlation factor, TP (0.7523) was the 
second main positive correlation factor, and NH4+-N(0.6867) and CODCr(0.5641) also had 
significant positive correlation, while pH (-0.7595) in negative correlation factors had 
significant correlation. Water temperature (WT) was weakly but positive related to most 
of the phytoplankton species. From Figure 6, temperature and pH did not differ 
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significantly between the sites, therefore, these parameters could not influence the 
community structure. 
 

Table 7. Species and numbers of phytoplankton in the RDA ordination chart 

No. Latin name No Latin name 

L1 Merismopedia minima Y1 Cryptomonas ovate 

L2 Merismopedia marssonii LU1 Euglena oxyuris 

L3 Phormidium allorgei LV1 Chlamydomonas globosa 

L4 Aphanizomenon flosaquae LV2 Ankistrodesmus angustus 

G1 Melosira granulata LV3 Scenedesmus quadricauda 

G2 Synedra acus LV4 Selenastrum minutum (Nag). Coll 
G3 Synedra amphicephala LV5 Kirchneriella lunaris 

G4 Synedra ulna LV6 Dictyosphaerium pulchellum 

G5 Cyclotella meneghiniana LV7 Crucigenia tetrapedia 

G6 Navicula exigua LV8 Cosmarium obtusatum 

H1 Synura.sp.   

 
 

Figure 5. RDA analysis chart of phytoplankton species and environmental factors. Water 
temperature (WT), pH,total nitrogen (TN), total phosphorus (TP), ammonia nitrogen (𝑁𝐻4+-N) 

and nitrate nitrogen (𝑁𝑂3−-N) and Chemical Oxygen Demand (CODcr) 
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Figure 6. RDA analysis chart of sampling sites and environmental factors. Water temperature 
(WT), pH,total nitrogen (TN), total phosphorus (TP), ammonia nitrogen (𝑁𝐻4+-N) and nitrate 

nitrogen (𝑁𝑂3−-N) and Chemical Oxygen Demand (CODcr). 
 
 
Discussion 

Variables such as dissolved gases, water temperature, pH, phosphates, nitrates, 
conductivity among many others including various physical properties (gases and solids 
solubility) are very important for growth and dispersal of phytoplankton (Mahar et al., 
2000; Toma, 2011; Ma et al., 2019). Water temperature which is one of the important 
variables that influence growth of phytoplankton communities in aquatic system did not 
differ significantly. Water temperature not only influences the growth and distribution of 
phytoplankton in aquatic ecosystems, but also influences solubility of gases, water 
stratification, conductivity and pH (Sharm and Michael, 1987). The measured pH of lake 
varied between 8.25 to 9.32 during the study period. The values showed that the water of 
Taihu National Wetland Park was alkaline in nature. 

Nutrients, especially phosphorus and nitrogen, are important for healthy growth of 
phytoplankton in aquatic systems. Plant can absorb nitrogen both as nitrate and ammonia. 
The concentrations of ammonia nitrogen, total nitrogen and total phosphorus went beyond 
class IV requirements of Environmental Quality Standards for Surface Water (National 
standards of the People’s Republic of China) (GB3838-2002). The concentration data of 
total nitrogen and total phosphorus exceeded the limit values of eutrophication indicators 
proposed by OECD. Spatially, sites 2# and 3# had significant higher values of the 
nutrients concentration. This could be attributed by the fact that the site was located on a 
sewage treatment plant. Sites 5# to 8# recorded the lowest concentration values of 
nutrients probable because they were located within the wetland where the wetland plants 
and soil acted as filters of the nutrients. 
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In aquatic ecosystem, phytoplankton community structure often changes with the 
change of environment factors (Ouyangxb and Han, 2007; Li et al., 2014). Diversity 
indices has often been used to evaluate water pollution and phytoplankton community 
status. In this study, Shannon Weaver diversity index (H') was used to assess the diversity 
of phytoplankton spatial and also see whether environmental factors had an impact on the 
community structure. The study showed that the diversity index ranges from 1.041 to 
2.371, with an average of 1.486. Species richness measured in this study ranged from 
0.838 to 3.665, with an average of 1.7. Sites 5# and 6# which were light and medium 
polluted respectively had high diversity and richness values. According to the 
Intermediate Disturbance Hypothesis (IDH) theory, high diversity occurs at sites 
experiencing moderate levels of disturbance due to competition hierarchy of species. At 
low levels of disturbance or pollution, more competitive organisms will push subordinate 
species to extinction and dominate the ecosystem hence low diversity (Dial and 
Roughgarden, 1998). Those sites which were located far away from where the sewage 
treatment plant was had low phytoplankton diversity and richness. This implies that the 
distribution of phytoplankton species in Taihu National Wetland Park is uneven and the 
stability of community structure is unstable. Moreover, the fact that Schizosaccharum 
tenuiflorum, filamentous alga bloom and Scenedesmus giraldii were dominant implies 
that this wetland park could be facing serious pollution and also the concentration of 
organic matter is high (Liang et al., 2019). 

The relationships between environmental variables and phytoplankton species were 
determined in this study. Water temperature (WT) was positively related to the abundance 
and biomass of the most phytoplankton species. According to Srifa (2010), water 
temperature is a factor that can positively or negatively affect the growth of some 
plankton species. Moreover, the rate of photosynthesis of phytoplankton is promoted by 
the rising water temperature, which accelerates the accumulation of biomass (Gong et al., 
2020). The growth rate of phytoplankton is generally low in acidic water and higher in 
weak alkaline water (You et al., 2007). In this study, the pH value fluctuated from 8.25 
to 9.32, which was beyond the pH value range of weak alkaline water, which might likely 
limit the growth and development of phytoplankton. Moreover, the results of RDA 
analysis showed that there was a significant negative correlation between pH and Synedra 
amphicephala, Cyclotella meneghiniana and Selenastrum minutum (Nag). Coll, which 
was consistent with the above phenomenon. 

Nutrient enrichment will stimulate the growth of phytoplankton in relation to its 
abundance and biomass in various aquatic systems. Phytoplankton in different plant 
classes have different requirement for nutrition of phosphorus and nitrogen. Nitrogen 
species such as nitrate, nitrite and ammonia nitrogen, which are equilibrated with each 
other, can also affect phytoplankton community structure. The results of RDA analysis 
showed that there was a significant positive correlation between sampling site 2# and NO3−-N (Fig. 6), and the dominant species in this sampling site, Phormidium allorgei and 
Chlamydomonas globosa, also showed a significant positive correlation with NO3−-N and 
TP. This may be due to the fact that sampling site 2# is located in a sewage treatment 
plant with serious nitrogen and phosphorus pollution, and its ecological environment is 
conducive for the growth and development of Phormidium allorgei and Chlamydomonas 
globosa, which can be used as indicator species for mesotrophic-eutrophic water. 
Nutrients such as N and P are important for the growth of phytoplankton, and at particular 
concentrations can influence the growth of phytoplankton (Elmgren and Larsson, 2001). 
Sun et al. (2008) note that increase concentrations of N and P at a given range can promote 
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the growth of phytoplankton. This, therefore implies that nutrients factors in the wetland 
can effectively control the abundance and biomass of phytoplankton species through 
bottom-up effects. 

Conclusion 

In this study, a total of 39 species of phytoplankton were detected in Taihu National 
Wetland Park and Cyanophyta was dominant in some areas. The dominant species of 
phytoplankton in this survey are Merismopedia minima and Aphanizomenon flosaquae of 
Cyanophyta, Synedra acus of Bacillariophyta, Synura.sp. of Chrysophyta and 
Scenedesmus quadricauda of Chlorophyta. According to the evaluation of water quality 
based on physical and chemical indexes and phytoplankton diversity indexes, Taihu 
National Wetland Park is generally moderately to severely polluted, especially near the 
outlet of sewage treatment plant. Water temperature, nitrogen and phosphorus nutrients, 
and pH value are the key factors affecting phytoplankton community structure. Therefore, 
the above-mentioned environmental factors should be considered in the future treatment 
of water pollution in Taihu National Wetland Park. 
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APPENDIX 

Appendix 1. List of phytoplankton in Taihu National Wetland Park 

Phylum Family Genus Species 

Cyanophyta Merismopediaceae Merismopedia Merismopedia minima 

   Merismopedia marssonii 
 Phormidioideae Phormidium Phormidium allorgei 
 Nostocaceae Aphanizomenon Aphanizomenon flosaquae 

Bacillariophyta Fragilariaceae Fragilaria Fragilaria brevistriata 

  Synedra Synedra acus 

   Synedra amphicephala 

   Synedra ulna 

  Diatoma Diatoma vulgare 

 Coscinodiscaceae Melosira Melosira granulata 

  Cyclotella Cyclotella meneghiniana 

 Naviculaceae Navicula Navicula exigua 

   Navicula dicephala 

 Gomphonemaceae Gomphonema Gomphonema constrictum 

 Cymbellaceae Cymbella Cymbella ventricosa 

Euglenophyta Euglenaceae Euglena Euglena oxyuris 

  Strombomonas 
Strombomonas 
schauinslandii 

Cyanophyta Chlamydomonadaceae Chlamydomonas Chlamydomonas globosa 

 Chlorellaceae Ankistrodesmus Ankistrodesmus angustus 

   Ankistrodesmus acicularis 

   Ankistrodesmus falcatus 

  Chodatella  Chodatella quadriseta 

  Selenastrum  Selenastrum  gracile 

   
Selenastrum minutum (Nag). 
coll 

  Kirchneriella Kirchneriella lunaris 

 Scenedesmaceae Scenedesmus Scenedesmus bijuga 

   Scenedesmus dimorphus 

   Scenedesmus quadricauda 

   Scenedesmus platydiscus 

  Coelastrum  Coelastrum microporum 

  Crucigenia Crucigenia quadrata 

   Crucigenia tetrapedia 

 Volvocaceae Pandorina Pandorina morum 

 Pediastraceae Pediastrum Pediastrum birtadiatum 

   Pediastrum tetras 

 Dictyosphaeraceae Dictyosphaerium Dictyosphaerium pulchellum 

 Desmidiaceae Cosmarium  Cosmarium obtusatum 

Chrysophyta Synuraceae Synura Synura.sp 

Cryptophyta Cryptomonadaceae Cryptomonas Cryptomonas ovata 
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Abstract. Dendrochronological potential of some gymnosperms was determined by dividing a study site 
into 9 stands. 76 samples of Abies pindrow with maximum age of 698 years having 149.3 cm diameter, 
23 samples of Taxus baccata with maximum age of 479 years having 137.2 cm diameter, 4 samples of 
Pinus roxburghii with maximum age of 218 years having 19.2 inches diameter and 2 samples of Cedrus 
deodara were obtained. All species were crossdated successfully by Skeleton Plot Model. Among them, 
mean growth of A. pindrow was 0.05-0.27 cm per year while for T. baccata it was 0.15-0.24 cm per year. 
Moreover, regression analysis between age and dbh was (y = 0.0847x + 4.0756), (R2 = 0.921) in 3rd stand 
and (y = 11.108x-41.174), (R2 = 0.8424) in 2nd stand of A. pindrow and T. baccata respectively. The 
maximum value observed was in the 3rd stand of T. baccata species which showed better correlation as 
compared to the rest of the stands. Strong correlation was also observed between TRW and difference of 
earlywood and latewood cell mass in all species. A. pindrow showed maximum value as 
(y = 1.1397x + 0.1873), (R2 = 0.9972). 
Keywords: skeleton plot, Abies pindrow, Cedrus deodara, Pinus roxburghii, Taxus baccata 

Introduction 

Dendrochronology, “the study of tree time,” is a multidisciplinary science that dates 
annual tree rings to their exact year formation to investigate prehistorical, historical and 
modern events (Palmer et al., 2011; Cook and Kairiukstis, 2010). It is applied in various 
subfields like climatology, ecology, forestry, fire history, geology, hydrology, 
volcanology and many other disciplines (Nash, 2002). Trees are intimately bound to 
environment as they record natural (temperature and precipitation) or unnatural (human 
induced) events or processes which can be seen in varying patterns of tree ring widths 
(Ali et al., 2021). Year to year climate variation induces variability in volume of wood 
that the tree produces in most geographic regions. When environmental conditions 
become favorable, trees respond by creating large volume of wood and produce less 
volume of wood in other years when conditions are unfavorable for growth (Sun et al., 
2016; Panyushkina, 2011). Coniferous forests are important natural resources to sustain 
life in tropical, subtropical and temperate regions throughout the globe as they have 
economic and ecological importance. Among them, Kalam Forest Division (dry 
temperate area) is also geographically vulnerable to climate change due to 
environmental and some anthropogenic activities. The study was conducted in Kalam 
Forest division with objective to determine dendrochronological potential (age and 
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growth rate studies) and to develop tree ring chronologies of conifers by SPM (Skeleton 
Plot Model) Method (Speer, 2010) (Fig. 1). 

 

  

Figure 1. Annual ring fluctuations (earlywood and latewood) and anthropogenic behavior 
 
 

Chronology development by skeleton plot model 

Skeleton Plot Model is one of most appropriate and extensively used method by 
dendrochronologists to crossdate the tree samples which is the “procedure of matching 
ring width variations.” Skeleton Plot, “Plot of vertical bars in which bar length is 
inversely related to tree ring width, is used to identify the double or false rings which 
occurs if seasonal growth is interrupted by severe climatic conditions, diseases or other 
agents and is later resumed a second growth layer, visible and added in during one 
growth season (Copenheaver et al., 2006). Such additional layer is false ring, which is 
simply a band of latewood cells between latewood part of previous ring and early wood 
part of next ring (Nash, 2002). As temperate trees (conifers) develop rings yearly so, 
patterns of tree ring widths are matched and compared in similar and dissimilar geologic 
regions (Vasconcellos et al., 2019; Speer, 2010). 

Pakistan is more vulnerable to climate change due to environmental factors changing 
forest types (Bajwa et al., 2015) inducing health problems (Gosling et al., 2009), as well 
as reducing the oxygen levels in the sea (Shaffer et al., 2009). These changes are not 
uniform throughout globe and vary with change in regional temperature and 
precipitation so, dendrochronology helps to examine the past climate as well as to 
predict future climate by annual rings of trees (Shah et al., 2019). Many researchers 
have been engaged and are working in above mentioned areas. Muhammad et al. (2021) 
determined age and growth rate of pines. Ahmed and Naqvi (2005), Khan et al. (2008), 
Ahmed et al. (2009) determined dendrochronological potential of some gymnosperms 
from Swat, Dir, Chitral, Mansehra and Azad Kashmir, Pakistan. Khan (2011) 
determined dendrochronological potential of C. deodara and Pinus gerardiana. Wahab 
(2011) also estimated age and growth rates of conifers from Dir, Pakistan. Khan et al. 
(2013) developed tree ring chronologies and used in forest management, past climate 
investigation, wildfire and other hydrological aspects. The objectives of study were: (1) 
to estimate age and growth rate of selected conifers (A. pindrow, T. baccata, P. 
roxburghii and C. deodara); (2) to determine relationships, if any, between 
diameter/age, diameter/growth rate and between seasonal parts of annual rings of trees; 
(3) to determine correlation between different parameters to model meaningful 
relationships in form of regression analysis; (4) to develop Skeleton Plot Model of all 
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samples, composite skeleton plot of climatically sensitive trees and their matching with 
master skeleton plots and raising their master chronologies. 

 
Study site 

Kalam Forest Division is geographically known as Swat Kohistan (Fig. 2), an 
independent Forest Division from last 5 decades as it was a part of Swat Forest Division 
in previous times. It consists of two tehsils known as Kalam and Behrain and covers an 
area about 3182.9272 km2. The site is climatically very sensitive as it lies in dry 
temperate zone, too much cold at high elevations causes migration of people to bottom 
of valley to fulfil their needs and survival. Here temperature and precipitation varies 
with altitude and appears in form of rain and snow. Rain falls from December to May as 
its average record is 492 mm and annual record is 423.56 cm (Iqbal, 2014). 

 

 
 

Figure 2. Divisional boundaries of Kalam Forest Division 

Materials and methods 

Sample collection, processing and measurement 

Four conifer species were targeted for sample collection namely A. pindrow, T. 
baccata, P. roxburghii and C. deodara (Fig. 3). Subjective sampling was performed in 
the field and those individual trees were selected that were present on high and low 
elevation sites, steep slopes and well drained soils because they could possess the tree 
rings significantly sensitive to regional climate and cross dating could be performed 
successfully (Ahmed, 2014). Cores were obtained from healthy, rigid and unbranched 
trees by Swedish increment borers at height as 1.3 m or 4.3 ft. A total of 105 cores were 
obtained from 51 different trees in 2019. The cores were preserved in plastic straws to 
maintain alignment of cores. The ends of straws were covered with paper tape and holes 
created in trees were refilled by wax to protect them from any fungal or pathogen 
disease (Wahab et al., 2008). The diameter at breast height (dbh) of each tree was 
measured by dbh measuring tape (Hart and Grissino-Mayer, 2008). Later on, cores were 
mounted on wooden frames with glue and were allowed to dry. Sander machine fitted 
with different grades of sand papers (80, 100, 120, 150, 180, 320 and 400 grit, 
depending upon particular species) was used to make smooth and fine surface of cores. 
It was proceeded until suitable polished surface was achieved after varnish coat (Phipps, 
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1985). Velmex measuring system (TA4021H1) having connection with computer 
installed with J2X software was used. All samples were measured one by one with 
respect to earlywood, latewood and total ring width (Volney and Mallet, 1992; 
Yamaguchi, 1991). All samples were crossdated successfully by skeleton plot method 
and further statistical analysis was performed. 

 

 

Figure 3. GPS points of selected conifers location in Kalam Forest Division KP, Pakistan 

Results 

Dendrochronological potential of above-mentioned species was determined by 
dividing study site into different stands and their relationships were determined by 
different parameters. 

 
Age and growth rate determination 

Age of all trees was estimated from nine stands of study site as shown in Table 1. 
The oldest tree was A. pindrow with 698 years age and 149.3 cm diameter. The 
youngest tree was 63 years of age with 73.15 cm diameter. An age of 479 years with 
137.2 cm diameter was recorded in T. baccata as maximum age in this particular 
species while youngest was 113 years old having 45.72 cm diameter. In case of P. 
roxburghii, the maximum and minimum age was estimated as 218 years and 68 years 
with 48.76 cm, 67.05 cm diameter respectively. C. deodara was found to be minimal as 
regional climate and other topographic features of site were found to be unfavorable for 
this particular species. 

Growth rate of all trees was also determined from this dry temperate area as shown in 
respective table. The maximum and minimum growth rate of A. pindrow was 
0.48 cm/year and 0.05 cm/year. It was maximum as 0.06 cm/year in case of T. baccata 
while minimum was 0.12 cm/year. P. roxburghii also showed maximum and minimum 
growth rate as 0.15 cm/year and 0.10 cm/year respectively. Overall, T. baccata was 
found to be denser in study site and its growth rate was also recorded as maximum as 
0.66 cm/year. 
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Table 1. Age and growth rate studies of conifers 

 
 

Seasonal dynamics 

Tree ring width (TRW) and its parts (earlywood and latewood) were also measured 
(Fig. 1). The maximum TRW measurement was 4.86 mm and 0.69 mm as minimum in 
case of A. pindrow. The early and latewood part was 4.70 mm, 0.53 mm and 0.53 mm, 
0.13 mm respectively. In case of T. baccata, TRW was 6.64 mm and 1.37 mm as 
maximum and minimum. The early and latewood part was 6.5 mm, 1.2 mm and 
0.71 mm, 0.41 mm respectively P. roxburghii showed TRW value as 1.66 mm and 
1.11 mm and early latewood parts were 1.45 mm, 1.00 mm and 0.24 mm, 0.14 mm wide 
respectively. 

 
Correlations between dbh/age, dbh/growth rate, TRW and difference of earlywood, 

latewood cell mass 

Correlations of all species were determined (Table 2). Diameter at breast height 
(dbh) of A. pindrow showed positive significant correlation with age (Fig. 4a) while it 
was positive/negative correlated with growth rate (Fig. 4b). T. baccata showed positive 
correlation between dbh and age (Fig. 5a) and negative between dbh and growth rate 
(Fig. 5b) and it was found to be highly negative in P. roxburghii trees (Fig. 6a, b). 
Moreover, the correlation was also observed between tree ring width and difference of 
early, latewood cell mass. It was observed highly positive in all selected species 
gymnosperms (Figs. 4c, 5c, 6c). The maximum value was observed in 5th stand of A. 
pindrow (Fig. 4c). 

 
Table 2. Correlation and regression analysis between dbh/age, dbh/growth rate and 
TRW/early & latewood cell mass 

Species Parameter Correlation (R2) Regression 

A. pindrow 

Dbh/age 0.921 y = 0.0847x + 4.0756 

Dbh/growth rate 0.4126 y = -339.62x + 84.091 

TRW/Difference of earlywood and latewood cell mass 0.9972 y = 1.1397x + 0.1873 

T. baccata 

Dbh/age 0.8424 y = 11.108x-41.174 

Dbh/growth rate 0.4055 y = -134.69x + 55.873 

TRW/Difference of earlywood and latewood cell mass 0.9646 y = 0.9417x + 0.8654 

P. roxburghii 

Dbh/age 0.6296 y = -11.806x + 414.67 

Dbh/growth rate 0.0909 y = -130.91x + 29.018 

TRW/Difference of earlywood and latewood cell mass 0.8943 y = 1.1081x + 0.285 

Species 

Earlywood 
(mm) 

Latewood 
(mm) 

Age 
(years) 

Mean growth 
(mm) 

Growth rate 
(cm/year) 

Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. 

A. pindrow 4.7 0.55 0.53 0.13 698 63 0.16 0.02 0.48 0.05 

T. baccata 6.5 1.22 0.71 0.14 479 113 0.24 0.06 0.66 0.12 

P. roxburghii 1.45 1 0.24 0.14 218 68 0.05 0.04 0.15 0.10 
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Figure 4. Correlation studies of A. pindrow 
 
 

       

 

Figure 5. Correlation studies of T. baccata 
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Figure 6. Correlation studies of P. roxburghii 
 
 

Skeleton plot model 

The fundamental principle of dendrochronology is crossdating which is simply 
crossmatching of tree ring width patterns among the species of similar and dissimilar 
geologic regions. It was applied to all trees either they showed complacent or sensitive 
growth patterns (Table 3). It was best represented by sensitive trees (Fig. 7) as they 
produced rings yearly or seasonally and responded well to climate fluctuations by 
creating larger and smaller rings while complacent trees produced rings of similar 
widths, as their growth was not affected by seasonal climate fluctuations. The samples 
showed sensitivity as they obtained from high and low elevation sites, steep slopes and 
well drained soils while others showed complacent nature as they were obtained from 
poor drained soils and near bank of river (Swat River, Pakistan). 

 
Table 3. Tree ring matching patterns (chronology development) between samples of same 
trees through ***SPM method 

Sample codes Tree life span 
Matching pattern No. of matched 

years GPS 
coordinates 

Narrow ring years Wide ring years 

A. pindrow 

AP1 and AP1’ 1929-2019AD 1998, 1999 ---- 2 
N:35.51123 
E:72.60368 

AP2 and AP2’ 1888-2019AD 
1905-1927, 1933-1945, 1947-
1974, 1995-1998, 2010-2019 

---- 78 
N:35.51118 
E:72.60368 
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AP3 and AP3’ 1926-2019AD 
1967, 1978, 1984, 1985, 1991-

1993, 2000, 2010, 2011 
---- 10 

N:35.51107 
E:72.60342 

AP4 and AP4’ 1926-2019AD 
1967, 1968, 1982, 1983, 1992, 
2001-2003, 2013, 2018, 2019 

---- 11 
N:35.51095 
E:72.60850 

AP7 and AP7’ 1933-2019AD 
1946, 1964, 1996, 1997, 2009, 

2010 
1977-1986 16 

N:35.51068 
E:72.60374 

AP11 and AP11’ 1817-2019AD 
1931-1934, 1985-1989, 1994, 

2018, 2019 
---- 12 

N:35.51031 
E:72.60343 

AP12 and AP12’ 1897-2019AD 
1936-1938, 1981-1983, 1989, 

2001-2003, 2005-2008, 2010-2019 
---- 24 

N:35.51080 
E:72.60860 

AP13 and AP13’ 1819-2019AD 
1944, 1953-1961, 2015, 2018, 

2019 
---- 13 

N:35.51014 
E:72.60337 

AP14 and AP14’ 1846-2019AD 
1903, 1904, 1937, 1938, 1943-

1946, 1951-1974, 2007-2014, 2019 
1900, 1901, 1983-
1993, 1998-2003 

59 
N:35.51000 
E:72.60334 

AP15 and AP15’ 1830-2019AD 
1915-1924, 1936-1945, 1968-

1973, 1995-1997 
1948, 2005-2007 33 

N:35.51024 
E:72.60297 

AP16 and AP16’ 1857-2019AD 
1879-1882, 1889, 1900, 1907-
1912, 1958-1965, 1973-1987, 

1990-1993  

1946, 1947, 2005-
2009 

46 
N:35.51020 
E:72.60298 

AP17 and AP17’ 1879-2019AD 
1926-1945, 1973-1977, 1979-
1985, 1999, 2000, 2011-2019 

---- 43 
N:35.51016 
E:72.60300 

AP18 and AP18’ 1930-2019AD 
1983, 1984, 1986, 1989-1991, 

2001-2005, 2018, 2019 
1982, 1995-1999 19 

N:35.51127 
E:72.60818 

AP21 and AP21’ 1922-2019AD 
1959-1963, 1975-1977, 1982, 
1983, 1998-2001, 2010-2012, 

2016-2019 
---- 21 

N:35.51101 
 E:72.60296 

AP22 and AP22’ 1942-2019AD 1983, 1998-2000, 2016-2019 ---- 8 
N:35.51086 
E:72.60307 

AP23 and AP23’ 1897-2019AD 
1940-1947, 1952-1954, 1982, 
1983, 1987-1989, 2001-2019 

---- 35 
N:35.51077 
E:72.60293 

AP24 and AP24’ 1910-2019AD 
1948, 1949, 1975, 1980, 1998, 

2018, 2019 
---- 7 

N:35.51065 
E:72.60280 

AP25 and AP25’ 1900-2019AD 
1940, 1947, 1984, 1967-1973, 

1999, 2011, 2018, 2019 
---- 14 

N:35.51016 
E:72.60265 

AP26 and AP26’ 1859-2019AD 
1926-1931, 1933, 1938-1942, 
1944-1947, 1949, 2001, 2009-

2015, 2018, 2019 
1911-1924 41 

N:35.51115 
E:72.60189 

AP27 and AP27’ 1929-2019AD 2001 ---- 1 
N:35.51145 
E:72.80202 

AP28 and AP28’ 1859-2019AD 
1904, 1970, 1975, 1981-1986, 
1996, 2002-2007, 2010-2019 

1936, 1937, 1998-
2001 

32 
N:35.51158 
E:72.80608 

AP29 and AP29’ 1879-2019AD 1975, 1976, 2012-2019 ---- 10 
N:35.51164 
E:72.60152 

AP30 and AP30’ 1801-2019AD 

1820-1828, 1857-1865, 1872-
1876, 1929-1931, 1945-1951, 
1960, 1961, 1964-1966, 1996-
1999, 2002-2005, 2009-2019 

1897-1903, 1936, 
1910-1914 

70 
N:35.51140 
E:72.60114 

AP31 and AP31’ 1872-2019AD 
1911, 1915, 1916, 1943-1953, 

1959-1999  
2005-2014 65 

N:35.51095 
E:72.60119 

AP32 and AP32’ 1679-2019AD 1729-1755 
1760-1767, 1783-
1835, 1837-2019 

271 
N:35.51064 
E:72.60100 

AP35 and AP35’ 1775-2019AD 

1838-1840, 1844-1852, 1856-
1870, 1881-1900, 1906-1910, 
1913-1956, 1958, 1961, 1962, 
1965, 1973, 1974, 1976-1978, 

1981-1992, 1996-2004, 2018, 2019 

 128 
N:35.51045 
E:72.60047 

AP36 and AP36’ 1806-2019AD 
1977-2004, 2007, 1881-1890, 

1898-1951, 1969-1974, 2018, 2019 
1953-1967 115 

N:35.51010 
E:72.60021 

AP38 and AP38’ 1834-2019AD 
1907-1913, 1915, 1927-1930, 
1932-1945, 1948-1953, 1964, 
1965, 1974-1977, 2002-2019 

---- 56 
N:35.50907 
E:72.59952 

AP39 and AP39’ 1802-2019AD 1930-1950, 1983-2019, 1964-1973 1908-1918 89 
N:35.50883 
E:72.59981 
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AP40 and AP40’ 1815-2019AD 1977, 1980-1982, 2012, 2013 1977 7 
N:35.50805 
E:72.80054 

AP41 and AP41’ 1833-2019AD 
1946-1950, 1960, 1975, 1976, 
1984-1989, 1987, 1993-2000, 

2012-2014 
---- 26 

N:35.50829 
E:72.60169 

AP42 and AP42’ 1898-2019AD 1934-1939 ---- 6 
N:35.50940 
E:72.60258 

AP43 and AP43’ 1944-2019AD 1992-1999 ---- 8 
N:35.50817 
E:72.60177 

AP44 and AP44’ 1903-2019AD 1925-1949, 1956-1962, 1977-2005 1976 62 
N:35.50818 
E:72.60164 

AP48 and AP48’ 1891-2019AD 1988-1994, 2008-2019 ---- 19 
N:35.50685 
E:72.60086 

AP50 and AP50’ 1876-2019AD 2019-1990, 1933, 1932 ---- 32 
N:35.50980 
E:72.60096 

T. baccata  

TB5 1953-2019AD ---- ---- --- 
N:35.51085 
E:72.60382 

TB6 and TB6’ 1918-2019AD 1978, 1979 ---- 2 
N:35.51063 
E:72.60875 

TB8 and TB8’ 1985-2019 AD ---- 
2016-2013, 2009, 
2001, 2000, 1999, 

1998 
9 

N:35.51050 
E:72.60353 

TB9 and TB9’ 1950-2019AD 2018, 2019 ---- 2 
N:35.51061 
E:72.60857 

TB10 and TB10’ 1932-2019AD 
1960, 1961, 1963, 1964, 2018, 

2019 
1954, 1992, 1993 9 

N:35.51063 
E:72.60325 

TB19 and TB19’ 1966-2019AD 1998-2000, 2018, 2019 1993 6 
N:35.51128 
E:72.60306 

TB20 and TB20’ 1953-2019AD 1997, 2018, 2019 ---- 3 
N:35.51113 
E:72.60306 

TB33 and TB33’ 1903-2019AD 2019-1996, 1998, 1987 ---- 24 
N:35.51113 
E:72.60303 

TB45 and TB45’ 1894-2019AD 
1951, 1971-1982, 1989-1995, 

2008-2011, 2016-2019 
---- 28 

N:35.51065 
E:72.60102 

TB46 and TB46’ 1899-2019AD 
1972, 1973, 1979, 1980, 1996-

2000 
2006-2008 12 

N:35.51065 
E:72.60102 

TB47 and TB47’ 1859-2019AD 1904-1909, 1932-1934, 1960-1966 1998-2019 38 
N:35.50746 
E:72.60127 

TB49 and TB49’ 1874-2019AD 
1938-1940, 1956, 1992, 1993, 

1997, 1998, 2004-2008, 2010-2019 
1970 24 

N:35.50734 
E:72.60123 

P. roxburghii  

PR34 and PR34’ 1814-2019AD 

1827, 1828, 1918-1923, 1929, 
1932-1939, 1940, 1942, 1943, 
1992, 1993, 1998-2000, 2007, 

2008, 2018, 2019  

1887-1906 49 
N:35.51072 
E:72.60047 

PR51 and PR51’ 1877-2019AD 1985-1988, 2004-2019 1995-1998 24 
N:35.50680 
E:72.60061 

C. deodara  

CD37and CD37’ 1783-2019AD 

1860-1864, 1905, 1932-1936, 
1945-1947, 1949, 1951-1954, 
1959-1960, 1970-1988, 1998-

2010, 2013-2019 

---- 60 
N:35.50980 
E:72.60024 

 
 
After crossdating all the core samples, composite skeleton plots of the most sensitive 

trees were made between two cores of each individual tree which highlighted the most 
sensitive years of growth. These plots were matched with the master skeleton plot and 
master chronology was developed as shown in Figure 7a-h. 

Composite skeleton plots, master skeleton plots and master chronologies of sensitive 
trees were presented in Figure 7. 
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AP1 & AP3 (1931-2019 AD) 

**1948, *1950, 2000, 2009. 

 

 

Composite skeleton plot 

Master chronology Master skeleton plot 
 

a 
 

AP4 & AP7 (1928-2019 AD) 

*1934-1937, *1940, 1948, 2010, 2009 

  
b 

 
AP12 & AP13’ (1897-2019 AD) 

1957-1961, 1976, 1978, 1983, 1987, 1988, 2015, 2018. 

  
c 
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AP15 &AP18’ (1887-2019 AD) 

*1956, 1979-1981, 2000-2003. 

  
d 

 
AP22 & AP24 (1911-2019 AD) 

*(1958, 1959, 1961), 1975, 1983, 1998, 2017, 2018. 

  
e 

 
AP27 & AP42’ (1898-2019 AD) 

*1967, 2001. 

  
f 
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TB5 & TB9 (1963-2019 AD) 

** (1977, 1978, 1980, 1992, 1994, 1997, 2004, 2005, 2010), 2018. 

  
g 

 
TB19’ & TB20 (1953-2019 AD) 

1997, 1998, 2000, 2018. 

  
h 

Figure 7. (a-h) Most sensitive growth years of trees, representation through composite skeleton 
plot and their matching with master skeleton plot and master chronology 

Discussion 

Conifers population increases with increase in forest resources and particular species 
have wide range of distribution. The nature of any forest is determined by interaction of 
many physical and biological factors resulted in species distribution in particular 
geographical region depending upon resource requirements in tolerant sites where it makes 
necessity for survival (Glatzel, 2009; Shaheen et al., 2015). Thus, present study focuses on 
age and growth rate determination and intra annual fluctuations between different species 
by graphical representation. In this way, chronology was prepared by Skeleton Plot Model 
after identification of climate sensitive years in selected species (Sheppard, 2002). 

Environmental factors are very important in determining species dominancy at site 
such as sufficient light, nutrition, moisture and other edapho climate features. So, A. 
pindrow was found to be in large number as edapho climate features favored its growth 
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while T. baccata, P. roxburghii, C. deodara was found to be minimal which may due to 
some anthropogenic activities like cutting, logging, fire and overgrazing. 

 
Age and growth rate studies 

Maximum and minimum age and growth rate of all selected conifers is presented in 
Table 1. Age and growth rate varies with elevation variation, from species to species and 
even among the similar species of similar sites. Many researchers have been engaged and 
are investigating dendrochronological potential from Pakistan and around the globe. 
Ahmed et al. (1990) reported age of P. wallichiana, 112 years with 20.5 cm dbh from dry 
temperate area of Takhtesuleman and moist temperate area like Khanaspur, Ayubia and 
Murree with different diameters, 58 cm, 65 cm, 58 cm dbh. A. pindrow showed an age of 
103 years and 105 years with 71.2 and 92 cm dbh respectively from Murree site. An oldest 
A. pindrow was recorded with age of 277 years and 89 cm diameter from Ayubia. C. 
deodara was found to be oldest with age of 533 years and 180 cm dbh from Chitral site. 
The present study revealed the dominancy of A. pindrow with maximum age of 698 years 
and 149.3 cm diameter from Kalam Forest Division. Some other researchers from other 
countries determined dendrochronological potential of trees. Mccarthy and Weetman 
(2006) determined age of Abies balsames with 264 years black and white spruce with 264 
and 247 years respectively from Canada. Muhammad et al. (2019) determined age of C. 
deodara from Kashmir Point Murree, Pakistan. Moreover, age of Pondesera was also 
determined, 618, 613 and 330 years from different sites of California by Youngblood et al. 
(2004). In the present study, we determined age of A. pindrow, T. baccata and P. 
roxburghii, 698 years with 149.3 cm dbh, 479 years with 137.16 cm and 218 years with 
48.76 cm dbh respectively. C. deodara was found in minimum quantity due to reduced 
competition among trees and illegal cutting and burning of trees. So, significant positive 
correlation was observed in age and dbh among different species. Age may increase or 
decrease with increase of diameter as species lie in different geographical positions. 
Moreover, it was not observed an effective parameter for age variation as regional climate 
also favors the growth of conifers after Scipioni et al. (2021) and Ahmed et al. (2011). 

Maximum and minimum growth rate of all species is presented in Table 1. Growth 
rate of conifers is also affected by availability of forest resources such as moisture 
content, favorable temperature and precipitation, adequate nutrients and prevention 
from natural or unnatural disasters after Ahmed et al. (2012). Among selected species T. 
baccata was found to be with maximum growth rate as environmental factors favored 
its growth and development. However, growth rate of rest species was also observed 
reasonable but not responded like T. baccata. Siddiqui et al. (2013) observed slow 
growth rate of A. pindrow from moist temperate area. Ahmed and Sarangzai (1992) 
determined growth rate of P. wallichiana, 2.5 cm/years from Murree. Ahmed et al. 
(2009) also determined as 1.7 cm/years in P. wallichiana from Dir. A. pindrow and C. 
deodara was observed with faster growth rate from Dir and Naran areas. In present 
study, T. baccata was observed with maximum growth rate, 0.66 cm/year while it was 
0.05 and 0.10 cm/year as maximum in A. pindrow and P. roxburghii respectively. 

 
Correlations study 

Many researchers observed significant positive correlation between age and diameter 
from different sites of world. Ahmed and Sarangzai (1991) obtained such positive 
correlation in all selected species. However, Ahmed et al. (1990) did not find significant 
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relationship between these parameters in Juniperus excela from Baluchistan, Pakisan. 
Moreover, Wahab et al. (2008) did not observe such positive relationship in Picea 
smithiana. Ahmed et al. (2009) did not find such correlation four species i.e., A. 
pindrow, P. wallichiana, C. deodara and Picea smithiana but they observed positive 
relation in P. roxburghii. In the present study, A. pindrow, T. baccata and C. deodara 
showed positive correlation while P. roxburghii showed highly negative correlation 
between age and diameter. 

Growth rate was also observed non-significant by various researches. Muhammad et al. 
(2021) did not observe significant correlation between dbh and growth rate in C. deodara 
from Murree, Pakistan. Wahab et al. (2008) also observed negative relationship between 
dbh and growth rate in P. smithiana from conifers of Afghanistan Forest. A. pindrow, P. 
wallichiana and C. deodara also showed highly significant negative correlation between 
dbh and growth rate by Siddiqui et al., 2013. Ahmed et al. (2012) observed strongest 
response by rainfall. All selected species showed highly negative correlation between dbh 
and growth rate in present findings as shown in Figures 4b, 5b, 6b. 

Conclusion 

Kalam Valley, located at the junction of three mountains (Hindukush, Himalaya, and 
Karakoram), has a special topography, according to the researchers. The alpine peaks in 
the area vary in elevation from 1900 to 4600 m. Conifers grow taller as a result of 
edaphoclimate factors such as harsh winters, acidic soil, altitude variation, salts, sand, silt, 
and organic matter. Briefly to conclude, the study site was densely covered with A. 
pindrow as huge number of this species was observed while C. deodara was observed as 
minimal due to some anthropogenic disturbances. Significant positive correlation was 
observed between age and diameter in all species except P. roxburghii after Ahmed and 
Sarangzai (1991) while no such significant relationship was observed between diameter 
and growth rate after Wahab et al. (2008). Moreover, environmental factors mainly 
temperature, precipitation and rainfall also favored age and growth rate of these conifers 
and T. baccata responded well to these climatic variations as maximum growth rate was 
recorded in this species after Ahmed et al. (2012). A lot of reasons (deforestation, burning 
of wood as to fulfil needs of coal, overgrazing, town planning, and frequent forest fires) 
have placed the study site under biological stress due to C. deodara was observed a few in 
number. The chronology presented in results clearly depicted highly sensitive tree rings 
which were distinct indications of growth rate variations during development of trees. The 
developed chronologies signify the sensitivity of conifers of dry temperate study region 
towards diverse climatic factors and could be analyzed to predict future seasonal climate 
variations. Some highly recommended steps can be followed to conserve species habitat 
(natural biodiversity) through traditional practices such as: 

• Need of awareness and management of forests to regain their valuable potential 
regarding to scientific research projects. 

• Implementation of Forest rules to avoid from illegal cutting, burning and 
chopping by providing alternative fuel resources. 

• Old age trees of study site such as A. pindrow, T. baccata, particularly C. 
deodara (national tree of Pakistan) etc. must be declared as cultural heritage of 
country. 

• Ecotourism must be developed to promote cultural and economic significance 
by working with international counterparts, to acquire global exposure. 
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Abstract. Due to current threats such as climate change, emerging diseases, and agricultural chemical use, 
honey bees are struggling to obtain adequate uncontaminated nectar and pollen for survival. Under these 
conditions, beekeepers feed their colonies with pollen and honey substitutes. In this study, several 
experimental diets were examined and compared with pollen and honey substitutes used by the beekeepers. 
The effects of the diets on consumption, live body weight and lifespan of groups of adult worker honey 
bees were investigated under laboratory conditions. "Natural-like" diet was used as control. Solid food with 
different amounts of protein and enzymatically prepared liquid food, enzymatically prepared liquid food 
with added caffeine, colored non-enzymatically prepared liquid food were tested. Pollen substitute protein 
levels were 0.4 to 10%. Solid food with low protein diet was consumed less, and resulted in low live body 
weight and low survival in comparison to control and higher protein amounts. Bees fed with enzymatically 
prepared liquid food with added caffeine group showed more activity but did not attain significantly higher 
survival ratio than bees fed only enzymatically prepared liquid food. This study discusses role of protein 
content and food preparation in the management of honey bee colonies. 
Keywords: nutrition, substitutes, protein, sugar, beekeeping 

Introduction 

Nutrition has a significant impact on animal health, disease resistance, and ability to 
survive. Honey bee nutrition is a popular issue in beekeeping on a global scale (Pudasaini 
et al., 2020). Honey provides energy for honey bees (Apis mellifera L.), while pollen 
provides protein and is required for larval and adult stage growth. 

Climate change, diseases, agricultural chemicals and habitation loss affect honey bees 
negatively (Brown et al., 2016). Currently, honey bees have difficulty to finding enough 
uncontaminated nectar and pollen (Hladun et al., 2012, 2015; Silici et al., 2016). This is 
essential for their survival. Even when pollen is available, not all pollen provides an 
adequate quantity of nutrition for colony development (Pernal and Currie, 2000). 
Furthermore, honey bee foraging opportunities are limited throughout the year due to 
environmental factors such as temperature, humidity, light intensity, solar irradiation 
values, wind, rain, and flower patches (Farrar, 1934; Burrill and Dietz, 1981; Winston, 
1987). Under these conditions, beekeepers feed their colonies with pollen and honey 
substitutes. In order to grow honey bee colony population, rearing brood, queens, drones, 
successful overwintering, and increase honey production, supplementary diets are needed 
(Herbert, 1992; Goodwin et al., 1994; Koç and Karacaoğlu, 2004). Several studies have 
been conducted in order to develop an ideal supplemental protein diet for honey bees that 
is healthy, extremely wealthy in required nutrients, and easily accepted. Previous studies 
have examined the effects of protein- and carbohydrate-rich supplement foods on colony 
development, lifespan, brood, honey, production performance, wax construction and 
honey bee biology (Herbert et al., 1977, 1992; Doull, 1980; Winston et al., 1983; 



Oskay: Effects of diet composition on consumption honey bee 
- 4422 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4421-4430. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_44214430 
© 2021, ALÖKI Kft., Budapest, Hungary 

Cremonez et al., 1998; Mattila and Otis, 2006; Dastouri and Maheri-Sis, 2007; Cappelari 
et al., 2009; Basualdo et al., 2013, 2014; Kumar and Agrawal, 2014; Gemeda, 2014; 
Pande et al., 2015; Frias et al., 2016; Paiva et al., 2016; Almaida-Dias et al., 2018; 
Mohammad et al., 2020; Adgaba et al., 2020; Mahbob et al., 2021). Manning et al. (2007) 
demonstrated that soy protein shortens the life span of honey bees, implying that soy 
proteins are less appealing to honey them. Therefore, soy protein has not used in this 
study. 

Danihlik et al. (2018) examined changes in immune system characteristics in bees 
given various pollen diets. Their results on the significance of protein content in the bee 
diet have practical consequences for rethinking the value of protein supplementation in 
the sugar-based diet given to bee colonies, as well as its effect on bee and colony health 
and successful wintering capability. Scientific study is ongoing to find out the impact of 
compounds that provide critical nutrition to honey bees. Vrabie et al. (2019) 
supplemented honey bee colonies with whey protein and observed an increase in brood 
development of 13.1-14.5 percent and acacia honey yield of 24.7-44.8 percent. 

Scientists all around the globe have developed several substitute meal recipes for bees 
based on the nutritional content of honey and pollen, acceptability, digestibility, and 
affordability of materials. This may assist to keep all colony characteristics stable enough 
to take full benefit of the next nectar flow season. However, a globally recognized 
standard balanced diet for commercial beekeeping is still needed (Paray et al., 2021). 

Three honey and three pollen substitutes were used under laboratory conditions to 
better understand the effects of different kinds of honey and pollen substitutes on bees, as 
well to determine their impact on adult bee live body weight, feed consumption and life 
span. The live body weight difference across age groups with different honey, pollen 
substitutions, and effect of phagostimulants such as caffeine are examined in this study 
for the first time. 

Material and Method 

Rearing conditions and modalities of treatment 

Capped brood combs with emerging bees were collected in May 2016 from 20 honey 
bee colonies led by sister queens at Tekirdag Namik Kemal University apiaries (Tekirdag, 
Turkey). These brood combs were incubated overnight at hive temperatures and humidity 
(35°C, 75% humidity, and no light) to simulate the hive environment for providing 1 day 
old bees. Bees that had just emerged were carefully brushed into a wide plastic basin and 
mixed. 

The size of the cages was 14 cm x 13 cm x 8.3 cm and the volume was 1.5 L. A wide 
section of the cages was glued to the floor, and 4 ventilation holes were opened, up to a 
diameter of 2 cm. and a height of 4 cm. above the floor. The top of the cage also had an 
opening of 4 cm diameter. Side ventilation holes of the cage were covered with wiremesh 
(fly screen) and silicone. 100 individual bees were placed inside the transparent plastic 
cages (14 x 13 x 8.3 cm) and returned to the incubator (75% humidity and 35°C 
temperature); as in Evans et al. (2009). 

Each cage represented one of 6 treatment groups. 100 one-day old worker bees placed 
in each group cage. All food was provided to bees in a free-choice feeding system in 
Eppendorf culture vials (15 mL) with small holes that allow bees to enter in tubes. The 
feed vials were replaced every three days. 
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A “natural–like” diet was utilized in the experiment. Honey and fresh pollen were 
gathered from University apiaries honey bee colonies. Honey and fresh pollen were stored 
in a glass jar. Honey was maintained at ambient temperature throughout the experiment, 
whereas pollen was stored at -18 °C. 

Two different pollen substitute diets were experienced: two containing higher levels 
of crude protein and another one with a lower protein content. 10% protein pollen 
substitute was a mixture of inactive bread yeast extract powder, powdered beet sugar, 
inverted sugar syrup (70% sugar, 30% water), sunflower honey and sunflower seed oil. 
0.4% pollen substitute was a commercial food containing soybean flour. 

Three different honey substitute diets were tested for the experiment. Inverted sugar 
syrup (enzymatically prepared liquid food) was produced by dissolving beet sugar in 
water and by addition of invertase enzyme. The inverted sugar syrup was mixed and 
stored at 40°C temperature for 36 hours. It was fed to caged bees within one week of 
production. Caffeine powder was supplied from Sigma-Aldrich Co. LLC. 1 mM caffeine 
concentration was used for enzymatically prepared liquid food for the added caffeine 
group (Wright et al., 2013). Colored non-enzymatically prepared liquid food was acquired 
commercially. 

A: "natural-like" diet used as control (honey and pollen). 
B: solid food with 0.4% protein (pollen substitute). 
C: solid food with 10% protein (pollen substitute). 
D: Enzymatically prepared liquid food (sugar syrup). 
E. Enzymatically prepared liquid food with some caffeine (sugar syrup). 
F: Colored non-Enzymatically prepared liquid food (sugar syrup). 
The quantity of consumed food was measured every 3 days, before each fill up, by 

weighing the solid and liquid foods remaining in the feeder vials, and as compared to the 
weight of the full feeder at the start. The alteration in milligrams was transformed to 
microliters (1 μL = 1.22 mg of sugar syrup) and divided by the number of surviving bees 
(Renzi et al., 2016). The total amount of solid and liquid food consumed was calculated 
after 24 days. 

Because the live body weight parametry had not previously been studied in honey bee 
worker bee feeding research, the solid food with 10% protein feed group (C) was chosen 
to represent the protein feed group for comparison with the control group when designing 
the experimental groups, while enzymatically prepared liquid food (D) and colored non-
enzymatically prepared liquid food (F) were chosen to represent the protein feed group 
for comparison with the control group. One, twelve, twenty-four days old live bees 
collected from cages were placed in different size of tubes, weighed with a precision scale 
and placed back in their cages alive. Ten live worker bees from each group were chosen 
at random for live body weight measurements. Every day, dead bees were gathered and 
counted from the cages. 

Data analyses 

The impact of nutritional treatments on solids, liquids, food consumption, and body 
weight was evaluated using two-way ANOVA. For the six diet applications, the Kaplan-
Meier survival test was used for the life span of honey bees (Kleinbaum and Mitchel, 
1996; Wang et al., 2014). Graphpad Prism 6.0 software (GraphPad software, San Diego, 
USA) was used to conduct statistical analysis. 
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Results 

Live body weight 

The effects of the dietary treatments on live body weight performance are shown in 
Figure 1. When the experiment started the mean live body weights in treatment groups 
"natural-like" diet used as control (A), solid food with 10% protein (C), enzymatically 
prepared liquid food (D), colored non-enzymatically prepared liquid food (F) at one day 
of age was, 89.77±1.71 mg, 90.66±1.58 mg, 90.22±1.39 mg, and 89.77±1.39 mg, 
respectively. There were no significant differences among groups (F1.24=2.16, P ˃0.05). 
The mean live body weights in treatment groups A, C, D and F at 12 days of age were, 
136.40±14.75 mg, 128.60±16.29 mg, 106.60±16.06 mg, and 99.80±15.80 mg. There was 
a significant difference among groups (P˂0.05). There was not a statistical difference 
between “natural -like” diet used as control (A) and solid food with 10% protein (C) 
(P˃0.05). There was not a statistical difference between enzymatically prepared liquid 
food (D), colored non-enzymatically prepared liquid food (F) (P˃0.05). There was a 
significant difference between protein (A and C) and carbohydrate diet groups (D and F) 
(P<0.05). 
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Figure 1. Live body weight (mg) of caged worker bees fed with different diets 
 
 

The mean live body weights in treatment groups A, C, D, F at 24 days of age were, 
144.33±9.34 mg, 131.90±23.64 mg, 109±4.82 mg, and 108.88±18.78 mg. There was not 
a statistical difference between “natural -like” diet used as control (A) and solid food with 
10% protein (C) (P˃0.05). In addition, there wasn’t a statistical difference between 
enzymatically prepared liquid food (D), colored non-enzymatically prepared liquid food 
(F) (P˃0.05). A significant difference was found between protein (A and C) and 
carbohydrate diet groups (D and F) diet groups (P<0.05). Highest live body weight was 
the control group. An inverted syrup without enzyme group was lowest live weight. 

Solid food consumption quantity 

The effects of the dietary treatments on solid food consumption by bees in groups 
"natural-like" diet (A), solid food with 0.4% protein (B), and solid food with 10% protein 
(C) are shown in Figure 2. Solid food consumption was measured every 3 days through 
21 days. Mean of daily solid food consumption in treatment groups A, C and B during 
the three weeks of the experiment were, 20.61±10.33 µg, 14.42±11.45 µg, and 0±0, 
respectively. 
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Figure 2. Daily solid food consumption (µg) per bee at the 21 days of caged worker bees fed 
with different diets 

 
 

Highest consumption was for “natural-like” diet among the solids but there is no 
significant difference between “natural-like” diet (A) and solid food with 10% protein 
groups (C) (F1.21= 9.85, P˃0.05). There was no solid feed consumption at solid food with 
0.4% protein group (B). Bees consumed only enzymatically prepared liquid food. 

Liquid food consumption quantities 

The effects of the dietary treatments on liquid consumption food groups, “natural-like” 
diet used as control (A), enzymatically prepared liquid food (D), enzymatically prepared 
liquid food with some caffeine (E), colored non-Enzymatically prepared liquid food (F) 
(A, D, E and F) performance is shown in Figure 3. Liquid food consumption was 
measured every 3 days during the 21 days. Mean of daily liquid food consumption in 
treatment groups A, D, F and E through the three weeks of the experiment were, 
26.47±14.99 µL, 37.50±15.86 µL, 29.87±18.41 µL and 41.96± 15.34 µL respectively. 
Diet quality had no effect on daily liquid food consumption from the 1st to the 21st day of 
treatment (F1.21= 1.32, P˃0.05). There was also no significant relation among food 
consumption amounts. Highest consumption was enzymatically prepared liquid food with 
some caffeine (E) among the liquid foods. Lowest consumption was honey among the 
liquid foods. 

The life span of honey bee 

The mean of life span days in treatment groups “natural-like” diet used as control (A), 
solid food with 0.4% protein (B), solid food with 10% protein (C), enzymatically prepared 
liquid food (D), enzymatically prepared liquid food with some caffeine (E), colored 
non-enzymatically prepared liquid food (F) was 24.6±1.38, 23.25±2.60, 29.01±1.86, 
22.56±1.98, 23.28±3.14 and 19.92±3.07, respectively. There were significant differences 
among groups (P<0.001). Bees fed with solid food with 10% protein (C) showed the best 
survival. There was no significant difference between bees fed “natural-like” diet (A) and 
bees fed with solid food with 10% protein (C) (P˃0.05). There was no significant 
difference among enzymatically prepared liquid food (D), solid food with 0.4% protein 
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(B) and enzymatically prepared liquid food with some caffeine (E) (P˃0.05). Colored 
non-enzymatically prepared liquid food (F) showed the lowest survival that was 
significantly different than other groups (P<0.001). Bees fed with higher protein ratio 
groups showed significantly different survival results than bees fed with only syrups in 
terms of average lifespan (X2=44.59, P<0.001) (Figure 4). 
 

Figure 3. Daily Liquid food consumption (µL) of caged worker bees fed with different liquid 
diets 
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Figure 4. Survival of newly emerged bees caged and fed a variety of diets under incubator 
settings. Foods were controlled, “natural-like” diet used as control (A), solid food with 0.4% 

protein (B), solid food with 10% protein (C), enzymatically prepared liquid food (D), 
enzymatically prepared liquid food with some caffeine (E), colored non-enzymatically prepared 

liquid food (F) 
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Discussion 

The results obtained in this study, with respect to live body weight, food consumption, 
and life span, are in agreement with the pollen and honey substitute effects reported by 
Dastouri and Maheri-Sis (2007) and Basualdo et al. (2013, 2014). Kumar et al. (2014) 
remarked that bee body weight is not efficient method of calculating the protein rank of 
bees provided with high level–protein-content pollen (HLCP) and low level–protein-
content pollen (LLCP). Content of HLCP and LLCP protein ratio were 29% and 10%. In 
this study, content of high level protein diets were %10, “natural -like” diet. When it was 
compared live body weight with liquid food without protein and solid food with 10% 
protein groups it was a significant difference between groups. It means that live body 
weight parameter would use depend of protein ratio level of diet. 

The study's key result is that bees fed pollen and a 10% pollen substitute had the 
highest survival rate, whereas bees fed only inverted sugar syrup had the shortest lifespan. 

The current study's findings contradict those of Pirk et al. (2010), who demonstrated 
that bees fed carbohydrate survived better than bees fed pollen substituted with sugar. In 
their study, they have used casein as a protein source. Additionally, Altaye et al. (2010) 
demonstrated that while casein diets increased survival and Feed-Bee® diets decreased 
it, royal jelly diets increased ovarian activation and casein diets decreased it. 

The findings confirm that a high-protein diet has a positive effect on live body weight 
in bees sampled on the 12th and 24th days, which correlates to the age of maximum body 
growth in worker bees. 

Gregorc et al. (2019) conducted a 9-day surviver test on bees fed in cages with various 
pollen substitute ratios. According to the research, there were extremely fast bee mortality 
in the groups given 50% and 40% pollen substitute feed. As a result, they suggested that 
high protein diets should be avoided in adult bees. 

Bees foraging at a feeder containing 1 M sucrose with caffeine made more visits than 
bees foraging at a feeder containing an equivalent molarity sucrose without caffeine, 
according to Couvillon et al. (2015). Also, caffeine increases the tendency and rate of 
recurrence of individual bee waggle dancing. In this experiment, enzymatically prepared 
liquid food with some caffeine (E) bees didn’t any significant differences than other liquid 
groups about live body weight, consumption and surviving. While changing their food in 
the cages, the bees in the enzymatically prepared liquid food with some caffeine group 
move and run more than the bees in the other groups. These motions, however, have not 
been quantified. 

Conclusion 

Present results demonstrate that %10 protein ratio can be used in feed patties for 
feeding colonies in spring and autumn season for colony nutrition management. 

Supplemental feeding is generally used by beekeepers to sustain colony maintenance 
strategy to promote up their honey bee colonies when nectar and pollen sources are scarce 
in nature or in agriculturally plants cultivated, but the dietary basis of protein and 
carbohydrate supplement issue has not been studied sufficiently. In this research, 
prepared pollen (Group C) and honey (Group D and E) substitutes gave rational results 
based on honey bee ecology and physiology. Given that climate change, urbanization, 
agricultural chemicals, diseases, and pests will all have a detrimental impact on honey 
bees in the future, greater emphasis should be given to nutritional research. There is a 
need for substitute food studies that incorporate vitamins, minerals, lipids, prebiotics, and 
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probiotics in addition to the carbohydrate and protein sources utilized in bee substitute 
diets. 

The impact of naturally occurring secondary metabolites, such as caffeine, on honey 
bee behavior and metabolism should be investigated. 
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Abstract. Growing medium in soilless culture is important due to its effects on plant nutrition. In this study, 
the effects of growing environment and humic acid on yield and quality in purslane cultivation were 
investigated. The study was carried out in laboratories of Ordu University, Department of Horticulture and 
under greenhouses conditions (Merzifon provinces). Peat, perlite medium, 2:1 peat/perlite, 1:1 peat/perlite 
and 1:2 peat/perlite mixtures were used as growing medium in plastic sowing pot. Seeds were sown on the 
6th of April. Throughout the study, all cultural processes were carried out to ensure that the crops reached 
marketable harvest size and plants were harvested on 24 May. The yield, shoot height, shoot diameter, 
oxalic acid and nitrate contents were determined for the harvested plants. Plant yields varied between 
1957-3113 g per square meters depending on the growing medium. Parallel to the humic acid application 
dose, plant yield increased by 6.21-12.08%. Similarly, the shoot height, shoot diameter and leaf oxalic acid 
contents increased with humic acid applications. Leaf nitrate contents were determined with 1512 mg/100 g 
in the lowest 1:1 peat/perlite medium. The highest nitrate value was determined as 2343 mg/100 g nitrate 
content in 100% perlite medium. 
Keywords: leaf, nitrate, oxalic acid, Portulaca oleracea L., quality 

Introduction 

Purslane (Portulaca oleracea L.) is an annual herbaceous plant of Portulacaceae 
family. Purslane is a common weed and grows abundantly in vegetable gardens as it gets 
hotter via generating various tiny, black poppy-like seeds. The plant has found a large 
growing area in tropical and subtropical regions throughout the world as it grows fast, is 
self-compatible and generates various seeds that do not fade away for a long time. Called 
purslane in USA, the plant is also known as portulak, porcellana, glistrida, antrakla, 
adrahni, rigla, verdolaga, pigweed, beldroega, little hogweed, red root, tuchenitsa, pursle 
and semizotu in different parts of the world. There are records and documents indicating 
that the plant has been used in the Arabian Peninsula and Mediterranean basin since the 
Middle Age. The plant was called as “mad vegetable” in the Middle Age as it shoots and 
grew fast. Purslane has stood out in the recent years due to its content of phytochemicals, 
vitamins and minerals (Simopoulos et al., 1992; Palaniswamy et al., 2000; Petropoulos et 
al., 2016; Alu’datt et al., 2019). It’s preventing oxidation and thus antioxidant capacity 
enhancing properties have been determined in the oil industry (Mousavi et al., 2015). It 
is used in public health due to its antitumor, hypoglycemic, antiscorbutic, antiseptic, 
antispasmodic, diuretic, antioxidant, antidiabetic, antibacterial, antitussive, anti-
inflammatory and wound healing properties (Dkhil et al., 2011). On the other hand, 
experimental studies were carried out on its medical effects. As it contains alpha linolenic 
acid, which is omega-3 oil acid found in fish and certain algae, its consumption has risen 

mailto:atnanugur@gmail.com


Ugur – Kocamanoglu: The effect of growing media and humic acid treatments on some plant properties of purslane (Portulaca 
oleracea L.) 

- 4432 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4431-4441. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_44314441 
© 2021, ALÖKI Kft., Budapest, Hungary 

(Simopoulos et al., 1992; Palaniswamy et al., 2002). Its consumption is more preferred 
compared to fish as it has a more reasonable odor, is affordable and grown in plenitude 
in any ecological environment. It is generally consumed like spinach in Turkish cuisine; 
used in patties with different types of cheese and in salads and garnitures and as an 
appetizer with garlic and yoghurt. However, purslane contains a significant amount of 
oxalic acid (Palaniswamy et al., 2004). Normally all plants contain oxalic acid but certain 
types especially greens have a higher oxalic acid content. Oxalic acid generates insoluble 
salts by combining with acid iron and calcium and prevents their usefulness. Especially 
people with kidney diseases should be careful while consuming the vegetables containing 
oxalic acid (Simopoulos et al., 1992; Palaniswamy et al., 2004). 

Ecological factors, fertilizing, growing conditions and genetic factors affect plant 
development and their chemical content (Palaniswamy et al., 2000). Purslane is grown in 
gardens in March-September when insolation is frequent albeit varying by ecologies and 
can be grown in greenhouses when soil and field conditions are not appropriate. In 
addition, greenhouse cultivation is carried out for healthier and homogeneous plant 
growth against the possible negative effects of diseases and pests, rain and wind (Pandey 
and Pandey, 2015). It is not very competitive against other plants. Plant development gets 
weaker in shady medium and scraggily developing plants are not durable against diseases 
and pests. When external conditions do not allow plant development, growing the plant 
in greenhouses provides advantages for both competition against other species and plant 
development. In soilless systems, the growing medium affects the plant length, dry and 
wet weights as well as crude fiber, protein, lipid and ash contents (Alu’datt et al., 2019). 
In soilless growing, certain organic and inorganic based media are used. Humic acid has 
effects such as inducing useful microorganisms in addition to the features of chelation, 
buffering, cation exchange capacity and nutrient ingestion in the growing medium 
(Abdel-Razzak and El-Sharkawy, 2013). Use of humic acid is preferred in soil and 
soilless plant growing due to its direct and indirect effects in plant development. In this 
study, effect of humic acid applications in peat and perlite mixtures of different ratios on 
plant development and certain chemical contents of purslane. 

Material and Methods 

Plant material and equipment 

In the study, standard seeds of Salonica purslane species (Istanbul Seed) were used. 
The plants were grown under maximum/minimum temperatures of 26/15°C in 
greenhouse conditions. Plants were grown in plastic pots 50x20x17 cm in size and 
11 liters in volume. 

Growing medium 

Different mixture ratios of perlite (Akper Mining Co., Çankiri/Turkey) and peat 
(Basissubsrat 2, Stender Group, Germany) medium was used in the study. These media 
are given below (Table 1). 

Seeds were homogenously sown on the media filled to sowing pots with a calculation 
of 0.6 g per square meters on April 6. Following the sowing, seeds were coated with a 
covering material (peat) of 1 cm height. Plant development in pots was left to its natural 
course, and no number of plants was equalized. 
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Table 1. Growing media and its contents 

Media Contents 
Medium 1 Peat (100%) 
Medium 2 2:1 Peat:Perlite 
Medium 3 1:1 Peat:Perlite 
Medium 4 1:2 Peat:Perlite 
Medium 5 Perlite (100%) 

 
 
Humic acid applications and fertilizing 

HumElit 18 (Kutahya Chemical, Turkey) humic acid of leonardite origin was used in 
the study. Humic acid was applied by providing irrigation water following the seed 
sowing. 0.1%, 0.2%, 0.3% and control solutions (water) of humic acid were used as 
testing factor and the prepared solutions were applied with a calculation of 
2.500 cc per m2. As chemical fertilizer, 10-8-10 kg of N-P-K (Nitrogen, Phosphorus and 
Potassium) was fertilized per decare. Nitrogenous (CAN- calcium ammonium nitrate) and 
potassic (potassium sulfate) fertilizers were used evenly in two times on the day of seed 
sowing and 15th day respectively and phosphorus (TSP-triple superphosphate) fertilizer 
was applied once on the day of sow seeding. All cultural procedures such as weed removal 
and irrigation (twice a week) were duly performed till harvesting. 

Harvesting of the plants 

On 48th day following the seed sowing (beginning of blooming), the plants were 
harvested from 1-2 cm above the root collar by means of a sharp knife. The following 
quality analyses were carried out on the harvested plants. 

Plant yield: The harvested plants were weighed on scales of 0.01 precision and the 
yield was determined. 

Shoot length: The distance between the butt and the growing end of 5 shoots randomly 
selected from each application was measured by ruler and the shoot length (cm) was 
determined accordingly. 

Shoot diameter: The shoots were measured from 1 cm above their butt by means of 
digital caliper and the shoot diameter (mm) was determined by averaging these values. 

Determining nitrate content: 5 grams of plant sample were crashed in a porcelain 
garlic press with distilled water. Inside of the garlic press was washed by using 100 ml 
purified water and drained into the volumetric flask with white band filter paper and thus 
the samples were diluted 10 times. 0.5 ml sample was taken into tubes from filtered agent 
and 1 ml 5% salicylic acid was added and the mixture was mixed in the vortex and then 
cooled. After adding 10 ml NaOH solution on it, the new mixture was also mixed in the 
vortex and then cooled. Then, the samples were read at a wavelength of 410 nm via the 
spectrophotometer and nitrate nitrogen of the plant was determined (Cataldo et al., 1975). 

Determining oxalic acid values: The oxalic acid content was discovered via the 
spectrophotometer by Victoria Blue B indicator. 4 ml of paint solution, Victoria Blue B 
(1×10-4 mol/L) solution, potassium dichromate solution (0.030 mol/L) and sulfuric acid 
solution were taken and a mixture of 100 ml was obtained and this mixture was awaited 
under a water bath of 600 °C for 9 minutes after mixing it thoroughly and then cooled 
under tap water for 2 minutes. 20 hours before the reading, 0.05 grams of dry and ground 
purslane was put in plastic test tubes of 50 ml and 50 ml distilled water was added onto 
it. Half an hour before the reading, it was awaited in water bath (60 °C) for 10 minutes 
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and left for cooling. The filtrate was filtered with filter paper and then 3950 μl paint 
solution was added onto 50 μl sample taken from this filtrate. Then, the samples were 
awaited under a water bath of 60 °C for 9 minutes and oxalic acid was ensured to react 
with Victoria Blue B. Absorbance values of the samples cooled under running tap water 
were measured at a wavelength of 610 nm via the spectrophotometer without delay. 
Oxalic acid content was measured in mg.g-1 dry weight through the regression equation 
obtained by standard oxalic acid solutions with the known concentrations prepared in the 
same manner (Yan et al., 2004). 

Statistical analysis 

The study was based on three repetitions according to the random plots trial design. 
The data were statistically analysed through JUMP packaged software. Each pot was 
considered to be an application repetition. The meaningful differences between 
applications and interaction values were determined to have a p<0.05 level of significance 
in LSD multiple comparison test. Since all interaction effects were found to be 
insignificant, application effects were discussed separately. 

Results and Discussion 

Plant yield 

Effect of growing media and humic acid doses on plant yield of purslane given 
Figure 1.  

Figure 1. Effect of growing media and humic acid doses on plant yield of purslane. 
Different letters on the column indicate significant differences at P< 0.05 according to LSD test 

 
 
In the study, growing media and humic acid doses led to changes in plant yields of the 

purslane plants. Scrutinizing the plant yields by growing media, all peat-containing 
mixtures were included in the same statistical group and had higher plant yields compared 
to the perlite medium. Plant yields of the plants growing in the perlite yield decreased by 
up to 36% compared to those grown in other growing medium. It was determined by Cros 
et al. (2007) in their studies testing the effects of different growing medium for purslane 
that plant yield decreased by 53% in the perlite medium compared to the peat medium. 
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Sezer and Ugur (2016) reported that the highest and lowest plant yields were obtained in 
peat medium and perlite medium respectively for the red sorrel plants grown in different 
growing media. Kaymak (2013) found out that plant yield of different nitrogen sources 
for the purslane varied between 1295 g and 1524 g per square meter. Similarly, Fontana 
et al. (2006) established that rational change and quantity of different nitrogen sources 
changed plant yield of purslane by 714-1807 g per square meter. Karkanis and 
Petropoulos (2017) reported that plant yield of purslane genotypes per square meter 
varied 1523 to 2800 g. In the previous studies, lower plant yields were found out for the 
perlite medium compared to organic growing medium in terms of growing of different 
vegetable species. It is considered that perlite is less effective for plant development 
compared to media of organic origin as it is an inert (chemically inactive agent) medium. 
Due to this reason, plant yield was identified to be lower in the perlite medium compared 
to peat and peat-mixture media. On the other hand, harvesting time is another factor 
affecting the plant yield of green vegetables. In our study, the plant was harvested on the 
48th day following the seed sowing. Hence the purslane plants were harvested on the 20th 
day following the seed sowing in the study conducted by Fontana et al. (2006) which gave 
lower plant yield values. In the meantime, it is also possible for the ecology to affect the 
plant yield. Indeed, Oztekin et al. (2020) stated in their study that fertilization and 
temperature are effective in plant yield and earliness in purslane. The fact that the plant 
yield was determined to be 1295-1524 g per square meters in the study conducted by 
Kaymak (2013) in Erzurum province that has a harsher climate compared to Merzifon 
(Amasya) where we grew purslane indicates that the ecology directly affects plant 
development. Application doses of humic acid also affected the plant yields. As the 
application doses increased, so did the plant yields. A humic acid dose of 0.3% gave us 
the highest plant yield. As humic acid increases water and nutrient ingestion from the soil, 
positively affects the useful organisms on the soil, induces enzyme activities and growing 
hormones due to its general characteristics higher plant yield values were obtained by 
application of it (Ekinci et al., 2015). 

Shoot length 

Effect of growing media and humic acid doses on shoot length of purslane given 
Figure 2. 
 

Figure 2. Effect of growing media and humic acid doses on shoot length of purslane.  
Different letters on the column indicate significant differences at P< 0.05 according to LSD test 
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It was observed that there were statistical differences in the shoot length of the purslane 
plants by the growing media and humic acid applications (p<0.05). Humic acid 
applications were included in the same group statistically and increased the shoot length 
compared to the control. The best results in terms of shoot length of the growing media 
were obtained from 1:1 peat/perlite mixture and it was identified that it yielded a shoot 
length approximately 31% higher than the perlite medium. Considering the shoot lengths 
in terms of growing medium, it was observed that the perlite medium and 1:1 peat/perlite 
medium yielded the worst and best results respectively. The peat medium and peat-
containing media yielded higher shoot lengths compared to the perlite medium. This is 
not only related to peat but also caused by its ventilation and water retention properties 
compared to the perlite medium. Sezer and Ugur (2016) reported that the peat medium 
yielded increases up to 142-151% for the leaf stalk length of red sorrel compared to the 
perlite medium. This, as stated before, is related to the fact that peat is a medium of 
organic origin and allows using nutrients more. 

Effects of the humic acid doses on the shoot length of the purslane plants were similar 
to those on plant yields. The lowest shoot length was determined in the control application 
and humic acid applications had an increasing effect on the shoot lengths. The shoot 
length tended to increase depending on the increase in humic acid doses but effects of the 
application doses were determined to be similar. However, humic acid applications were 
found out to be non-effective on the plant development. In such studies, causes such as 
the application method, inappropriate application doses and contents of commercial 
preparations might prevent observation of the anticipated effect. It is clear that humic acid 
has positive influence on the metabolism in terms of its general effects albeit varying by 
plant species. Scrutinizing the studies on the shoot lengths of the purslane, Egea-Gilabert 
et al. (2014) reported that the plant length varied 9.3 to 15.4 cm in commercial and local 
purslane genotypes. Palaniswamy et al. (2004) stated that the shoot length of the purslane 
was 27.4-30.7 cm and 41.3-44.3 cm in 8-leaf and 16-leaf phases respectively. Santos et 
al. (2016) found out that the plant length of purslane varied 10.2 to 20.4 cm by nitrogenous 
fertilizing. In our study, the shoot lengths were 11.35 to 15.81 cm. It was observed that 
our shoot lengths were lower compared to similar studies. Higher plant or shoot length 
values measured in other studies were caused by the fact that the plants bloomed and 
reached to full development phase in terms of plant lengths in such studies. As the shoots 
were harvested prior to blooming of the plants in our study, the plant shoots did not reach 
to their final forms. 

Shoot diameter 

Effect of growing media and humic acid doses on shoot diameter of purslane given 
Figure 3. 

It was found out that the growing media and humic acid applications led to statistically 
meaningful changes in the shoot diameters of the purslane (p<0.05). 2:1 peat/perlite 
medium yielded the highest shoot diameter of 3.88 mm and the lowest shoot diameter of 
2.98 mm was measured in the perlite medium. In our study, the shoot diameters of the 
purslane varied 2.87 to 4.17 mm. Petropoulos et al. (2015) stated in their researches on 
different purslane genotypes that the shoot diameter varied 6.21 to 10.65 mm. It is clear 
that these findings are much higher than the results of our study. This margin is caused 
by the fact that Petropoulos et al. (2015) measured the plants in the further growing phases 
of the plants. Scrutinizing the shoot diameter values by growing medium, the perlite 
medium yielded the lowest values as was the case in the shoot length. The peat/perlite 
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(2:1) mixture yielded the highest shoot diameter and it was followed by the peat and 
peat/perlite (1:1) mixture. As indicated by Cros et al. (2007), purslane’s yielding the best 
and worst plant development results in the peat and perlite media respectively is 
consistent with our findings. The peat/perlite (2:1) mixture’s yielding the highest shoot 
diameter might be caused by plants’ growing a tad slower in the peat medium thanks to 
ventilation provided by perlite. Shoot diameter of the purslane was directly affected by 
the humic acid application. Humic acid applications ensured increases up to 10% in the 
shoot diameter values compared to the control. A humic acid dose of 0.3% yielded the 
highest shoot diameter value of 3.74 mm. Existence of more dominant/binding testing 
factors depending on the application purpose may prevent observing possible effects of 
humic acid. Hence, it was difficult to determine the effects of humic acid applications on 
germination due to higher germination results observed in the germination study 
conducted by the researches with a seed of stronger vigor. 
 

Figure 3. Effect of growing media and humic acid doses on shoot diameter of purslane. 
Different letters on the column indicate significant differences at P< 0.05 according to LSD test 
 
 
Leaf oxalic acid values 

Effect of growing media and humic acid doses on leaf oxalic acid values of purslane 
given Figure 4. 

Humic acid application doses and growing media were determined to effect change of 
oxalic acid contents of the purslane plants (p<0.05). The lowest oxalic acid content was 
measured in control plants and the plants on which humic acid doses of 0.2% and 0.3% 
were applied yielded the highest oxalic acid content. These results are backed by the 
findings of Palaniswamy et al. (2004) indicating that oxalic acid content of purslane was 
higher by use of nitrate fertilizers and in early development phase of the plant. On the 
other hand, the researches stated that oxalic acid content of 622.5 mg/100 g in the leaves 
of plantlets was reduced down to 148.8 mg/100 g in case of late harvesting. Egea-Gilabert 
et al. (2014) found out that oxalic acid content of the purslane genotypes was 
155-274 mg/100 g. It was established in the study conducted by Petropoulos et al. (2015) 
in Greece with 6 purslane genotypes that oxalic acid content was 371-753 mg/100 g. It 
was discovered in the study carried out by Kaskar et al. (2008) that the purslane genotypes 
of Turkish and Spanish origin had oxalic acid contents of 450.28-615.40 mg/100 g. 
Making a more general assessment, Moreau and Savage (2009) stated that oxalic acid 
content of vegetables, hard-shells, fruits and wild plants varied in a large range. 
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According to the statements of the researches, plants had oxalic acid contents varying by 
225 to 1294 mg/100 g. The findings of our study seem to be consistent with Petropoulos 
et al. (2015). Similarly, the value of 622.5 mg/100g determined for early plant 
development by Palaniswamy et al. (2004) resembles to the findings of our study to a 
great extent. It is believed that the plants of Egea-Gilabert et al. (2014) yielded lower 
oxalic acid contents as they had higher biomasses at the harvesting time and their shoots 
had harder tissues. This belief is supported by the conclusion of “decreasing oxalic acid 
content in purslane in late harvests” (Palaniswamy et al., 2004). At the same time, the 
suggestion of Moreau and Savage (2009) regarding possible effects of growing conditions 
on oxalic acid content of purslane may help us explaining the effects of the growing 
medium. Although higher oxalic acid contents were measured for the plants grown in the 
peat medium providing faster plant development, lower oxalic acid content of the plants 
grown in 2:1 peat/perlite medium compared to those grown in 1:2 peat/perlite medium 
makes it more difficult to reach to a definite conclusion. We believe that increase in oxalic 
acid content of purslane depending on humic acid application doses is related to plant 
development rate. High doses of humic acid may cause a decrease in oxalic acid content, 
as the plants are in more active growth due to the increase in mineral and water uptake to 
the plant. The oxalic acid content determined by Moreau and Savage (2009) in plants 
growing under sunny (10.72 mg/g) and shady (12.34 mg/g) conditions partially supports 
our suggestion. 

 

 

Figure 4. Effect of growing media and humic acid doses on leaf oxalic acid values of purslane. 
Different letters on the column indicate significant differences at P< 0.05 according to LSD test 
 
 
Leaf nitrate values 

Effect of growing media and humic acid doses on leaf nitrate values of purslane given 
Figure 5. 

Although nitrate accumulation of purslane increased in direct proportion to the humic 
acid application dose, this increase was determined to be statistically insignificant. 
Considering the nitrate accumulation by growing medium, nitrate accumulation was 
measured to be lower in the peat-containing media. In our study, the plants grown in 1:1 
peat/perlite medium yielded the lowest nitrate accumulation in terms of media. Corre and 
Breimer (1979) stated that purslane should be classified as a highly nitrogenous vegetable 
with its nitrate content higher than 2500 mg/kg in terms of wet weight. Kaskar et al. 
(2008) reported that the nitrate content varied 1285 to 2552.84 ppm 
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(128.5-255.28 mg/100 g) in the purslane genotypes of Turkish and Spanish origins. Egea-
Gilabert et al. (2014) established a nitrate accumulation of 1.13-3.95 g/kg in the purslane. 
Franco et al. (2011) stated that the nitrate content of purslane under salty condition was 
101.7-188.6 mg/100 g and nitrate content increased depending on the decrease in light 
exposure. On the other hand, Kaymak (2013) reported that nitrate content of purslane 
varied by nitrogenous fertilizer form and such fertilizers led to more nitrate accumulation 
in the plants compared to urea and ammonium fertilizers. In this study, nitrate content of 
the purslane was measured to be 123.2-143.5 mg/100 g. Our results seem to be a tad 
higher than the previous findings. We believe that nitrate accumulation was a bit higher 
in our study as it was carried out in April-May that had less light exposure compared to 
the summer months. The nitrate accumulation determined to be 144.3-243.3 mg/100 g 
according to the results of our study resembles to the results of the previous studies to a 
great extent. 

 

 

Figure 5. Effect of growing media and humic acid doses on leaf nitrate values of purslane. 
Different letters on the column indicate significant differences at P< 0.05 according to LSD test 
 
 
Conclusions 

In the study, no significant problem was observed for purslane growing under the 
greenhouse conditions of our region in terms of diseases and pests. As we grew these plants 
in a mid-season, plant development was affected and it was observed that the plants tended 
to bloom to create seeds as the temperature increased. Yield and leaf quality of the plants 
vary by the growing medium. The growing media other than 100% perlite produced similar 
yield values. 1:1 peat/perlite mixture stood out by its yield values, low nitrate and oxalic 
acid contents and certain quality parameters such as generating long and fresh shoots (lower 
shoot diameter). When the perlite medium, known for its chemical inertness, was used 
alone, worse yielding and quality results were obtained but it might be useful to use it as a 
growing medium for the soilless culture as it has positive effects in terms of low 
concentration, physical flexibility, low heat transmission and especially water retention and 
medium ventilation when used with peat. As a result of this study, use of 1:1 peat/perlite 
mixture as the growing medium and a humic acid dose of 0.3% for growing are 
recommended for agricultural sustainability, productivity and a healthy growing process. 
However, testing genotypes at higher humic acid doses according to different growing 
periods and harvest times may allow for a better understanding of the subject. 
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Abstract. Urbanization is a global phenomenon, but in undeveloped countries like Pakistan, urban sprawl 
ratio has proliferated. Non-systematic development, increased migration, and sharp population growth have 
been predominant factors. These variables boosted the population and resulted in quickly built-up areas in 
the Peshawar district. The present research was to investigate spatial and temporal change in the urban 
sprawl from 2000 to 2018. Remotely sensed data and Maximum Likelihood Classification were used to 
investigate the urban sprawl. Remotely sensed data is fundamentally appropriate for providing information 
and characteristics for urban land cover on spatial and temporal scales. The results show that the total urban 
built-up areas were 54.39 km2, 54.62 km2, 64.64 km2, 69.65 km2 and 77.39 km2 with annual growth rates 
of 0.084%, 3.06%, 1.43% and 3.3%, respectively, in 2000, 2005, 2010, 2015 and 2018. The overall 
accuracy of the classified imagery was 80 %. Our finding of analysis shows that major changes were 
detected in the built-up area of Peshawar during this 18-year time period. According to the Peshawar 
Development Authority report, in 2017 the total urban built-up area was 84km2 while our analysis shows 
that the total built area was 77 km2. The primary driving force for the development was education, health, 
and microeconomic centers, and the population shift to the Peshawar district from neighboring tribal 
regions because of military operations. It has been recommended that hyper spectral imagery would be 
useful for monitoring the urban expansion of larger cities. 
Keywords: predominant factors, spatial and temporal, remote sensing, Maximum Likelihood 
Classification, hyper spectral imagery 

Introduction 

The term urban in Pakistan can be used when the population living in an area of any 
region is more than 5,000 persons, and they are subject to specific parameters including 
municipal services, socio-economic basis and access to basic facilities (Mehmood et al., 
2016). The total urban population divided by the total population of the area is the formula 
to measure the urbanization of that region (Wen and Ren, 2017). Urban expansion is when 
the population expands outward from both the city and its suburb to peripheral areas to 
minimum-density as well as sometimes auto-dependent rural land growth (Gillham, 
2002). In other words, urban expansion is the outer dispersion of urban areas to suburbs 
– meaning from a high bulk area to a low-density area. This urban sprawl happens due to 
the spread of the built-up areas onto the rural land (Foody, 2002; Jat et al., 2008). 

Half of the world’s population is living in metropolitan areas and cities. This ratio 
was about 33% in 1960 and is predicted to reach up to 70% by 2050 (Mehmood et al., 
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2016). Globally,  big cities in all developed and developing countries, have lost their 
green areas or forest lands due to the very rapid conversion of  agricultural land into the 
built-up areas (Dadras et al., 2015). 

The main factors which cause urban expansion are a high standard of living, living 
and property expenditures, a developed transportation system, and basic health facilities 
such as hospitals etc. (Solé-Ollé et al., 2008). In developing countries, the rapid and 
uncontrolled population growth causes serious complications, such as a shortage of a 
nutritious food supply, unplanned settlements, ecological issues, and smog, all of which 
destroy of natural structure the area (Sudhira et al., 2004). 

Approximately one-third of Pakistan's population lives in big cities. Pakistan's 
urbanization rate has grown from 4.9 to 6.5% per year in the last 40 years. Between 1951 
and 1991, the overall population grew by 236 percent, while the urban population rose 
by 49.5 percent. Urbanization has resulted in two mega-cities Karachi (estimated to be 
8-10 million), Lahore (approximately 5 million) and six cities with residents of one 
million (Qadeer, 1996). 

Unplanned urbanization is also causing a huge problem in Peshawar. Due to the 
migration of Afghan refugees and IDP’s from tribal areas, rapid urbanization took place 
in Peshawar district and urban areas grew and extended rapidly (Raziq et al., 2016). 
Urban settlements have expanded, and new urban areas have emerged in newly 
urbanized areas including Regi Model Town, Hayatabad Township, and a number of 
local projects. The transformation of this agricultural land into the built-up area damaged 
the agricultural industry and caused food scarcity at the local level (Rahim et al., 2015a). 
The Peshawar Development Authority might need to create a better development 
management system as well as a plan with only a sustainable development goal. 

The urban area of Peshawar district is growing very quickly in terms of both 
population as well as spatial development. Because of this rapid spread, a large number 
of difficulties have emerged. In this circumstance, this study will concentrate on the rapid 
growth and unplanned development and illegal encroachment. Because of the growth 
and expansion in the city area, the peripheral zone, and green belt or farming land has 
very rapidly converted into a built-up area. The rapid sprawl of urban areas has led to a 
swift rise in land and property values. The main objectives of this research were to study 
the spatial and temporal trend of urban sprawl of Peshawar and to find out the causes of 
urban sprawl and the role of RS and GIS for future planning. 

Role of GIS and RS for sustainable urbanization 

The application of RS and GIS offers an effective scientific method to detect trends 
in land-use and determine their effects on the environment, which cannot be supported 
by fieldwork, and monitoring approaches by the authorities. Instead of wasting money 
on traditional methods, national and city, governments should incorporate RS and GIS 
technology to evaluate the extent, growth rate, and direction of land-use shifts. The 
emergence of satellite imagery has introduced valuable information sources for all those 
interested in urban planning. Sustainable land development projects must be built to 
determine the future direction and the trends of urban development in order to reduce 
the amount of farmland losses through urban planning. Governments can then implement 
policies and ideas to tackle the uncontrolled growth of city extension. RS and GIS 
applications are strong tools to support the decision-making process for controlling urban 
development. 



Khan et al.: Mapping and monitoring of urban sprawl to promote sustainable urbanization using geospatial techniques 
- 4445 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4443-4457. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_44434457 
© 2021, ALÖKI Kft., Budapest, Hungary 

As a consequence, growing research attention has focused on mapping and measuring 
urban development using remote sensing (RS) and other approaches (Goetz, 2013). RS 
and GIS knowledge can be used proficiently in the investigation and cataloging of urban 
expansion and land use land cover changes as well as monitoring the growth of any city 
area (Shirazi and Kazmi, 2014). To monitor urban sprawl and to determine sustainable 
urbanization, precise and accurate data or information about urban sprawl patterns is 
needed (He et al., 2010). Remote sensing plays a vital role and technically efficient and 
widely used in the study of urban expansion. Over the last few years, remote sensing 
technologies have emerged, especially because of their low cost, broad spatial swath 
width, temporal resolution and powerful data acquisition capability. Thus, urban 
researchers and urban planners have been urged to use remote sensing data to track 
Spatio-temporal Land Use Land Cover (LULC) variation and city area growth 
(Seilheimer et al., 2007). For example, the application of Geo-informatics and remote 
sensing in studies of urban expansion in China have provided more effective and better 
results when gathering urban land use information (Zeng et al., 2008). 

Materials and methods 

Study area 

Peshawar is one of the oldest and largest capital cities of Khyber Pakhtunkhwa. The 
Peshawar district is situated in the wide-ranging valley of Peshawar close to the eastern 
end of the historic Khyber Pass. Figure 1 represents the location map of the study area, 
Peshawar lies, 33° 41′ to 34° 12′ North latitude, and from 71° 27′ to 71° 47′ East 
longitude. The Peshawar district occupies a total land area of about 1,255 km2. Winter 
season usually occurs from the middle of November until mid-March. Summer runs from 
May until September. The local economy is supplemented by agricultural processing, 
manufacturing and industry. It is the regional epicenter for commercial and educational 
organizations and other utilities of the province. In the 1961 census report, 29% of the 
total urban population lived in Peshawar district. According to the 1998 census report, 
33% of the population was found in urban areas of Peshawar as compared to the total 
population (PCO, 1998). After 1978, the relocation of Afghan migrants triggered the 
urban growth rate in the Peshawar city and in the 1998 census, the population reached 
2.01 million without Afghan refugees (Turton and Marsden, 2002). Another factor seems 
to be that the sex ratio is 106.5 while the annual growth rate was 4% between 1998-2017. 
As well, a number of dynamic business activities play a vital role in the expansion of the 
city (PCO, 2017). 

Data collection and processing 

Data collection was obtained from both primary and secondary sources. Remotely 
sensed multispectral satellite imagery of the 30 ×30 m spatial resolution Landsat series 
was downloaded from the United States Geological Survey (USGS; 
http:/landsat.usgs.gov) for the corresponding path (151/) row (36 and 37) for the 
Peshawar district. The images were downloaded for the year 2000, 2005, 2010,2015 and 
2018. The secondary data included detailed population information of the Peshawar 
district from 1998 and 2017 census reports. The methodological flow chart of the study 
is shown in Figure 2. 
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Figure 1. Locational Map of Peshawar District 
 
 

Figure 2. Flow Chart of Methodology 
 
 

First of all, the atmospheric correction was implemented by using radiometric 
correction, gap filling, IAR reflectance, and DOS technique to bring entire images to 
common reference spectral characteristics by using ENVI classic 5.3 software (ENVI 
Version, 2009). Then, GIS was used to evaluate patterns and trends of land use in order 
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to understand variations in urban development. The study area was masked from images 
with help from the territorial boundary of the Peshawar District. Satellite images have 
been analyzed in depth to evaluate possible land use classes. Five distinguishable land 
use classes were recognized and named: urban/built-up, vegetation, barren land, water 
bodies and areas under shadow regime (Table 1). Supervised classification using the MLC 
algorithm was performed for the categorization of multiple images (Ahmad and Quegan, 
2012). The inherent problem in MLC techniques such as mixing between barren and built-
up was addressed by the texture difference between the buildup class and the barren land 
class. Built-up area has rough texture while barren land has a smooth texture. Also, some 
random polygon samples of built area were taken on google earth to correlate with 
classified imageries of Landsat, which was classified through MLC. To improve the 
classification accuracy, a knowledge-based expert method was used for post-
classification improvement of primary classified images (Foody, 2002; Zeng et al., 2008). 
The accuracy assessment of classified images was completed using field data. For the 
year 2018, 100 points were collected during the study area survey. More than 75 points 
for each year were randomly created on classified images of different years and validated 
with Google Earth for the years 2000, 2005, 2010 and 2015 complete detail are in Table 2. 
Finally, an error matrix was created. Maximum likelihood classification was applied to 
extract classified images and to map urban extensions over a period of 18 years. 
 

Table 1. Different Land Use Land Cover description 

Class Name Description 

Urban/built-up built-up, commercial and service area, manufacturing, transportation etc. 

Agriculture farms Cropland, agricultural farms, greenhouses other trees, etc. 

Bare land Bare and exposed areas and soil 

Water bodies Rivers, canals and water ponds 

shadow regime areas under terrain shadow and low elevation as compared to surrounding area 

 
 
Results and discussion 

Results obtained from image analysis in Figure 3 show the amount of change over the 
18-year period, where a significant portion of the agricultural and barren land was 
converted into the built-up area. 

Built-up area 

To estimate the probable land use classes, satellite images were thoroughly examined 
(Fonji and Taff, 2014; Mahboob and Iqbal, 2015), by using Arc Map software, we were 
able to estimate LULC temporal change for various years. This included approximately 
195.71 km2 in 2000, 281 km2 in 2005, 251 km2 in 2010 and then an increase to 483 km2 
in 2015 while in 2018 it covered 511 km2 of the Peshawar District (see Figure 3 below). 
Figure 4 represents the Land use /Land cover classes of Peshawar district. Urban sprawl 
occurred in all directions from the main city, but most growth was directed south and west 
at the ring road and Chamkani Peshawar. Most growth was in town 3 and town 4. The 
built-up area increased along the main road network of Peshawar city. This increase was 
due to either people affected by the flood in 2010 or the approximately 2.5 million 
Afghani Refugees who migrated to Pakistan during the Soviet Union attack on 
Afghanistan from 1979 to 1989 (Turton and Marsden, 2002). From 2009 to 2012, there 
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were around 3 million IDPs (Internally Displaced Persons) in Khyber Pakhtunkhwa (KP) 
mainly coming from the districts of Federally Administered Tribal Areas (FATA). In 
addition, one million people were relocated inside because of the flooding and about 
5 million from Military operations against militants or Taliban in FATA. The number of 
IDP registered in KP was more than 3 million from 2009 to 2010 and it further increased 
from three lakhs up to seven lakhs in KP at the end of 2012. Nearly 43% of the registered 
IDPs lived in Peshawar (Roehrs, 2015). As indicated by the trend recorded in the 2017 
census during the last period of 20 years, the rate of urban growth has accelerated in recent 
years. A socio-economic factor is one of the main causes of urban sprawl in Peshawar. 
Peshawar is Khyber Pakhtunkhwa's largest city, a major commercial and economic hub, 
and an integral role of the province's economy. Historically, Peshawar served as a 
gateway to Central Asia for traders and visitors (PCO, 2017). 
 

Table 2. Overall percentage accuracy of the image classification of Peshawar derived from 
Landsat 

Landsat ETM+ 2000 (classification accuracy: 86.67%) 

 Built-Up Vegetation Barren land Water Bodies Shadow Regime 

Built-Up 12 00 03 00 00 

Vegetation 00 21 04 00 00 

Barren land 01 01 27 01 00 

Water Bodies 00 00 00 03 00 

Shadow Regime 00 00 00 00 02 

Landsat TM+ 2005 (classification accuracy: 81.33%) 

 Built-Up Vegetation Barren land Water Bodies Shadow Regime 

Built-Up 14 01 03 00 00 

Vegetation 01 20 02 00 01 

 01 03 25 00 01 

Water Bodies 00 00 01 02 00 

Shadow Regime 00 00 00 00 00 

Landsat TM+ 2010 (classification accuracy: 82.66%) 

 Built-Up Vegetation Barren land Water Bodies Shadow Regime 

Built-Up 22 00 03 00 00 

Vegetation 02 16 02 00 00 

Barren land 01 02 17 00 01 

Water Bodies 00 01 00 05 01 

Shadow Regime 00 00 00 00 02 

Landsat OLI+ 2015 (classification accuracy: 80%) 

 Built-Up Vegetation Barren land Water Bodies Shadow Regime 

Built-Up 25 02 03 00 00 

Vegetation 02 05 02 00 00 

Barren land 02 01 29 00 01 

Water Bodies 00 01 00 01 00 

Shadow Regime 00 00 00 00 01 

Landsat OLI+ 2015 (classification accuracy: 90%) 

 Built-Up Vegetation Barren land Water Bodies Shadow Regime 

Built-Up 28 00 02 00 00 

Vegetation 03 37 02 00 00 

Barren land 00 03 20 00 00 

Water Bodies 00 00 00 04 00 

Shadow Regime 00 00 00 00 01 
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Figure 3. LULC Change in District Peshawar 2000-2018 
 
 

Figure 4. LULC Classification of Peshawar District (a) 2000, (b) 2005, (c) 2010, (d) 2015, (e) 
2018 

 
 
Agricultural farms 

The study showed a huge decrease in the available agricultural land within the 
Peshawar district. The area of farmland was 379 km2 in 2008, 361 km2 in 2005, 373 km2 
in 2010 and it further decreased down to 259 km2 in 2015, while a minor increase of 
04 km2 occurred in 2018. Ghaffar stated that the frequency of land loss due to urban 
development has been rising at an alarming rate, so it  needs to be managed and monitored 
(Ahmed Khan Jatoo et al., 2016). 
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Barren land 

The results of this study show that the barren area declined from 655 km2, 578 km2, 
590 km2, 485.47 km2 as well as 448.59 km2, respectively in 2000, 2005, 2010, 2015 and 
2018. One significant decline in this class was 115 km2 while in total, barren land was 
reduced by 207 km2 in the 18-year period from 2000 to 2018. 

Most of the land use for urban development was empty space in the town and leftover 
land between adjacent buildings. Eventually, the forested areas have also been 
transformed into the built-up zone (Ahmad and Goparaju, 2016). 

It is clearly observed that in Peshawar, a decline in agricultural and barren land is due 
to the development of buildings, roads, houses and new residential communities in these 
areas. 

Water bodies and shadow regime 

Figure 3 also indicates that the total land area occupied by water class has a mixed 
value from 2000 to 2018, but there was a 07 km2 increase in 2010 due to massive flood 
occurrences in Peshawar. However, after the flood, a rapid decline occurred. Similarly, 
the shadow regime area of approximately 24 km2 covered the southern part of the 
Peshawar district. 

Figure 3 shows the results for LULC in Peshawar district from 2000 to 2018. Results 
show that the built-up area extends from 195.71 km2 to 281 km2 between 2000 and 2005, 
while a 30 km2 decrease occurred in 2010 due to the devastating floods of 2010. The 
built-up area increased by almost 232 km2 in the five years from 2010 to 2015. A 
considerable decrease occurred during 2000 – 2018 in vegetation and barren land by 
115 km2 and 207 km2, respectively. While water bodies covered 0.15 km2 and the area 
under shadow cover was zero km2 in 2000. In 2005, the built-up area covered 54.62 km2, 
which increased by 10 km2 in 2010. The built-up area further increased to 69.65 km2 in 
2015. The built-up area rapidly increased in the next three years to 77.39 km2 (2015 to 
2018). 

The transformation of agricultural land into urban use may create a number of issues 
including political, cultural, environmental as well as social insecurity (Peerzado et al., 
2018). 

The built-up area has rapidly increased due to the growth of the indigenous population 
and the migration of people from rural areas to urban centers as shown in Figure 4. The 
trend line shows increase in built up area of Peshawar city which is the strong evidence 
of urban expansion in Peshawar city. This migration of Afghan refugees and people from 
the tribal regions due to the Taliban insurgency played a vital role in Peshawar city 
expansion and urban sprawl. In 2009 to 2012, there were around 3m IDPs in KP, mainly 
from other areas of KP Province and some districts of FATA (Roehrs, 2015). An 
additional 19m people have been moved inside by the flooding and earthquakes as about 
5m by the armed fight against militants or Taliban in FATA and some districts of KP. 
The number of IDP register in Khyber Pakhtunkhwa over 3m from 2009 to 2010, 
currently, the number of registered IDP’s was 774,594 in KP at the end of 2012. Nearly 
43% of registered IDPs lived in Peshawar (Roehrs, 2015). 

Each of the Classified Map was matched with positional or field data to evaluate the 
accurateness of the classified image that is done with the supervised classification 
algorithm. The reference data were used for data organized by collecting through a 
random sample method with the help of field information and Google earth application 
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to detect the particular location of the point and compare the classified accuracy with 
historical imageries of google Earth of Peshawar district. While for year of 2018, detail 
filed survey was conduct. Table 2 represents the overall accuracy of district Peshawar 
imagery Classification of the 2018 year was 90%. User accuracy for built-up area class, 
vegetation, bare land, and water class as well as the Shadow regime were 93.33%, 
88.10%, 86.96%, and 100%, respectively. While Producer Accuracy for the above same 
classes were 90%, 92%, 83%, 100% and 100% for the 2018 year of District Peshawar. 

For the maximum likelihood classification for Peshawar district, in Figure 5 shows the 
urban areas in 2000, 2005, 2010, 2015 and 2018. In 2000, the total area covered by 
Peshawar city was 93 km2. In which, 54 km2, 12 km2, and 26 km2 was covered by 
urban/built-up, Vegetation, and barren land, respectively. Linear line represents the built-
up growth trend from the year of 2000 to 2018 respectively. 
 

Figure 5. Temporal Change in land use and land cover in Peshawar city 
 
 

As Raziq et al. (2016) stated, significant changes were noted in the region under 
development areas were grew steadily by 26.59 percent, but there was a significant 
decline in agricultural and barren land between 1999 and 2016. 

In 1998, population census data was available, showing a 3.29 percent annual growth 
rate. For 2000, 2005, 2010, and 2015, the population was estimated using the annual 
growth rate and census data from 1998. Then, using 2017 census data and a 3.99 percent 
annual growth rate, estimate the population for 2018. A hypothetical linear trend between 
the five interval census years is represented by the diagonal line which shows increases 
in population in the Peshawar city (DCR, 2017) (Figure 6). 

The overall patterns and variations of land-use change in Fez have been analyzed by 
categorizing the area of land that has been changed from forest and agricultural land to 
land used for residential areas (El Garouani et al., 2017). Figure 7 shows that most of the 
urban growth in the Peshawar district was unplanned. About 70% of the cultivated land 
area and 50% of barren land were lost in the 18-year time period (2000-18). This loss was 
due to rapid and unplanned urban growth in Peshawar. Therefore, supposing the decline 
of farming land continued at the same rate, the remaining 4% of Peshawar urban 
cultivated land would probably reach zero in the next few years. Figure 7 demonstrates 
the loss of different land use land cover types in the 18 years from 2000 to 2018 because 
of urban sprawl. This will possibly destroy and reduce the limited farming lands, water 
assets, and biodiversity in the study area. The total planned area of district Peshawar is 
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30.99 km2 which includes, Hayatabad Sector, Peshawar Cantonment, and the University 
of Peshawar having an area of 13.35 km2, 3.64 km2, and 4.00 km2, respectively. 
 

Figure 6. Temporal Change in land use and land cover in Peshawar city 
 
 

Figure 7. Built-up area expansion in the last 18 years in different direction in the Peshawar city 
 
 

The statistic results from the calculation of temporal change in land use land cover 
shows that the built-up area has been growing at an annual growth rate of 0.084%, 3.06%, 
1.43% and 3.33% during the periods of 2000–2005, 2005–2010, 2010-2015 and 
2015-2018, respectively in the Peshawar city with interval of five years but from 2015 to 
2018 for three years (Table 3). Table 4 shows the detail change matrix i.e. the nature of 
change from one class to another class during 2000-2018. 

For urban expansion in the city of Peshawar KP using multi-temporal Landsat data, 
classification findings indicate that over the last two periods, major increases occurred in 
the built-up area while there was a rapid decline in agricultural and barren land (Raziq et 
al., 2016). 
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Table 3. Inter-censual growth rate of urban area of Peshawar 

S.No Years Change (Km2) Change % age Time Span Growth Rate 

1 2000-2005 0.23 0.42 5 year 0.084 

2 2005-2010 10.02 15.34 5 year 3.06 

3 2010-2015 5.01 7.19 5 year 1.43 

4 2015-2018 7.79 10 3 year 3.33 

 
 

Table 4. Change matrix from one class to another class during 2000-2018 

LULC Classes 
2000 2005 2010 2015 2018 

UL C or DL UL C or DL UL C or DL UL C or DL UL C or DL 

Built up 54.39 195.71 54.62 281 64.64 251.01 69.65 483.87 77.39 509.66 

Vegetation 379.18 12.02 361 14.63 373.03 5.59 247.3 6.73 243.85 3.87 

Barren Land 651.06 26.49 578.28 23.75 590.01 23.11 485.47 16.71 448.59 12.11 

water Bodies 10.8 0.15 8 0 17.12 0.11 5.35 0 6.46 0 

Shadow Regime 17.71 0.07 25.87 0.01 21.3 0 23.25 0 39.23 0 

LULC: Land Use & Land Cover, UL: At Urban Level, C or DL: At City or District Level 

 
 
Built-up area densities of Peshawar city 

Map density values are calculated by dividing the number of built-in pixels to the 
actual number of pixels in the kernel. It converts the land cover class to a density category 
when applied to a classified satellite image (see Figure 8). Based on the density scale, it 
can be additionally classified into low (<20), low medium (21-40), medium (41-60), 
medium high (61-80) and high-density (>81) % built up area (Fig. 8). On this basis, the 
relative percentage of each class was calculated. The calculation of the built-up density 
resulted in the distribution of high, medium-high, medium and low-medium and low-
density groups in Peshawar city. The high density of built-up areas may denote the 
compact and more clustered form of the built-up pattern, followed by the medium high 
class, whereas medium density would refer to the comparatively less dense built-up areas. 
Low medium class and low density of broadly and sparsely spaced built-up zones also 
exist. In Figure 8, the red and blue colors represent a high and medium high-density 
category, which expanded rapidly from 2000 to 2018, especially in the south-west 
direction. This was likely due to the development of road and transportation networks and 
the small industrial area in the city. 

Major causing factors of urban sprawl in Peshawar 

In comparison to demographic figures of the district, the 1998 census report total 
population was 2,019,000 while in the 2017 census total population of Peshawar was 
4,269,079 (DCR, 1998, 2017). Urban development also refers to many relevant factors 
such as construction, transportation, sanitation system, deforestation, water supply as well 
as industrial processes. Such factors are directly or indirectly related to the urban 
extension, there are 2018 public and private schools, 616 public and private universities 
respectively. There 18 major public as well as a private hospital and 52 dispensaries 
(Saleem Adnan, 2017). 
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Figure 8. Classification of built-up area densities of Peshawar city 
 
 

Three million afghan refuge migrated to Peshawar in 1979 due to country war and 
terror situations (Turton, 2000), where 31,284 registered families were still living in 
Peshawar. From 2009 to 2012, approximately 3 million IDPs migrated from different 
areas of the KPK Province to Peshawar and some districts of FATA. An additional 
19 million people have been moved inside by the flooding and earthquakes. About 
5 million were migrated due to armed fight against militants or Taliban in FATA and 
some districts of KPK (Roehrs, 2015). 

Conclusions 

Various local administrations, particularly those at the urban level, do not have a team 
of professionals that can observe land expansion that is quickly taking place all over 
Peshawar city. By using the combination of RS data and GIS techniques to analyze the 
nature, growth rate and location of land-use variations, local governments can recognize 
cities and towns that are overtaking a lot of valuable agricultural and cultivated land. They 
can then formulate strategies and guidelines to deal with such uncontrolled development. 
The integration of RS and GIS is a powerful tool and decision-support system for urban 
development. Remote sensing and GIS provide an effective and systematic way to 
monitor land-use variations and estimate their influences on the environment, which 
cannot be provided by fieldwork and government reporting methods. It has been found 
that the increase in built-up area over several 5-year intervals was 0.42%, 15.34%, 7.19% 
and 10% from 2000 to 2005, 2005 to 2010, 2010-2015 and 2015 to 2018, respectively. 
Urban sprawl is mainly seen in the western and southern parts of Peshawar city along the 
roadside. The westward increase was mainly due to Afghan refugees, IDP’s from tribal 
territories and hazardous floods in the northern part of Peshawar. The study found that 
many buildings and built-up sites were developed on valuable good quality cultivated and 
barren land. As food supply is a chief factor of sustainable expansion, it is essential to 
ensure that unwarranted urban growth can be prevented as much as possible on valuable 
agricultural land. The results acquired from this Landsat imagery show that the land cover 



Khan et al.: Mapping and monitoring of urban sprawl to promote sustainable urbanization using geospatial techniques 
- 4455 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4443-4457. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_44434457 
© 2021, ALÖKI Kft., Budapest, Hungary 

type arrangement of an urban area and highly urbanized areas can be effectively identified 
using a carefully built methodology for image analysis. This technique should be applied 
at a global scale, given its dependence on moderate spatial resolution image data and the 
combination of standard image processing procedures. Changes in the composition can 
also be identified over time as a basis for analyzing the complexity of urban development, 
but the precision of this analyzes depends heavily on the quality of the original images of 
the forms of land cover. Furthermore, other causal factors, such as socio-economic 
conditions, government funding for public projects, the extent of industrialization, 
barriers and distances from major locations, can also be considered in future research for 
urban sprawl modeling. To mitigate the amount of agricultural loss from urbanization, a 
sustainable land development strategy that guides the future direction and trend of urban 
growth needs to be implemented. 

The study's results have conceptual and methodological significance; future research 
will focus on the entire city of Peshawar, as well as the environmental and socio-
ecological aspects of urban sprawl. This future research study will help in urban planning 
and the development of a sustainable metropolis in Khyber Pakhtunkhwa, Pakistan. This 
will help to establish a sustainable strategy to protect useful agricultural land from 
urbanization and to organize the time and geographical coordinates of urban 
development. 
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Abstract. The adaptability of plants to heterogeneous environments demonstrates their phenotypic 
plasticity, and their responses to the environment are reflected mainly in their phenotypic traits and 
biomass allocation strategies. We selected 5 regions from west to east on the north slope of the Tianshan 
Mountains in Xinjiang to collect Bromus inermis, and the results showed that there were significant 
differences in phenotypic traits and biomass allocation patterns from west to east, indicating that this 
species has a strong ability to adapt to heterogeneous environments. The plant height, leaf characteristics 
and reproductive characteristics of B. inermis in the central study area were superior to of plants in other 
areas. The vegetative organs of B. inermis had greater variability and more biomass than the other organs, 
while the aboveground organ biomass showed a close relationship with the aboveground biomass 
allocation; the stem biomass distribution was the most representative of this relationship. We concluded 
that, in heterogeneous environments, B. inermis adjusts its phenotypic traits and biomass allocation 
mostly in response to differences in climate. In the study area, B. inermis adapted to guarantee its asexual 
growth and reduced its investment in sexual reproduction, which is in line with the reproductive mode of 
this rhizomatous plant. 
Keywords: heterogeneous environments, biomass allocation, ecological adaptability 

Introduction 

Many plants grow in different heterogeneous environments within the geographical 
range to which they are adapted, and their organs undergo different degrees of variation 
in response to different environmental factors in their habitat in order to maintain plant 
growth and reproduction. In recent years, a new research perspective based on 
phenotypic traits has been used to focus on the influence of the relationship between 
different organs and habitats on growth and reproduction (Peltonen-Sainio et al., 2011; 
Sadras and Slafer, 2012; Slafer et al., 2014). Scholars have found that the leaves of 
plants at lower elevations are larger and that the morphological variation of flowers at 
higher elevations is more obvious (Olowa et al., 2018). The different forms of plant 
fruits and seeds correspond to the level of stress experienced by the maternal plant 
during its growth and development. Under severe water stress and the loss of its 
deciduous leaves, the production of no dehiscent fruit in Cruciferae plants will increase. 
Plants with strong phenotypic plasticity can live in a variety of habitats, which provides 
them with more opportunities to reproduce in complex environments and avoid various 
types of risk (Lu et al., 2012). 

During the process of plant growth, the availability of resource inputs is reflected in 
the response and adaptability of plant development and reproduction in relation to the 
environment. When plant growth is affected by a lack of soil resources such as water or 
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nutrients, the plant will allocate more biomass to the roots (Xu et al., 2012). Conversely, 
if the plant is constrained by light resources, the plant will allocate more biomass to the 
leaves to ensure consistent light intake by the plant (Luo et al., 2012). These changes 
represent the response of plants to stressful environments, and differences in location 
and elevation can also lead to different biomass allocation patterns within the same 
plant species. One elevation-related change that has been commonly found in previous 
studies is that with increasing elevation, alpine plants allocate more biomass to their 
belowground parts, leading to a significant decline in stem biomass (Olowa et al., 
2018). This response indicates that as the elevation increases, the amount of energy the 
environment provides for plant growth decreases, as does the amount of energy the 
plants themselves need. Therefore, to ensure their survival, plants must allocate more 
resources to their reproductive organs, complete their life cycle and thereby increase the 
reproductive rate of the population (Yang et al., 2020). 

Plants respond to different environments by changing their phenotypes or adjusting 
their biomass allocation patterns, which indicates that the organ area and volume of 
plants are two factors determining plant access to resources (Bradshaw, 1965; Pang and 
Lercher, 2015). Scholars have often used comparative morphology and biological 
mathematics to analyse and evaluate the phenotypic traits of plants, distinguish the 
morphological differences between different germplasms, classify their status and 
groupings, and finally select qualified breeding materials to provide high-quality 
materials for cultivation (Duruflé et al., 2019). 

Environmental factors are often considered important statistical parameters in 
explaining the influence of heterogeneity on phenotypic variations among different 
environments (Zheng et al., 2019). However, we found that environmental impacts can 
be observed as the differences in plant traits between geographic populations. The 
influence of genetic variation is typically more concentrated in the interior of a 
population than at the edge of the population range. Character variation also occurs 
within and between geographic populations in total variation models, leading to gradual 
changes in plant growth (Morgenstern, 2011; McKown et al., 2014). 

Xinjiang is located in Central Asia and the Central Asian desert transition or 
intersection area. Natural Bromus inermis is distributed across a broad longitudinal and 
latitudinal range in a mountainous region, and there are notable topographic and 
atmospheric differences in the environment within this range. Therefore, the phenotypic 
traits and biomass allocation strategies of B. inermis have evolved to adapt to these 
environments under the influence of many factors. The characteristic ecological 
adaptability of this group has resulted in the development of a rich germplasm resource 
gene pool. B. inermis has the same adaptive characteristics as Leymus chinensis, 
Dactylis glomerata and other plants of similar research value (Li et al., 2015; Zhang et 
al., 2015; Wang et al., 2011); in addition, other relevant studies on herbage have been 
published in recent years (Zhao et al., 2016; Ott et al., 2017; Yuan et al., 2019). 

B. inermis is a perennial rhizomatous grass that is traditionally used for grazing or 
fodder. Wild B. inermis is distributed in the temperate regions of Asia, Europe and 
North America and is widely distributed in many regions of China. Natural B. inermis 
in Xinjiang is distributed mainly within a range that is 1500 ~ 2400 m north of the 
Tianshan Mountains, 92.986° ~ 80.766° east longitude, 43.074° ~ 48.701° north 
latitude, and mostly in meadow grassland. Previous studies have shown that B. inermis 
exhibits high growth adaptability after invading other grasslands and could perform a 
series of life activities, such as settlement and expansion, by changing its phenotypic 
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traits and biomass allocation strategies (Salesman and Thomsen, 2011; Stotz et al., 
2016; Ott et al., 2017); it can also occupy an important ecological niche in mixed 
plantings (Ulrich and Perkins, 2014; Biligetu and Coulman, 2011). After artificial stress, 
it can actively adjust its own structure to avoid growth retardation by responding rapidly 
to various influencing factors (Woodis and Jackson, 2010; Lermi et al., 2018; Majidi et 
al., 2017). In conclusion, B. inermis shows strong adaptability in both natural and 
human conditions, which has enabled the population to expand and reproduce by 
changing its phenotype. However, the physiological traits of B. inermis have not yet 
been examined in detail. In this study, the following questions were addressed: (1) Are 
there differences in phenotypic characteristics among different natural populations of B. 
inermis? (2) What are the effects of climatic factors and soil factors on B. inermis? 

Material and methods 

Study sites 

B. inermis is widely distributed in Jilin, Liaoning, Inner Mongolia, Hebei, Shanxi, 
Shandong, Jiangsu, Shaanxi, Gansu, Qinghai, Xinjiang, Xizang, Yunnan, Sichuan, 
Guizhou and other provinces (regions) in China. It mainly grows in meadow steppe, 
alpine meadow and mountain meadow environments. It is the dominant species in 
mountain meadow ecosystems at 1 000 ~ 3 500 m. It has become an important 
cultivated forage in arid and cold regions of China. 

The study was performed on the north slope of the Tianshan Mountains (80.910-
93.755° E, 43.109-43.836° N), where there is a typical distribution of B. inermis. The 
north slope of the Tianshan Mountains, including the western, central and eastern 
sections of the Tianshan Mountain foothills, is located in the north of the Tarim Basin, 
where the terrain is high in the south and low in the north. The distinct topography 
influences the local climatic conditions mainly by causing differences in temperature 
and rainfall, which have an impact on the growth and reproduction of plant populations. 
Therefore, it is appropriate to study the adaptive growth of plants in different regions of 
the Tianshan Mountains. 

From west to the east along the mountain, we selected 5 grasslands in which B. 
inermis was the dominant species or a subdominant species. The selected grasslands 
were located in Zhaosu County, Hutubi County, Urumqi County, Qitai County and 
Balikun County. All the selected grasslands are protected by fences and are not 
disturbed by livestock feeding (Figs. 1 and 2). 

 
Experimental design 

In the 5 selected regions, we need to accurately determine the distribution range of B. 
inermis. According to the actual distribution, three sample plots were evenly arranged 
along the elevation range of the distribution area, and each sample plot was 10 × 10 m. 
Geographic information on each sample plot was recorded, including longitude, latitude 
and elevation. Complete single plants (including roots) representing the average level of 
the plot were randomly extracted from the plot, and 30 plants were extracted from each 
plot, yielding a total of 90 samples of B. inermis from the 3 plots at different elevations. 

Because the elevation fluctuates greatly in the Tianshan Mountains, the elevation of 
each region is not the same, and the differences are large. We uniformly refer to the 
sites in each region as the low-elevation, medium-elevation and high-elevation sites to 
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describe the specific distribution location of B. inermis in each area, rather than the 
actual elevation range. Therefore, the high-elevation site in one region may be lower 
than the low-elevation site in another region, but this is does not influence our 
comparison. We only pay attention to the relationship between different elevation 
positions in a single region. 

 

 

Figure 1. Map of the study sites 
 
 

 

Figure 2. Research area status 



Gong et al.: Phenotypic traits of Bromus inermis and environmental factors on the north slope of the Tianshan Mountains 
- 4463 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4459-4475. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_44594475 
© 2021, ALÖKI Kft., Budapest, Hungary 

Climatic and edaphic data 

The meteorological data of the five selected regions, including annual mean 
temperature and annual precipitation, were calculated using the interpolation method 
based on 30 years of data (1989-2019) provided by the meteorological stations of The 
National Meteorological Data Center of China. It is important to note that we have 
calculated the averages of the meteorological data for each region’s meteorological data. 
Therefore, we use meteorological data for each region rather than for each elevation. 
The changes in elevation are not associated with dramatic differences in geographical 
location, and the climatic factors change little; thus, we do not use these data (Table 1). 

 
Table 1. Geographic information and meteorological information for the sampling area 

Origin Elevation (m) Longitude Latitude 
Annual average 
temperature (°) 

Average annual 
precipitation (mm) 

Zhaosu 
County 

Low 1790 E 80.910° N 43.109° 

5.9 559.6 Medium 1980 E 80.914° N 43.111° 

High 2100 E 80.922° N 43.170° 

Hutubi 
County 

Low 1574 E 87.329° N 43.836° 

7.3 193.8 Medium 1598 E 87.035° N 43.514° 

High 1616 E 87.330° N 43.836° 

Urumqi 
County 

Low 1630 E 87.029° N 43.516° 

1.3 257.0 Medium 1670 E 87.040° N 43.502° 

High 1960 E 87.042° N 43.483° 

Qitai 
County 

Low 1574 E 89.329° N 43.836° 

7.8 185.0 Medium 1810 E 89.600° N 43.617° 

High 1853 E 89.587° N 43.625° 

Bailikun 
County 

Low 2107 E 93.751° N 43.329° 

2.4 230.8 Medium 2206 E 93.754° N 43.328° 

High 2298 E 93.755° N 43.327° 

 
 
Three soil samples from the 0-5 cm, 5-10 cm and 10-15 cm layers were taken in each 

sample plot. The samples were first combined, and then the soil samples were prepared 
by quartering. Each quartered sample was air-dried and then sieved through a 1 mm 
sieve to remove chunks of rock and plant roots. The soil pH was measured by using a 
potentiometer. The organic matter content (soil organic carbon) was measured by the 
potassium dichromate heating method. The total nitrogen was measured by the Kjeldahl 
procedure. The total phosphorus was measured by the Mo-Sb colorimetric method 
(Table 2). 

 
Table 2. Soil physical and chemical characteristics in the sampling area 

Origin PH N (g/kg) P (g/kg) K (g/kg) 

Zhaosu County 7.01 ± 0.18 4.98 ± 0.45 0.03 ± 0.003 11.82 ± 2.46 

Hutubi County 7.64 ± 0.16 4.97 ± 0.52 0.03 ± 0.003 9.90 ± 0.27 

Urumqi County 7.39 ± 0.05 2.59 ± 1.23 0.03 ± 0.003 8.54 ± 0.01 

Qitai County 6.90 ± 0.47 5.67 ± 0.91 0.04 ± 0.003 10.67 ± 0.27 

Bailikun County 7.61 ± 0.16 4.92 ± 1.48 0.04 ± 0.006 10.09 ± 0.01 
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Phenotypic index determination 

We selected 12 phenotypic indicators to measure in B. inermis, including the 
reproductive branch height, vegetative branch height, stem diameter, spike length, root 
length, leaf length, leaf width, inflorescence length, and inflorescence width. The leaf 
index and inflorescence index were measured 3 times. We also counted the tiller 
number in each plot and recorded the thousand-grain weight for the sampled plants. 

 
Biomass determination 

The B. inermis plants that had been measured were carefully cut into stems, leaves, 
spikes and roots. Each part of the plant was weighed separately, and the undried weight 
of each component was recorded. 

The root mass ratio (RMR, root weight/total plant weight), leaf mass ratio (LMR, 
leaf weight/total plant weight), spike mass ratio (SMR, spike weight/total plant weight), 
belowground storage organ biomass ratio (belowground storage organ weight/total plant 
weight), and aboveground biomass ratio (shoot weight/total plant weight) were 
calculated. The nutrient acquisition organ biomass ratio (root weight, stem weight and 
leaf weight/total plant weight) and the reproductive component organ biomass ratio 
(spike weight/total plant weight) were also calculated. 

 
Data analysis 

The F test was used to preliminarily verify the assumption of homogeneity. Then, 
ANOVA was used to analyse the differences between the phenotypic morphological 
indexes and component biomass indexes in the different regions. Multiple comparison 
analyses were performed on the trait differences in B. inermis among the 3 elevations 
and 5 regions, and the variation coefficients of each index in the 5 regions were 
calculated. The differences in biomass allocation to plant components (belowground 
and aboveground biomass, vegetative biomass and reproductive biomass) among 
regions were analysed. Principal component analysis (PCA) was used to evaluate the 
main trait factors that influenced the traits of B. inermis, and the relevance of variables 
was determined according to the direction, orientation and magnitude of their vectors. 
The response of the biomass of the abovementioned components to the biomass 
allocation was analysed by linear regression. 

Results 

The influence of region and elevation on trait indexes 

The altitudinal gradient and the different regions had different effects on the 
phenotypic growth of B. inermis (Table 3). Elevation significantly influenced the main 
stem diameter but had no effect on the other indexes. However, the phenotypes still 
varied among elevation levels. Six indexes gradually increased with elevation, such as 
the leaf length, inflorescence width, thousand-grain weight, leaf mass ratio, supporting 
organ biomass ratio and spike mass ratio, with an increase range of 5.57%-19.75% 
and an average growth rate of 10.26%. However, the vegetative branch height, 
reproductive branch height and ear length reached their maximum at the medium 
elevation, with an average increase of 9.53% over the lowest values. The remaining 3 
indexes, tiller number, stem diameter and leaf width, reached their maximum values at 
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low elevations, with an average growth rate of 18.72%. Additionally, the effects of 
region and elevation on tiller number and stem diameter were not significant. In 
summary, the growth rate of B. inermis at low elevations is faster than that at high 
elevations, while the biomass accumulation of B. inermis at high elevations is greater 
than that at low elevations. 

 
Table 3. Mean values (±SE) and significance levels from the two-way ANOVA of trait 
indexes 

Variable 

Elevation ANOVA 

Low Medium High 
Region 

(R) 
Elevation 

(E) 
R×E 

Tiller number 2.83 ± 2.75 1.79 ± 1.67 2.35 ± 2.28 ns ns ns 

Reproductive branch height 88.02 ± 22.33 91.54 ± 18.76 83.13 ± 28.85 * ns * 

Vegetative branch height 25.97 ± 13.95 28.90 ± 14.63 28.45 ± 20.12 ** ns ns 

Leaf length 1.97 ± 0.60 1.82 ± 0.45 1.83 ± 0.53 * * ns 

Leaf width 10.95 ± 4.01 12.41 ± 5.45 12.50 ± 5.04 ** ns ns 

Spike length 4.54 ± 1.76 4.23 ± 1.718 3.81 ± 1.04 ** ns ns 

Root length 12.27 ± 6.85 11.16 ± 5.38 11.62 ± 4.75 ns ns ns 

Inflorescence length 12.91 ± 4.42 13.83 ± 3.67 13.27 ± 5.97 *** ns * 

Inflorescence width 20.14 ± 4.72 19.66 ± 4.19 18.61 ± 5.02 ns ns ns 

Stem diameter 2.06 ± 0.81 2.17 ± 0.71 2.17 ± 0.77 ns ns ns 

Thousand-grain weight 2.42 ± 0.44 2.56 ± 0.44 2.59 ± 0.29 *** ns ** 

SBR 36.23 ± 14.43 38.00 ± 16.83 39.61 ± 17.83 ns ns ns 

LMR 38.20 ± 15.30 37.46 ± 16.36 35.30 ± 15.95 ns ns ns 

RMR 16.83 ± 11.72 14.15 ± 10.70 16.94 ± 11.93 * ns ns 

SMR 8.07 ± 6.74 7.72 ± 7.17 8.15 ± 8.17 * ns ns 

*Significant correlation at the < 0.05 level. **Significant correlation at the < 0.01 level 

 
 
In contrast, the various regions had a more significant influence on phenotype and 

biomass than the different elevations and had a significant influence on all indicators 
except tiller number, root length, spikelet traits, and stem and root biomass. However, 
these indicators were not significantly influenced by the interactive effect of region and 
elevation, indicating that these indicators may be more influenced by genetic variation 
than by environmental factors. Among the trait indexes, spike length and thousand-grain 
weight were the most significantly influenced by region (P < 0.01). As shown in 
Table 4, the spike length and thousand-grain weight in Urumqi County were 
significantly higher than those in the other regions and were higher than the minimum 
values by 96.27% and 37.88%, respectively. They first increased and then decreased 
from west to east along the north slope of the Tianshan Mountains, and the height index, 
leaf index and grain quality also showed the same pattern. However, the stem diameter 
and root length in Hutubi County were significantly higher than those in other regions, 
with an average increase of 45.75% above the minimum value. The results indicated 
that there were more significant differences in B. inermis between regions than between 
elevations, suggesting the main influences on B. inermis phenotype and biomass are 
regional. At the same time, it can be seen that the B. inermis plants in the central part of 
the north slope of the Tianshan Mountains are tall, with a high leaf area, few leaves, and 
large panicle grains; therefore, these plants have more potential for genetic development 
than those from other areas. 
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Table 4. Mean values (±SE) of indicators among different regions 

Variable 
Region 

Zhaosu County Hutubi County Urumqi County Qitai County Balikun County 

Reproductive branch height 78.92 ± 17.93b 106.89 ± 16.30c 107.34 ± 25.93c 69.93 ± 10.81a 76.09 ± 15.59ab 

Vegetative branch height 28.44 ± 14.06b 40.83 ± 10.72c 44.36 ± 19.68c 16.59 ± 7.14a 19.19 ± 6.75a 

Stem diameter 1.51 ± 0.29a 2.27 ± 0.48c 2.19 ± 0.65b 1.67 ± 0.31a 1.90 ± 0.46b 

Leaf length 7.64 ± 1.88a 15.42 ± 3.36c 16.19 ± 3.95c 8.87 ± 2.19a 11.81 ± 5.30b 

Leaf width 2.75 ± 0.62a 3.92 ± 0.85b 5.96 ± 1.94d 3.75 ± 0.80b 4.56 ± 1.05c 

Root length 9.72 ± 5.86a 13.73 ± 5.08c 12.07 ± 4.91bc 11.27 ± 6.36ab 11.73 ± 5.64abc 

Spike length 8.82 ± 3.03a 16.60 ± 3.32d 17.31 ± 5.05d 10.75 ± 2.74b 13.35 ± 2.90c 

Thousand-grain weight 2.38 ± 0.23a 2.51 ± 0.31a 3.03 ± 0.32b 2.49 ± 0.40a 2.20 ± 0.12a 

LMR 14.31 ± 10.44a 14.44 ± 14.61a 13.68 ± 11.27a 15.35 ± 9.74a 21.95 ± 9.01b 

SMR 5.89 ± 4.89a 3.64 ± 3.85a 10.67 ± 6.04b 10.43 ± 7.87b 9.03 ± 9.84b 

Different lowercase letters above the columns indicate significant differences at P＜0.05 

 
 

Variation in phenotypic indicators and biomass allocation within the 5 regions 

Comparing traits within each region along the north slope of the Tianshan Mountains 
revealed that each index varied greatly (Table 5) but that the variation within each 
region did not exhibit regularity. Overall, the phenotypic traits of B. inermis on the 
north slope of the Tianshan Mountains were different, but the degree of variation was 
small. The variation in biomass allocation was very small within all regions and overall. 
Moreover, when there were differences among regions, the differences were not in the 
main indexes of concern. The variation range of the 11 trait indexes among all regions 
ranged from 0.126 to 0.700. Among them, the degree of variation in the tiller number, 
root length and vegetative branch height (vegetative organ traits) was high, at 0.541, 
0.485 and 0.397, respectively; the degree of variation in the panicle length and spikelet 
width (reproductive organs) was also high, at 0.261 and 0.274, respectively. 

 
Table 5. The coefficient of variation for each index in the 5 regions and the total coefficient 
of variation for each index 

Variable 

Region 
Total coefficient 

of variation Zhaosu 
County 

Hutubi 
county 

Urumqi 
County 

Qitai 
County 

Balikun 
County 

Tiller number 0.462 0.539 0.355 0.700 0.647 0.541 

Reproductive branch height 0.227 0.152 0.242 0.155 0.205 0.196 

Vegetative branch height 0.494 0.263 0.444 0.43 0.352 0.397 

Leaf length 0.191 0.210 0.297 0.186 0.244 0.226 

Leaf width 0.247 0.218 0.244 0.247 0.449 0.281 

Spike length 0.225 0.216 0.325 0.213 0.230 0.242 

Root length 0.603 0.370 0.407 0.564 0.481 0.485 

Inflorescence length 0.343 0.200 0.292 0.255 0.218 0.261 

Inflorescence width 0.227 0.177 0.334 0.174 0.175 0.217 

Stem diameter 0.296 0.356 0.332 0.126 0.261 0.274 

Thousand-grain weight 0.097 0.123 0.107 0.163 0.056 0.109 

SBR 0.047 0.037 0.041 0.039 0.045 0.021 

LMR 0.049 0.043 0.054 0.038 0.036 0.020 

RMR 0.077 0.110 0.087 0.067 0.043 0.034 

SMR 0.088 0.115 0.060 0.080 0.115 0.044 
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Effect of region on the biomass of each plant component 

The biomass distribution ratios for the reproductive biomass and nutrient acquisition 
biomass of B. inermis were determined for the different regions (Fig. 3a). The biomass 
allocation to nutrient acquisition organs in all 5 regions was greater than 80%, and there 
were significant differences among regions (P < 0.05). B. inermis in Urumqi County, 
Qitai County and Balikun County allocated significantly more biomass to reproductive 
components than that in Zhaosu County and Hutubi County. In summary, in the five B. 
inermis regions, more biomass was allocated the stem, leaf and root to ensure adequate 
nutrient storage and growth in B. inermis. 
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Figure 3. (a) Reproductive and nutrient-acquiring biomass and (b) aboveground biomass and 
belowground biomass in the five regions. Different lowercase letters above the columns indicate 

significant differences at P＜0.05 

 
 
The aboveground and belowground biomass of B. inermis in different regions 

(Fig. 3b) exhibited different patterns. Aboveground biomass was significantly higher 
than belowground biomass (P < 0.05), and the highest proportion of aboveground 
biomass was observed in Urumqi County (64.75%). The highest proportion of 
belowground biomass was in Balikun County, at 47.04% of the total biomass. The 
belowground biomass values in Urumqi County and Hutubi County were significantly 
lower those that in other regions (P < 0.05). Thus, along the north slope of the Tianshan 
Mountains from west to east, the aboveground biomass distribution of B. inermis first 
increased and then decreased, while the belowground biomass showed the opposite 
trend. The results showed that the habitat in the central part of the study region was 
more favourable to the growth of the aboveground parts of B. inermis; as a result, the 
yield of the forage parts of B. inermis was increased. In the western and eastern parts of 
the study area, the belowground biomass was higher than in the central part to ensure 
adequate water and nutrients for B. inermis. 

 
The response of each indicator to environmental factors 

Climate factors had more influence on the B. inermis phenotype and biomass than 
soil factors (Table 6). In terms of topographic factors, elevation had an extremely 
significant correlation with each index except root length and spike mass ratio. The 
results of the differential analysis showed that the leaf width, root length and spikelet 
length reached maximum values at the lowest elevation, and the correlation analysis 
was consistent with these results. There was no correlation between the thousand-grain 
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weight, root mass ratio and geographical location, while the correlations between 
vegetative branch height, leaf mass ratio, spike mass ratio and geographical location 
were weak; the correlations of the other indexes were generally highly significant. Most 
of the indicators for B. inermis reached maximum values in the central part of the study 
area, and the indicators did not show a trend of gradually increasing or decreasing with 
increasing latitude from west to the east on the north slope of the Tianshan Mountains. 

Similarly, in the correlation analysis, most indicators were correlated with the 
latitude, but the correlation coefficients of these relationships were small. The average 
annual temperature was not correlated with root length or spike length, and the average 
annual precipitation was not correlated with leaf length or spike width; these climate 
factors were correlated with the other indexes for B. inermis. The average annual 
temperature and average annual precipitation had little influence on the reproductive 
components and storage components of B. inermis and were more strongly correlated 
with plant size and biomass traits. The vegetative branch height decreased with 
increasing N and K in the soil. Similarly, an increase in N also decreased the thousand-
grain weight, while an increase in K decreased the stem mass ratio and increased the 
leaf mass ratio. The correlations between reproductive branch height and leaf width, 
spike length, stem diameter and thousand-grain weight were highly significant. 

 
Table 6. Correlations between phenotypic traits of Bromus inermis and geographical factors 

Trait 
Climatic factor Edaphic factor 

Elevation Longitude Latitude AMT AMP N K PH 

Tiller number 0.197** 0.114* -0.145** 0.165** -0.181** 0.036 0.208 0.075 

Reproductive branch height -0.330** -0.130** 0.171** -0.515** 0.417** -0.054 -0.216 0.070 

Vegetative branch height -0.280** -0.301** 0.042 -0.589** 0.509** -0.286* -0.486** 0.221 

Leaf length -0.236** 0.181** 0.278** -0.143** 0.052 0.142 0.051 0.200 

Leaf width -0.221** 0.181** 0.282** -0.291** 0.0148** -0.120 -0.056 0.316* 

Spike length -0.176** 0.313** 0.181** -0.065 -0.080 -0.186 0.110 0.483** 

Root length -0.109* 0.095* 0.167** -0.027 -0.005 -0.032 0.031 -0.220 

Inflorescence length -0.225** 0.222** 0.326** -0.244** 0.103* 0.077 0.032 0.225 

Inflorescence width 0.212** 0.218** -0.121* 0.269** -0.290** -0.144 0.041 0.221 

Stem diameter 0.406** 0.504** -0.160** 0.318** -0.439** 0.068 0.181 0.303* 

Thousand-grain weight -0.433** -0.186 0.127 -0.430** 0.372* -0.407** -0.282 0.415** 

SBR -0.256** -0.243** 0.105* -0.371** 0.362** -0.208 -0.358** 0.142 

LMR 0.194** 0.204** -0.061 0.198** -0.222** 0.143 0.287** -0.129 

RMR 0.127** 0.059 -0.071 0.225** -0.180** 0.162 0.179 -0.233 

SMR 0.101* 0.165** 0.043 0.169** -0.188** -0.105 -0.003 0.276 

 
 

The correlation between aboveground biomass and aboveground components 

The yield of B. inermis, as a good forage, is provided by the aboveground portion of 
the plant, which we measure as the aboveground biomass. Biomass is the content of the 
overall expression. To explore the relationship between the total biomass and the biomass 
of aboveground components is of great significance in exploring the influence of the 
environment on the growth of components and how it is reflected in the yield. 
Aboveground biomass showed a significant positive correlation with stem biomass, leaf 
biomass and spike biomass, and their responses to aboveground biomass showed a linear 
pattern (Fig. 4). With the increase in aboveground biomass, the biomass allocated to the 
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aboveground components increased; the increase in stem biomass was the most obvious, 
followed by the increases in leaf and spike biomass. The results showed that when the 
aboveground biomass of B. inermis increased, the stem obtained more resources to 
promote plant growth; however, the spike began to need the majority growth resources 
during the middle of the growth period, so the biomass allocated to the stem decreased. 
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Figure 4. Relationship between aboveground biomass and stem biomass (a), leaf biomass (b), 
and spike biomass (c) 

Discussion 

Adaptability of phenotypic traits to the environment 

The long-term interaction between plants and the environment is reflected in the 
external form of plants as they minimize the negative impacts of adverse environments 
(Meng et al., 2007). We observed varying degrees of difference in individual 
phenotypic plasticity in B. inermis within the same mountain range and in different 
environments. Therefore, plants should be considered in the context of various factors 
when discussing their ability to respond to heterogeneous environments by, for 
example, changing their phenotypic characteristics and component biomass allocation. 
However, first, we need to understand the similarities and differences in plant 
phenotypic characteristics and biomass allocation. Geographical location controls the 
combination of and differences in environmental factors, and the responses of plants 
along geographical gradients represent a model for a “natural experiment” (Stotz et al., 
2017). We adopted an in situ sampling method, which is one of the most convenient 
ways to study the phenotypic variation of plants in their natural state. It can help us to 
effectively understand the environmental factors that affect the variation in natural 
populations and to explore the ecological effects of these factors more effectively 
(Bobowicz and kowa, 1986). 

Vegetation is densely distributed on the north slope of the Tianshan Mountains, but 
there are substantial climate differences and an uneven distribution of species across the 
mountain range from east to west. Therefore, studying the ecological adaptability of the 
same plant in different locations is the foundation for further exploring the potential of 
the plant. In this study, the differences in the phenotypic characteristics and biomass 
allocation of natural B. inermis were mainly regional, while the different elevations had 
little effect on these factors. 

Our results showed that the degree of variation in the 11 phenotypic traits of natural B. 
inermis varied widely. This result is not surprising, as B. inermis is a cross-pollinated 
forage plant that exhibits variations in its offspring (Copete et al., 2018). Among them, 
the degrees of variation in nutrient acquisition traits (tiller number and root length) and 
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growth traits (vegetative branch height and reproductive branch height) were relatively 
large. In other studies, we found that plant height was a strong indicator of the ability of a 
plant to adapt to climate change. During drought periods, upward stem growth is affected, 
which hinders an increase in plant height. Differences in water availability among 
different environments are an important factor leading to differences in plant height 
(Wang et al., 2010). We also found that tiller number, root length, spikelet traits, and stem 
and root biomass distribution did not change significantly among different environments, 
indicating that these traits were more stable. The degree of variation reflects the potential 
for variation in these traits in plants. Traits with a greater degree of variation are more 
suitable for research and are preferred as research materials, while more stable traits can 
provide materials for breeding. The principal component values of the traits indicated that 
the source of plant differences was the region, which is consistent with the ANOVA 
results described above. In the study of phenotypic traits, we found that the growth 
characteristics of reproductive branches, such as height, are the main factors affecting the 
differences in B. inermis; this finding is in line with trends in the genetic diversity of 
agronomic traits among gramineous grasses (Hao et al., 2011). In general, the phenotypic 
traits of B. inermis in the central section of the north slope of the Tianshan Mountains 
were superior to those of B. inermis in the eastern and western sections, indicating that 
these phenotypic traits exhibited certain regional adaptations. 

Plants often need to change their phenotypic traits to respond and adapt to the 
heterogeneity of the environment during their long-term growth process. The correlation 
between environmental factors and plant traits indicates the response of the plant traits 
to the environment. The results of this study showed that most of the trait indicators 
were significantly correlated with geographical factors; most of these correlations were 
very significant correlations, though only a few indicators were correlated with soil 
factors. The relationship between traits and geographical factors is a focus of ecological 
research, and differences in temperature, rainfall and light factors lead to heterogeneity 
in the environmental conditions for plant growth. Testing plant performance under 
different environmental conditions can differentiate the optimal environment for plants 
from a suboptimal environment and determine the combination of traits that ensures the 
competitiveness of plants in both environments as well as the conditions at which the 
resource utilization rate of plants is highest. These methods can also be used to obtain 
plants suitable for increasing the range of a species, and this information is very useful 
for studying plant breeding for further range expansion. 

 
Biomass allocation adaptation capacity 

Biomass is an important indicator of the interaction between plants and the 
environment, and it is also the embodiment of plants’ adaptability to the environment as 
well as their growth and development patterns. In addition, the biomass of individuals 
and components also reflects the capacity of an ecosystem to obtain energy (Michel et 
al., 2015). Vegetation responds to the availability of various resources through a variety 
of complex regulation systems, thus effectively improving the utilization efficiency of 
the entire ecosystem for limited resources (Stotz et al., 2017). To effectively adapt to the 
heterogeneity of the environment, the distribution of the total plant biomass to each 
component is not fixed. Rather, biomass allocation must be based on the influence of 
light, temperature, water, nutrients and other abiotic factors in the region, as well as on 
other plants in the community. Therefore, biomass allocation can be used as an indicator 
of the plant response to the environment, as it reflects whether the habitat is conducive 
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to plant growth. Previous studies have obtained results regarding the biomass allocation 
of gramineous plant components under heterogeneous environments that are mostly 
similar to the results of this study (Zhao et al., 2018). The biomass input to stems and 
roots was greater than that to other components in different environments in this study, 
but some studies have shown that other plants allocate more biomass to their leaves than 
to their roots (Yang et al., 2009). 

Nongrazed pastures were selected for this study, and the growth of plants was 
affected mainly by the natural environment. The results of the correlation analysis in 
this study show that the correlations of the environmental factors elevation, annual 
average temperature and annual average precipitation with the biomass distribution 
were stronger than others. Changes in elevation can cause differences in temperature 
and rainfall, so in the final analysis, the biomass allocation was affected mainly by these 
two factors. Tyree’s study found that under insufficient water conditions, plants 
increased their biomass allocation to the stem mainly to reduce cavitation in the xylem 
(Hong et al., 2017) and stored more water to alleviate the water penetration that might 
occur in the stem. In this experiment, the stem biomass allocation ratio varied greatly 
among the different environments, which indicated that the water conditions were not 
consistent; the differences in the root biomass allocation ratio among different regions 
also corroborated this finding. 

The results for the aboveground biomass and aboveground component biomass in 
this study confirmed that the biomass allocation to the stem was more closely related to 
the total aboveground biomass than the biomass allocation to other plant components. In 
a number of simulated-rainfall experiments, it was found that a reduction in rainfall was 
beneficial to the growth of belowground plant parts because the reduction in water 
stimulated the uptake of water by roots, thus increasing the biomass of roots and the 
absorption of nutrients such as nitrogen and phosphorus (Liu et al., 2018). Decreases in 
rainfall have no significant effect on overall plant biomass because while plants will 
increase their root biomass under low-water conditions, they will also reduce their leaf 
biomass to avoid excessive water loss from evapotranspiration. In this study, the leaf 
biomass remained relatively stable across the 5 regions, which represents a resource 
allocation strategy for plants in unique environments (Huxman et al., 2004). 

Previous studies have found that an increase in temperature is conducive to the 
accumulation of plant biomass and that plants are more inclined to allocate biomass to 
their aboveground parts, especially the stems, under warmer conditions (Wal and Stien, 
2016). The aboveground biomass is not only related to the CO2 fixation ability of a 
plant but is also closely related to the total biomass of the plant; the accumulation of 
belowground biomass is conducive to the absorption of water and nutrients. In a study 
of the effects of temperature on plants, it was found that a high belowground 
biomass/aboveground biomass ratio was an adaptive strategy for cold environments 
(Ma et al., 2010) because low temperature inhibited the root turnover rate, resulting in 
an increase in belowground biomass (Yang et al., 2009). In this study, the aboveground 
biomass of B. inermis in Hutubi County and Urumqi County was larger than that in 
other counties, and the total biomass was also higher than that in the other areas. This 
was due to the abundant rainfall and light in these two counties; determining whether 
the B. inermis (smooth brome) growing in these areas has special growth characteristics 
and whether it can become a source of high-quality breeding varieties will require 
further research (Chen and Zhang, 2012). The distribution of aboveground biomass and 
belowground biomass in B. inermis in the other three regions was relatively balanced, 
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which ensured a supply of sufficient nutrients and water to meet the demands of 
reproductive growth (Mateus H et al., 2015). 

Plants, by adjusting the allocation of their biomass, balance their investment in each 
organ across different environments. The aboveground and belowground biomass and 
the balance of nutrient acquisition and reproductive biomass show the distribution of 
different resource acquisition strategies of plants of the same species. In this study, we 
found that plants respond to the environment more through the plasticity of their 
phenotypic traits than by adjusting their biomass allocation. 

Conclusion 

According to our field investigation experiments, significant phenotypic characteristic 
variation was observed between different regions, and little variation was observed within 
regions. Habitat heterogeneity also affected the geographic variation of the phenotypic 
traits of B. inermis. Some traits were strongly affected by environmental effects, among 
which the vegetative branch height, leaf width, panicle characteristics and stem diameter 
are suitable for studies that need to be sensitive to environmental effects. More resources 
were invested in vegetative organs than in nutrient acquisition organs, which indicated 
that plants were more inclined to regenerate and expand their population through asexual 
reproduction. The aboveground organs were closely related to the aboveground biomass 
allocation, which was more conducive to plants adapting to an environment with frequent 
temperature and water changes by coordinating their various organs. 

This study provides basic information regarding the phenotypic diversity of B. 
inermis and its potential breeding sources. B. inermis in the central part of the north 
slope of the Tianshan Mountains showed obvious advantages. It is the most promising 
germplasm resource identified in this study due to its high plant height, wide leaves and 
high material yield. B. inermis has the ability to adapt to different environments, which 
suggests that it has the ability to withstand local and global climate changes. Further 
field experiments will help to reveal the phenotypic adaptability of B. inermis in 
different environments and will provide a reference for future work on phenotypic gene 
mapping and gene screening. 
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Abstract. Filtering bivalves consume microalgae throughout their life cycles, and for several decades, the 
selective feeding of bivalves on phytoplankton has been an active area of research in the fields of bivalve 
physiology and ecology. However, owing to the limitations of detection methods, there is comparatively 
little data available regarding the in situ food composition of suspension-feeding bivalves. In this study, 
conducted in December 2020, we used high-throughput sequencing of the 23S rRNA gene to characterize 
the phytoplankton community within the gut contents of the bivalves Meretrix meretrix and Scapharca 
subcrenata reared in the same aquaculture ponds. Phytoplankton from six phyla were identified in 
hepatopancreas samples obtained from M. meretrix, among which, Cyanophyta was found to be the 
predominant group, followed by Bacillariophyta. Seven phyla of phytoplankton were detected in the 
hepatopancreas samples obtained from S. subcrenata, among which, Cyanophyta and Chlorophyta were 
dominant. Ivlev’s electivity index was used to evaluate the feeding selectivity of the bivalves. The results 
indicated that M. meretrix showed a preferential selection for Cyanophyta and Bacillariophyta, whereas S. 
subcrenata preferentially selected Xanthophyta, Cyanophyta, and Chlorophyta. At the genus level, M. 
meretrix showed a preference for 12 genera, including Phormidium, Pleurocapsa, Skeletonema, 
Synechococcus, and Planktothricoides, whereas S. subcrenata showed a preferential selection for 16 
genera, including Tetraselmis, Pleurocapsa, and Planktothricoides. 
Keywords: mariculture, Meretrix meretrix, Scapharca subcrenata, 23S rRNA gene, feeding selectivity 

Introduction 

Bivalves are the predominant mariculture species in China (Mao et al., 2019), with 
bivalve production in 2019 amounting to approximately 14.39 million tons, which 
accounted for more than 69% of China’s total mariculture production (CFSY, 2020). 
Bivalves not only affect phytoplankton community structure but also enhance sediment 
nutrient cycling via benthic–pelagic coupling (Newell, 2004; Smyth et al., 2013; 
Murphy et al., 2016), and accordingly play key functional roles in aquatic ecosystems. 
Bivalves can exert “top-down” grazer control on phytoplankton and filter other organic 
matter, thereby increasing the amount of light reaching the sediment surface, which in 
turn has the effect of reducing the dominance of phytoplankton production and 
extending the depth to which ecologically important benthic plants such as benthic 
microalgae can grow (Newell and Ott, 1999; Newell, 2004). Conversely, bivalves can 
also exert “bottom-up” nutrient control on phytoplankton production. The nitrogen and 
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phosphorus excreted by bivalves and regenerated from their biodeposits are recycled 
back into the water column, thereby supporting further phytoplankton production 
(Newell, 2004). Given their ecological and economic importance, suspension-feeding 
bivalves have been extensively studied. 

Meretrix meretrix and Scapharca subcrenata are important commercial bivalve 
species consumed in China (CFSY, 2020), for which live microalgae are a fundamental 
food source. In this regard, previous studies have revealed that bivalves are 
characterized by feeding selectivity (Ward and Shumway, 2004; Rosa et al., 2018). 
Certain bivalves have been found to distinguish their food from various types of 
particles, preferentially ingesting particles of a suitable size and nutrient content, while 
rejecting low-quality or unwanted material, thus optimizing energy intake (Ward and 
Shumway, 2004). Elucidating the food preferences of suspension-feeding bivalves is 
essential for enhancing existing models of bivalve growth and, consequently, to gain a 
better understanding of the dynamics of the ecosystems they dominate (Pales Espinosa 
et al., 2016). Accordingly, the mechanisms used by suspension-feeding bivalves to 
capture and ingest high-quality food from a mixture of particles of various sizes and 
physicochemical properties have for several decades been a major area of biological 
oceanographic research (Ward and Shumway, 2004; Rosa et al., 2018). 

Several methodological approaches, including microscopic examination, pigment-
based method, isotope labeling method, real-time fluorescent quantitative PCR (qPCR), 
have been adopted for assessing the selective feeding of bivalves (Ward and Shumway, 
2004; Rosa et al., 2018). In addition to being highly laborious and time-consuming, 
direct microscopy rarely enables accurate identification of similar taxa and small cells 
(Manoylov, 2014). In particular, food contents are often partially digested and 
morphologically altered, which accordingly hinders the acquisition of relevant 
information in the case of gut analyses (Sautour et al., 2000). Furthermore, pigment-
based methods are notably sensitive to pigment breakdown, and chlorophyll pigments 
tend to be broadly class-specific rather than specific to particular species (Irigoien et al., 
2004). In addition, pigment-based methods do not yield data for heterotrophic prey 
(Nejstgaard et al., 2008). Although the aforementioned two methods can be used in in 
situ studies, investigations of the selective feeding of bivalves have been hampered by 
the inaccurate and laborious identification and counting of microalgal species. Although 
isotopic labeling has been used to provide information on the feeding preferences of 
bivalves (Brillant and MacDonald, 2002; Fukumori et al., 2008), this technique is both a 
time-consuming and expensive approach to distinguishing microalgal species. 
Moreover, the use of stable isotope tracers does not precisely reflect the in situ food 
composition of predators in the natural environment (Schmidt et al., 2003). qPCR has 
the notable advantages of strong specificity, high sensitivity, good repeatability, and 
accuracy, and has been successfully applied to assess the selective feeding of bivalve 
larvae based on species-specific primers targeting microalgal 18S rDNA sequences 
(Liao et al., 2017). This technique is mainly used for qualitative and quantitative 
detection of known bait microalgae, which although suitable for ingestion experiments 
in the laboratory, cannot be effectively applied in characterizing the diets of bivalves in 
the natural environment. Consequently, the prevailing lack of information regarding in 
situ diets can largely be attributed to methodological deficiencies that have hindered our 
understanding of the selective feeding of bivalves. Nevertheless, in recent years, the 
rapid development of modern molecular biological techniques has offered new 
approaches for examining the in situ food composition of organisms (Jedlicka et al., 
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2017; Su et al., 2018). High-throughput sequencing is now more rapid, has higher 
throughput, is less costly, and has obvious advantages over the traditional methods of 
studying in situ bivalve diets. 

In this study, we performed high-throughput sequencing of the 23S rRNA gene to 
investigate the composition of phytoplankton in the hepatopancreases of M. meretrix 
and S. subcrenata reared in aquaculture ponds, along with samples of pond water and 
sediments. The objectives of this study were to analyze the composition of 
phytoplankton within the gut contents of M. meretrix and S. subcrenata, and thereby 
characterize the feeding selectivity of these two bivalve species on phytoplankton in the 
natural environment. 

Materials and methods 

Ethical statement 

All experiments conducted in this study were carried out in accordance with the Care 
and Use of Laboratory Animals guidelines formulated by the Ministry of Science and 
Technology of China. The protocol used in this study was approved by the Institutional 
Animal Care and Use Committee of Zhejiang Marine Fisheries Research Institute. 

 
Sample collection 

To examine the composition of phytoplankton potentially available as sources of 
food for the two bivalve species M. meretrix and S. subcrenata, we collected ambient 
four water samples and two sediment samples from two ponds at the Daishan Dongsha 
Aquafarm located in Zhoushan City, Zhejiang Province (30°18ʹ50ʺN; 122°8ʹ32ʺE), in 
December 2020. Control samples were collected from an area of the ponds devoid of 
bivalves. Biological samples of M. meretrix and S. subcrenata were collected 
simultaneously and stored at −4 °C for a short period of time prior to dissection. 

 
Sample preparation 

Samples of pond water (1 L) were filtered through 0.22 μm Millipore membranes, 
and membranes containing the filtered plankton were flash frozen and stored at −80 °C 
until used for DNA analysis. Sediment samples were sub-packaged into microtubes and 
stored at −80 °C until used for DNA analysis. To reduce diet profile differences among 
the bivalve individuals, the hepatopancreases of 10 individuals were pooled as a single 
composite sample for each pond, homogenized with a pestle in 5 mL microtubes, and 
stored at -80 °C until used for DNA analysis. 

 
High-throughput sequencing of phytoplankton and bioinformatic analysis 

Total genomic DNA was extracted from all samples using a FastDNA spin kit for 
soil (MP Biomedicals, OH, USA), following the manufacturer’s instructions. The 
quality of the DNA was verified by gel electrophoresis on 0.5% agarose gels, and DNA 
concentrations were determined using a NanoDrop spectrophotometer (NanoDrop 
Technologies, Wilmington, DE, USA). The primers p23SrV_f1 (5ʹ-GGA CAG AAA 
GAC CCT ATG AA-3ʹ) and p23SrV_r1 (5ʹ-TCA GCC TGT TAT CCC TAG AG-3ʹ) 
were used to amplify the 23S rDNA gene (Sherwood and Presting, 2007). Purified PCR 
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products were sequenced at Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, 
China) using the MiSeq platform (Illumina, San Diego, USA). 

The 23S rDNA sequences were processed using the QIIME (version 1.91) software 
package. The original sequence data were sorted into valid reads after demultiplexing 
and quality filtering, and the high-quality sequences thus obtained were clustered into 
operational taxonomic units (OTUs) with an identity threshold of 97%, using UPARSE 
(version 7.1 http://drive5.com/uparse/) with a novel “greedy” algorithm that performs 
simultaneous de novo-based chimera filtering and OTU clustering. The taxonomy of a 
representative sequence of each OTU was assigned using the Basic Local Alignment 
Search Tool (BLAST) in the NCBI database (http://www.ncbi.nlm.nih.gov). Following 
the exclusion of bacteria (all non-cyanobacteria) and unclassified sequences, 
phytoplankton sequences were selected for analysis of community composition based 
on taxonomic information. 

The sequencing data used in this study have been archived in the Sequence Read 
Archive (SRA) of the NCBI database under accession number SRP307598. 

 
Feeding selectivity analysis 

The selectivity of bivalves with respect to feeding on phytoplankton was evaluated 
using Ivlev’s electivity index (E) (Ivlev, 1961), calculated using the following formula: 

 
 E = (ri - pi)/(ri + pi) (Eq.1) 
 
In Equation 1, ri is the relative abundance of phytoplankton in the hepatopancreas 

sample from bivalves, and pi is the relative abundance of similar items in pond water. 
The calculated values of E range from -1.0 to + 1.0, with -1.0 ≤ E ≤ -0.3 indicating the 
avoidance or inaccessibility of a prey item, -0.3 < E < 0.3 indicating random selection 
from the environment, and 0.3 ≤ E ≤ 1.0 indicating active selection (Strauss, 1979; Puig 
et al., 2001). 

Results 

High-throughput sequencing data 

A total of 290,347 raw reads with an average read length of 368 nucleotides were 
obtained based on the high-throughput Illumina sequencing of all samples. After quality 
and chimera assessments and the removal of low-quality reads, a total of 263,314 clean 
reads and 334 OTUs were obtained (Table 1). Taxa were assigned to the representative 
sequences of each OTU using the NCBI database. On the basis of the taxonomic 
information thus obtained, the sequences were annotated to 20 different phyla (Fig. 1). 
In the control sample, Chrysophyta sequences accounted for the highest proportion of 
the total sequences (54.86%), followed by Chlorophyta (16.33%) and Cryptophyta 
(11.15%). In water samples, Cryptophyta showed the highest relative abundance 
(41.49%), followed by Chrysophyta (26.69%) and Chlorophyta (14.06%), whereas 
dominant phyla in the sediment samples were Cyanobacteria (56.88%) and 
Bacillariophyta (30.08%). In the hepatopancreas samples obtained from M. meretrix, 
Cyanobacteria (45.36%), and Proteobacteria (11.28%) were found to be dominant, 
whereas in samples obtained from S. subcrenata, Cyanobacteria (31.88%), Chlorophyta 
(23.89%), and Proteobacteria (13.67%) were predominant (Fig. 1). Following the 
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exclusion of bacteria (all non-cyanobacteria), zooplankton, macroalgae, and unclassified 
sequences, the remaining 216,910 sequences were assigned to the phytoplankton taxa 
(Table 1). The number of phytoplankton sequences was randomly rarefied to the 
number of sequences present in the sample with the lowest amount, which was used in 
further analyses of community composition and diversity. 

 
Table 1. The numbers of sequences in quality control analysis 

Samples 
Raw 
reads 

Clean 
reads 

Total 
OTUs 

Phytoplankton 
reads 

Control sample 62,630 54,962 152 52,716 

Water sample 62,914 55,651 175 54,314 

Sediment sample 64,269 55,506 219 51,362 

Hepatopancreas sample from Meretrix meretrix 47,655 46,595 78 26,854 

Hepatopancreas sample from Scapharca subcrenata 52,879 50,602 87 31,665 

Sum 290,347 263,314 334 216,910 

 
 

 

Figure 1. Circular representation of sequences assigned to 20 phyla and unclassified groups of 
phytoplankton 
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Phytoplankton community composition 

At the phylum level, we identified a total of nine phyla based on high-throughput 
sequencing, namely, Cyanophyta, Chrysophyta, Chlorophyta, Cryptophyta, 
Bacillariophyta, Euglenophyta, Dinophyta, Haptophyta, and Xanthophyta (Fig. 2a). In the 
control sample, Chrysophyta was found to be the predominant group, accounting for 
57.48% of the total phytoplankton community, followed by Chlorophyta (16.96%) and 
Cryptophyta (11.53%). In the water samples, Cryptophyta showed the highest relative 
abundance (46.00%), followed by Chrysophyta (25.39%) and Chlorophyta (14.21%), and 
in the sediment samples, Cyanophyta and Bacillariophyta comprised the largest 
proportions of phytoplankton, with relative abundances of 62.26% and 31.65%, 
respectively. No representatives of Xanthophyta were detected in sediment samples. In 
the hepatopancreas samples obtained from M. meretrix, only six phyla were identified, 
with Cyanophyta being the predominant group (76.36%), followed by Bacillariophyta 
(8.71%). No representatives of the phyla Dinophyta, Haptophyta, and Xanthophyta were 
detected in these samples. Seven phyla (excluding Euglenophyta and Haptophyta) were 
detected in the hepatopancreas samples of S. subcrenata, with Cyanophyta (60.22%) and 
Chlorophyta (32.08%) being characterized as the most prominent groups. 

At the genus level, we identified 57 genera based on high-throughput sequencing. In 
the control sample, Pseudopedinella was found to be the predominant group, accounting 
for 57.34% of the total phytoplankton, followed by Ostreococcus (13.37%). In the water 
samples, Teleaulax and Pseudopedinella represented the largest proportions of 
phytoplankton, with relative abundances of 43.48% and 25.28%, respectively, whereas 
large proportions of Synechococcus (55.52%) and Skeletonema (18.89%) were present in 
the sediment samples. In the hepatopancreas samples obtained from M. meretrix, 
Synechococcus (40.53%) and Phormidium (16.47%) were the predominant genera, 
whereas large proportions of Planktothricoides, Tetraselmis, Pleurocapsa, and 
Synechococcus were detected in the hepatopancreas samples obtained from S. subcrenata, 
with relative abundances of 25.46%, 24.75%, 20.95%, and 10.27%, respectively 
(Fig. 2b). 

 
Feeding selectivity of bivalves 

The feeding selectivity of bivalves on phytoplankton was evaluated based on Ivlev’s 
electivity index (Fig. 3). At the phylum level, the index values indicated that M. 
meretrix showed preferential selection for Cyanophyta (0.80) and Bacillariophyta 
(0.68), whereas it tends to avoid Dinophyta (-1.00), Haptophyta (-1.00), Xanthophyta (-
1.00), Cryptophyta (-0.81), Chrysophyta (-0.77), and Chlorophyta (-0.44), and appears 
to consume Euglenophyta according to availability. Comparatively, S. subcrenata was 
found to preferentially select Xanthophyta (0.82), Cyanophyta (0.75), and Chlorophyta 
(0.39), but appeared to avoid Euglenophyta (-1.00), Haptophyta (-1.00), Dinophyta (-
0.92), Cryptophyta (-0.84), Chrysophyta (-0.79), and Bacillariophyta (-0.70). At the 
genus level, M. meretrix showed a preference for 12 genera and a neutral response to 28 
genera (Table 2), whereas S. subcrenata showed a preferential selection for 16 genera 
but a neutral response to 27 genera (Table 2). Among the dominant genera in the 
samples (Fig. 2b), M. meretrix appears to actively select Phormidium (1.00), 
Pleurocapsa (0.98), Skeletonema (0.89), Synechococcus (0.68), Planktothricoides 
(0.48), and avoids Pseudopedinella (-1.00), Tetraselmis (-1.00), Ostreococcus (-1.00), 
and Teleaulax (-0.89). S. subcrenata actively selects Tetraselmis (1.00), Pleurocapsa 
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(0.99), Planktothricoides (0.99), and avoids Pseudopedinella (-1.00), Ostreococcus (-
1.00), Teleaulax (-0.88), and Skeletonema (-0.37), whereas Synechococcus is selected 
according to availability. 

 
Table 2. Selectivity of Meretrix meretrix and Scapharca subcrenata for phytoplankton at the 
genus level. Symbols “+”, “-” and “/” indicates active selection, avoidance and random 
selection, respectively 

Genus M. meretrix S. subcrenata 

Synechococcus  +  / 

Pseudopedinella - - 

Teleaulax - - 

Pleurocapsa  +   +  

Skeletonema  +  - 

Planktothricoides  +   +  

Tetraselmis -  +  

Ostreococcus - - 

Phormidium  +  / 

Eutreptiella / - 

Cyanobium  +   +  

Picochlorum  +   +  

Haslea - - 

Gloeotilopsis  +   +  

Microchloropsis  +   +  

Micromonas - - 

Halamphora - - 

Nostoc  +  - 

Kryptoperidinium - - 

Proteomonas / / 

Chrysochromulina - - 

Actinocyclus - - 

Synechocystis  +   +  

Lyngbya -  +  

Microcoleus  +  / 

Pyramimonas - - 

Oscillatoria /  +  

Anabaena /  +  

Jaaginema -  +  

Nitzschia - - 

Cyanobacterium /  +  

Pseudoscourfieldia - / 

Bathycoccus - - 

Vaucheria /  +  

Chondrocystis /  +  

Lusitaniella /  +  

Thermosynechococcus - - 

Trichodesmium - - 

Nephroselmis - - 

Heterosigma - - 

Marsupiomonas - - 

Picocystis - - 

Euglena - - 

Tisochrysis - - 

Mychonastes - - 

Spirulina - - 

Resultomonas - - 

Dangeardinia - - 
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Figure 2. Relative abundance of taxa in the phytoplankton community at the phylum (a) and 
genus (b) levels identified using high-throughput sequencing. The size of the circles shows 

proportions of sequences from each sample 
 
 

        

Figure 3. Heatmaps showing bivalve feeding selectivity on phytoplankton at the phylum (a) and 
genus (b) levels 
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Discussion 

During the course of their lifetime, bivalves feed exclusively on Phytoplankton, the 
availability of which is a key factor in determining growth and development, and is also 
an important factor affecting the sustainable development of aquaculture. The accuracy 
and precision of the methods used to analyze diets make an important contribution to 
theoretical studies of feeding, which is also vital to the application of research results in 
the practice of ecological aquaculture. In recent years, there have been notable advances 
with respect to the methodology used for dietary analyses (Leray et al., 2013; Leal et al., 
2016; Hirai et al., 2017), with high-throughput sequencing being increasingly more 
widely used by researchers, given its high efficiency. A number of marker genes 
(including 16S rRNA, 18S rDNA, and ITS) have been employed to characterize the 
feeding habits and intestinal microbial communities of aquatic animals (Borsodi et al., 
2017; Su et al., 2018; Yeh et al., 2020). The universal plastid amplicon (UPA), a fragment 
of the plastid 23S rRNA gene, can be used not only to eliminate the interference of 
bivalve host genes but also to identify both eukaryotic algae and cyanobacteria, which are 
widely used to study phytoplankton community structure and diversity (Sherwood and 
Presting, 2007; Li et al., 2016; Qiao et al., 2019). In the present study, we used sequences 
of the 23S rDNA gene as a marker, analyzed based Illumina sequencing, to assess the 
feeding preference of M. meretrix and S. subcrenata on phytoplankton in the same 
aquacultural ponds, knowledge of which is essential for gaining an understanding of 
aquatic food webs and facilitating the ecosystem-based management of aquaculture. 

In this study, we identified six phytoplankton phyla in hepatopancreas samples 
obtained from M. meretrix (Fig. 2a), among which, Cyanophyta was found to be the 
predominant group, followed by Bacillariophyta. Comparatively, seven phyla were 
detected in the hepatopancreas of S. subcrenata, with Cyanophyta and Chlorophyta 
featuring predominantly (Fig. 2a). In this regard, previous studies of the gut contents of 
more than 200 bivalve species (Hunt, 1925; Nelson, 1927, 1947; Hillman, 1965) have 
indicated that diatoms constitute the primary food source of bivalves (Rosa et al., 2018). 
We speculate that the disparity between these findings and those of the present study 
could be attributable to differences in the detection methods used. A majority of the 
previous studies have tended to use traditional microscopic techniques, amongst which 
light microscopy has notable limitations with respect to the identification and 
classification of phytoplankton with small cell sizes, particularly pico-sized and some 
small nano-sized phytoplankton (Manoylov, 2014; Qiao et al., 2019). In the present 
study, we identified the two algal genera Synechococcus and Phormidium as being 
dominant in the hepatopancreas samples obtained from M. meretrix, the diameters of 
which have previously been determined as ranging from 0.6 to 2.1 μm (Herdman et al., 
2001) and 0.7 to 6.3 μm (Marquardt and Palinska, 2007), respectively. In the 
hepatopancreas samples from S. subcrenata, we detected large proportions of the genera 
Planktothricoides, Tetraselmis, Pleurocapsa, and Synechococcus. Previous studies on 
the ultrastructure of Planktothricoides, Tetraselmis, and Pleurocapsa have shown that 
these three algal genera have respective length and width dimensions of 1.86 to 5.96 μm 
and 2.83 to 13.70 μm; 6 to 16 μm and 4 to 10.5 μm; and 1.5 μm and 0.2 μm (Wujek, 
1979; Hori et al., 1986; Tawong, 2017). Given these size ranges, these algae could 
easily evade detection by light microscopy. In recent years, an increasing number of 
studies have examined the contributions of picoplankton and other small particles 
(<4 μm) to bivalve growth (LeBlanc et al., 2012; Strøhmeier et al., 2012; Sonier et al., 
2016). These picoplankton are operationally defined as particles ranging in size from 



Qiao et al.: Selective feeding of two bivalve species on the phytoplankton community in an aquaculture pond revealed by high-
throughput sequencing 

- 4486 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4477-4491. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_44774491 
© 2021, ALÖKI Kft., Budapest, Hungary 

0.2 to 2 μm, among which are included cyanobacteria and small eukaryotes that can 
numerically dominate the seston (Rosa et al., 2018). Consequently, it is quite 
conceivable that the contribution of pico-sized and small nano-sized phytoplankton to 
bivalve energetics is notably higher than previously reported. 

Different bivalves have been found to have differing feeding preferences (Rosa et al., 
2018). For example, Shumway et al. (1985) have applied flow cytometric techniques 
(FCM) to study particle capture in Ostrea edulis and demonstrated that this species 
preferentially captures the dinoflagellate Prorocentrum minimum over a similarly sized 
diatom (Phaeodactylum tricornutum) and cryptophyte (Chroomonas salina). In juvenile 
scallops of three species (Placopecten magellanicus, Patinopecten yessoensis, and 
Argopecten irradians) simultaneously fed a total of six algal clones, clearance rates 
were monitored using FCM, the results of which indicated that in scallops fed natural 
assemblages of particles, clearance rates varied between species, with Placopecten 
generally having higher uptake rates for all three size classes of particles (3–5 μm, 5–
8 μm, > 8 μm) followed by Argopecten and Patinopecten. For the 8-μm size class of 
particles, Argopecten was found to have the highest clearance rate (Shumway et al., 
1997). In laboratory feeding experiments conducted by Tang et al. (2006), of the 
authors provided M. meretrix with five different species of marine microalgae 
(Isochrysis galbana, Dunaliella sp., Phaeodactylum tricornutum, Platymonas 
subcordiformis, and Pavlova viridis), both singly and in various mixtures, and 
accordingly found that the larvae of this bivalve were characterized by selective feeding 
behavior, with a preference for I. galbana. In the present study, we found that M. 
meretrix showed a clear preference for Cyanophyta (Phormidium, Pleurocapsa, 
Synechococcus) and Bacillariophyta (Skeletonema), whereas S. subcrenata 
preferentially selected Xanthophyta (Vaucheria), Cyanophyta (Pleurocapsa and 
Planktothricoides), and Chlorophyta (Tetraselmis) (Fig. 3; Table 2). 

The selective feeding of bivalves on phytoplankton is potentially associated with 
multiple factors, including cell size and shape and the quality, quantity, and availability of 
food (Tang et al., 2006; Chen et al., 2015; Rosa et al., 2013, 2015, 2018). Feeding 
selectivity based on particle size has been found to differ among bivalve species, and is 
probably dependent on bivalve ctenidial architecture and laterofrontal cilia/cirri 
microstructure (Rosa et al., 2018). In this regard, mussels have a filibranchiate 
homorhabdic ctenidium with large compound laterofrontal cirri that are highly efficient 
with respect to capturing particles ranging in size from 4 μm to 10 μm (Riisgård, 1988; 
Rosa et al., 2015, 2018). Compared with mussels, oysters have a pseudolamellibranchiate 
heterorhabdic ctenidium with well-developed laterofrontal cirri (Owen and McCrae, 
1976; Ribelin and Collier, 1977), which generally have a higher capture efficiency for 
particles that are larger in size by more than 3 μm (Rosa et al., 2018). Moreover, scallops 
have a filibranchiate heterorhabdic ctenidium with a single row of laterofrontal cilia 
(Owen and McCrae, 1976; Beninger, 1991) and have been reported to have low capture 
efficiency for 2–7 μm particles (Møhlenberg and Riisgård, 1978; Riisgård, 1988). 

In addition to cell size, the feeding behavior of some bivalves might also be 
associated with a requirement for certain essential nutrients (Caers et al., 1999; Tang et 
al., 2006; Chen et al., 2015). For example, studies have shown that higher 
eicosapentaenoic acid and arachidonic acid levels in the diet appear to have a positive 
effect on the total hemocyte count, granulocyte percentage, phagocytic rate, oxidative 
activity, and immunity of bivalves (Delaporte et al., 2003, 2006). Microalgae commonly 
used as aquaculture feeds include Phormidium, Skeletonema, Thalassiosira, 
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Tertraselmis, Pavlova, Isochrysis, and Nannochloropsis, which are noted for their high 
nutritional value, particularly their high contents of polyunsaturated fatty acids (Muller-
Feuga et al., 2003; Thajuddin and Subramanian, 2005). In addition, phytoplankton 
motility may influence the feeding preferences of bivalves. In the present study, we 
observed that both M. meretrix and S. subcrenata appeared to avoid consuming 
Pseudopedinella and Teleaulax (Fig. 3; Table 2), even though these two genera were 
predominant groups in the assessed water samples (Fig. 2b). The phytoplankton in these 
two genera are characterized by flagella, which play an important motility-related role 
by pulling cells in a forward direction (Heimann et al., 1989; Laza-Martínez et al., 
2012; Gerea et al., 2016). This motility presumably enables the cells to evade capture by 
bivalves, and conceivably accounts for their higher relative abundance in water samples. 

It should be noted that the findings of the present study are based on only a single 
sampling survey conducted on water samples and organisms collected from aquaculture 
ponds, and consequently, we have not been able to assess differences in the feeding 
selectivity of bivalves during different periods of aquaculture. Accordingly, it is 
necessary to carry out continuous monitoring surveys to examine differences in the 
feeding selectivity of different bivalve species during the different stages of culture. 
Nevertheless, the findings of this study do provide a useful foundation for future studies 
on the feeding selectivity of bivalves in natural environments using high-throughput 
sequencing technology. 

Conclusions 

In this study, we performed high-throughput sequencing to characterize the 
phytoplankton compositions of water and sediments and gut contents of the bivalves M. 
meretrix and S. subcrenata in samples collected from aquaculture ponds. In the water 
samples, we found Cryptophyta to have the highest relative abundance, followed by 
Chrysophyta and Chlorophyta, whereas in sediment samples, Cyanophyta and 
Bacillariophyta comprised a large proportion of the phytoplankton population. 
Phytoplankton within six phyla were identified in hepatopancreas samples obtained 
from M. meretrix, among which, Cyanophyta was found to be the predominant group, 
followed by Bacillariophyta. Similarly, we detected seven phyla of phytoplankton in 
hepatopancreas samples obtained from S. subcrenata, among which, Cyanophyta and 
Chlorophyta predominated. Using Ivlev’s electivity index to evaluate the feeding 
selectivity of the two bivalve species, we established that M. meretrix preferentially 
selects phytoplankton within the phyla Cyanophyta and Bacillariophyta, whereas S. 
subcrenata was characterized by a preference for Xanthophyta, Cyanophyta, and 
Chlorophyta. At the genus level, M. meretrix showed a preference for 12 genera, 
including Phormidium, Pleurocapsa, Skeletonema, Synechococcus, and 
Planktothricoides, whereas S. subcrenata preferentially selects 16 genera, among which 
were Tetraselmis, Pleurocapsa, and Planktothricoides. In the future study, it is 
necessary to carry out continuous monitoring surveys to examine differences in the 
feeding selectivity of different bivalve species during the different stages of culture. 

Acknowledgements. This study was supported by the Science and Technology Planning Project of 
Zhejiang Marine Fisheries Research Institute (HYS-ZY-202101), the Start-up Foundation for Doctors of 
Zhejiang Ocean University (11034150220004), and the Natural Science Foundation of Zhejiang Province 
(LQ20D030002). 



Qiao et al.: Selective feeding of two bivalve species on the phytoplankton community in an aquaculture pond revealed by high-
throughput sequencing 

- 4488 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4477-4491. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_44774491 
© 2021, ALÖKI Kft., Budapest, Hungary 

REFERENCES 

[1] Beninger, P. G. (1991): Structures and Mechanisms of Feeding in Scallops: Paradigms 
and Paradoxes. – In: Shumway, S. E. (ed.) An International Compendium of Scallop 
Biology and Culture. Baton Rouge, LA, pp. 331-340. 

[2] Borsodi, A. K., Szabó, A., Krett, G., Felfldi, T., Boros, G. (2017): Gut content microbiota 
of introduced bigheaded carps (Hypophthalmichthys spp.) inhabiting the largest shallow 
lake in Central Europe. – Microbiological Research 195: 40-50. 

[3] Brillant, M., MacDonald, B. A. (2002): Postingestive selection in the sea scallop 
(Placopecten magellanicus) on the basis of chemical properties of particles. – Marine 
Biology 141(3): 457-465. 

[4] Caers, M., Coutteau, P., Sorgeloos, P. (1999): Dietary impact of algal and artificial diets, 
fed at different feeding rations, on the growth and fatty acid composition of Tapes 
philippinarum (L.) spat. – Aquaculture 170(3): 307-322. 

[5] CFSY (2020): China Fishery Statistical Yearbook. – China Agriculture Publishing House, 
Beijing. 

[6] Chen, S. M., Tseng, K. Y., Huang, C. H. (2015): Fatty acid composition, sarcoplasmic 
reticular lipid oxidation, and immunity of hard clam (Meretrix lusoria) fed different 
dietary microalgae. – Fish and Shellfish Immunology 45(1): 141-145. 

[7] Delaporte, M., Soudant, P., Moal, J., Lambert, C., Samain, J. F. (2003): Effect of a mono-
specific algal diet on immune functions in two bivalve species - Crassostrea gigas and 
Ruditapes philippinarum. – Journal of Experimental Biology 206(Pt 17): 3053-3064. 

[8] Delaporte, M., Soudant, P., Moal, J., Giudicelli, E., Lambert, C., Séguineau, C., Samain, 
J. (2006): Impact of 20:4n-6 supplementation on the fatty acid composition and hemocyte 
parameters of the pacific oyster Crassostrea gigas. – Lipids 41: 567-576. 

[9] Fukumori, K., Oi, M., Doi, H., Okuda, N., Yamaguchi, H., Kuwae, M., Miyasaka, H., 
Yoshino, K., Koizumi, Y., Omori, K., Takeoka, H. (2008): Food sources of the pearl 
oyster in coastal ecosystems of Japan: evidence from diet and stable isotope analysis. – 
Estuarine Coastal and Shelf Science 76(3): 704-709. 

[10] Gerea, M., Saad, J. F., Izaguirre, I., Queimalinos, C., Unrein, F. (2016): Presence, 
abundance and bacterivory of the mixotrophic algae Pseudopedinella 
(Dictyochophyceae) in freshwater environments. – Aquatic Microbial Ecology 76(3): 
219-232. 

[11] Heimann, K., Benting, J., Timmermann, S., Melkonian, M. (1989): The flagellar 
developmental cycle in algae: two types of flagellar development in uniflagellate algae. – 
Protoplasma 153(1-2): 14-23. 

[12] Herdman, H., Castenholz, R. W., Waterbury, J. B., Rippka, R. (2001): Form-Genus XIII. 
Synechococcus. – In: Boone, D. R., Castenholz, R. W. (eds.), Bergey’s Manual of 
Systematic Bacteriology. Springer-Verlag, New York, pp. 508-512. 

[13] Hillman, R. E. (1965): The American oyster, Crassostrea virginica gmelin. – Chesapeake 
Science 6: 199. 

[14] Hirai, J., Hidaka, K., Nagai, S., Ichikawa, T. (2017): Molecular-based diet analysis of the 
early post-larvae of Japanese sardine Sardinops melanostictus and Pacific round herring 
Etrumeus teres. – Marine Ecology Progress 564(564): 99-113. 

[15] Hori, T., Norris, R. E., Chihara, M. (1986): Studies on the ultrastructure and taxonomy of 
the Genustetraselmis (Prasinophyceae). – The Botanical Magazine, Tokyo 99(1): 123-
135. 

[16] Hunt, O. D. (1925): The food of the bottom fauna of the Plymouth fishing grounds. – 
Journal of the Marine Biological Association of the United Kingdom 13: 560-599. 

[17] Irigoien, X., Meyer, B., Harris, R., Harbour, D. (2004): Using HPLC pigment analysis to 
investigate phytoplankton taxonomy: the importance of knowing your species. – 
Helgoland Marine Research 58(2): 77-82. 



Qiao et al.: Selective feeding of two bivalve species on the phytoplankton community in an aquaculture pond revealed by high-
throughput sequencing 

- 4489 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4477-4491. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_44774491 
© 2021, ALÖKI Kft., Budapest, Hungary 

[18] Ivlev, V. S. (1961): Experimental Ecology of the Feeding of Fish. – Yale University Press 
New Haven, CT. 

[19] Jedlicka, J., Vo, A., Almeida, R. (2017): Molecular scatology and high-throughput 
sequencing reveal predominately herbivorous insects in the diets of adult and nestling 
Western Bluebirds (Sialia mexicana) in California vineyards. – The Auk 134(1): 116-
127. 

[20] Laza-Martínez, A., Arluzea, J., Miguel, I., Orive, E. (2012): Morphological and 
molecular characterization of Teleaulax gracilis sp. nov. and T. minuta sp. nov. 
(Cryptophyceae). – Phycologia 36(1): 37-52. 

[21] Leal, M. C., Ferrier-Pagès, C. (2016): Molecular trophic markers in marine food webs 
and their potential use for coral ecology. – Marine Genomics 29: 1-7. 

[22] Leblanc, A., Arnold, A. A., Genard, B., Nadalini, J. B., Heine, M., Marcotte, I., 
Tremblay, R., Sleno, L. (2012): Determination of isotopic labeling of proteins by 
precursor ion scanning liquid chromatography/tandem mass spectrometry of derivatized 
amino acids applied to nuclear magnetic resonance studies. – Rapid Communications in 
Mass Spectrometry 26(10): 1165-1174. 

[23] Leray, M., Yang, J. Y., Meyer, C. P., Mills, S. C. (2013): A new versatile primer set 
targeting a short fragment of the mitochondrial COI region for metabarcoding metazoan 
diversity: application for characterizing coral reef fish gut contents. – Frontiers in 
Zoology 10(1): 1-14. 

[24] Li, G., Dong, H., Hou, W., Wang, S., Jiang, H., Yang, J., Wu, G. (2016): Temporal 
Succession of Ancient Phytoplankton Community in Qinghai Lake and Implication for 
Paleo-environmental Change. – Scientific Reports 6: 19769. 

[25] Liao, K., Chen, W., Zhang, R., Zhou, H., Yan, X. (2017): qPCR analysis of bivalve 
larvae feeding preferences when grazing on mixed microalgal diets. – Plos One 12(6): 
e0180730. 

[26] Manoylov, K. M. (2014): Taxonomic identification of algae (morphological and 
molecular): species concepts, methodologies, and their implications for ecological 
bioassessment. – Journal of Phycology 50(3): 409-424. 

[27] Mao, Y., Lin, F., Fang, J., Fang, J., Li, J., Du, M. (2019): Bivalve Production in China. – 
In: Smaal, A., Ferreira, J., Grant, J., Petersen, J., Strand, Ø. (eds.) Goods and Services of 
Marine Bivalves. Springer, Cham. 

[28] Marquardt, J., Palinska, K. A. (2007): Genotypic and phenotypic diversity of 
cyanobacteria assigned to the genus Phormidium (Oscillatoriales) from different habitats 
and geographical sites. – Archives of Microbiology 187(5): 397-413. 

[29] Møhlenberg, F., Riisgård, H. U. (1978): Efficiency of particle retention in 13 species of 
suspension feeding bivalves. – Ophelia 17: 239-246. 

[30] Muller-Feuga, A., Moal, J., Kaas, R. (2003): The Microalgae of Aquaculture. – In: 
Stottrup, J. G., McEvoy, L. A. (eds.) Live Feeds in Marine Aquaculture. Blackwell 
Science, Oxford, pp. 206-252. 

[31] Murphy, A. E., Anderson, I. C., Smyth, A. R., Song, B., Luckenbach, M. W. (2016): 
Microbial nitrogen processing in hard clam (Mercenaria mercenaria) aquaculture 
sediments: the relative importance of denitrification and dissimilatory nitrate reduction to 
ammonium (DNRA). – Limnology and Oceanography 61(5): 1589-1604. 

[32] Nejstgaard, J. C., Frischer, M. E., Simonelli, P., Troedsson, C., Brakel, M., Adiyaman, F., 
Sazhin，A. F., Artigas, L. F. (2008): Quantitative PCR to estimate copepod feeding. – 
Marine Biology 153(4): 565-577. 

[33] Nelson, T. C. (1927): The mechanism of feeding in the oyster. – Proceedings of the 
Society for Experimental Biology and Medicine 21: 166-168. 

[34] Nelson, T. C. (1947): Some contributions from the land in determining conditions of life 
in the sea. – Ecological Monographs 17: 337-346. 



Qiao et al.: Selective feeding of two bivalve species on the phytoplankton community in an aquaculture pond revealed by high-
throughput sequencing 

- 4490 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4477-4491. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_44774491 
© 2021, ALÖKI Kft., Budapest, Hungary 

[35] Newell, R. I. (2004): Ecosystem influences of natural and cultivated populations of 
suspension-feeding bivalve molluscs: a review. – Journal of Shellfish Research 23(1): 51-
62. 

[36] Newell, R. I. E., Ott, J. A. (1999): Macrobenthic Communities and Eutrophication. – In: 
Malone, T. C., Smadlaka, N. A., Malej, A., Harding, L. W. Jr. (eds.) Ecosystems at the 
Land–Sea Margin: Drainage Basin to Coastal Sea. Coastal and Estuarine Comparisons 
series. American Geophysical Union, Washington, DC. 

[37] Owen, G., Mccrae, J. M. (1976): Further studies on the latero-frontal tracts of bivalves. – 
Proceedings of the Royal Society of London 194(1117): 527-544. 

[38] Pales Espinosa, E., Cerrato, R. M., Wikfors, G. H., Allam, B. (2016): Modeling food 
choice in the two suspension-feeding bivalves, Crassostrea virginica and Mytilus edulis. 
– Marine Biology 163(2): 1-13. 

[39] Puig, S., Videla, F., Cona, M. I., Monge, A. S. (2001): Use of food availability by 
guanacos (Lama guanicoe) and livestock in Northern Patagonia (Mendoza, Argentina). – 
Journal of Arid Environments 47: 291-308. 

[40] Qiao, L., Chang, Z., Li, J., Chen, Z., Yang, L., Luo, Q. (2019): Phytoplankton community 
structure and diversity in the indoor industrial aquaculture system for Litopenaeus 
vannamei revealed by high-throughput sequencing and morphological identification. – 
Aquaculture Research 50: 2563-2576. 

[41] Ribelin, B. W., Collier, A. (1977): Studies on the gill ciliation of the American oyster 
Crassostrea virginica (gmelin). – Journal of Morphology 151(3): 439-449. 

[42] Riisgård, H. U. (1988): Efficiency of particle retention and filtration rate in 6 species of 
northeast American bivalves. – Marine Ecology Progress Series 45(3): 217-223. 

[43] Rosa, M., Ward, J. E., Shumway, S. E., Wikfors, G. H., Pales-Espinosa, E., Allam, B. 
(2013): Effects of particle surface properties on feeding selectivity in the eastern oyster 
Crassostrea virginica and the blue mussel Mytilus edulis. – Journal of Experimental 
Marine Biology & Ecology 446: 320-327. 

[44] Rosa, M., Ward, J. E., Ouvrard, M., Holohan, B. A., Espinosa, E. P., Shumway, S. E., 
Allam, B. (2015): Examining the physiological plasticity of particle capture by the blue 
mussel, Mytilus edulis (L.): confounding factors and potential artifacts with studies 
utilizing natural seston. – Journal of Experimental Marine Biology and Ecology 473: 207-
217. 

[45] Rosa, M., Ward, J. E., Shumway, S. E. (2018): Selective capture and ingestion of 
particles by suspension-feeding bivalve molluscs: a review. – Journal of Shellfish 
Research 37(4): 727-746. 

[46] Sautour, B., Artigas, L. F., Delmas, D., Herbland, A., Laborde, P. (2000): Grazing impact 
of micro- and mesozooplankton during a spring situation in coastal waters off the 
Gironde estuary. – Journal of Plankton Research 22(3): 531-552. 

[47] Schmidt, K., Atkinson, A., Stübing, D., Mcclelland, J. W., Montoya, J. P., Voss, M. 
(2003): Trophic relationships among Southern Ocean copepods and krill: some uses and 
limitations of a stable isotope approach. – Limnology and Oceanography 48(1): 277-289. 

[48] Sherwood, A. R., Presting, G. G. (2007): Universal primers amplify a 23S rDNA plastid 
marker in eukaryotic algae and cyanobacteria. – Journal of Phycology 43(3): 605-608. 

[49] Shumway, S. E., Cucci, T. L., Newell, R. C., Selvin, R., Guillard, R. R. L., Yentsch, C. 
M. (1985): Flow cytometry: a new method for characterization of differential ingestion, 
digestion and egestion by suspension feeders. – Marine Ecology Progress Series 24: 201-
204. 

[50] Shumway, S. E., Cucci, T. L., Lesser, M. P., Bourne, N., Bunting, B. (1997): Particle 
clearance and selection in three species of juvenile scallops. – Aquaculture International 
5(1): 89-99. 

[51] Smyth, A. R., Geraldi, N. R., Piehler, M. F. (2013): Oyster-mediated benthic-pelagic 
coupling modifies nitrogen pools and processes. – Marine Ecology Progress Series 493: 
23-30. 



Qiao et al.: Selective feeding of two bivalve species on the phytoplankton community in an aquaculture pond revealed by high-
throughput sequencing 

- 4491 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4477-4491. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_44774491 
© 2021, ALÖKI Kft., Budapest, Hungary 

[52] Sonier, R., Filgueira, R., Guyondet, T., Olivier, F., Meziane, T., Starr, M., LeBlanc, A. 
R., Comeau, L. A. (2016): Picoplankton contribution to Mytilus edulis growth in an 
intense culture environment. – Marine Biology 163: 73-85. 

[53] Strauss, R. E. (1979): Reliability Estimates for Ivlevˈs Electivity Index, the Forage Ratio, 
and a Proposed Linear Index of Food Selection. – Transactions of the American Fisheries 
Society 108(4): 344-352. 

[54] Strøhmeier, T., Strand, Ø., Alunno-Bruscia, M., Duinker, A., Cranford, P. J. (2012): 
Variability in particle retention efficiency by the mussel Mytilus edulis. – Journal of 
Experimental Marine Biology and Ecology 412: 96-102. 

[55] Su, M., Liu, H., Liang, X., Gui, L., Zhang, J. (2018): Dietary analysis of marine fish 
species: enhancing the detection of prey-specific DNA sequences via high-throughput 
sequencing using blocking primers. – Estuaries and Coasts 41(2): 1-12. 

[56] Tang, B., Liu, B., Wang, G., Tao, Z., Xiang, J. (2006): Effects of various algal diets and 
starvation on larval growth and survival of Meretrix meretrix. – Aquaculture 254(1-4): 
526-533. 

[57] Tawong, W. (2017): Diversity of the potential 2-methylisoborneol-producing genotypes 
in Thai strains of Planktothricoides (cyanobacteria). – Brazilian Archives of Biology and 
Technology 60: e17160567. 

[58] Thajuddin, N., Subramanian, G. (2005): Cyanobacterial biodiversity and potential 
applications in biotechnology. – Current Science 89(1): 47-57. 

[59] Ward, J. E., Shumway, S. E. (2004): Separating the grain from the chaff: particle 
selection in 720 suspension- and deposit-feeding bivalves. – Journal of Experimental 
Marine Biology and Ecology 300: 83-130. 

[60] Wujek, D. E. (1979): Intracellular bacteria in the blue-green alga Pleurocapsa minor. – 
Transactions of the American Microscopical Society 98(1): 143-145. 

[61] Yeh, H. D., Questel, J. M., Maas, K. R., Bucklin, A. (2020): Metabarcoding analysis of 
regional variation in gut contents of the copepod Calanus finmarchicus in the North 
Atlantic Ocean. – Deep Sea Research Part II Topical Studies in Oceanography 180: 
104738. 



Ren et al.: Comparison of plant functional traits between wild and reintroduced Sinojackia huangmeiensis 
- 4493 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4493-4504. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_44934504 
© 2021, ALÖKI Kft., Budapest, Hungary 

COMPARISON OF PLANT FUNCTIONAL TRAITS BETWEEN 
WILD AND REINTRODUCED SINOJACKIA HUANGMEIENSIS, A 

RARE AND ENDANGERED PLANT 

REN, Z. K.1 – WANG, S. T.2 – YANG, T.2 – JIANG, M. X.2* – DU, K. B.1* 

1College of Horticulture and Forestry Sciences, Huazhong Agricultural University, Wuhan 
430070, Hubei, China 

2Key Laboratory of Aquatic Botany and Watershed Ecology, Wuhan Botanical Garden, Chinese 
Academy of Sciences, Wuhan 430074, China 

*Corresponding authors 
e-mail: mxjiang@wbgcas.cn; kebingdu@mail.hzau.edu.cn 

(Received 29th May 2021; accepted 4th Sep 2021) 

Abstract. Sinojackia huangmeiensis is a rare and endangered plant in China. To help protect 
S. huangmeiensis, we have implemented its reintroduction via augmentation and translocation. Here, we 
compared the morphological, anatomical, and ecophysiological traits of leaves of wild and reintroduced 
(augmented and translocated) plants. Leaf thickness, leaf area, and dry matter content of the trunk leaves 
were highest for augmented plants, intermediate for wild plants, and lowest for translocated plants. 
Specific leaf area of the trunk leaves was largest for translocated plants, intermediate for wild plants, and 
smallest for augmented plants. The ratio of palisade tissue to spongy tissue in trunk leaves was lower in 
both augmented plants and translocated plants than in wild plants. The maximum photosynthetic rate of 
augmented and translocated plants was similar and higher than that of wild plants. Water-use efficiency 
was highest for wild plants and lowest for augmented plants. We found that S. huangmeiensis was a 
mesophyte. It could tolerate a wide range of light conditions and had strong ecophysiological adaptability. 
Our findings suggest that S. huangmeiensis, and perhaps other endangered plants that have narrow 
distributions and that produce sprouts, can be transplanted with trunk and sprouts together in order to 
increase their survival. 
Keywords: ecophysiological traits, mesophyte, morphological and anatomical traits, sprout, 
augmentation, translocation 

Introduction 

With population growth and urbanization, human activities directly and indirectly 
have led to a heightened risk of extinction for about 20% of plants in the world 
(Sharrock and Wyse Jackson, 2017). In China, about 12% of the 35000 species of 
higher plants (bryophytes, ferns and seed plants) are under threat (Qin and Zhao, 2017). 
Because these threatened plants are important parts of ecosystems, they require 
conservation. 

There are three approaches to plant conservation: in situ conservation, ex situ 
conservation, and reintroduction. Reintroduction is the deliberate establishment of 
individuals of a species in an area or habitat where it has become extirpated with the 
aim of establishing a viable, self-sustaining population. Plant reintroduction can involve 
the establishment of an extirpated species in a relatively intact habitat or it can be part 
of the restoration of a degraded habitat (Maunder, 1992). As a conservation measure, 
reintroduction is more effective than simple in situ conservation and single ex situ 
conservation, and can save and protect extremely small populations of wild plants 
(Yang et al., 2020). The three types of reintroduction include augmentation (adding 
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more individuals to an existing population), restitution or reintroduction (reintroducing 
individuals to a population that has disappeared in an area), and translocation (Liu et al., 
2015; Ren, 2020). While augmentation and reintroduction increase the abundance of the 
species in the native area, translocation can introduce the species to a new area. To date, 
more than 1000 plant reintroduction studies have been reported in the world. These 
studies have investigated physiological ecology, morphological anatomy, and functional 
traits (Catoni and Gratani, 2013); population dynamics, genetic diversity, and 
population persistence (Maschinski and Haskins, 2012; Taylor et al., 2017; Ren, 2020); 
and levels from the organ to the individual, population, metapopulation, and ecosystem 
(Seddon, 2010; Godefroid and Vanderborght, 2011). The main reproductive materials 
used in plant reintroductions are seeds, seedlings, grafted seedlings, cutting seedlings, 
tissue culture seedlings, and rarely, sprouting seedlings (Bond and Midgley, 2001; Ren, 
2020). 

Some woody plants can also regenerate naturally by producing seeds and by 
sprouting (Lu et al., 2020). Sprouting can increase the stability of plant populations 
under adversity (del Tredici, 2001; Lu et al., 2020). Researchers have speculated that 
the production of multiple sprouts by one root system increases a plant’s ability to resist 
competition and herbivory early in the regeneration process (Pigott, 1989; Lu et al., 
2020). The survival and growth of sprouts are affected by canopy tree species and 
microhabitat properties (Ahrens and Newton, 2008). For understory plants, basal 
sprouting is an important mechanism for promoting both survival under closed-canopy 
conditions and vegetative expansion when a canopy gap develops. At exposed sites or 
near the limits of a species range, the production of basal sprouts allows plants to spread 
into adjacent areas, thereby circumventing the difficult process of seedling 
establishment (Del Tredici, 2001). 

Sinojackia huangmeiensis is a small deciduous tree or shrub in the family 
Styracaceae. It has a high ornamental value because of its flowers and fruit (Fig. 1). It is 
endemic to China and its wild individuals are currently distributed only in the secondary 
forest in the Longganhu National Wetland Nature Reserve, Huangmei County, Hubei 
Province (Wang et al., 2018). The distribution of S. huangmeiensis is narrow, with an 
area of only about 0.33 ha. Because of habitat destruction, logging, termite grazing, 
hard peel of fruits, and poor germination, only 501 individuals have been found in the 
field, and these face a high risk of extinction (Wei et al., 2018). S. huangmeiensis is a 
rare and endangered species and is listed as one of the 120 plant species with extremely 
small populations in China (Wang et al., 2018). 
 

  

Figure 1. The flowers and fruits of Sinojackia huangmeiensis 
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Previous studies have shown that the wild population of S. huangmeiensis can 
naturally recruit new individuals, but its age structure includes only a low proportion of 
young individuals, and every wild individual produces sprouts (Wang et al., 2018). The 
population has a clustered distribution (Luo et al., 2016), and its genetic diversity is low 
(Ruan et al., 2012; Zhao et al., 2016; Gao et al., 2018; Dong et al., 2020). In the same 
community, the leaf functional traits of S. huangmeiensis vary among different 
microhabitats (Wang et al., 2019). The seed setting rate and germination rate of 
S. huangmeiensis are very low (Zhang et al., 2008). However, it can be propagated via 
cuttings. The fruit size of the wild S. huangmeiensis plants is similar to that of ex situ 
conserved plants (Liu et al., 2018). To date, there have been no reintroduction studies of 
S. huangmeiensis, or studies that have compared the morphological, anatomical, and 
ecophysiological traits of wild plants and reintroduced plants (including sprouts). 
Investigation of these variables should help explain the success or failure of 
S. huangmeiensis reintroduction and the plant’s potential adaptive mechanisms. 

In this study of S. huangmeiensis, we compared the morphological, anatomical, and 
ecophysiological traits of wild plants, augmented plants, and translocated plants. We 
attempted to answer the following three questions: (1) Does S. huangmeiensis have a 
wide or narrow range of light intensity preference? (2) How do the morphological, 
anatomical, and ecophysiological traits of leaves differ between “trunk leaves” (those 
that extend from the trunk) and “sprout leaves” (those that extend from sprouts)? and 
(3) To what extent are reintroduced plants ecologically adaptable? The results should 
provide useful information for the protection and utilization of S. huangmeiensis. 

Materials and methods 

Study area 

The study was concurrently conducted at three sites. The first site was the core area 
of the Longanhu National Nature Reserve, Huangmei County, Hubei Province, central 
China (29°59' N, 116°01' E, hereafter referred to as LGH or the wild population site). 
LGH is an original distribution area of S. huangmeiensis. It has a subtropical monsoon 
climate, with a mean annual temperature of 17.3℃ and a total annual rainfall of 
1431 mm. The altitude is about 31 m. LGH has a red soil, and its climax plant 
community is subtropical evergreen broad-leaved forest (Liu et al., 2018). The second 
site was at the experimental area of the Longanhu National Nature Reserve (hereafter 
referred to as AUG or the augmentation site). Augmentation was conducted to increase 
the number of individuals near the wild population, and these individuals were derived 
from cuttings from different wild individuals so as to provide genetic diversity. The 
distance between the core area and experimental area was about 300 m. The third site 
was at the Wuhan Botanical Garden (30º32’N, 114º24’E, hereafter referred to as WBG 
or the translocation site), Wuhan City, Hubei Province, China. WBG is about 200 km 
from the original distribution area of S. huangmeiensis. It also has a subtropical 
monsoon climate, with a mean annual temperature of 17.1℃ and a total annual rainfall 
of 1308 mm. The altitude is about 80 m. WBG has a red soil (Liu et al., 2018). The 
climate at WBG is colder and dryer than that at LGH and AUG. We hoped to 
successfully translocate S. huangmeiensis to WBG in order to establish a new 
population and also to enable the assessment of climate effects on this species. 
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Sample plant selection 

In August 2020, three wild plants (including sprouts) were selected at the LGH site, 
and three augmented plants were selected at the AUG site; the latter augmented plants 
were 3 years old and were derived from cuttings. The augmented plants were also 
watered in the dry season and fertilized once each year. Three translocated plants 
(including sprouts) were selected at the WBG site; these translocated plants were 10 
years old cuttings seedlings planted under the plantation canopy and that were growing 
naturally without a fence (Fig. 2). 

 

   

Figure 2. The habitat of wild, augmented, and translocated S. huangmeiensis plants at three 
sites (From left to right) 

 
The height, diameter at breast height, trunk diameter at the soil surface, and crown 

width of each of the nine S. huangmeiensis trees were measured in the field, and the 
numbers of sprouts were counted. The habitat characteristics of the sites and the plant 
traits are listed in Table 1. 

Measurement of morphological and anatomical traits 

In August 2020, we counted the sprouts and fruits for each of the three 
S. huangmeiensis trees at each site, and we used a Vernier caliper to measure the 
diameter of 10 fruits from each tree. A Vernier caliper was also used to measure the 
thickness of 10 leaves from each trunk and sprout of each tree at each site. We also 
collected 20 mature leaves from the trunk and one sprout of each S. huangmeiensis 
plant; these were transported in an ice chest to the laboratory where leaf area, leaf dry 
matter content, specific leaf area, and the thickness of palisade tissue and spongy tissue 
were measured; tissue thickness was measured by making freehand slices 
(Soudzilovskaiaa et al., 2013; Ren et al., 2019). 
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Table 1. The habitat and description of wild, augmented, and translocated S. huangmeiensis 
plants at three sites. Values are means + SD of three trees per site 

Variable 
Site 

LGH (wild plants) AUG (augmented plants) WBG (translocated plants) 

Vegetation Secondary forest Field Plantation 

Dominant species 
Cinnamomum camphora 
(L.) Presl, Pinus elliottii, 

Magnolia zenii Cheng 
- 

Quercus acutissima, Ilex 
cornuta, Celtis sinensis 

Light transmittance (%) 9.2±2.9 100±0 8.2±1.6 

Soil type Red soil Red soil Red soil 

Number of individuals 
measured 

3 3 3 

Age (years) - 3 10 

Diameter at breast 
height (cm) 

5.6±1.3 2.9±0.4 5.8±1.5 

Trunk diameter (cm) 7.1±2.3 4.6±0.6 7.1±2.0 

Height (m) 3.2±0.7 2.2±0.3 2.6±0.6 

 
 
Measurement of ecophysiological traits 

The light saturation point (LSP), light compensation point (LCP), light-saturated net 
photosynthetic rate (Pmax), dark respiration rate (RD), and water-use efficiency (WUE) 
were measured on one mature leaf of the trunk and one mature leaf of a sprout of each 
of the three trees at the LGH, AGU, and WBG sites. A portable photosynthesis 
apparatus (Lci-T, Bioscientific Ltd., UK) was used to measure the light response curves 
of leaves on a sunny morning between 8:30 and 12:00 am in August 2020. The chamber 
temperature was set at 25°C and the reference CO2 concentration was set at 400 μmol 
mol−1, which were similar to the ambient environment. In order from strong to weak, 
the light intensity was manually set at 1600, 1400, 1200, 1000, 800, 600, 400, 200, 100, 
50, 20, and 0 μmol·m-2·s-1 (Nijs et al., 1997; Dubois et al., 2007; Wang et al., 2016). 

We harvested 10 more mature leaves from each of the three trees at each site to 
analyze leaf pigment contents. Leaf discs (0.6 cm in diameter) were immersed in 80% 
acetone and were kept in the dark at 4°C for 5 d. The light absorption of the extract was 
measured at 663, 645, and 440 nm with a UV-visible spectrophotometer (UV-3802, 
Unico, China), and the contents of chlorophyll a (Chl a), chlorophyll b (Chl b), and 
carotenoids (Car) were calculated. The ratio of chlorophyll a / b and the ratio of 
carotenoids to chlorophyll (Car / Chl) were also calculated (Wang et al., 2016). 

Measurement of light transmittance under the forest canopy 

The light transmittance under the forest canopy was also measured at each site. 
Because of the great heterogeneity of light under the forest canopy, the Digital Lux 
Meter (TES 1332a, Taiwan, China) was used to measure the light intensity outside the 
forest and at 9 points under the forest canopy. The light transmittance (%) was 
calculated from the light intensity under the forest canopy and the light intensity outside 
the forest (Ouyang et al., 2021). 
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Statistical analysis 

We used one-way analysis of variance (ANOVA) to test the differences in the leaf 
functional traits (i.e., morphological, anatomical, and ecophysiological traits) among the 
wild, augmented, and translocated S. huangmeiensis plants. We used a paired-sample t-
test to compare traits between the leaves on the trunk vs. leaves on the sprout; this was 
done separately for the wild site and the reintroduction site. Statistical significance was 
set at P<0.05. Unless noted otherwise, means and standard deviations (SD) are 
presented. All analyses were conducted using the statistical program SPSS 25.0 (IBM 
Inc., Chicago, USA) and Excel 2003. 

Results 

Comparison of functional traits of trunk leaves at three sites 

There were significant differences in morphological and anatomical traits among 
wild, augmented, and translocated plants (Table 2). The leaf thickness, area, and dry 
matter content of the trunk leaves were highest for augmented plants, intermediate for 
wild plants, and lowest for translocated plants. The specific leaf area of the trunk leaves 
was highest for translocated plants, intermediate for wild plants, and lowest for 
augmented plants. The ratio of palisade tissue to spongy tissue in trunk leaves was 
higher for wild plants than for augmented or translocated plants. 
 

Table 2. Morphological and anatomical properties of Sinojackia huangmeiensis at three 
sites 

Property 
Site 

LGH (wild plants) AUG (augmented plants) WBG (translocated plants) 

Leaf thickness (mm) 0.156±0.015b 0.200±0.015a 0.128±0.008c 

Leaf area (cm2) 24.80±2.60 b 28.12±1.89 a 15.96±0.61 c 

Leaf dry matter content 
(mg g-1) 

321.02±47.58 b 388.86±11.19 a 260.34±13.54 c 

Specific leaf area (cm2∙g-

1) 
23.05±6.11 b 11.89±0.31 c 35.90±3.15 a 

Thickness of palisade 
tissue (μm) 

48.04±11.41 b 60.19±16.26 a 29.30±3.80 c 

Thickness of spongy 
tissue (μm) 46.90±9.41 b 73.95±14.79 a 39.17±2.03 c 

Palisade tissue/spongy 
tissue 

1.02±0.78 a 0.81±0.53 b 0.75±0.13 b 

Number of sprouts 
(individual) 

21±6 a 0±0 c# 6±4 b 

Number of fruits 
(individual) 

79±19 b 145±28 a 37±2 c 

Diameter of fruit (mm) 11.66±1.61 b 15.54±2.15 a 9.84±0.54 c 

Note: In this table, traits for leaves are based on trunk leaves. Values are means ± SE, n = 10. # means 
“Sprouts were cut off”. Within each row, different lowercase letters indicate significant differences 
between sites at P<0.05 
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The number of sprouts was much higher for wild plants than for translocated or 
augmented plants. The number of fruits and the diameter of fruits of were largest for 
augmented plants, intermediate for wild plants, and smallest for translocated plants 
(Table 2). 

Most of the ecophysiological traits of the trunk leaves significantly differed among 
wild, augmented, and translocated plants (Table 3). The Chl a / Chl b ratio of leaves at 
the three sites was > 3, and was highest for the augmented plants. The Car / Chl values 
of leaves at the three sites were generally similar. The light saturation point was highest 
for the augmented plants and was lowest for the wild plants. The light compensation 
point was lowest for translocated plants and highest for augmented plants. The 
maximum photosynthetic rate was similar for the augmented and translocated plants and 
was higher for the latter two kinds of plants than for the wild plants. The water-use 
efficiency was highest for the wild plants and lowest for the augmented plants. 
 

Table 3. Ecophysiological traits of Sinojackia huangmeiensis leaves 

Trait 
Site 

LGH (wild plants) AUG (augmented plants) WBG (translocated plants) 

Chl a (mg g–1) 2.46±0.04b 1.49±0.09c 2.70±0.33a 

Chl b (mg g–1) 0.53±0.04b 0.27±0.02 c 0.64±0.05 a 

Chl a/Chl b 4.64±0.04b 5.52±0.05a 4.22±0.09 c 

Car (mg g–1) 0.68±0.03a 0.41±0.02 b 0.72±0.03 a 

Car/Chl 0.23±0.01a 0.23±0.01 a 0.22±0.01 a 

LSP (μmol m–2 s–1) 511.80±54.60 c 2245.07±784.02 a 948.70±412.00 b 

LCP (μmol m–2 s–1) 21.23±4.05 b 37.36±0.44 a 17.48±7.41 c 

Pmax (μmol m–2 s–1) 5.14±1.54 b 6.01±0.76 a 6.04±1.58 a 

RD (μmol m–2 s–1) 3.39±0.56 c 3.72±0.25 b 7.26±1.07 a 

WUE (μmol mmol-1) 138.87±19.81 a 79.81±0.88 c 105.31±21.26 b 

Note: In this table, traits for leaves are based on trunk leaves. Chl a - chlorophyll a; Chl b - chlorophyll 
b; Chl - chlorophyll. Car – carotenoid. LSP – light saturation point; LCP – light compensation point; 
Pmax – maximum photosynthetic rate; RD – dark respiration rate; WUE – water-use efficiency. Values 
are means ± SE, n = 3. Within each row, different lowercase letters indicate significant differences 
between sites at P<0.05 

 
 
Comparison of functional traits of trunk leaves vs. sprout leaves 

For translocated plants, the leaf area, Car content, and Car/Chl were higher for trunk 
leaves than for sprout leaves (P < 0.05); none of the other traits differed between trunk 
leaves and sprout leaves of translocated plants (Table 4). For wild plants, none of the 
morphological or ecophysiological traits significantly differed for trunk leaves vs. 
sprout leaves (P > 0.05). 
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Table 4. Comparisons of morphological and ecophysiological traits of trunk leaves vs. 
sprout leaves of Sinojackia huangmeiensis at a site with wild plants and at a site with 
translocated plants 

Variable 
LGH (wild plants) WBG (translocated plants) 

Trunk leaves Sprout leaves Trunk leaves Sprout leaves 

Blade thickness (mm) 0.16±0.01a 0.10±0.01a 0.13±0.01A 0.11±0.01A 

Leaf area (cm2) 24.80±2.60a 22.99±3.63a 15.96±0.61A 8.86±1.19B 

Specific leaf area 
(cm2∙g-1) 

23.05±6.11a 25.67±8.05a 35.90±3.15A 48.83±3.65A 

Leaf dry matter content 
(mg g–1) 

321.02±47.58a 297.73±46.89a 260.34±13.54A 167.58±18.59A 

LSP (μmol m–2 s–1) 511.80±54.60a 514.79±43.69a 948.70±412.00A 743.47±225.81A 

LCP (μmol m–2 s–1) 21.23±4.05a 16.85±2.37a 17.48±7.41A 15.10±2.14A 

Pmax (μmol m–2 s–1) 5.14±1.54a 4.38±1.09a 6.04±1.58A 3.12±1.84A 

RD (μmol m–2 s–1) 3.39±0.56a 5.28±1.57a 7.26±1.07A 3.55±1.52A 

WUE (μmol mmol–1) 138.87±19.81a 93.26±9.56a 105.31±21.26A 69.20±20.98A 

Chl a (mg g–1) 2.46±0.04a 2.32±0.48a 2.70±0.33A 1.40±0.11A 

Chl b (mg g–1) 0.53±0.04a 0.58±0.12a 0.64±0.05A 0.60±0.10A 

Car (mg g–1) 0.68±0.03a 0.60±0.12a 0.72±0.03A 0.18±0.00B 

Car/Chl 0.23±0.01a 0.21±0.01a 0.22±0.01A 0.09±0.01B 

Note: Chl a - chlorophyll a; Chl b - chlorophyll b; Chl - chlorophyll. Car – carotenoid. LSP – light 
saturation point; LCP – light compensation point; Pmax – maximum photosynthetic rate; RD – dark 
respiration rate; WUE – water-use efficiency. Values are means ± SE, n = 3. For each trait within each 
site, different letters (lowercase for site LGH and uppercase for site WBG) indicate significant 
differences between trunk leaves vs. shoot leaves at P<0.05 

 
 
Discussion 

Sinojackia huangmeiensis tolerates a wide range of light intensities 

There were significant differences in morphological, anatomical, and 
ecophysiological traits among the three sites. The values for most of these traits tended 
to be highest for the wild plants (at site LGH), intermediate for the translocated plants 
(at site WBG), and lowest for the augmented plants (at site AUG). The results showed 
that wild, augmented, and translocated S. huangmeiensis plants can grow in an 
environment with 10-100% light transmittance. This indicates that S. huangmeiensis can 
endure both shady and sunny conditions. In addition, the Chl a / Chl b values of the 
leaves at the three sites were greater than 3, and the light compensation points were low, 
indicating that S. huangmeiensis is a mesophyte. These results are consistent with a 
previous report that found that S. huangmeiensis is shade tolerant but can also grow 
under strong light (Liang et al., 2007). Based on our results, we suggest that young 
seedlings or cuttings be kept in a shaded environment; once they are mature, these 
plants can be transplanted into a full-light environment. Light intensity does not 
influence plant’s survival and distribution but influence plant’s growth performance. 
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The distribution of Sinojackia huangmeiensis is narrow but its morphological, 

anatomical, and ecophysiological adaptability is substantial 

Sinojackia huangmeiensis showed strong morphological, anatomical, 
ecophysiological adaptability based on plant functional traits of wild and reintroduced 
(augmented and translocated) plants. Leaf thickness, leaf area, and dry matter content of 
the trunk leaves were highest for augmented plants, intermediate for wild plants, and 
lowest for translocated plants. Specific leaf area of the trunk leaves was largest for 
translocated plants, intermediate for wild plants, and smallest for augmented plants. The 
ratio of palisade tissue to spongy tissue in trunk leaves was lower in both augmented 
plants and translocated plants than in wild plants. The number and the diameter of fruits 
were largest in augmented plants, intermediate in wild plants, and lowest in translocated 
plants. The maximum photosynthetic rate of augmented and translocated plants was 
similar and higher than that of wild plants. Light saturation and compensation points 
were highest for augmented plants; the light saturation point was lowest for wild plants; 
and the light compensation point was lowest for translocated plants. Water-use 
efficiency was highest for wild plants and lowest for augmented plants. For translocated 
plants, leaf area, Car content, and Car/Chl were significantly higher for trunk leaves 
than for sprout leaves. 

At the time of this study, a total of 501 wild individuals of S. huangmeiensis were 
growing naturally and with protection at the LGH site in the Longanhu National Nature 
Reserve. In the experimental area of the nature reserve (the AUG site), the augmented 
seedlings were continuously pruned, irrigated during droughts, and occasionally 
fertilized. According to genetic diversity data (Zhao et al., 2016; Gao et al., 2018; Dong 
et al., 2020), we selected 3 individuals from different genetic diversity groups for 
cuttings, and planted these cuttings at the AUG site, so as to achieve ex situ 
conservation of the full genetic diversity of this species. The temperature and rainfall 
were lower at the translocation site (the WBG site) than at the LGH site, but light 
transmittance was similar. The translocated plants grew well at the WBG site, and 
produced flowers, fruits, and sprouts. This indicates that S. huangmeiensis can survive 
and achieve asexual and sexual reproduction in Wuhan. We also introduced 3-year-old 
cutting seedlings with sprouts of S. huangmeiensis to Yantai, Shandong Province 
(120°35’ E, 37°26’ N, total annual rainfall = 525 mm, annual average 
temperature = 13.4℃) and Guangzhou, Guangdong Province (112°57’ E, 23°35’ N, 
total rainfall = 1612 mm, annual average temperature = 20.8℃); the plants survived in 
both places, but did not blossom or bear fruit in the past 3 years (unpublished data). Our 
findings suggest that S. huangmeiensis has strong adaptability and may survive under 
future climate conditions. Two other rare and endangered plants in South China, 
Manglietia longipedunculata and Euryodendron excelsum, also have narrow distribution 
ranges and strong ecophysiological adaptability (Ren et al., 2016, 2019). It is only 
because of their narrow distribution and human interference that they are endangered. 
The endangered state of these species could be relieved by their artificial reintroduction 
and translocation. 

For ex situ conservation and reintroduction, transplanting of the trunk and 

associated sprouts may improve the success rate 

Sinojackia huangmeiensis can simultaneously propagate via by producing seeds and 
by sprouting. Through sprouting regeneration, S. huangmeiensis is conducive to resist 
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interference and adverse environment, and through both seedling and sprouting 
regeneration, S. huangmeiensis expands the distribution area. Thus, the natural 
regeneration of the population can be carried out normally (Wang et al., 2018). 

Sprouting can increase the persistence of reintroduced plants. Sprout growth and 
sprout longevity are usually greater under sunny than shady conditions (Lu et al., 2020). 
Sprout regeneration is common in forest ecosystems (del Tredici, 2001) and in the 
regeneration of some rare and endangered plant populations (Du et al., 2018). Tilia 
cordata populations in northern England, for example, can last for thousands of years 
through sprouting regeneration (Pigott, 1989). Du et al. (2018) reported that sprouting 
plays an important role in regeneration of the Magnolia sinostellata population in China. 
Most research on persistence of reintroduced plants has focused on the importance of 
safe sites, seed and seedling banks, dispersal, and germination (Lu et al., 2020). The 
role of sprouting of S. huangmeiensis as a form of persistence in conservation and 
management of plant species has mostly been neglected. Sprouts are resistant to 
disturbance and catastrophe, can tolerate long periods with little or no recruitment, and 
tend to preserve genetic diversity. According to an earlier study, populations of 
sprouting plants experiencing the loss of pollinators and dispersers can persist for long 
periods (Bond and Midgley, 2001). 

Conclusion 

Sinojackia huangmeiensis is rare and endangered because of human disturbance, its 
narrow distribution, low genetic diversity, limited dispersal by animals, and low 
germination rate. S. huangmeiensis has a wide range of light intensity preference. The 
maximum photosynthetic rate of reintroduced plants is higher than that of wild plants. 
Water-use efficiency of wild plants is higher than that of reintroduced plants. 
S. huangmeiensis can propagate via seeds and sprouts. Although the sprout leaves are 
less ecologically adaptable than trunk leaves, the ecological adaptability of the trunk 
and sprout leaves is complementary and thereby increases overall plant adaptability and 
persistence. As a plant that can grow under a wide range of light conditions and that 
produces both trunks and sprouts, S. huangmeiensis has a potentially wide distribution 
area and can adapt, at least to some degree, to global climate change. In the future, S. 
huangmeiensis can be effectively protected through in situ conservation, ex situ 
conservation, and reintroduction. For its ex situ conservation and reintroduction, 
translocating sprouts along with the trunk should increase survival rate and persistence. 
Conservation translocation can also be used to overcome the plant’s dispersal 
limitations under climate change. The reintroduction of this species requires continuous 
monitoring. 
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Abstract. The aim of the research was to determine the effect of L-alpha prolina and Azotoba vinelandii 
against the background of mineral nitrogen fertilization on the content of microelements in spring wheat 
grain. Field research work was conducted on a family-owned farm located in Krzymosze. The following 
two factors were examined: I biological preparations: control where no biological preparations were 
applied, L-alpha prolina, Azotoba vinelandii, L-alpha prolina+Azotobacter vinelandii; II mineral nitrogen 
fertiliser regime: non-fertilised control, 60 kg N  ּ ha-1, 90 kg N  ּ ha-1, 120 kg N  ּ ha-1. Spring wheat grain 
was sampled to determine microelements. The obtained results revealed that the application of biofertilizers 
increased iron and zinc contents but reduced manganese and copper concentrations in spring wheat grain. 
The highest content of iron and zinc, and the lowest concentration of manganese and copper were recorded 
in spring wheat grain after application of L-alpha prolina +Azotoba vinelandii biological preparations with 
a dose of mineral nitrogen fertilization of 90 kg N ha-1. 
Keywords: nitrogen bacteria, mineral content, grain, fertilization, biostimulator 

Introduction 

Due to the occurrence of years with a shortage of precipitation and high temperature 
in Poland, cereal crops do not yield consistently and bring lower yields than expected. 
Thus, climate warming poses threats to arable crops (Radkowski and Radkowska, 2013; 
Colla et al., 2014; Du Jardin, 2015). To combat this adverse climate change, biological 
methods must be used in developing a system of sustainable agriculture. One of the ways 
is the use of biostimulants, which have a positive effect on the growth and development 
of plants and have a protective function for cells, which makes plants resistant to rainfall 
deficiency during the growing season (Michalak and Chojnacka, 2013; Calvo et al., 2014; 
Du Jardin, 2015). A good biological substance may be the amino acid L-alpha proline, 
which is easily absorbed by plants. Proline is the most widely distributed metabolite that 
accumulates under stress conditions (Delauney and Verma, 1993) the significance of this 
accumulation in osmotic adjustment in plants is still debated and varies from species to 
species (Hoai et al., 2003). According to Qotob et al. (2019) data obtained could be 
concluded that the using of plant growth regulators as a proline reduced the consumption 
of mineral fertilizers. There are no studies determining the effect of this amino acid on 
the chemical composition of grain for consumption. Moreover, in sustainable agriculture 
it is recommended to limit the use of mineral nitrogen fertilization, in favor of biological 
nitrogen. The use of nitrogen bacteria is not only a source of nitrogen for plants, but also 
improves the chemical, biological and physical properties of the soil. This enables plants 
to take up other nutrients, including micronutrients, which are so important in the human 
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diet, especially when used together with biostimulants (Calvo et al., 2014; Muhammed et 
al., 2016). Bacteria stimulate the growth of the root system, which improves the plant's 
water and nutrient management. The climate changes that have been noticeable over the 
last few years, resulting in seasonal droughts, require the intensification of the search for 
new, but at the same time cheap and pro-environmental solutions, leading to an increase 
in the use of water by crops. A new solution is the use of bacterial preparations. These 
goals can be implemented within the framework of the European Green Deal, which 
assumes the protection of the soil environment by 2030, e.g. by limiting mineral nitrogen 
fertilization by 20%. Taking into account the advantages of using biological preparations 
in plant cultivation, research was undertaken to determine the effect of the amino acid 
L-alpha proline and nitrogen bacteria Azotobacter vinelandii on the background of 
mineral nitrogen fertilization on the content of microelements in the grain of spring wheat 
grown in changing weather conditions. 

Materials and Methods 

A field experiment was conducted in 2017-2019 on a family owned farm located in 
Krzymosze (52° 03’ 27’’N, 22° 33’ 74’’E) near Siedlce, Poland. The experimental soil 
was Stagnic Luvisol (soil classification according to WRB). Available macroelement 
contents were as follows: P 8.2 mg 100 g-1 soil, K 18.7 mg 100 g-1 soil and Mg 4.8 mg 
100 g-1soil. Microelement contents amounted to: Mn 131 mg  ּ kg-1 soil, Cu 4.9 mg  ּ kg-1 
soil, Zn 5.5 mg  ּ kg-1 soil and Fe 845 mg  ּ kg-1 soil. The mineral nitrogen contents were 
N-NH4 + 4.97 mgkg-1 of soil and N-NO3 – 78.4 mg kg-1 of soil. Soil reaction was neutral 
and humus content was 1.88%. Chemical analyzes of the soil were performed at the 
Chemical and Agricultural Station in Warsaw. The experiment was set up with three 
replicates. The size of the plot for the collection was 16 m2. Spring wheat was sown at a 
row spacing of 11 cm. The following two factors were examined: (I) biological 
preparations: control where no biological preparations were applied, L-alpha prolina 2 
g  ּ ha-1, Azotoba vinelandii 1 l  ּ ha-1, L-alpha prolina 2 g  ּ ha-1+ 1 Azotoba vinelandii; (II) 
mineral nitrogen application regime: non-fertilised control, 60 kg N  ּ ha-1 (preplant), 90 
kg N  ּ ha-1 (60 kg N  ּ ha-1 preplant + 30 kg N  ּ ha-1 at the stem elongation stage), 120 kg 
N  ּ ha-1 (60 kg N  ּ ha-1 preplant + 30 kg N  ּ ha-1 at the stem elongation stage + 30 kg N  ּ ha-

1 – foliar application of 8% urea solution applied as the stage of initial ear formation). 
Spring wheat cv. Mandaryna was preceded by maize. After harvesting the forecrop, pre-
winter plowing was performed, and spring crops were sown before wheat. Phosphorus 
and potassium fertiliser rates were chosen based on soil availability and amounted to 30.8 
and 99.6 kg  ּ ha-1 of P and K, respectively. Mineral nitrogen regime was as described for 
factor II above. Mineral nitrogen fertilization before sowing and in the shooting stage 
(BBCH 30) was applied in the form of 34% ammonium nitrate. On the other hand, foliar 
fertilization with 46% urea in the form of an 8% solution in the heading stage (BBCH 
50). Spring wheat was sown in early April at the rate of 500 grains per 1 m2. Biofertilizers 
were applied once at the stage of spring wheat tillering (BBCH 20). First biological 
preparation contains the Azotobacter vinelandii MVY-010 (1x10 CFU/l) a biological 
product intended for increasing nitrogen content in the soil. Contains non-symbiotic, free-
living soil bacterium Azotobacter vinelandii, which effectively assimilates the 
atmospheric nitrogen and extracts bioactive substances that improve the development of 
plants, and polysaccharide alginates having influence on the formation of water-resistant 
units in the soil. Second biological preparation contains the L-α proline (purity, 5%) a 
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biostimulator increasing the natural resistance of plants to the stress. It contains L-α 
proline 5 (amino acid) easily assimilated by plants that has a multiple effect on the growth 
and development of plants and performs a protective function of cells as well as helps to 
adapt to adverse environmental conditions. L-α proline balances the metabolism 
processes of vital substances and compensates their shortage. Biological preparations 
should be dissolved in water and sprayed with 250 l ha-1 of water. The distributor of 
biological preparations in Poland is PHU Biotel Sp. zoo. Dzikowice 87, 67-300 
Szprotawa. During the plantation, the herbicide Gold 450 SC at a dose of 1.25 l ha-1, 
fungicide (the first treatment Bumper Super 490 EC at the dose of 1 l ha-1; the second 
treatment Falcon 460 EC 0.6 l ha-1) and the growth regulator Cerone were used. 480 SL 
0.75 l ha-1. Spring wheat was harvested in early August. During spring wheat harvest, 
grain was sampled to perform chemical analyses. From each plot after the grain was 
harvested, a representative sample with a volume of 250 g was taken. Determinations 
included selected macroelements (Fe, Zn, Cu and Mn) by means of Inductively Coupled 
Plasma Optical Emission Spectrometry (ICP-OES). Mn (FAAS), Cu (FAAS), Zn (FAAS) 
and Fe (FAAS). Then the plant material was taken up in acids in a microwave digestor 
Milesone Ethos Plus. The content of micronutrients was determined in the mineralisation 
by emission spectrometry with excitation in inductively coupled plasma and an optical 
detector (ICP OES), using an emission spectrometer Perkin Elmer Optima 8300. The 
assay was performed in triplicate. The results for each characteristic were subjected to 
analysis of variance (ANOVA). Comparison of means for significant sources of variation 
was achieved by means of Tukey’s test at the significance level of P ≤ 0.05. ANOVA 
with regression was calculated for mineral nitrogen application and content of 
micronutrients. Significance was tested using Fisher-Snedecor test at significance level 
at P ≤0.05 and P ≤0.01 (Hill and Lewicki, 2006). All the calculations were performed in 
STATISTICA®, version 12.0. 

Results and Discussion 

In Table 1 described significance of the effects in ANOVA (2017-2019). 
 

Table 1. Significance of the effects in ANOVA , results from 2017-2019 years 

Source of variability 
Trait -content of: 

Iron Cooper Manganese Zinc 

Year ns ns ns ** 

Biological preparation *** *** *** *** 

Nitrogen application *** *** *** ** 

Year*Biological preparation ns ns ns ns 

Year*Nitrogen application ns ns ns ns 

Biological preparation*Nitrogen 
application 

* ** ns ns 

Year*Biological 
preparation*Nitrogen application 

ns ns ns ns 

Variability coefficient V% 4.98 4.36 4.07 5.16 

ns- non significant, * significant at p <0.05, significant at p<0.01, significant at p<0.001 
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Iron content in spring wheat grain was significantly affected by the experimental 
factors and their interaction (Table 2). 

 
Table 2. Iron content in spring wheat grain (means across 2017-2019), mg kg-1 DM 

Biological preparatons (A) 
Mineral nitrogen fertiliser regime (B), kg N  ּ ha-1 

Means 
Control 60 90 120 

Control 34.23a* 37.48a 36.21a 35.44a 35.84D 

L-alpha proline 41.12b 49.44a 54.17a 51.12a 48.96C 

Azotoba vinelandii 55.25b 62.31a 68.53a 65.43a 62.88B 

L-alpha proline + Azotobacter vinelandii 98.21c 109.17b 118.50a 112.17ab 109.5A 

Means 57.21C 64.60B 69.35A 66.04AB - 

*Values in columns followed by the same small letter and values in rows followed by the same capital 
letter do not differ significantly at P<0.05 

 
 

The regression line between fertilization of mineral nitrogen and iron content in grain 
spring wheat showed that increasing the dose of nitrogen to 90 kg ha-1 increased the iron 
content in spring wheat grain. The maximum iron content in spring wheat grain was 
obtained with the use of mineral nitrogen fertilization in the dose of 99.5 kg Nha-1 
(Figure 1). 
 

Figure 1. Regression line between ferilization of mineral nitrogen (x) and iron content in grain 
(y), mean for 2017-2019 years 

 
 

Iron concentration was the lowest in control spring wheat grain produced with mineral 
nitrogen input and no biological product application. Also Johansson et al. (2001), Sułek 
and Cacak-Pietrzak (2008), Gondek and Gondek (2010) as well as Buczek et al. (2011) 
found the lowest iron content in cereal grain following an application of the highest 
mineral fertiliser rates. High mineral fertiliser rates, including nitrogen, pose a threat to 
the natural environment. This leads to pollution of groundwater with nitrates, and 
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contributes to poorer crop yield quality due to, among others, less iron which is a valuable 
microelement (Gondek and Gondek, 2010). In the present study, an application of 
biofertilizers, in particular Azotoba vinelandii and L-alpha proline + Azotobacter 
vinelandii, increased iron content in spring wheat grain. L-alpha proline and Azotobacter 
vinelandiiare microbiological products containing, respectively, the nitrifying bacteria 
Azotobacter vinelandii, and the essential amino acid L-alpha proline. Mona et al. (2012) 
have demonstrated that the nitrifying bacteria Azotobacter chroococum and Azospirillum 
brastlensel contribute to an increase in the wheat grain content of Fe compared with 
control. A possible explanation is that microorganisms metabolise and then mineralize 
organic matter, which introduces into circulation the elements which are essential in plant 
nutrition, including iron which is a microelement so important for human health (Srinivas 
et al., 2002; Mahamed and Kaharia, 2012). In the experiment reported here, an application 
of L-alpha proline significantly reduced Fe content in spring wheat grain compared with 
the bacteria based product. It is due to the fact that bacteria-free L-alpha proline contains 
only an amino acid which contributes to a lower release of Fe from the soil environment. 
In the present work, nitrogen fertilisation at lower rates, that is 60 and 90 kg N  ּ ha-1, 
resulted in Fe increase in spring wheat grain compared with control. It was also confirmed 
that an application of the highest nitrogen rate contributed to a decline in the iron content 
in spring wheat grain, which was due to the fact that too high nitrogen rates cause soil 
environment degradation, and reduce microelement uptake by plants. In turn, low mineral 
nitrogen rates positively affect soil microorganisms which decompose organic matter and 
release minerals, including iron, for uptake by plants. In the present work, an interaction 
was confirmed indicating that the highest iron concentration was determined in the grain 
of spring wheat treated with accompanied by an L-alpha proline + Azotobacter vinelandii 
application of 90 kg N  ּ ha-1. It can be explained by the fact that an application of products 
containing the bacteria Azotobacter vinelandii, which reduce elemental nitrogen from the 
air, and the amino acid L-alpha proline, accompanied by nitrogen fertiliser at the rate of 
90 kg ּ  ha-1 create favourable conditions for the growth and development of spring wheat, 
which results in iron accumulation in spring wheat grain. In contrast, an application of 
the highest nitrogen rate negatively affects the soil environment, similarly to lack of 
nitrogen fertilisation in the control unit, which resulted in the lowest iron concentration 
in spring wheat grain. 

Statistical analysis demonstrated a significant influence of the experimental factors on 
manganese content in spring wheat grain (Table 3). 
 

Table 3. Manganese content in spring wheat grain (means across 2017-2019), mg kg-1 DM 

Biological preparations (A) 
Mineral nitrogen fertiliser regime (B), kg N  ּ ha-1 

Means 
Control 60 90 120 

Control 74.81c 76.23c 78.31c 84.81c 78.54A 

L-alpha proline 70.12b 73.21b 74.39b 76.20b 73.48B 

Azotoba vinelandii 68.85b 71.10b 73.14b 77.34b 72.61B 

L-alpha proline + Azotobacter vinelandii 63.87a 65.14a 66.38a 69.15a 66.14C 

Means 69.41C 71.42BC 73.06B 76.88A - 

*Values in columns followed by the same small letter and values in rows followed by the same capital 
letter do not differ significantly at P<0.05 
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The regression line between fertilization of mineral nitrogen and manganese content 
in grain spring wheat showed that increasing the dose of nitrogen from 60 to 120 kg ha-1 
increased the manganese content in spring wheat grain (Figure 2). 

 

 

Figure 2. Regression line between ferilization of mineral nitrogen (x) and manganese content in 
grain (y), mean for 2017-2019 years 

 
 

The highest concentration of this element was recorded in the grain of spring wheat 
grown in the control plot where no biofertilizers had been applied. Also research by 
Johansson et al. (2001), Wang and Malhi (2008) and Jarecki (2019) revealed the highest 
manganese content in the grain of cereals cultivated using mineral fertiliser input only. In 
the present study, an application of biofertilizers contributed to a significant decline in 
Mn concentration in spring wheat grain compared with control. The lowest manganese 
content was recorded in the grain of spring wheat treated with the two biofertilizers 
L-alpha proline + Azotobacter vinelandii. It agrees with findings reported by Mona et al. 
(2012) and Muhammad et al. (2016) who demonstrated that, following an application of 
nitrifying bacteria, there was observed a decline in the wheat grain content of Mn. It was 
due to the fact that bacteria have a positive effect on an accumulation of organic matter 
in which manganese is accumulated. In the experiment reported here, L-alpha proline or 
Azotobacter vinelandii applied separately increased Mn content in spring wheat grain but 
its concentration in grain was significantly lower compared with control wheat grain. 
Nitrogen fertiliser regime significantly affected manganese content in spring wheat grain. 
An application of increasing nitrogen rates was followed by an increase in the spring 
wheat grain content of manganese. The highest concentration of this microelement was 
recorded in the grain of spring wheat fertilised with 120 kg N  ּ ha-1. Also Buczek et al. 
(2011) as well as Jarecki et al. (2019) demonstrated that mineral fertilisation contributed 
to an increase in the cereal grain content of Mn. A possible explanation is that an 
application of excessive mineral fertiliser rates leads to soil environment degradation due 
to reduction in humus which accumulates Mn. 

Zn content in spring wheat grain was significantly affected by the experimental factors 
(Table 4). 
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The regression line between fertilization of mineral nitrogen and zinc content in grain 
spring wheat showed that increasing the dose of nitrogen to 60 kg ha-1 increased the zinc 
content in spring wheat grain. The maximum zinc content in spring wheat grain was 
obtained with the use of mineral nitrogen fertilization in the dose of 67.59 kg Nha-1 
(Figure 3). 

 
Table 4. Zinc content in spring wheat grain (means across 2017-2019), mg kg-1 DM 

Biological preparations (A) 
Mineral nitrogen fertiliser regime (B), kg N  ּ ha-1 

Means 
Control 60 90 120 

Control 17.94a 19.42a 18.56a 18.14a 18.52D 

L-alpha proline 20.37b 23.74b 25.10b 22.75b 22.99C 

Azotoba vinelandii 25.92c 27.12c 29.31c 26.40c 27.19B 

L-alpha proline+Azotobacter vinelandii 28.41d 29.83d 31.47d 29.05d 29.69A 

Means 23.16C 25.03AB 26.11A 24.09BC - 

*Values in columns followed by the same small letter and values in rows followed by the same capital 
letter do not differ significantly at P<0.05 

 
 

Figure 3. Regression line between fertilization of mineral nitrogen (x) and zinc content in grain 
(y), mean for 2017-2019 years 

 
 

Zinc plays an important part in plant metabolism. Both the shortage and excess of this 
element leads to reduced plant growth and development (Srinivals et al., 2002; Sharma et 
al., 2004; Luo et al., 2013). In the present work, the lowest zinc content was recorded in 
control spring wheat grain produced without an application of biological products. By 
contrast, when applied, the products contributed to an increase in Zn content in spring 
wheat grain. The highest concentration of zinc was determined in the grain of spring 
wheat treated with L-alpha proline + Azotobacter vinelandii. It can be explained by the 
fact that nitrifying bacteria present in the Azotoba vinelandii positively influence the soil 
content of organic matter, which after mineralisation releases Zn as confirmed in the study 
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by Mona et al. (2012) whore corded similar relationships following an application of other 
strains of nitrifying bacteria. In the experiment reported here, nitrogen fertilisation up to 
the rate of 90 kg N  ּ ha-1 increased Zn concentration in spring wheat grain. However, the 
highest nitrogen rate was followed by a decline in zinc content in spring wheat grain, 
which agrees with find in s reported by Sułek and Cacak-Pietrzak (2008) as well as 
Barczak et al. (2018). 

Statistical analysis demonstrated a significant impact of the experimental factors and 
their interaction on copper content in spring wheat grain (Table 5). 
 

Table 5. Copper content in spring wheat grain (means across 2017-2019), mg kg-1 DM 

Biological preparations (A) 
Mineral nitrogen fertiliser regime (B), kg N  ּ ha-1 

Means 
Control 60 90 120 

Control 4.73c 5.12c 5.79b 6.31a 5.49A 

L-alpha proline 4.32c 4.69bc 4.83ab 5.18a 4.76B 

Azotoba vinelandii 4.11b 4.26ab 4.37ab 4.59a 4.33C 

L-alpha proline+Azotobacter vinelandii 3.84a 4.07a 4.19a 4.31a 4.10C 

Means 4.25D 4.54C 4.80B 5.10A - 

*Values in columns followed by the same small letter and values in rows followed by the same capital 
letter do not differ significantly at P<0.05 

 
 

The regression line between fertilization of mineral nitrogen and cooper content in 
grain spring wheat showed that increasing the dose of nitrogen from 60 to 120 kg ha-1 
increased the cooper content in spring wheat grain (Figure 4). 
 

Figure 4. Regression line between ferilization of mineral nitrogen (x) and cooper content in 
grain (y), mean for 2017-2019 years 

 
 

The highest copper content was determined in the grain of control spring wheat which 
had been treated with no biofertilizers. An application of the products, particularly 
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Azotoba vinelandii and L-alpha proline + Azotobacter vinelandii, contributed to adecline 
in copper concentration in spring wheat grain. Bacteria Azotobacter vinelandii which 
positively affect an accumulation of soil organic matter. The organic matter accumulates 
an excessive Cu amount, which provides protection against too much copper being take 
up by the plants, the notion confirmed in the study by Mona et al. (2012) and Chennappa 
et al. (2017) who applied other nitrifying bacteria strains. 

In the present work, increasing nitrogen fertiliser rates contributed to an increase in the 
spring wheat grain content of Cu. Also research by Johansson et al. (2001), Buczek et al. 
(2011) and Jarecki et al. (2019) demonstrated that increasing nitrogen fertiliser rates 
produced an increase in copper content in cereal grain. However, the values were lower 
than WHO/FAO standards and thus posed no threat to human and animal health (2012). 
In the experiment reported here, an interaction was confirmed indicating the at the highest 
copper content was recorded in control spring wheat grain fertilised with 120 kg N  ּ ha-1, 
it being the lowest following treatment with L-alpha proline + Azotobacter vinelandii 
without nitrogen fertiliser input. 

Conclusions 

1. The weather conditions significantly differentiated the content of micronutrients in 
the spring wheat grain. An application of biofertilizers increased iron and zinc 
contents, and reduced the concentration of manganese and copper in spring wheat 
grain. 

2. Increasing nitrogen fertiliser rates, up to 90 kg N  ּ ha-1, contributed to an increase 
in the spring wheat grain content of the examined microelements. 

3. The highest content of iron and zinc, and the lowest concentration of manganese 
and copper were recorded in spring wheat grain after application of L-alpha proline 
+ Azotobacter vinelandii biological preparations with a dose of mineral nitrogen 
fertilization of 90 kg N ha-1. 

4. In conditions of sustainable agriculture, it is recommended to cultivate spring wheat 
with the use of the amino acid L-alpha proline with the bacteria Azotobacter 
vinelandii, at the level of mineral nitrogen fertilization with 90 kg N ha-1, for broad 
agricultural practice. 

5. Research should continue on the use of other strains of nitrogen bacteria and growth 
promoters in the cultivation of spring wheat. 
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Abstract. The degree of forest vegetation restoration and reconstruction and the impact of different 
afforestation tree species on plant diversity in Mount Tai, China were evaluated. We selected 6 kinds of 
50-year-old plantations along Tianwai village, Hongmen, Tianzhu peak and Taohuayuan lines. The results 
show that: 1) Robinia pseudoacacia plantation has significantly lower tree layer richness, Shannon-Wiener 
diversity and Simpson diversity than other plantations; Pinus tabulaeformis and larch tree plantations have 
significantly lower shrub layer Shannon -Wiener and Simpson diversity than other plantations, Pinus 
tabulaeformis and Pinus densiflora have significantly lower Pielou evenness than the other four plantations; 
Pinus tabulaeformis plantation and Platycladus orientalis plantation have significantly lower herb layer 
richness than the other four plantations, while Pinus tabulaeformis plantation has significantly lower 
Shannon-Wiener diversity and Simpson diversity than the other five plantations. 2) Species richness, 
Shannon-Wiener diversity and Simpson diversity of tree and shrub layers are all presented from highest to 
lowest in the following order: Mount Meng > Mount Tai > Mount Yi, while Mount Tai plantation has the 
highest herb layer species richness, Shannon-Wiener diversity and Simpson diversity. These results provide 
basis for the regulation and prediction of regional forest vegetation restoration and reconstruction in the 
future. 
Keywords: vegetation restoration, plant diversity, shrub layer, 50-year-old plantations, Mount Tai, 
plantation, plant diversity, soil, 50-year Forest Establishment 

Introduction 

Biodiversity provides the basis for maintaining the stability of ecosystem structure and 
function (Wang et al., 2016), which represents one core issue in plant ecology (Kazakou 
et al., 2008). Changes in species diversity in the process of vegetation restoration reflect 
the degree of vegetation restoration, which is also a result of the combined effects of 
ecological processes such as community environmental evolution, population intrusion 
and diffusion (Kapás et al., 2020), and competition. Excessive studies have confirmed 
that plantation forests can effectively prevent land degradation and promote vegetation 
restoration (Depauw et al., 2019), but different initial afforestation tree species will lead 
to significantly different plant community structures and species diversity of plantation 
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forests (Togonidze and Akhalkatsi, 2015). Studies have shown that the use of exotic 
species for afforestation will weaken the natural restoration of native plants and reduce 
plant diversity of the community (Xue et al., 2016). However, studies also found that use 
of exotic species for afforestation can contribute to biodiversity conservation and protect 
successional tree species in the later stage, which will eventually be restored to native 
zonal vegetation and exotic species will be withdrawn (Assandri et al., 2016). Plantation 
forests are superior to enclosed forests in terms of biodiversity conservation potential, and 
its species of harmful plants are also fewer compared to the latter (Huang et al., 2015). 
To maintain stability of plantation forest ecosystem and maximize its functions, species 
diversity research after vegetation restoration is particularly important. There is a need to 
evaluate the vegetation restoration and reconstruction processes and effects based on the 
principle of biodiversity (Lindenmayer et al., 2018). For plantation forest more than 50 
years old, dynamics research on vegetation restoration and reconstruction is ever more 
urgent due to the scarcity of samples (Chi et al., 2004; Fan et al., 2008; Gao et al., 2011). 

Due to its complex and diverse ecological environmental conditions, the mountainous 
region has become a germplasm bank for species survival, reproduction and preservation 
(Tian and Li, 2012). Mount Tai, standing on the North China Plain, is the highest 
mountain in Shandong. Rich in wild plant resources, it is the mountain with the most 
diverse vegetation, and the highest number of endemic plant species in Shandong 
Province (Su et al., 2018), which is a dual heritage of world culture and nature, World 
Geopark, National Key Cultural Relics Protection Unit, National Key Scenic Spot and 
National 5A Tourist Attraction. The research on Mount Tai vegetation began with the 
front forest vegetation investigation of Mount Tai by the East China Forestry 
Investigation Team in 1950, the Mount Tai Vegetation Investigation Team of Botanical 
Geography Training Class of East China Normal University in 1956, and the Geobotany 
Investigation Team of Shandong University in 1957 (Kyohou, 1958). After more than 60 
years of inheritance, there have been studies on plant diversity in some forest types (Chen 
et al., 2019) and some forest farms (Kuswanda et al., 2019). 

Based on previous studies, this paper intends to conduct a field investigation on 
50-year restoration and reconstruction of six main afforestation tree species in Mount Tai, 
evaluate the status and extent of forest vegetation restoration and reconstruction, and 
examine the impact of different afforestation tree species on plant diversity, thus 
providing a basis for the regulation and prediction of regional forest vegetation restoration 
and reconstruction in the future. 

Materials and methods 

Overview of the sample plot 

Mount Tai is located in the middle of Shandong, China, with geographic coordinates 
of 36°05'–36°15'N, 117°05'–117°24' E, covering an area of 426 km2. The main peak, 
Yuhuangding, with an altitude of 1545 m, is the highest peak in Shandong. The mountain 
is mainly composed of complex rock-crystalline gneiss and metamorphic granite, with a 
small amount of limestone and sandy shale. The soil types are mainly brown soil, ordinary 
acid brown soil, mountain dark brown soil and mountain shrubby meadow soil, with 
ordinary acid brown soil as the most common type. The climate is warm-temperate 
continental monsoon climate with four distinct seasons and sufficient sunlight. The 
annual average temperature is about 5.3 ℃ at the mountain top and 12.8 ℃ at the mountain 
foot. The average annual rainfall is about 1 125 mm at the mountain top, and 600 mm at 
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the mountain foot. The forest coverage rate is about 81.5%, and the main vegetation is 
Pinus tabuliformis forest, Platycladus orientalis forest, Pinus densiflora forest, Pinus 
thunbergii forest, Quercus acutissima forest, Robinia pseudoacacia forest and Quercus 
variabilis forest (Fu et al., 2009; Ma et al., 2010; Zhang et al., 2011). The map of the 
location of the sampling site was shown in Figure S1. The phenological differences 
between the studied species were shown in Table S1. We measured soil nutrients and the 
data was shown in Table 1. And soil nutrient detection methods refer to Donald (2020). 
 

Table 1. Soil nutrients in sample plots 

 
Organic 
matter 
g·kg-1 

Total 
nitrogen 

g·kg-1 

Total 
phosphorus 

g·kg-1 

Total 
potassium 

g·kg-1 

Hydrolytic 
nitrogen 
mg·kg-1 

Available 
phosphorus 

mg·kg-1 

Available 
potassium 

mg·kg-1 

PT forest 81.0±11.3 3.3±0.3 1.5±0.2 11.7±0.7 235.9±44.8 83.6±7.5 70.3±7.8 

PO forest 19.7±6.1 1.1±0.3 0.5±0.1 8.9±0.8 87.0±27.0 39.2±16.8 59.8±9.7 

RP forest 37.3±6.2 2.3±0.4 0.8±0.1 7.7±0.5 194.7±43.6 32.2±7.0 69.8±16.4 

PD forest 44.3±6.4 2.3±0.2 1.3±0.1 12.2±0.9 176.2±35.7 60.8±10.8 79.4±8.0 

LK forest 72.9±7.5 4.0±0.2 1.8±0.1 10.2±0.6 528.5±207.2 81.4±2.7 92.9±22.2 

PA forest 35.7±2.9 2.1±0.2 0.9±0.2 3.8±0.5 190.9±24.0 27.8±5.6 69.0±10.7 

PT forest = Pinus tabulaeformis forest, PO forest = Platycladus orientalis forest, RP forest = Robinia 
pseudoacacia forest, PD forest = Pinus densiflora forest, LK forest = Larix kaempferi forest PA forest = 
Pinus armandii Franch. forest 

 
 
Field investigation 

The field investigation covered Tianwai Village route, Hongmen route, Tianzhu Peak 
route and Taohuayuan route. 50-year-old middle-aged forest was selected as the sample 
plot, and typical sampling method was taken for the forest investigation (Fang et al., 2004; 
Yu et al., 2009). A total of 42 sample plots were set up in the field, with a dimension of 
30 m × 20 m. The selected sample plots are neat and can represent basic characteristics 
of the community. 

The community level is divided into tree layer, shrub layer and herb layer for 
hierarchical statistics. According to investigation specifications for plant species diversity 
in mountainous areas (Fang et al., 2004) and method specifications for the inventory of 
plant communities (Yu et al., 2009), statistical specifications of the plot stratification are 
decided as: tree layer, 30 m × 20 m; shrub layer, 15 m × 15 m, located at the center of the 
sample plot, 1; herb layer, 1 m × 1 m, located at the four corners of the sample plot, 4. In 
tree layer measurement, record species and numbers of all woody plants with 
(DBH) ≥ 5 cm and DBH of each wood; in shrub layer measurement, record species, 
numbers of all woody plants with DBH < 5 cm and DBH of each wood, including arbor 
seedlings, saplings and woody vines. 

Data processing 

Four general diversity indexes are selected for calculation and analysis of plant 
diversity (Fang et al., 2004; Yu et al., 2009): Richness Index (S, Equation 1), Shannon-
Wiener Diversity Index (H, Equation 2), Simpson Diversity Index (P, Equation 3) and 
Pielou Evenness Index (E, Equation 4). The calculation formulas are: 
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 S = plant species in the sample plot (Eq.1) 
 
 𝐻 = −∑ 𝑃𝑖𝑙𝑛𝑃𝑖𝑆𝑖=1  (Eq.2) 
 
 𝑃 = 1 − ∑ 𝑃𝑖𝑆𝑖=1 2 (Eq.3) 
 
 E = H /㏑S (Eq.4) 

 
where, Pi is the ratio of the importance value of the i-th species to the total importance 
value of all species in the sample plot, importance value of shrub layer = (relative 
significance + relative density + relative frequency)/3, and importance value of herb layer 
= (relative height + relative density + relative frequency)/3. 

Statistical analysis 

The differences in plant diversity between forest types are analyzed by single factor 
method and T test. The inter-layer and intra-layer plant diversity correlation is interpreted 
by principal component analysis. Data analysis and chart production are completed using 
SPSS 17.0 and Excel 2003. 

Results 

Species diversity of six plantation forests in Mount Tai after 50 years of establishment 

Species diversity of tree layer 

Tree Species detected in the individual plots were shown in Table S2. Tree layer plant 
richness index, Shannon-Wiener diversity index, and Simpson diversity index present 
relatively consistent characteristics. That is, Robinia pseudoacacia plantation has 
significantly lower value than the other five plantation forests (P<0.05), while Pinus 
tabulaeformis plantation, Platycladus orientalis plantation, Pinus densiflora plantation, 
Pinus armandi plantation and larch tree plantation are not significantly different from 
each other (Figure 1A1–Figure 1A3). There is no significant difference in Pielou evenness 
index of the 6 plantations in Mount Tai (Figure 1A4). 

Species diversity of shrub layer 

Shrub layer plant richness index is not significantly different among the six plantations 
(Figure 1B1). Pinus tabulaeformis plantation and larch tree plantation have significantly 
lower Shannon-Wiener and Simpson diversity indexes than the other four species 
(P<0.05), Platycladus orientalis plantation, Robinia pseudoacacia plantation, Pinus 
densiflora plantation and Pinus armandi plantation are not significantly different from 
each other (Figure 1B2-Figure 1B3). Pinus tabuliformis plantation and Pinus densiflora 
plantation have significantly lower Pielou evenness index than the other four plantations 
(P<0.05). Platycladus orientalis plantation, Robinia pseudoacacia plantation, Pinus 
armandi plantation and larch tree plantation are not significantly different from each other 
(Figure 1B4). 
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Figure 1. The richness index, Shannon-Wiener diversity index, Simpson diversity index and 
Pielou evenness index of the tree layer (A1–A4), shrub layer (B1–B4) and herb layer (C1–C4) 

of the 6 main plantations in Mount Tai (Mean ± standard error) Different lowercase letters 
indicate significant differences among plantations (P<0.05) 

 
 
Species diversity of herb layer 

In herb layer, Pinus tabulaeformis plantation and Platycladus orientalis plantation 
have significantly lower richness index than the other four plantations (P<0.05), while 
Robinia pseudoacacia plantation, Pinus densiflora plantation, Pinus armandi plantation 
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and larch tree plantation are not significantly different from each other (Figure 1C1). 
Pinus tabulaeformis plantation has significantly lower Shannon-Wiener and Simpson 
diversity indexes than the other five plantations (P<0.05), Platycladus orientalis 
plantation, Robinia pseudoacacia plantation, Pinus densiflora plantation, Pinus armandi 
plantation and larch tree plantation are not significantly different from each other 
(Figure 1C2–Figure 1C3). There is no significant difference in Pielou evenness index 
between the 6 plantations in Mount Tai (Figure 1C4). 

Correlation analysis of tree, shrub and herb species diversity 

The four inter-layer diversity indexes of tree layer, shrub layer and herb layer of Mount 
Tai plantations are all significantly positively correlated and inter-layer richness index, 
Shannon-Wiener diversity index and Simpson diversity index show significant positive 
correlation between shrub layer and herb layer (Table 2). 
 

Table 2. Correlation of species diversity of tree, shrub and herb in the Taishan plantation 

 T−S T−H T−P T−E S−S S−H S−P S−E H−S H−H H−P H−E 

T−S 1.00            

T−H 0.89** 1.00           

T−P 0.80** 0.98** 1.00          

T−E 0.53** 0.77** 0.83** 1.00         

S−S 0.15 0.14 0.12* 0.02 1.00        

S−H 0.08 0.08 0.06 -0.06 0.88** 1.00       

S−P 0.05 0.08 0.07 -0.02 0.74** 0.96** 1.00      

S−E -0.00 0.05 0.05 -0.01 0.32* 0.68** 0.81** 1.00     

H−S -0.16 -0.24 -0.30* -0.23 0.32* 0.35** 0.31* 0.19 1.00    

H−H 0.01 -0.09 -0.18 -0.19 0.36** 0.38** 0.35** 0.19 0.86** 1.00   

H−P 0.01 -0.07 -0.16 -0.21 0.35** 0.36** 0.33* 0.19 0.69** 0.87** 1.00  

H−E 0.07 -0.02 -0.09 -0.14 0.23 0.22 0.22 0.07 0.38** 0.72** 0.71** 1.00 

T-S, tree layer richness index; T-H, tree layer Shannon-Wiener diversity index; T-P, tree layer Simpson 
diversity index; T-E, tree layer Pielou evenness index; S-S, shrub Layer richness index; S-H, shrub layer 
Shannon-Wiener diversity index; S-P, shrub layer Simpson diversity index; S-E, shrub layer Pielou 
evenness index; H-S, herb layer richness index; H−H, Shannon-Wiener diversity index of herb layer; 
H−P, Simpson diversity index of herb layer; H−E, Pielou evenness index of herb layer, *, P<0.05; **, 
P<0.01 

 
 
Differences in plant diversity between Mount Tai, Mount Meng and Mount Yi 

plantations 

Species richness index 

The species richness indexes of tree layer and shrub layer are both presented as that of 
Mount Meng plantation> Mount Tai plantation> Mount Yi plantation (p <0.05), while 
that of herb layer is presented as that of Mount Tai plantation> Mount Meng plantation> 
Mount Yi plantation (P<0.05) (Figure 2A). 
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Shannon-Wiener diversity index 

Shannon-Wiener diversity index of tree layer and shrub layer is presented as that of 
Mount Meng plantation> Mount Tai plantation> Mount Yi plantation (P<0.05), while the 
herb layer is presented as that of Mount Tai plantation> Mount Yi plantation> Mount 
Meng plantation. Lin (P<0.05) (Figure 2B). 
 

■, tree layer; ▓, shrub layer; □, herb layer 

Figure 2. The abundance index (A), Shannon-Wiener diversity index (B), Simpson diversity 
index (C), and Pielou evenness index (D) of the tree layer and shrub layer of Taishan, 

Mengshan and Yishan plantations and herb layer difference 
 
 
Simpson diversity index 

Simpson diversity index of tree layer and shrub layer is presented as that of Mount 
Meng plantation> Mount Tai plantation> Mount Yi plantation, while the herb layer is 
presented as that of Mount Tai plantation> Mount Yi plantation> Mount Meng plantation 
(Figure 2C). 

Pielou eveness index 

Pielou evenness indexes of tree layer and shrub layer are both presented as that of 
Mount Yi plantation> Mount Meng plantation> Mount Tai plantation, while the herb 
layer is presented as that of Mount Yi plantation>T Mount Tai plantation> Mount Meng 
plantation (Figure 2D). 

Discussion 

Most of the existing vegetation in Mount Tai is plantation forest after the founding of 
the People’s Republic of China, with a few natural forests and secondary forests. The six 
main plantations are subjected to dual influence of vegetation evolution history and 
interference from human activities. The vegetation types, plant communities and species 
diversity are mainly affected by artificial afforestation in the early stage and tourism 
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activities and natural succession in the later period. The six plantations in Mount Tai have 
been enclosed for 50 years. Under strict and effective local forestry management, soil and 
water conservation is fine, the forest coverage rate is significantly increased, plant species 
are significantly increased, so the forest vegetation is restored and rebuilt smoothly, but 
different plantations differ greatly. 

Robinia pseudoacacia plantation in Mount Tai has significantly lower tree layer 
richness index, Shannon-Wiener diversity index and Simpson diversity index than the 
other five plantations. This may be due to the inhibition of Robinia pseudoacacia forest 
growth on the understory (Wu et al., 2017). Therefore, we should carry out thinning 
management for the existing stands with high canopy density in time to promote the 
growth of lower vegetation, reasonably allocate trees, shrubs and grasses, enrich the 
community hierarchy and improve the ecological function of Robinia pseudoacacia 
forest. Pinus tabulaeformis plantation and larch tree plantation have significantly lower 
shrub layer Shannon -Wiener diversity index and Simpson diversity index than the other 
four plantations, Pinus tabulaeformis plantation and Pinus densiflora have significantly 
lower Pielou evenness index than the other four plantations; Pinus tabulaeformis 
plantation and Platycladus orientalis plantation have significantly lower herb layer 
richness index than the other four plantations, while Pinus tabulaeformis plantation has 
significantly lower Shannon-Wiener diversity index and Simpson diversity than the other 
five plantations. On the whole, among the six main plantations in Mount Tai, Robinia 
pseudoacacia plantation has the lowest plant diversity in the tree layer, while Pinus 
tabulaeformis plantation has the lowest plant diversity in the shrub and herb layers. This 
result was inconsistent with our previous research in Mengshan mountain, which may be 
caused by the difference of afforestation time, geographical location, soil and climate 
between the two mountains (Gao et al., 2009). 

The four inter-layer diversity indexes of tree layer, shrub layer and herb layer of Mount 
Tai plantations are all significantly positively correlated, while inter-layer richness index, 
Shannon-Wiener diversity index and Simpson diversity index show significant positive 
correlation between shrub layer and herb layer. 

According to the investigation, the six main plantations in Mount Tai display 
sparseness within the trees and simplification of the community appearance, which may 
be due to the different growth habits and reproduction strategies of plants. For example, 
perennial forbs have strong tolerance and cushion against disturbances, while shrubs and 
semi-shrubs are sensitive to interference (Zheng et al., 2008; Gao, 2009). Species richness 
index, Shannon-Wiener diversity index and Simpson diversity index of tree layer and 
shrub layer are all presented as that of Mount Meng plantation> Mount Tai plantation> 
Mount Yi plantation, while Mount Tai plantation has the highest herb layer species 
richness index, Shannon-Wiener diversity index and Simpson diversity index, though it 
has the lowest tree layer and shrub layer Pielou evenness index. The understory shrub and 
herb layer vegetation generally features shade tolerance and fast growth rate, which can 
easily form a thick and dense evergreen understory shrub and herb layer in the forest 
ecosystem, thus limiting the natural regeneration of trees, and restricting forest 
regeneration to a certain extent (Kobayashi et al., 2010). 

Conclusion 

In the current study, the degree of forest vegetation restoration and reconstruction and 
the impact of different afforestation tree species on plant diversity in Mount Tai, China 
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were evaluated. Compared with previous studies, this paper further discusses the effect 
of different after station tree species on plant diversity after 50 years on Mount Tai, China. 
Plantation in Mount Tai obviously has the function of protecting and improving soil 
particle and pore structure. The preservation and improvement of soil structure and 
function has become an indispensable prerequisite for the success of artificial 
afforestation in Mount Tai. Further research should focus on the differences of microbial 
communities and functional microorganisms in rhizosphere and bulk soil of afforestation 
tree species. 
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APPENDIX 

 

Figure S1. The map of the location of the sampling sites 
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Table S1. Phenological differences between the studied species 

 Average DBH (cm) Forest canopy density (%) Tree density (/ha) 
PT forest 20.43 76 567 
PO forest 11.63 73 1000 
RP forest 15.03 81 733 
PD forest 16.97 75 800 
LK forest 18.33 92 1033 
PA forest 19.42 86 900 

PT forest = Pinus tabulaeformis forest, PO forest = Platycladus orientalis forest, RP forest = Robinia 
pseudoacacia forest, PD forest = Pinus densiflora forest, LK forest = Larix kaempferi forest PA forest = 
Pinus armandii Franch. forest 

 
 

Table S2. Species detected in the individual plots 

PT forest PO forest RP forest PD forest LK forest PA forest 

Pinus bungeana Zucc. et 
Endi 

Platycladus 
orientalis (Linn.) 

Franco 

Pinus densiflora 
Sieb. et Zucc. 

Platycladus orientalis 
(Linn.) Franco 

Pinus densiflora 
Sieb. et Zucc. 

Grewia biloba G. Don 
var.parviflora 
(Bunge)H.-M 

Platycladus orientalis 
(Linn.) Franco 

Pinus densiflora 
Sieb. et Zucc. 

Ailanthus 
altissima (Mill.) 

Swingle 

Pinus densiflora Sieb. 
et Zucc. Tilia tuan Szyszyl. Pinus densiflora Sieb. 

et Zucc. 

Pinus densiflora Sieb. et 
Zucc. 

Ailanthus 
altissima (Mill.) 

Swingle 

Robinia 
pseudoacacia 

Linn. 

Ailanthus altissima 
(Mill.) Swingle 

Pinus thunbergii 
Parlatore 

Carpinus turczaninowii 
Hance 

Robinia pseudoacacia 
Linn. 

Robinia 
pseudoacacia 

Linn. 

Quercus aliena 
Blume 

Robinia pseudoacacia 
Linn. 

Lespedeza bicolor 
Turcz. Pinus armandii Franch. 

Kalopanax septemlobus 
(Thunb.) Koidz. 

Broussonetia 
kazinoki S. et Z. 

Pinus armandii 
Franch. Tilia tuan Szyszyl. 

Sorbus 
pohuashanensis 
(Hance) Hedl. 

Phellodendron 
amurense Rupr. 

Celtis koraiensis Nakai Albizia julibrissin 
Durazz. 

Pistacia chinensis 
Bunge 

Broussonetia kazinoki 
S. et Z. 

Pinus armandii 
Franch. 

Forsythia suspensa 
(Thunb.) Vahl 

Quercus serrata Murray 
var. brevipetiolata (A.DC.) 

Nakai 

Pinus thunbergii 
Parlatore 

Diospyros lotus 
Linn. 

Pinus thunbergii 
Parlatore 

Alnus sibirica 
Fisch. ex Turcz 

Albizia 
kalkora(Roxb．)Prain 

Tilia tuan Szyszyl. Quercus dentata 
Thunb. 

Quercus 
acutissima Carr. 

Pistacia chinensis 
Bunge 

Larix kaempferi 
(Lambert) 
Carriere 

Quercus variabilis 
Blume 

Carpinus turczaninowii 
Hance 

Cotinus 
coggygria Scop. 

Pyrus pyrifolia 
(Burm. F.) Nakai Vitex negundo Linn. var. Malus baccata 

(Linn.) Borkh. Acer saccharum Marsh. 

Quercus dentata Thunb. Koelreuteria 
paniculata Laxm. 

Amygdalus 
davidiana (Carr.) 

C. de Vos 
Diospyros lotus Linn. 

Pinus 
tabulaeformis 

Carr. 

Pinus tabulaeformis 
Carr. 

Sorbus pohuashanensis 
(Hance) Hedl. 

Quercus 
acutissima Carr. 

Crataegus 
pinnatifida Bge. 

Decaspermum 
gracilentum (Hance) 

Merr. et Perry 
  

Tilia japonica Simonk. Pyrus pyrifolia 
(Burm. F.) Nakai 

Quercus variabilis 
Blume 

Quercus acutissima 
Carr.   

Pinus armandii Franch. 
Albizia 

kalkora(Roxb．)
Prain 

 
Populus tomentosa 

Carr.   

Phellodendron amurense 
Rupr. 

Quercus 
variabilis Blume 

 
Morus mongolica (Bur.) 

Schneid.   

Pistacia chinensis Bunge 
Populus alba 

Linn.  
Albizia 

kalkora(Roxb．)Prain 
  

Morus australis Poir. 
Pinus 

tabulaeformis 
Carr. 

 
Quercus variabilis 

Blume 
  

Vitex negundo Linn. var. Acer truncatum 
Bunge 

 
Pinus tabulaeformis 

Carr.   

Decaspermum gracilentum 
(Hance) Merr. et Perry 

  Ulmus pumila Linn.   

Quercus acutissima Carr.      

Larix kaempferi (Lambert) 
Carriere 
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Albizia 
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Malus baccata (Linn.) 
Borkh 

     

Crataegus pinnatifida Bge.      

Pinus tabulaeformis Carr.      
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Abstract. In this study we investigated the effects of climate change on the fall armyworm, Spodoptera 
frugiperda (Lepidoptera: Noctuidae). Based on the current distribution records of S. frugiperda and selected 
bioclimatic factors, we modelled its potential habitat suitability in China under four climate change 
scenarios using Maximum Entropy Models (MaxEnt) and Geographic Information Systems (GIS). Our 
results showed that: (1) the mean area under curve (AUC) values of both our initial and final models were 
greater than 0.978, indicating high accuracy in the predictions; (2) the dominant environmental factors 
regulating the habitat suitability of S. frugiperda were Precipitation of Warmest Quarter (bio18), 
Temperature Seasonality (bio4), Annual Mean Temperature (bio1) and Precipitation Seasonality (bio15); 
(3) the highly suitable areas for S. frugiperda were mainly distributed in Jiangsu, Anhui, Jiangxi, most parts 
of Henan and Guangxi, central and eastern Hubei, central and southern Shaanxi, and southeastern and 
northern Zhejiang, accounting for 17.6% of China’s landmass; (4) from the present until the 2070s, the 
areas of the non-suitable regions will decrease as climate warming becomes more severe, and the geometric 
center of the highly and total suitable areas will displace to the north under all four climate change scenarios. 
Keywords: biological invasion, Maximum Entropy Models, climate change, bioclimatic variables, habitat 
suitability 

Introduction 

Invasive species threaten ecosystems due to their impacts on native flora and fauna 
through predation and competition. They also threaten human-managed systems, such as 
those associated with agriculture, forestry and animal health (Simberloff et al., 2003). A 
considerable amount of evidence has indicated that their impact on new communities and 
ecosystems will be aggravated as a result of climate change (Ekesi et al., 2016), which is 
in itself one of the greatest threats to the global economy, agricultural production, animal 
health and biodiversity (Roy et al., 2011). Climate change will likely influence almost all 

mailto:caipumo@qq.com
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aspects of the life history traits and population dynamics of pests, including their growth 
and development, metabolic rate, survival, propagation, and distribution range (Battisti et 
al., 2005; Tobin et al., 2008; Faccoli, 2009). Due to the sensitivity of insects to climate 
conditions, global climate change has significantly broadened their distribution, enhanced 
generation and ecological adaptability variations, altered the structure, composition, 
function, and succession of insect communities within ecosystems, and subsequently 
influenced the interrelationship among pests, natural enemies and plants, resulting in 
outbreaks of some species (Kyrre et al., 2012; Celine et al., 2012). Therefore, being able 
to predict changes in their distribution as a result of climate change is an important 
baseline to prevent and manage the introduction and diffusion of invasive species. This, 
in turn, will provide a reference for risk assessments and integrated pest management 
(Massin et al., 2012). 

Spodoptera frugiperda (J. E. Smith) (Lepidoptera: Noctuidae), commonly known as 
the fall armyworm (FAW), is a polyphagous moth pest that can feed on more than 350 
host plant species, although it has a preference towards cultivated grasses such as rice, 
maize, cotton, sorghum and sugarcane (Montezano et al., 2018). Native to the tropical 
and subtropical areas of the Americas, S. frugiperda was not recorded elsewhere until 
2015 (Wang et al., 2020). The literature indicates that S. frugiperda invaded Africa as a 
stowaway on a passenger flight via the agricultural trade and rapidly diffused to almost 
the whole of sub-Saharan Africa due to its prominent dispersal ability (Day et al., 2017). 
This resulted in a 20–50% decrease in maize production in the absence of management 
measures (Nagoshi, 2019). Since its introduction and establishment in Africa in 2016, 
S. frugiperda quickly spread to most of the maize production areas, leading to estimated 
financial losses between USD 2.48 and 6.19 billion every year (Day et al., 2017). Indeed, 
S. frugiperda has now invaded approximately 100 countries throughout the world and 
continues to search for new ecological niches, where it threatens agricultural production 
systems and potentially causes food insecurity (Center for Agriculture and Bioscience 
International, 2016). 

In China, S. frugiperda was first recorded in Yunnan Province at the end of 2018, and 
in 2019 caused an estimated economic loss of CNY 29 billion to maize industries (Zhang 
et al., 2020). By 31st August 2020, it had been documented in 27 
provinces/municipalities, encompassing 1338 counties, with a total damage area of 
3.68 million hectares (National Agro-Tech Axtension and Service Center, 2020). Thus, it 
is very important to understand how climate change impacts its geographic distribution, 
to enable better detection, early warning, quarantine inspection and control. 

Projecting the potential spatial distribution of pests is an important research area within 
quantitative pest risk analysis (Li et al., 2018). As statistical modeling has developed, 
ecological theories combined with geographic information system (GIS) technologies 
have been utilized to improve our ecological understanding, particularly for agricultural 
production and conservation biology (Brito et al., 2009). Species distribution models 
(SDMs), including the maximum entropy model (MaxEnt), Climex, GARP, DOMAIN 
and BIOCLIM, are important tools widely applied to determine the impacts of climate 
change (Zhu et al., 2013). Their main principle is to apply known occurrence data, related 
environmental factors and certain algorithms to evaluate the ecological demands and 
habitat suitability for a given species. They can then provide a projection of different 
spatial and temporal ranges in order to forecast future distribution patterns (Venette et al., 
2010). The MaxEnt model is the most commonly used predictive tool for quantifying the 
future distributions of a species and has been widely applied in the areas of ecology, 



Cai et al.: MaxEnt modeling the current and future distribution of the invasive pest, the fall armyworm (Spodoptera frugiperda) 
(Lepidoptera: Noctuidae), under changing climatic conditions in China 

- 4529 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4527-4546. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_45274546 
© 2021, ALÖKI Kft., Budapest, Hungary 

conservation, biosafety and species evolution since it emerged in 2004 (Elith et al., 2006). 
The merits of the MaxEnt model are its high simulation precision with a small sample 
size, short operation time, convenient use, stable prediction results, and the ease with 
which results can be interpreted (Li et al., 2013). However, it inevitably has certain 
defects; for example, abiotic factors without biotic factors are considered in MaxEnt 
operation, and the forecast from this software only represents the greatest possibility of 
species distribution rather than ‘real’ distributions (Wang et al., 2017). 

Due to the severe impacts caused by S. frugiperda, several attempts to understand its 
response to different climate change scenarios have been made (Valdez-Torres et al., 
2012; Ramirez-Cabral et al., 2017; Wang et al., 2020; Liu et al., 2020). The biomechanical 
pathways of S. frugiperda invasion in maize fields were investigated by Valdez-Torres et 
al. (2012), while possible changes in habitat suitability in its native regions were estimated 
based on two global circulation models (GCM) and known occurrence records (Ramirez-
Cabral et al., 2017). More recently, many research teams assessed the responses of 
S. frugiperda to different climatic variables within an invaded area (Baloch et al., 2020; 
Cokola et al., 2020; Fan et al., 2020; Wang et al., 2020), while Liu et al. (2020) determined 
its response to land use under current and future climate conditions. Additionally, 
Zacarias (2020) explored the potential implications of climate change on its global 
geographical distribution, as well as the interaction with its main economically-important 
host plants. Overall, the abovementioned research suggests that the invasive potential of 
S. frugiperda is largely attributed to factors related to temperature, rainfall and land use, 
with an immense potential for invasion in Africa (Ramirez-Cabral et al., 2017; Early et 
al., 2018; Cokala et al., 2020; Liu et al., 2020; Fan et al., 2020), South America (Ramirez-
Cabral et al., 2017), central Asia (Baloch et al., 2020), and other areas of Asia such as 
China (Liu et al., 2020; Wang et al., 2020). 

Due to the devastating impacts of S. frugiperda invasion on agricultural production, 
along with its excellent spread ability, projecting the potential distribution of this pest in 
relation to climate conditions and ascertaining the regulating factors are important tasks. 
They are particularly important in China, where diverse host plants of this pest are widely 
grown, and where this pest has already begun to proliferate. Such knowledge will be 
useful for developing strategies to prevent it from spreading and reduce the incidence of 
high-level infestations. In the present study, a MaxEnt model based on available 
occurrence data was chosen to estimate the distribution pattern and spread of 
S. frugiperda in China under different climate change scenarios. The main aims were as 
follows: (1) to confirm key climatic factors that restrict the potential distribution of 
S. frugiperda; (2) to forecast how its suitable habits will change under different emission 
scenarios; as well as (3) to provide a theoretical reference framework and data support for 
the comprehensive prevention and management of this pest in China. 

Materials and Methods 

Species occurrence data 

Global presence records of S. frugiperda were compiled from three main sources: two 
online species distribution databases, the Global Biodiversity Information Facility (GBIF, 
https://www.gbif.org/) and the Centre for Agriculture and Bioscience International 
(CABI, https://www.cabi.org/), and a significant amount of published literature. 
Geographical coordinates for each data point were either referenced from information in 
the article or acquired from Google Earth. In strict conformity with the requirements of 

https://www.cabi.org/)
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MaxEnt, adjacent records, duplicate records, and fuzzy records were eliminated (Jiang et 
al., 2018), and data were manually inspected for accuracy. Ultimately, 375 validated 
records were used to establish the models (Figure 1). All filtered occurrence records were 
imported into Microsoft Excel and saved as “.csv” files (Wang et al., 2019). 
 

Figure 1. Geographic distribution of S. frugiperda occurrence in China 
 
 
Environmental variables 

To evaluate the climatic suitability regionalization of S. frugiperda in China, 
environmental variables that could characterize the ecological requirements of this pest 
were chosen as initial environmental factors. Data for 19 bioclimatic variables (Table 1) 
were downloaded from the WorldClim database (http://www.worldclim.org/) for current 
climatic conditions. These data included average, minimum and maximum ambient 
temperatures as well as precipitation values documented for the interval between 1950 
and 2000. For assessing the impact of climate change on the future niche suitability of 
S. frugiperda, four representative CO2 concentration pathways (RCPs) issued by the 
Intergovernmental Panel on Climate Change (IPCC) were applied as future climate 
change scenarios, namely RCP2.6, RCP4.5, RCP6.0 and RCP8.5, which indicate different 
levels of greenhouse gas emission (Dong and Gao, 2014). The future time intervals in 
consideration were the 2050s (2041–2060) and 2070s (2061–2080); predicted future 
environmental data were also obtained from the WorldClim database. All bioclimatic 
variables under current and future conditions had a spatial resolution of 2.5 arcminutes 
(about 9 km at the equator). 

Environmental data for defining ecological niches 

The MaxEnt model (version 3.3.3) applies environmental data and species distribution 
data to predict future distributions under a maximum entropy scenario. It is open source 
and available from http://www.cs.princeton.edu/. MaxEnt is an ideal predictive tool for 
simulating the geographical distribution of species and has spectacular merits (Wang et 
al., 2019), thus was chosen for application in the present research. The specific 
operational procedures for MaxEnt are described below. 

http://www.cs.princeton.edu/
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Table 1. Environmental variables used to predict the distribution of S. frugiperda in China 

Code Bioclimatic variable Unit 

bio1 Annual Mean Temperature °C 

bio2 Mean Diurnal Range (Mean of monthly (max temp - min temp) ) °C 

bio3 Isothermality (BIO2/BIO7) (* 100) - 

bio4 Temperature Seasonality (standard deviation *100) - 

bio5 Max Temperature of Warmest Month °C 

bio6 Min Temperature of Coldest Month °C 

bio7 Temperature Annual Range (BIO5-BIO6) °C 

bio8 Mean Temperature of Wettest Quarter °C 

bio9 Mean Temperature of Driest Quarter °C 

bio10 Mean Temperature of Warmest Quarter °C 

bio11 Mean Temperature of Coldest Quarter °C 

bio12 Annual Precipitation mm 

bio13 Precipitation of Wettest Month mm 

bio14 Precipitation of Driest Month mm 

bio15 Precipitation Seasonality (Coefficient of Variation) - 

bio16 Precipitation of Wettest Quarter mm 

bio17 Precipitation of Driest Quarter mm 

bio18 Precipitation of Warmest Quarter mm 

bio19 Precipitation of Coldest Quarter mm 

Abbreviations: -, not applicable 

 
 

To prevent collinearity between modeling variables influencing the prediction 
outcomes, the variables were screened in accordance with the following procedure (Wang 
et al., 2020). First, the initial model was created by importing the occurrence points of 
S. frugiperda and 19 bioclimatic variables into the MaxEnt software. Within the 
framework of the initial model, the ‘Random test percentage’ was set as 25, and ‘Make 
pictures of predictions’ and ‘Do jackknife to determine factor importance’ were selected; 
the other model values were set to default. Then, the percent contribution and permutation 
contribution of each variable to the initial simulation results were investigated by a 
Jackknife test to choose the main environmental factors for modeling. To avoid variable 
spatial autocorrelation, a Pearson correlation analysis was conducted on the filtered 
variables using SPSS v.22 (SPSS, Inc., Chicago, IL, USA). Based on the percent 
contribution of each variable in the initial model, bioclimatic variables with correlation 
coefficients > |0.8| (highly correlated) were filtered. Only one variable from each of such 
pairs, chosen based upon its relative importance in modeling the S. frugiperda distribution 
and its predictive power (such as percent contribution and jackknife training gain) was 
chosen for developing the model (Wei et al., 2017). After this screening step, 7 
bioclimatic variables were chosen as the potential predictors of S. frugiperda habitat 
suitability, namely Annual Mean Temperature (bio1), Mean Diurnal Range (bio2), 
Temperature Seasonality (bio4), Max Temperature of Warmest Month (bio5), 
Precipitation Seasonality (bio15), Precipitation of Warmest Quarter (bio18) and 
Precipitation of Coldest Quarter (bio19).  
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Distribution modeling 

The 7 selected bioclimatic variables, along with occurrence records, were applied to 
construct the relationship between the potential distribution of S. frugiperda and current 
climate conditions. This was then further processed to project the potential distribution 
under future climate conditions (Fand et al., 2014). The occurrence points of S. frugiperda 
and the 7 bioclimatic variables were imported into the MaxEnt model to simulate the 
distribution of S. frugiperda in China. In our model, 25% of the distribution points were 
applied for testing the model and 75% of the points were used for training. Moreover, the 
response curve for each climatic variable was used to determine the relationship between 
the probability distribution and the variable, ranging from highest suitability (value of 0) 
to lowest suitability (value of 1) (Khanum et al., 2013). In the final model, “Random 
seed” was selected. Model replicates were run 10 times to enhance model performance, 
and the other model settings were the same as for the initial model. The best model with 
the highest AUC (Area Under Curve) value was chosen to evaluate the probability 
distribution (Xu et al., 2019). 

The ASCII-formatted file output from the MaxEnt model was imported into ArcGIS 
and converted into a raster format file using “Conversion Tools”, which was used to 
classify and visualize the distribution region, and the “Extraction” function was used to 
produce a graphical representation of the distribution across China. Jenks’ natural breaks 
were employed to reclassify the distribution threshold and divide the levels of habitat 
suitability into four categories: unsuitable area (no risk, P < 0.10), marginally suitable 
area (low risk, 0.10 < P < 0.31), moderately suitable area (medium risk, 0.31 < P < 0.52) 
and highly suitable area (high risk, P > 0.52), which were then displayed as different 
colors (Wang et al., 2018, 2019). 

Model evaluation 

The receiver operating characteristic curve (ROC) is an effective and widely used tool 
for assessing the discriminative power of a species distribution model (Wang et al., 2020). 
The area under a ROC curve (AUC), theoretically varying from 0.5 to 1.0, was taken as 
a measure of model accuracy, with a value close to 1 indicative of high simulation 
accuracy (Araujo et al., 2005). Specifically: for a value 0.5 ≤ AUC < 0.5, the assessment 
criteria suggest prediction failure (fail); 0.6 ≤ AUC < 0.7, poor prediction results (poor); 
0.7 ≤ AUC < 0.8, generally fair prediction results (fair); 0.8 ≤ AUC < 0.9, good prediction 
results (good); and 0.9 ≤ AUC < 1, excellent prediction results (excellent) (Wang et al., 
2020). For our model, the AUC values were generally found to be greater than 0.8, 
suggesting that it is superior to the random model (Swets, 1988). 

Results 

Screening of the main environmental variables 

Based on the principle of climate similarity, MaxEnt is a mathematical model that can 
be used to investigate the correlation between geographical distribution and 
environmental factors. Selection of climatic factors is the main determinant for the 
precision of the results. The percent contribution for each bioclimatic variable on the 
distribution simulation model was calculated by the knife cutting method (Table 2), 
revealing that Precipitation of Warmest Quarter (bio18) made the largest contribution to 
the predicted distribution of S. frugiperda (43.9%), followed by Temperature Seasonality 
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(bio4), Annual Mean Temperature (bio1) and Precipitation Seasonality (bio15), with 
21.1%, 15.6% and 11.6%, respectively. Notably, the variables Mean Diurnal Range 
(bio2), Precipitation of Coldest Quarter (bio19) and Max Temperature of Warmest Month 
(bio5) only had slight effects at 5.2%, 1.8% and 0.8%, respectively. Variables which did 
not show any contribution were removed from our model. Finally, a Pearson correlation 
coefficient analysis was used to confirm that the extracted variables had no co-correlation 
with each other (Table 3). On this basis, the final model of the habitat suitability of 
S. frugiperda in China was constructed, and the accuracy of the prediction results was 
assessed. 
 

Table 2. Relative percentage of bioclimatic factors imported into MaxEnt to predict the current 
and future distribution of S. frugiperda 

Environmental variable Percent contribution (%) Permutation importance (%) 

Bio_18 43.9 7.1 

Bio_4 21.1 33.8 

Bio_1 15.6 39.2 

Bio_15 11.6 8.4 

Bio_2 5.2 7.0 

Bio_19 1.8 1.9 

Bio_5 0.8 2.5 

 
 

Table 3. Pearson correlation coefficient analysis of selected environmental variables used in 
the final model 

Variable bio1 bio2 bio4 bio5 bio15 bio18 

bio1       

bio2 -0.572      

bio4 -0.522 0.201     

bio5 0.625 -0.404 0.323    

bio15 -0.449 0.742 0.154 -0.380   

bio18 0.609 -0.370 -0.667 0.030 -0.211  

bio19 0.565 -0.687 -0.132 0.504 -0.782 0.378 

 

 
Modeling performance 

The MaxEnt model can directly draw ROC curves and calculate the AUC value of the 
model, which can be then used for result validation. The ROC curves of the initial model 
and the reconstruction model under present climatic conditions are displayed in Figure 2. 
The AUC values for the training data and the test data of the initial model were 0.98 and 
0.975, respectively, and the average AUC value of 10 replicates of the reconstruction 
model was 0.977 (Figure 2). Figure 3 shows the AUC values under future climatic 
conditions. Curve analysis revealed that the average AUC values of the training data were 
all higher than 0.978, which was much greater than the AUC value of the random 
simulation model (0.5), suggesting that the accuracy of the prediction results was 
“excellent”. These results demonstrate that the model can be used for the potential habitat 
suitability of S. frugiperda in China. 
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Figure 2. ROC curve and AUC values for the initial model and the reconstructed model under 
current climatic conditions 

 
 

Figure 3. ROC curves and AUC values of the final model for future scenarios 
 
 
Modeled current potential distribution 

A graphical representation of the present potential distribution of S. frugiperda based 
on collected occurrence data and environmental variables modeled by the MaxEnt 
software was created using ArcGIS v10.7 software and is shown in Figure 4. The 
simulation results of the MaxEnt model suggested that the range of suitable habitats of 
S. frugiperda in China was very wide, and that unsuitable regions were mainly located in 
Qinghai-Tibet Plateau, Xinjiang, Jilin, Inner Mongolia, eastern Heilongjiang, and western 
Gansu. The highly suitable areas for S. frugiperda in China were mainly distributed in 
Jiangsu, Anhui, Jiangxi, most parts of Henan and Guangxi, central and eastern Hubei, 
central and southern Shaanxi, southeastern and northern Zhejiang, western Shandong, 
southern Hebei, northeastern Guizhou, eastern Sichuan, northwestern Hunan, western 
Chongqing, southeastern Fujian and northern Guangdong, spanning an area of 
167.01 × 104 km2. The moderately suitable areas were mainly concentrated in most parts 
of Fujian, western and eastern Guangdong, central and northern Yunnan, central and 
eastern Shandong, central and southeastern Beijing, western Guizhou, northern Hainan, 
southeastern Hunan, western Hubei, western Hebei, northern Taiwan, and sporadic areas 
of Zhejiang, spanning an area of 124.13 × 104 km2. The total highly suitable, moderately 
suitable, marginally suitable and unsuitable areas comprised 17.6%, 13.08%, 8.88% and 
60.43%, respectively, of the total Chinese landmass. 
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Figure 4. Probability of the current potential distribution of S. frugiperda in China 
 
 

Response curves display the quantitative relationship between a bioclimatic variable 
and the logistic habitat suitability, helping us to better understand the ecological niche of 
a species. Responses curves for the effect of 7 bioclimatic variables on S. frugiperda are 
shown in Figure 5. Based on this analysis, the most contributing variable to high 
suitability was a precipitation of 386.41–923.07 mm for bio18. Other climate conditions 
also displayed a relationship with high probability of presence, namely 7321.84–9928.73 
for bio4, 12.04–18.54 ℃ for bio1 and 53.08–92.65 for bio15. The results suggested that 
the maximum habitat suitability of S. frugiperda occurred when Precipitation of Warmest 
Quarter was 544.93 mm, Temperature Seasonality (standard deviation × 100) was 
9064.27, Annual Mean Temperature was 15.26 ℃, Precipitation Seasonality (Coefficient 
of Variation) was 81.39, Mean Diurnal Range was 7.34 ℃, Precipitation of Coldest 
Quarter was 189.5 mm and Max Temperature of Warmest Month was 32.48 ℃. 

Potential future distribution under different climatic conditions 

The predicted distribution of S. frugiperda under four representative climate change 
scenarios for future intervals 2050s and 2070s are illustrated in Figure 6 and Table 4. The 
results showed significant differences between the current suitable habitat and those 
predicted for future periods, with the risk-free area narrowing and risk area expanding 
continuously. 

In the 2050s interval, the area of habitat unsuitable for S. frugiperda under RCP2.6, 
RCP4.5, RCP6.0 and RCP8.0 scenarios would reduce by 4.27%, 6.07%, 6.07% and 
9.32%, respectively, whereas the marginally suitable area would increase by 17.54%, 
12.60%, 6.88% and 12.06%. Moreover, the highly suitable habitats would decrease under 
RCP2.6 and RCP4.5 by 7.44% and 1.55%, respectively, but increase by 22.08% and 
12.82% under RCP6.0 and RCP8.5. Except for the scenario of RCP 6.0, the moderately 
suitable area of S. frugiperda under would increase under the other scenarios, RCP2.6, 
RCP4.5 and RCP8.0, by 17.85%, 21.55% and 17.60%, respectively (Table 4). 
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Figure 5. Response curves of 7 environmental variables showing their relationship with the 
habitat suitability of S. frugiperda. The red line indicates the mean response and the blue areas 

are ± SD calculated over 10 replicates 
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Figure 6. Potential habitat suitability of S. frugiperda under different climate change scenarios. 
The white, light gray, dark gray, and black shading represent the unsuitable, marginally 

suitable, moderately suitable, and highly suitable areas, respectively 
 
 

Table 4. Predicted suitable habitats for S. frugiperda under current and future climatic 
situations 

  Predicted area (×104 km2) Comparison with current distribution (%) 

Period Scenario 
Unsuitable 

area 

Marginally 
suitable 

area 

Moderately 
suitable 

area 

Highly 
suitable 

area 

Unsuitable 
area 

Marginally 
suitable 

area 

Moderately 
suitable 

area 

Highly 
suitable 

area 

Current - 573.4 84.26 124.13 167.01 - - - - 

2050s 

RCP2.6 548.89 99.04 146.29 154.58 -4.27 17.54 17.85 -7.44 

RCP4.5 538.62 94.88 150.88 164.42 -6.07 12.60 21.55 -1.55 

RCP6.0 538.6 90.06 116.26 203.88 -6.07 6.88 -6.34 22.08 

RCP8.5 519.98 94.42 145.98 188.42 -9.32 12.06 17.60 12.82 

2070s 

RCP2.6 551.13 100.71 147.77 149.18 -3.88 19.52 19.04 -10.68 

RCP4.5 492.9 119.46 159.37 177.05 -5.15 7.90 13.64 3.55 

RCP6.0 529.78 96.75 134.41 187.85 -7.61 14.82 8.28 12.48 

RCP8.5 492.91 119.46 159.37 177.05 -14.04 41.78 28.39 6.01 

Abbreviations: -, not applicable 

 
 

In the 2070s, the area of unsuitable habitats would reduce for all scenarios (RCP2.6, 
RCP4.5, RCP6.0 and RCP8.0) by 3.88%, 5.15%, 7.61% and 14.04%, respectively, while 
the areas of marginally suitable and moderately suitable habitats would increase by 
different amounts (Table 4). Regarding highly suitable habitats, scenario RCP2.6 resulted 
in the area reducing by 10.68%, but it would increase for RCP4.5, RCP6.0 and RCP8.5 
by 6.01%, 12.48% and 6.01%, respectively. 

The transposition pathway of the geometric center of S. frugiperda under future 

scenarios 

To determine the effects of climate change on the habitat suitability of S. frugiperda, 
the spatial analysis function of AcrGIS was used to calculate the position of the geometric 
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center, migration distance and direction of S. frugiperda under different climatic 
scenarios in China. The results are shown in Figure 7 and elaborated below. 
 

  

Figure 7. Trajectory of the geometric center of highly suitable (A) and total suitable (B) areas 
under different climate change scenarios. “●”, “■” and “  ” indicate the geometric center of 

suitable areas under each scenario, and “▲” indicates the direction of movement 
 
 

Under RCP2.6, the geometric center of highly suitable habitat for S. frugiperda will 
transpose 53.199 km northwest from Lixian (current) to Songzi (2050s), then 14.865 km 
southwest in Songzi (2070s). For the total suitable areas, the geometric center will move 
94.068 km northwest from Xingshan (current) to Fangxian (2050s), then 3.711 km 
northeast in Fangxian (2070s). 

Under RCP4.5, the geometric center of the highly suitable areas will move 105.068 km 
northwest from Lixian (current) to Dangyang (2050s), then 54.969 km southwest to Yidu 
(2070s). For total suitable areas, the center will transfer 126.547 km northwest from 
Xingshan (current) to Shiyan (2050s), then 41.907 km northeast to Yunxian (2070s). 

Under RCP6.5, the geometric center of the highly suitable areas will move 63.67 km 
northwest from Lixian (current) to Songzi (2050s), then 51.899 km northwest to Yichang 
(2070s). For total suitable areas, center will move 130.762 km northwest from Xingshan 
(current) to Shiyan (2050s), then 10.422 km northwest in Shiyan (2070s). 

Under RCP8.5, the geometric center of the highly suitable areas will move 149.944 
km northwest from Lixian (current) to Yuanan (2050s), then 84.65 km northwest to 
Baokang (2070s). For total suitable areas, the center will move 164.008 km northwest 
from Xingshan (current) to Yunxi (2050s), then 53.315 km northeast to Shangnan 
(2070s). 

Discussion 

Spodoptera frugiperda is an important transboundary migratory insect pest, which has 
expanded its range to new areas, including China, forcing the Food and Agriculture 
Organization of the United Nations to issue alerts worldwide. The strain that has recently 
invaded China is considered the “maize strain” with some heterozygotes and at present 
threatens more than 50% of the maize crop producing areas in China, leading to huge 
economic loss and potentially influencing food security (da Silva et al., 2017; Huang et 
al., 2020). Recently, the Chinese government has launched the “three areas, three belts, 
and three lines of defense” policies to deal with this notorious pest. With the ever-
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increasing impact of climate change and its related consequences, a raised incidence of 
reduced agricultural production and food insecurity are expected, particularly since 
climate change will negatively affect the agricultural suitability of some areas, enhance 
the risk of pest infestation, and even alter the distribution of some crops (Kukal and Irmak, 
2018; Deutsch et al., 2018). Within this context, assessing the impact of climate change 
on agricultural production systems will help to mitigate its negative consequences. 

From the viewpoint of niche conservation, high accuracy in predicting the 
geographical distribution of a species can be achieved using local occurrence data for a 
particular species (Phillips, 2007). However, accurately modeling its simulation results 
for other areas and predicting the probability of presence in this area is usually unstable. 
It is not recommended to use occurrence data from one region to project habitat suitability 
in another; therefore, for the present research, we used data relating solely to S. frugiperda 
in China. 

In the present study, we used a MaxEnt model combined with ArcGIS to understand 
the effects of climate change on areas potentially suitable for S. frugiperda at a national 
level. Furthermore, we investigated how these changes could influence the geometric 
center of this pest at two different time points, the 2050s and 2070s, and under four 
different climate change scenarios. ROC curves were applied to estimate the accuracy of 
the prediction of the MaxEnt model; the results showed high AUC values, confirming 
excellent model performance. Seven bioclimatic variables were then selected as 
predictors in the reconstructed MaxEnt model. bio18 (Precipitation of Warmest Quarter) 
was found to have the strongest effect on the potential distribution of this pest and 
contributed more to the simulation than other variables (Table 2). Notably, the impact of 
precipitation on habitat suitability for S. frugiperda has already been documented. For 
instance, Du Plessis et al. (2018) mapped the habitat suitability of this pest and suggested 
that precipitation and irrigation scenarios were important factors in the distribution of 
S. frugiperda. Moreover, Day et al. (2017) reported that precipitation in the wettest month 
and the mean temperature of coldest quarter were important variables in the diffusion of 
this pest in Africa. Rainfall can directly and indirectly influence the distribution of 
S. frugiperda, with both positive and negative consequences. That is, precipitation can 
contribute to the proliferation of host plants, an important habitat and food resource, 
thereby generating favorable conditions for the S. frugiperda population; meanwhile, 
precipitation and irrigation can drown or wash them away, reducing their population 
(Nboyine et al., 2020). Additionally, Early et al. (2018) found that precipitation had a 
negative influence on the larvae of S. frugiperda, with fewer adult moths captured and 
the peaks of moth population were postponed during the dry season (Andrews, 1988). 

Previous studies have also shown temperature to be a key environmental variable, 
influencing the development, reproduction and distribution of S. frugiperda (Hogg et al., 
1982). Valdez-Torres et al. (2012) reported that the highest and lowest temperature 
thresholds for the growth of S. frugiperda under laboratory conditions were 39.8 and 
8.7 ℃, respectively. In the present study, the existence probability of S. frugiperda was 
found to be higher when the mean annual temperature (bio1) was between 12.0 and 
18.5 ℃, which is within the aforementioned temperature range. However, it is 
inconsistent with another previous study which suggested that the suitable mean annual 
temperature ranged from 19 to 23 ℃ (Wang et al., 2020). This difference is likely due to 
the difference in geographical location of the sample points and environmental factors in 
establishing the prediction model. In South and East China, which are considered highly 
and moderately suitable areas for S. frugiperda, the annual average temperature was about 
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15–18 ℃ (data from China Meteorological Administration), characterized by higher 
winter temperatures and a short duration of low temperature, which are good climatic 
conditions for the persistence of this pest. Hence, it was inferred that this pest could 
reproduce all year round in these areas and thus it may become the central location from 
which S. frugiperda can spread to other parts of China, such as the Yangtze River Basin 
and North China. Within a certain temperature range, the development rate of insects has 
been found to increase with increasing climatic temperature but reduces beyond a certain 
threshold (Wang et al., 2020). Similarly, a previous study indicated that the growth rate 
of S. frugiperda increases linearly with increasing temperature between the range of 
18-30 ℃ (Du Plessis et al., 2018). Furthermore, based on the response curve of bio5, the 
occurrence probability of S. frugiperda reduced sharply when temperatures exceeded 
32.5 ℃, indicating that a high temperature in the warmest quarter may be an important 
factor restricting the habitat suitability of this pest. 

In summary, the occurrence and prevalence of S. frugiperda are closely associated 
with climatic conditions, such as temperature and rainfall (Ramirez-Cabral et al., 2017). 
This is supported by research in Africa by Cokola et al. (2020), who found that the 
incidence of S. frugiperda in South Kivu Province, DC Congo was also related to 
temperature and rainfall. However, the habitat suitability of S. frugiperda may be affected 
by other non-climatic factors, such as host plants, natural enemies, human activities, land 
use, soil traits and management intervention levels (Hijmans et al., 2005; Biber-
Freudenberger et al., 2016). In a paper by Liu et al. (2020), the authors noted that land-
use was more important than climate in regulating the distribution of S. frugiperda, 
according to the resource concentration hypothesis (Root, 1973). Whether these factors 
can exert a significant effect on the accuracy of our simulation results deserves to be 
investigated. 

The results of the present study highlight the potential for climate change to increase 
the spread of pests. As conditions become more favorable for pest species, their ability to 
expand and damage crops grows, as elaborated by examples worldwide (Deutsch et al., 
2018). Our future simulations were performed under four different CO2 concentration 
pathways, whereby RCP2.6 represents the most optimistic scenario, RCP8.5 represents 
the most pessimistic, and RCP4.5 and RCP6.0 in between (IPCC, 2007). Our study 
confirmed that the total area of suitable habitats increased in line with the severity of 
greenhouse gases emissions (to different extents). This, therefore, indicates that climate 
change could extend the potential distribution of S. frugiperda, which is consistent with 
previous studies (Early et al., 2018). The alteration in habitat suitability caused by climate 
change could be explained by the biological traits of insects. Since they are temperature-
sensitive, and have a strong spread ability, short life-cycles, and strong reproductive 
capacity, even slight alterations in temperature have the potential to bring about 
significant changes in abundance and distribution (Ayres and Lombardero, 2000). 
However, climate change has also been documented to have other impacts on insects, 
such as directly influencing their life history traits or indirectly through their natural 
enemies and hosts plants (Patterson et al., 1999; Bale et al., 2002), resulting in changes 
to the suitability of a particular insect for a given habitat. Ramirez-Cabral et al. (2017) 
has suggested that the low-risk area would increase 40% by 2050 and 23% by 2100 but 
medium- and high-risk areas would in fact reduce more than 50% by 2050 and more than 
39% by 2100, compared with the present risk. As such, they concluded that that future 
climate scenarios (A2 Special Report on Emissions Scenarios, SRES) would result in a 
reduction of risk for S. frugiperda outbreaks (Ramirez-Cabral et al., 2017). However, 
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unlike in the present study, the authors used two general circulation models (GCM) 
including CRIRO MK3.0 and MIROC-H under the scenario of A2 SRES. 

Additionally, the results of the present study highlighted that S. frugiperda is highly 
likely to migrate northward in China. The geometric center of both highly and total 
suitable areas was found to move northwards under all four climate scenarios. This can 
be clearly explained by the fact that polyphagous insects, such as S. frugiperda, are able 
to transfer to more favorable areas as conditions change (Kennedy and Storer, 2000). 
Therefore, rapid cross-region communication and collaboration in China will be key to 
effective management, especially in regions that are climatically low- or unsuitable for 
S. frugiperda. At present, S. frugiperda is a seasonal pest in most parts of China, and the 
warmer weather may enable this pest to persevere over a longer period, as highlighted by 
the future simulations (Xie et al., 2021). Furthermore, S. frugiperda may benefit from 
climate change since polyphagous insects are more adaptable to a changing environment 
due to their genotypic and phenotypic plasticity, and may even feed on lower-quality 
hosts when preferred hosts are unavailable (Bale et al., 2002). Moreover, climate change 
may accelerate the northward migration of multivoltine insects to higher and medium 
latitudes (Altermatt, 2010). Thus, those areas currently designated as either low- or 
unsuitable may ultimately become suitable for S. frugiperda. From another point of view, 
pest outbreaks and their risks, under future climate situations, may be more difficult to 
model due to enhanced climate variability and extreme climate events. Of note, the strong 
flight ability of adult S. frugiperda is yet another of their adaptative characteristics that 
enables them to translocate long distances (29.14 km/day in China, Ge et al., 2019), a key 
factor that has promoted the expansion of this pest. However, its ability in long-distance 
migration is only partly to blame and research has indicated that the movement of infested 
agricultural commodities also promoted its migration between regions (Wang et al., 
2020). For example, Faulkner et al. (2017) speculated that the rapid diffusion of this pest 
throughout Africa was aided by intra-continental transportation links. Within China, this 
feature may make it more challenging to suppress outbreaks of S. frugiperda by managing 
any single location. Therefore, efforts need to be coordinated across areas and country 
borders. 

The host plants of S. frugiperda are diverse, with major hosts extensively distributed 
around the world. Thus, the host plant may not be a significant factor in restricting their 
distribution. Currently, S. frugiperda can be divided into two haplotypes, namely maize 
strain and rice strain. Rice-strain S. frugiperda feed on rice and various pastures, whilst 
the maize-strain (which recently invaded China) feeds mainly on maize, sorghum and 
cotton (Dumas et al., 2015). In China, maize is one of the major grain crops, and is widely 
cultivated and distributed in the hilly maize area of South and Southwest China, irrigation 
maize area of Northwest China, spring maize area of East and North China, summer 
maize area of Huanghuaihai Plain, and maize area of Qinghai-Tibet Plateau (He and 
Zhou, 2011, 2012), with several of these production areas overlapping with the 
moderately and highly suitable areas for S. frugiperda in our results. At present, there has 
been little study into the differing climate tolerances between rice- and maize-strain 
S. frugiperda and there is insufficient information on their respective habitat suitability to 
model their distribution individually. At present, the two strains appear to substantially 
overlap in their distributions, thus we inferred that any difference in climate tolerance was 
unlikely to exert a significant influence on their geographic distribution, but has the 
potential affect their abundance. As such, further research is needed. According to 
previous records, no S. frugiperda have been detected in Qinghai-Tibet Plateau, Xinjiang, 
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Jilin, Heilongjiang or Gansu, which were identified as unsuitable areas for the pest. 
However, this does not imply that these areas will not be severely affected and can be 
ignored, given the ability of S. frugiperda to migrate long distances. 

Finally, it is important to acknowledge some constraints with the present research. 
First, we only used climatic factors and did not investigate the effect of other biotic or 
abiotic factors which could significantly affect species distribution, such as host plant, 
natural enemies, land use or the application of pesticide and fertilizer, etc. Secondly, 
MaxEnt, as an occurrence-background approach, cannot adequately illustrate the spatial 
deviation of presence records (Shabani et al., 2019), and only evaluates the relative habitat 
suitability irrespective of how the background sample is specified (Guillera-Arroita et al., 
2014). 

Conclusion 

Native to the Americas, S. frugiperda is one of the most economically destructive crop 
pests that has recently invaded both Asia and Africa. In general, pest management within 
agricultural systems may become more difficult under future climate change scenarios, 
particularly in terms of its variability. Understanding the effect of climate change on the 
habitat of this pest and responding with timely management measures are therefore 
essential to protect future crop production. The results of the present study show that the 
high-risk area is mainly distributed in Jiangsu, Anhui, Jiangxi, most parts of Henan and 
Guangxi, central and eastern Hubei, central and southern Shaanxi, southeastern and 
northern Zhejiang, western Shandong, southern Hebei, northeastern Guizhou, eastern 
Sichuan, northwestern Hunan, western Chongqing, southeastern Fujian and northern 
Guangdong, covering a total area of 167.01×104 km2. From the present to the 2070s, the 
area of highly and moderately suitable areas will increase, with the distribution expanding 
toward northern China as the climate warms. The ROC curve test performed in the present 
study offers reliable evidence that the MaxEnt model is highly accurate in predicting the 
potential distribution of S. frugiperda in China. Moreover, the key environmental factors 
regulating the habitat suitability of this pest were Precipitation of Warmest Quarter, 
Temperature Seasonality, Annual Mean Temperature and Precipitation Seasonality. 

As a next step, we recommend the use of ensembles of ecological niche models such 
as MaxEnt, Climex, BIOCLIM and GARP to estimate the future habitat suitability of 
S. frugiperda, its host plants and natural enemies in China, and integrate their interaction 
into the model simulation process. With this information, crop growers, the agricultural 
sector and policy makers could develop adaptation strategies, such as new techniques, 
new pest-resistant crop varieties and control practices, to overcome the climate change-
induced effects of S. frugiperda on economically important crops. Further work is needed 
at a regional level to understand the factors affecting the development and life history 
traits of this pest. 
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Abstract. As the largest freshwater lake located in the most controversial transboundary river in Asia, the 
Tonle Sap Lake is one of the most productive ecosystems in the world. However, uncertainty remains 
because of the inability to measure nonlinear inundation dynamics in remote lakes at fine spatial and 
temporal resolutions, let along the water levels. This research attempted to explore the reliability of radar 
altimetry data to detect the inland water level of inundation areas, like that of Tonle Sap Lake over the 
past decade. The results indicated that the Jason-2 and Jason-3 radar altimetry data were able to retrieve 
water level with high accuracy (R2 = 0.9232 and confidence coefficient of 98%), and the composite index 
was proven to be the optimal method to identify inundation area of the Tonle Sap Lake compared to the 
single-band threshold method and modified normalized difference water index by applying Moderate 
Resolution Imaging Spectroradiometer Surface Reflectance products MOD09A1. The fluctuation trend of 
inundation area and water level were basically consistent with the precipitation, presenting a distinct 
lagging relationship. More important was the truth that the downstream water level had poor correlation 
with the upstream runoff both in flood period and non-flood periods (R2 = 0.0542 and 0.2873, p < 0.01), 
which indicated that the upstream explorations over Lancang-Mekong River had little effects on the 
downstream water volume. 
Keywords: composite index, Jason-2 and Jason-3 radar altimetry, lagging relationship, variation 
tendency, flood pulse 

Introduction 

As the most significant transnational river flowing through China, Laos, Burma, 
Thailand, Cambodia and Vietnam, the Lancang-Mekong River is also one of the most 
controversial transboundary rivers in the world. It contains the world’s largest inland 
fishery and nourishes about a quarter of a billion people that lived in the river basin 
(Hecht et al., 2019). The river runs for approximately 4800 km and as it originates from 
the Qinghai-Tibet Plateau, so the elevation drop reaches up to 5000 m which makes it 
an abundant hydropower resource (Zhang et al., 2020). As a consequence, the 
exploitation of the river has led to international conflicts because different stakeholders 
competed for the allocation and utilization over the shared water resource (Li et al., 
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2019a). Especially the conflicts happened among upstream and downstream countries, 
which have attracted the attention of international community for a long time. 

The Tonle Sap Lake, which is the largest freshwater lake and boundary lake of 
Lancang-Mekong River basin, is considered as the “heart of the Lower Mekong” due to 
the exceptional biodiversity and is also one of the most productive ecosystems in the 
world. It is a globally unique lake-floodplain system for its seasonal bi-directional 
hydrological characteristics, with the water inflows from Mekong River in rainy season 
and outflows during the dry season recurrently (Arias et al., 2014). So the water levels 
of Tonle Sap Lake vary from an average depth of less than 2 m in the dry season to over 
10 m in the flood season being linked to the annual flood pulse governed by the flow of 
the Mekong River (Oeurng et al., 2019). Accordingly, the inundation area also varies 
significantly in both short-term (weeks to months) and long-term (years) scales 
(Kummu et al., 2014). Adding to this complexity is the rapid population growth, 
agricultural expansion and hydropower construction in the Mekong River basin (Arias 
et al., 2012; Larnberts and Koponen, 2008). Therefore, monitoring the current status of 
flood inundation and water levels in time and space accurately is important for local 
water resource management, ecological conservation and hydrological processes. 

Whilst the regional significance of Tonle Sap Lake is undisputed, uncertainty 
remains because of an inability to measure or model nonlinear inundation dynamics in 
remote basins (for the vast and inaccessible nature of the Tonle Sap Lake) at fine spatial 
and temporal resolutions, let alone the water levels. The greatest challenge in addressing 
the problem is the lack of long-term in situ observation data, especially in 
transboundary basins where the data are not always shared publicly (Gleason and 
Hamdan, 2017). Remote sensing observations offer a unique opportunity to 
continuously monitor the large floodplain, although they could not replace in situ 
observations (Jahanbakhsh et al., 2017; Tangdamrongsub et al., 2016). 

Abundant satellite images generated by various sensor types including 
visible/infrared (Amani et al., 2017; Schneider and Hook, 2010), SAR (Synthetic 
Aperture Radar) (Ding and Li, 2011; Millard and Richardson, 2013) are available for 
investigating inland water bodies. The free Landsat images which have a relatively high 
spatial resolution were extensively applied (Pekel et al., 2016). However, they are 
limited by the rather long 16 days repeat cycle and the frequent occurrence of cloud 
coverage. As microwave remote sensing data, SAR are able to detect the ground objects 
without been affected by clouds (Schlaffer et al., 2015). But as most SAR images are 
generated by commercial satellites, the researches were hindered by the data 
availability. And some free SAR data like Sentinel-1 are just available since 2014, 
which only cover a short span of time. In contrast, MODIS (Moderate Resolution 
Imaging Spectroradiometer) dataset with high-frequency measurements and medium 
resolution was particularly suitable to address both short- and long-term changes in 
inundation areas of moderate and large lakes (Feng et al., 2012). Previous studies have 
determined spatio-temporal flooding extent by applying a threshold approach to land 
surface reflectance, or spectral indexes from the MODIS image (Chen et al., 2013). A 
number of spectral indices have been explored including the Normalized Difference 
Vegetation Index (NDVI), Enhanced Vegetation Index (EVI), Land Surface Water 
Index (LSWI) and Normalized Difference Water Index (NDWI) and so on (Fan et al., 
2020; Fayne et al., 2017). The results indicated that various derived indices presented 
different accuracy in regard to their ability to identify the inundation area (Kwak, 2017). 
In consequence, it is essential that the diverse indices must be evaluated on a case-by-
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case basis to determine the optimal method for further application, especially for the 
Tonle Sap Lake with periodic flooding. 

Moreover, to better understand the hydrology of large river systems, information 
about the dynamics of inundation pattern alone is not sufficient, the water levels are also 
required. The satellite altimetry, which could provide long-term and repeated 
measurements nearly globally and operate under different weather conditions, was 
proved to be an effective technique to monitor inland water bodies although it was 
routinely monitor sea level changes over the global open ocean (Dubey et al., 2015). A 
number of past, present and planned satellite altimetry missions, such as European 
Remote Sensing (ERS-1/2) (1991-2000, 1995-2002), ENVIronmental SATellite 
(ENVISAT) (2002-2010), TOPEX/Poseidon(T/P) (1992-), JASON-1/2/3 (2001- , 2008-
2016, 2016-present respectively) and CryoSat-2 (2010-present), are capable of 
monitoring inland water levels with different accuracy and space-time resolutions 
(Boergens et al., 2019; Breda et al., 2019; Maillard et al., 2015). However, the time span 
of these satellites varies considerably due to their launch time and working life, on 
account of which the application of long-term monitoring was confined. 

Thanks to the uninterrupted succession of TOPEX/Poseidon, the Jason-1, Jason-2 
and Jason-3 missions are on the same orbit (Kuo et al., 2015; Maiwald et al., 2016). The 
main advantages of using these continuous data records are not only the three missions 
on the same orbit comes from the “calibration phases”, but also with same 10 days of 
orbit recurrence period which provide the highest temporal resolution (Huang et al., 
2018). The consistently operating and short-repeat times make it possible to monitor 
both long-term and short-term water levels as they have been validated to have good 
data quality with accuracy on the order of decimeter (Wang et al., 2019). Although 
pioneering studies have attempted to document the changes of inland water levels 
(Biancamaria et al., 2018; Li et al., 2019b), the universality of the data for medium 
lakes and the usefulness of continuous altimetry techniques to retrieve water levels in 
Tonle Sap Lake are still need to be further explored. This study attempted to provide a 
comprehensive assessment of the variations of the inundation area as well as to explore 
water levels in the Tonle Sap Lake over the past decade, using various data sets 
delivered by remote sensing satellites. 

Materials and methods 

Study area 

The Tonle Sap Lake is the largest freshwater lake in the Lancang-Mekong River 
basin and it is also the largest lake in Southeast Asia. The entire basin area is 
85800 km2, accounting for 11% of the total drainage area (Fig. 1). It provides favorable 
irrigation conditions for the thousands of farmlands in the ambient plain areas, and its 
fishery supports the livelihood and nutrition of millions of people in Cambodia (Hecht 
et al., 2019). The aquatic biodiversity of the Tonle Sap Lake has been listed as a World 
Biosphere Reserve by UNESCO (United Nations Educational, Scientific and Culture 
Organization). 

Driven by the Asian monsoon, the Tonle Sap Lake presents distinct seasonal changes 
in precipitation varied from 1000 to 1500 mm between the dry and rainy season. It plays 
an important role as a natural regulator in the hydrological environment of Mekong 
Delta, because excessive water inflows to the lake during the rainy season (May to 



Yan et al.: Assessment of inundation area and water level of the Tonle Sap Lake using multi-source remote sensing data between 
2008 and 2018 

- 4550 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4547-4566. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_45474566 
© 2021, ALÖKI Kft., Budapest, Hungary 

October) and discharge to the lower area during the dry season (November to April) 
with up to 8000 m3/s out from the lake (Arias et al., 2014). 

 

 

Figure 1. Location of the Tonle Sap Lake 

 
 
This unique phenomenon causes the lake expands from 2500 km2 to over 16000 km2 

and the water levels varies from less than 2 m in the dry season to more than 10 m in the 
rainy season. About 53.50% of the annual flow comes from the Mekong River and 
12.50% from the precipitation (Kummu et al., 2014). 

 
Data source 

MODIS products 

Launched as part of National Aeronautics and Space Administration (NASA)’s Earth 
Observation Sensor mission, MODIS is a multispectral instrument carried on two polar-
orbiting satellites, Terra and Aqua. The MODIS surface reflectance product MOD09A1 
with Bands 1-7 and spatial resolution of 500 m from 2008-2018 were selected 
(https://modis.gsfc.nasa.gov/) to extract the inundation area of Tonle Sap Lake. This 
product is obtained by combining the best surface reflectance data of every pixel 
acquired during an eight-day period and selecting pixels of the highest quality based on 
a combination of low view angle, the absence of clouds or cloud shadow, and aerosol 
loading. There are two scene images, h27v07 and h28v07, covering the study area with 
sinusoidal projection. The original images were processed to ensure a whole image per 
month that fitting the study area. 

 
Radar altimetry data 

As T/P-family altimeters provided continuous measurements with a time interval of 
10 days and resolution of 20 Hz, Jason-2 (July 2008 - September 2016) and Jason-3 
(February 2016 - August 2018) were selected in the study. To generate time series 
dataset of lake water levels, the geophysical data records (GDRs) from the Archiving, 
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Validation and Interpretation of Satellite Oceanographic (AVISO) 
(https://www.aviso.altimetry.fr/) were acquired, which contained orbit heights, raw 
range measurements and geophysical corrections. As shown in Figure 2, there is one 
ground track of Jason family satellites passing over the Tonle Sap Lake. 

 

 

Figure 2. The orbit of Jason-2 at the exit of the Tonle Sap Lake 
 
 

Daily precipitation data of TRMM 3B42 

The Tropical Rainfall Measuring Mission (TRMM) is jointly mission of NASA and 
the Japan Aerospace Exploration Agency. The 3B42V7 is product of TRMM Multi-
satellite Precipitation Analysis (TMPA) that takes input from several passive 
microwave sensors and has already been ground validated with the rain gauge data. The 
TRMM 3B42V7 Level 3 Product was provided by the Goddard Data Distribution 
Center of NASA (https://mirador.gsfc.nasa.gov/) with spatial resolution of 0.25° × 0.25° 
in gridded format. The daily precipitation data from 2008 to 2018 was composited in 
Arcgis10.6 software to obtain monthly precipitation data and annual precipitation data. 

 
Meteorological data 

The Mekong River Commission’s official website (MRC) is the only 
intergovernmental organization that works directly with the governments of Cambodia, 
the Lao People’s Democratic Republic, Thailand and Vietnam to manage the water 
resources and sustainable development of the Mekong River. The water level data of the 
Prek Kdam hydrological station from 2008 to 2018 
(http://ffw.mrcmekong.org/reportflood.php) was obtained from the MRC, which was 
published by the Cambodian Meteorological Bureau, also including wind speed, wind 
direction, solar radiation, sunshine time, relative humidity, evaporation, temperature, 
pressure, flow and precipitation. The precipitation data from 2009 to 2018 of Siem Reap 
where the city Tonle Sap Lake located was obtained from the Word Weather website 
(https://www.worldweatheronline.com). 

 
Methods 

Inundation area extraction 

As Tonle Sap Lake is featured with seasonal variation, three types of approaches 
were applied to extract the inundation area and the optimal method was determined. 
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1. Single-band threshold method based on water body boundary 

The spectral response in the short-wave infrared is mainly dominated by water 
absorption bands, which was proved to be directly sensitive to soil and vegetation 
moisture content (Frappart et al., 2018). The reflectance in the short-wave infrared is 
assumed to be zero for water surface, so it is well suited to distinguish water from other 
ground objects. As short-wave infrared band of MOD09A1 surface reflectance data is 
the sixth band, so this approach is defined as Equation 1. 

 
  (Eq.1) 
 

where ρband6 refers to the surface reflectance value in the short-wave infrared band of 
MOD09A1 (1628-1652 nm, band 6), t is the threshold that segment the water and other 
ground objects. When the reflectance value below t, it will be defined as water body. 

 
2. Composite index 

Besides the above mentioned short-wave infrared band, the near infrared band is also 
sensitive to the surface object, especially the water and soil/vegetation. The reflectance 
in near infrared is low over water surface and high over vegetation, which is valuable to 
generate the efficient indices. This approach is based on the enhanced vegetation index 
(EVI), the land surface water index (LSWI) and the difference value between EVI 
(Eq. 2) and LSWI (DVEL) (Eqs.3–4), which was proved to be effective in quantifying 
the surface water extent (Normandin et al., 2018). The equations are as follows: 

 
  (Eq.2) 
 
  (Eq.3) 
 
  (Eq.4) 
 

where for MODIS, BandRed, BandNIR, BandBlue and BandSWIR refer to surface reflectance 
value of band 1 (621-670 nm), band 2 (841-875 nm), band 3 (459-479 nm) and band 6 
(1628-1652 nm) respectively. The water body was extracted when the threshold range 
was EVI < 0.3 and DVEL < 0.05. 

 
3. Modified normalized difference water index 

The modified normalized difference water index (MNDWI) was developed by 
replacing the near infrared band used in normalized difference water index (NDWI) 
with the shortwave infrared band, since the water body was proved to have stronger 
absorbability in the shortwave infrared band than in the near infrared band. And a 
number of peer research works have turned out that MNDWI could extract water body 
with greater accuracy than NDWI (Du et al., 2016; Li et al., 2013). The MNDWI was 
defined as Equation 5: 

 
  (Eq.5) 
 

where BandGreen refer to the surface reflectance value in the green band (545-565 nm, 
band 4) and BandSWIR is the reflectance in the short-wave infrared band (1628-1652 nm, 
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band 6). The optimal threshold to segment water body is 0. When the reflectance greater 
than 0, the pixel was defined as water body. 

 
Water level extraction 

The altimeter measures water level by transmitting radar pulse to lake’s surface and 
measuring the vertical distance between the satellite and the lake surface. The lake level 
is the difference between the satellite’s ellipsoidal height and the range (Eq. 6). 

 
  (Eq.6) 
 

where H is the corrected orthometric height; Halt represents the satellite altitude with 
respect to reference ellipsoid, Hran is the satellite measure range, Hhei refers to the height 
of geodetic datum to the reference ellipsoid, △Hcor represents the correction parameter 
and 0.71 is the vertical offset of the Topex ellipsoid to the WGS84 ellipsoid. Halt, Hran 
and Hhei were given by the downloaded GDRs with the file name of alt_20hz, 
ice_range_20hz_ku, geoid respectively. 

The correction parameter △Hcor generally includes the range and geophysical 
corrections over the inland water bodies. For range correction, there are dry 
tropospheric correction, wet tropospheric correction and ionospheric correction. The 
geophysical corrections include earth tide and the pole tide corrections. The corrections 
are provided using mathematical formulas (Eq. 7): 

 
  (Eq.7) 
 

where Iiono, Ddry and Wwet are the ionospheric correction, the dry tropospheric correction 
and the wet troposphere correction respectively and Ppt and Set are the pole tide and 
earth tide correction respectively. All the parameters were offered by the GDRs files. 

Differences between heights at individual spots and the mean height were computed 
based the above preliminary results. The heights with continuous sequence number and 
differences less than 0.3 m were retained as the most valid data. And a new mean height 
was computed from the outlier-free heights, which represent the height of the pass. All 
the data were processed in BRAT (Basic Radar Altimetry Toolbox) software 
(https://www.aviso.altimetry.fr/en/data/tools.html), which was provided by the official 
website of AVISO. 

 
Mann–Kendall trend analysis 

The Mann–Kendall rank correlation test is a nonparametric statistical test method, 
which was developed to test the non-linear trend and turning point. It has the advantage 
of not requiring a sample to obey a certain distribution, nor interfering with a few 
outliers, which is more suitable for typed variables and ordinal variables. When the test 
statistic |Z| > Z1-α/2, it represents that the time series data has a significant ascending or 
descending trend at the confidence level α, and vice versa, the trend change is not 
significant. When the normalized statistic Z is positive, it indicates that the variables in 
the time series show an upward trend, with the negative values indicating a downward 
trend. When the absolute value of Z is equal or greater than 1.28, 1.64 or 2.32, 
demonstrating the significance tests were passed at the confidence coefficient of 90%, 
95%, and 99% respectively. 



Yan et al.: Assessment of inundation area and water level of the Tonle Sap Lake using multi-source remote sensing data between 
2008 and 2018 

- 4554 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4547-4566. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_45474566 
© 2021, ALÖKI Kft., Budapest, Hungary 

Results 

Comparison of the inundation area 

The inundation area of the Tonle Sap Lake in 2008-2018 was extracted by single-
band threshold method, composite index and MNDWI respectively. Generally, the 
results of the three methods have presented similar variation trend and strong 
correlations (Table 1). 

 
Table 1. The correlation of three methods and measured water level 

Methods 
Single-band 

threshold method 
Composite 

index 
MNDWI 

Measured water 
level 

Single-band threshold method 1 0.979 0.940 0.900 

Composite index 0.979 1 0.964 0.929 

MNDWI 0.940 0.964 1 0.900 

 
 
The inundation area extracted by single-band threshold method was close to the 

composite index, while the result of MNDWI was obviously lower than the two 
methods, especially during the rainy season (Fig. 3). For example, the inundation area 
in September 2009 extracted by single-band threshold method, composite index and 
MNDWI was 17306.77 km2, 18497.44 km2 and 10131.21 km2 respectively. However, 
the results of the three methods were close to each other in the dry season. The area of 
Tonle Sap Lake in rainy season is approximate six times larger than the dry season. In 
recent decade, the maximum inundation area of Tonle Sap Lake extended 5.9, 5.5 and 
3.6 times extracted by the single-band threshold method, composite index and MNDWI 
respectively. 

 

 

Figure 3. Inundation area of Tonle Sap Lake from January 2008 to December 2018 with three 
methods 

 
 
The advantages and disadvantages of the three methods were quite different as can 

be observed from the spatial distribution of the extracted inundation area (Fig. 4). The 
composite index was able to extract water bodies with smaller area, such as the channel 
of Tonle River in the dry season (Fig. 4a), while the other two methods were incapable 
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of identify the smaller water area. This could because the composite method combined 
the EVI and the LSWI, and the difference between them enhances the contrast between 
water and background objects, which made it better to distinguish the water body and 
extract with mixed pixels (Frappart et al., 2018; Normandin et al., 2018). The MNDWI 
enhanced the contrast between the water body and the building, which greatly reduced 
the confounding effect of ground buildings (Du et al., 2016). It was more appropriate to 
identify water body with clear boundaries. Although single-band threshold method was 
easy to implement and was insusceptible to the quality of the images, it had problem to 
distinguish the water body within mixed pixels. 

 

 

Figure 4. Comparison of spatial distribution of water body in the Tonle Sap Lake 
 
 
Therefore, the composite index was the optimal method to identify the inundation 

area of the Tonle Sap Lake, followed by the single-band threshold method and 
MNDWI, in the case of the same spatial resolution. 

 
Accuracy of altimetry water level 

The data of the Prek Kdam hydrological station was downloaded from the official 
website of the MRC and was used as the measured data of the water level of the Tonle 
Sap Lake. The site is located on the Tonle Sap River, about 86 km away from the 
location where Jason-2 and Jason-3 radar altimeter monitored. Therefore, there were 
differences between measured data and satellite results due to gaps of the height datum, 
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terrain and observation time. And as only part of the data was published to the public, 
about 100 measured water levels from 2008 to 2018 were obtained to verify the 
altimeter data. Compared to the in situ measured water levels, the water levels observed 
by Jason-2 and Jason-3 radar altimetry were a little bit higher (Fig. 5). Although there 
were differences between the two datasets, the variation trend was similar and extreme 
values were generally appeared in the same period of time. 

 

 

Figure 5. Comparison of altimetry water level and measured water level in 2008-2018 
 
 
Linear correlation analysis indicated a significant positive correlation between 

measured water levels and the water levels observed by Jason-2 and Jason-3 radar 
altimetry with R2 = 0.9232 and confidence coefficient of 98% (Fig. 6). It was 
demonstrated that the Jason-2 and Jason-3 radar altimetry data were reliable to detect 
the inland water level like Tonle Sap Lake with high accuracy. 

 

 

Figure 6. Scatter plot of the altimetry water level and the measured water level 
 
 

Changing trend of inundation area and water level 

Linear tendency estimation, moving average and Mann-Kendall trend analysis were 
applied to analyze the changing trend of inundation area and water level. The slope rates 
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of linear equation for inundation area and water level were -151.96 and -0.11, with both 
of them presented decline trend. As well as the 3-year sliding average, the inundation 
area and water level appeared decreasing tendency with fairy fluctuation from 2008 to 
2018 (Fig. 7). 

 

 

Figure 7. Linear tendency and moving average of inundation area and water level in the study 
area 

 
 
The Z values of Mann-Kendall were -1.09 and -0.8 for inundation area and water 

level respectively, and both the absolute values were less than 1.96, which indicated that 
both the inundation area and water level shown the decline trend. In consequence, the 
inundation area of the Tonle Sap Lake shrinking gradually and the water level declined 
in the past decade. 

Discussion 

Variation of inundation area 

As can be observed from the spatial distribution of the inundation area of the Tonle 
Sap Lake, the large inundation area was generally distributed along with the north and 
south tributaries, where the Ramsar wetland and Tonle Sap Biosphere Reserve 
located, and then expanded to northwest part (Fig. 8). This was consistent with the 
results of previous studies carried out by Kummu et al., which documented that the 
floods in the Tonle Sap Lake mostly occurred in the western part of the lake (Kummu 
et al., 2014). 

The variation trend of the inundation area was similar on annual scale, but varied 
within the year with seasonal cycle (Fig. 9). The minimum inundation area always 
appeared in April or May, while the maximum area generally turned up during 
September and November. The characteristics were accordance with finding from 
previous studies (Arias et al., 2012, 2014). In the rainy season, followed by the 
increasing precipitation, the water level of the mainstream of Mekong River increased 
which forcing the water flows to Tonle Sap Lake through Tonle Sap River and 
resulting the inundation area expanded promptly. When the dry seasons came and the 
precipitation decreased, the water in Tonle Sap Lake flowed back to replenish the 
Mekong River and nourished the Mekong Delta. This was obvious in the northwestern 
part of the lake, where the inundation area decreased dramatically. 
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Figure 8. Spatial distribution of inundation area in the Tonle Sap Lake in 2017 
 
 

 

Figure 9. Monthly average inundation area of the study area from 2008 to 2018 
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The minimum inundation area reached 2265.80 km2 and 2736.79 km2 in 2016 and 
2009, which were both dry years, and presented relatively less inter-annual variations in 
dry seasons. Due to the impact of the El Niño happened at the end of 2014, the entire 
Mekong River Basin was suffered with severe drought, reduced precipitation and runoff 
(Frappart et al., 2018), which led to little water could be injected into the Tonle Sap 
Lake during the rainy season. However, the inundation area has shown significant inter-
annual variations in rainy seasons, with the maximum inundation area varied from 
10623.66 km2 in September 2015 to 19144.58 km2 in October 2011, when the 
catastrophic flood occurred in 2011 in the Tonle Sap Lake. 

 
Variation of water level 

The monthly water level of Tonle Sap Lake was monitored by the Jason-2 and Jason-
3 radar altimetry from 2008 to 2018 (Fig. 10). In general, the lowest water level 
appeared in April or May and the highest water level appeared during September to 
November. April and May are the late stage of the dry season per year, the lake 
continued to evaporate without plenty precipitation to supply, the water level could 
reach the minimum of 2.36 m. Whereas during September to October, the late stage of 
rainy season, the water supply continued and led to the possibility to reach the highest 
water level during this period. The water level varied significant over the period of one 
year and steady trend was observed in the inter-annual scale. 

 

 

Figure 10. Estimated monthly average water level of the Tonle Sap Lake from 2008 to 2018 
 
 
Take the water level of flood year 2011 and drought year 2015 as the example, the 

water level escalated from May to October and presented decline trend from November to 
May of next year (Fig. 11). The variation tendency of water level in flood year was fairly 
consistent with the drought year. During the rainy season from June to October, the 
differences of water level between flood year and drought year increased progressively 
and reached the highest value 4.42 m in October. The differences of water level showed 
relatively little change from January to April with water levels close to each other. 

As the catastrophic flood occurred in 2011, the water level reached the maximum of 
11.76 m in October. And due to the impact of El Niño from the end of 2014, the ambient 
countries all suffered from severe drought, especially downstream of the Mekong Delta. 
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The water level of Tonle Sap Lake reached the minimum of 7.35 m in October 2015. 
The altimetry water level was able to derive reliable water levels which was quite 
consistence with the actual situation. The result was expected to provide a reference for 
the practice of deriving water level of medium water bodies by altimetry satellites. 

 

 

Figure 11. Comparison of water level in drought year (2015) and flood year (2011) 
 
 

Response to precipitation 

Combined with the monthly precipitation data from TRMM 3B42V7, the fluctuation 
trend of inundation area (Fig. 12) and water level (Fig. 13) were basically consistent 
with the precipitation. However, the time lags of the extremes (both the minimum and 
the maximum) between inundation area/water level and precipitation were approximate 
one month, which was a distinct lagging relationship. The findings of Kummu et al. 
demonstrated that more than half of the annual flow into the Tonle Sap came from 
Mekong River, 34% from the tributaries and 12.5% from precipitation (Kummu et al., 
2014). And the runoff of Mekong River is mainly from precipitation. Therefore, the 
variation of inundation area and water level in the Tonle Sap Lake were closely related 
to the change of precipitation, which were driven by the monsoon flood in the Mekong 
River Basin. 

In the past decade, both the precipitation of the Tonle Sap Lake Basin (Fig. 14a) and 
the Mekong River Basin (Fig. 14b) presented declined trend which were not significant. 
If the precipitation decreases, the runoff of the Mekong River will go down 
correspondingly. As a result, the discharge flows into Tonle Sap Lake in the rainy 
seasons will decrease and the water level will decline as well. These phenomena 
happened in 2015, after the El Niño phenomenon occurred in the Mekong River Basin 
with the sudden drop of precipitation and climate warming. The precipitation of 
Mekong River Basin in 2015 was only 1567.08 mm, which was 13.29% lower 
compared to the average annual precipitation. In consequence, the inundation area 
decreased 29.75% and water level declined 20.33% in comparison with the average 
annual values. 
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Figure 12. Comparison of inundation area and precipitation 
 
 

 

Figure 13. Comparison of water level and precipitation 
 
 

 

Figure 14. Linear tendency and moving average of precipitation of Tonle Sap Lake basin and 
Mekong River basin 

a b 
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Moreover, plenty of sediments brought by the floods and the deforestation around the 
lake have caused massive deposit in the inundation area, which could give rise to the 
shrinking of the water body. The area already decreased at the speed of 30 km² per year. 
At the same time, construction of the dams on the tributary of Tonle Sap River reduced 
the surface water that flowed into Tonle Sap Lake (Arias et al., 2019). 

 
Response to the upstream hydrology regime 

Conflicts often arise over the Lancang-Mekong River, since it spread across the six 
riparian countries with more than 70 dams. Different stakeholders compete for the 
scarce water resources and limited reservoir storage capacity. As the largest boundary 
lake that regulates and stores the flood from this controversial transnational river, the 
water regime of the Tonle Sap Lake also attracted extensive attention worldwide. 

Some international media reported that the decline of downstream water level was 
attributed to the exploration of the upstream countries, especially the dam construction over 
the Lancang River in China. The disputes of whether the upstream exploitation such as dam 
construction and hydropower station have definitely negative effects on downstream water 
resource utilization have been lasted for several decades (Lu et al., 2014). 

However, our result demonstrated that the average water level derived from the radar 
altimeter did not follow the change of the average runoff from Jinghong hydrological 
station (100°47’ E, 22°02’ N) distinctly, which is the last control station that located in 
the upstream of the Lancang-Mekong river in China, both in flood period and non-flood 
periods (Fig. 15). Although, the Chinese government was requested to increase the 
discharge to alleviate the drought in the downstream since the El Niño event in 2014, 
the water level also declined slightly. This was also proved by other research, which 
found that the shrinking water area of Tonle Sap Lake was not attributed to the 
development of the Lancang cascade hydropower stations (Ji et al., 2018). 

 

 

Figure 15. Distribution of average runoff and water level in flood and non-flood periods 
 
 
The correlation coefficients between average water level and runoff in flood period 

and non-flood periods were 0.0542 and 0.2873 with p < 0.01 (Fig. 16), which presented 
the poor correlation between the downstream water level and the upstream runoff. 
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Figure 16. Correlation between average runoff and water level in flood and non-flood periods 
 
 
Coincidentally, results from other researches also indicated no major difference in 

flows between the pre- and post-development of hydropower projects. And the 
inclusion of a few major dams resulted in decreased river streamflow of 6% to 15% 
possibly due to irrigation diversions and climate change (Fan et al., 2015; Lu et al., 
2014; Sridhar et al., 2019). 

Conclusions 

Our study provided a comprehensive assessment of the variations of the inundation 
area as well as to explore water levels in the Tonle Sap Lake over the past decade, using 
various data sets delivered by remote sensing satellites. It was demonstrated that the 
Jason-2 and Jason-3 radar altimetry data were reliable to detect the inland water level 
like Tonle Sap Lake with high accuracy (R2 = 0.9232 and confidence coefficient of 
98%). And the composite index was the optimal method to identify inundation area of 
the Tonle Sap Lake, due to the difference between EVI and LSWI, which enhanced the 
contrast between water and background objects and made it better to distinguish the 
water body and extract with mixed pixels compared to the other two methods. 

The fluctuation trend of inundation area and water level were basically consistent 
with the precipitation, presented a distinct lagging relationship. And the time lags of the 
extremes (both the minimum and the maximum) between inundation area/water level 
and precipitation were approximate one month. The variation of inundation area and 
water level in the Tonle Sap Lake were closely related to the change of precipitation. 
Moreover, the runoff from upstream hydropower station presented poor correlation with 
the downstream water level both in flood period and non-flood periods, which indicated 
that the upstream explorations over Lancang-Mekong River had little effects on the 
downstream water volume. 

In the future, we would like to explore some other altimetry mission in order to 
obtain finer temporal and spatial resolution water levels, which were expected to 
provide more details. We will also apply the proposed technology to some other poorly 
gauged river basins to expand our knowledge of radar altimetry. 
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Abstract. Trientalis europaea subsp. arctica (Primulaceae) is an herb species that is distributed widely 
across the northern hemisphere but is endangered in South Korea. In this study, we investigated the genetic 
diversity and structure of T. arctica populations by using Random Amplification Polymorphic DNA 
(RAPD) markers. Ten RAPD primers were used to amplify 81 loci from 9 populations consisting of 270 
individuals. T. arctica shows high genetic diversity at the species level, but low genetic diversity at the 
population level. The percentage of polymorphic bands (PPB) was 86.4% at the species level, but the 
average PPB at the population level was 7.1%. In addition, Nei’s gene diversity (species level = 0.27; 
population level = 0.02) and Shannon’s information index (species level = 0.41; population level = 0.04) 
indicated similar genetic structures. T. arctica showed a high degree of genetic differentiation (Φst = 0.96 
and Gst = 0.911) between populations and limited gene flow (Nm = 0.01). These results may be attributed 
to the fact that T. arctica is a refugial species in South Korea and to its long-term isolation in alpine regions. 
Considering the extremely low genetic diversity and high genetic differentiation of T. arctica populations, 
both in situ and ex situ conservation should be carried out actively for this species. 
Keywords: genetic diversity, genetic differentiation, plant conservation, RAPD, northern plant 

Introduction 

The genus Trientalis belongs to the Primulaceae family and is composed of boreal 
herb species that are distributed in the understory of woodlands. Plants of this genus 
appear widely throughout Northern Europe, East Asia, and North America in the northern 
hemisphere, have creeping rhizomes, and undergo vegetative reproduction by extending 
sideways near the soil surface (Hiirsalmi, 1969; Kovanda, 1995; Piqueras and Klimes, 
1998; Piqueras, 1999; Piqueras et al., 1999). Two species, T. europaea L. and T. europaea 
subsp. arctica (Fisch. ex Hook.) Hultén, grow naturally in South Korea (Lee, 2003, 2006). 
However, T. europaea has been rarely reported in domestic research on flora and plant 
distribution, whereas almost all data report the distribution of T. arctica (Song et al., 2009; 
Shin et al., 2010; Park et al., 2011; Kim et al., 2012, 2015, 2017; Park and Kim, 2012; Li 
et al., 2014; Yoon et al., 2015; Sung et al., 2018) therefore, most Trientalis species in 
South Korea are considered to be T. arctica. 

In South Korea, the distribution of T. arctica is limited to the alpine and sub-alpine 
regions of the Baekdu-daegan area in the north–south Korean Peninsular region. The 
Baekdu-daegan region on the Korean Peninsula is believed to have served as a major 
refugia for northern plants during the Quaternary Period (Chung et al., 2012, 2013, 2014; 
Lee et al., 2016). Therefore, the current distribution of T. arctica, a northern plant, is 
expected to have been greatly affected by climate change from the ice age to the present. 
During the ice age, the distribution of northern plants expanded to the south due to 
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reduced temperatures; subsequently, these plants either retreated to the north or changed 
their habitats to the alpine regions, which had lower temperatures than the other areas 
after the interglacial period. Plants left in the alpine regions were blocked in by 
temperature barriers and isolated, and form the current distribution of plants with 
ecological characteristics similar to those of T. arctica in these alpine regions. Since 
T. arctica is threatened by its limited distribution and population decline through 
indiscriminate harvesting and habitat damage, it has been designated as an endangered 
wildlife class II species by the Ministry of Environment, South Korea. It is also designated 
as a vulnerable species (VU), an endangered species category on the Korean Red List 
(Korea National Arboretum, 2009). 

Genetic variation is considered an important factor in determining the survival of a 
species in a changing environment and is a fundamental component of biodiversity (Pauls 
et al., 2013). In particular, the maintenance of genetic diversity is a major concern for 
conservation biologists involved in the conservation and management of endangered 
species with small numbers or a limited distribution. To establish an appropriate 
conservation strategy for endangered or rare species, knowledge on the level of genetic 
variation within and between populations is essential basic information (Jiménez et al., 
2002; Jeong et al., 2010; Wang et al., 2012). However, despite the importance of research 
on the genetic variations of T. arctica in ensuring the protection and proper management 
of this species, few studies have evaluated this topic. 

Molecular markers have been used to measure genetic diversity and to study the 
genetic structure of plants within populations. Among them, random amplification 
polymorphic DNA (RAPD) markers are DNA-based dominant markers (Williams et al., 
1990). Since they are dominant markers, they cannot easily distinguish between 
homozygotes and heterozygotes, and may exhibit low reproducibility. Nevertheless, these 
markers have been frequently used in studies on genetic variation because they offer 
advantages such as random sampling of the genome, high polymorphism, and low cost, 
and the fact that they do not require genomic information of the target species (Singh et 
al., 2012). In addition, since analysis using these markers requires only a small amount 
of sample, it is suitable for research on endangered or rare species. 

In this study, we attempted to determine the level and structure of genetic variation in 
nine natural populations of T. arctica, an endangered species in South Korea, by using 
RAPD markers. Our main goals were as follows: (1) to measure genetic diversity at the 
species and population levels, (2) to understand the genetic differentiation pattern and 
genetic structure between populations, and (3) to interpret our results to an effective 
conservation strategy. 

Materials and methods 

Study species and sampling 

According to a previous study, T. arctica is a clonal plant that reproduces through 
rhizomes, has very low seed production and seedling settlement, and is believed to have 
physiological and ecological characteristics almost similar to those of T. europaea 
(Tikhodeyev, 2003). During its vegetative pseudo-annual life cycle, the mother ramet dies 
after producing several daughter ramets during the growing season. These daughter 
ramets remain dormant in the ground, before growing and continuing the cycle during the 
next growing period (Piqueras et al., 1999). Five to ten leaves are gathered on the upper 
part of the stem and their edges are flat. One or two white whole flowers hang at the end 
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of the peduncle from the end of the stem, and they are deeply divided into seven petals. 
The seven calyx leaves are narrow and lanceolate, have a pointed end, are split deeply, 
and spread horizontally. Fruits mature in September and are spherical capsules with a 
diameter of 2.5 to 3 mm (National Institute of Biological Resources, 
https://species.nibr.go.kr/, Fig. 1). 
 

Figure 1. Morphological features of T. arctica in South Korea 
 
 

In South Korea, T. arctica is mainly distributed on the northern slopes at an altitude of 
more than 1,000 m (Table 1, Fig. 2). It is known to be distributed in five areas, including 
Yongneup, Mount (Mt.) Seorak, Mt. Gaya, and Mt. Jiri. Among these, Yongneup, the 
northernmost area, is an alpine wetland located around the summit of Mt. Daeam. The 
Yongneup population inhabits the peat moss layer on the wetland floor and occupies a 
more heterogeneous habitat than the other populations, which live in the herbaceous 
layers of forests. The Mt. Seorak population is divided into three subpopulations (SA1, 
SA2, and SA3) according to the peaks inhabited, which are several kilometers apart from 
each other, and show no continuous distribution. The Mt. Taebaek population is divided 
into two subpopulations, TB1 and TB2. The TB1 population inhabits the moss layer on 
the rocky area of the ridge, and the TB2 population lives in the lower herbaceous layer of 
the coniferous forest near the peak. The Mt. Gaya population inhabits the herbaceous 
layer on the mountain ridge and the moss layer above the rock. The Mt. Jiri population is 
divided into two subpopulations (JR1, JR2) that occupy the herbaceous layer on the 
northwestern slope of the ridge. 

A total of 270 T. arctica samples were collected from nine natural populations in South 
Korea, with 30 samples collected per population. Sample collection within each 
population was conducted with consideration to the topography of the area and was 
carried out at certain intervals between individuals to minimize their genetic relationship. 
The samples were collected in a paper bag, placed in a plastic container along with a 
moisture absorbent, and moved to the laboratory. Plant samples were stored at -20 °C 
until DNA extraction. 

https://species.nibr.go.kr/
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Table 1. The location of T. arctica populations and sample size of surveyed populations in 
South Korea (N = sample size) 

No. Population Latitude Longitude 
Altitude 

(m) 
Slope 

orientation 
N 

1 Yong-neup (YN) 38°12'46.4" 128°07'34.4" 1,186 - 30 

2 Mt. Seolark (SA1) 38°08'08.4" 128°20'07.6" 1,206 NE 30 

3 Mt. Seolark (SA2) 38°07'14.6" 128°23'23.3" 1,477 N 30 

4 Mt. Seolark (SA3) 38°07'05.0" 128°27'50.3" 1,597 NE 30 

5 Mt. Taebaek (TB1) 37°06'23.6" 128°54'38.9" 1,276 NW 30 

6 Mt. Taebaek (TB2) 37°05'29.8" 128°56'31.3" 15,12 NW 30 

7 Mt. Gaya (GY) 35°49'11.1" 128°07'27.6" 1,425 NE 30 

8 Mt. Jiri (JR1) 35°20'52.9" 127°44'93.3" 1,586 NW 30 

9 Mt. Jiri (JR2) 35°18'05.5" 127°41'18.7" 1,600 NW 30 

 
 

Figure 2. Geographical distribution of T. arctica populatons in Korea (Population 
abbreviations are shown in Table 1.) 

 
 
DNA extraction and RAPD polymerase chain reaction (PCR) 

Genomic DNA was extracted using the DNeasy® Plant mini kit (Qiagen Inc., 
Alameda, CA, USA). Leaf samples were frozen with liquid nitrogen and ground using a 
mortar and pestle. These ground samples were subjected to DNA extraction according to 
the manufacturer’s instructions. The extracted DNA was diluted to a concentration of 
25 ng/µL for RAPD PCR. 

Ten random decamer primers from the A, N, O, P, and AF series were selected through 
screening (Qiagen Inc., Alameda, CA, USA) for RAPD analysis. Screening of the primers 
was performed in duplicate using two representatives from each of the nine populations 
and relied on the clarity and repeatability of the RAPD amplification bands. 

We conducted RAPD amplification with a reaction volume of 20 µL, which contained 
2.0 µL of 10X PCR buffer, 1 U Taq DNA polymerase (Takara Bio Inc., Shiga, Japan), 
2.0 µL of primer (20 pmol), and 1.0 µL of deoxyribonucleotide triphosphate (dNTP) 
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mixture (2.5 mM each). We performed PCR in the TProfessional basic thermocycler 
(Biometra, Göttingen, Germany) with initial denaturation at 94 °C for 2 min, followed by 
36 cycles of 30 s at 94 °C (denaturation), 30 s at 36 °C (annealing), and 1 min at 72 °C 
(extension), and a final extension at 72 °C for 10 min. The PCR products were 
fractionated on 1.4% agarose gel in 0.5× tris-acetate-ethylenediaminetetraacetic acid 
(TAE) buffer for 30 min. After electrophoresis, gels were stained with ethidium bromide 
and viewed and photographed under a UV transilluminator using the Gel Doc 2000 (Bio-
Rad Laboratories Inc., CA, USA) gel imaging system. 

Data analysis 

The binary data matrix was created by scoring the PCR-amplified band as “1,” if 
present, or “0,” if absent, for calculating the statistics of genetic variation. The data matrix 
was analyzed using POPGENE version 1.32 (Yeh et al., 1999) as follows: percentage of 
polymorphic bands (PPB), Nei’s gene diversity (H), Shannon information index (I), 
observed number of alleles (Ao), effective number of alleles (Ae), coefficient of gene 
differentiation (Gst), and Nei’s unbiased genetic identity and genetic distance. 

To describe the partitioning of the genetic variance within and between populations, 
an analysis of molecular variance (AMOVA) was conducted using ARLEQUIN ver. 3.0 
(Excoffier et al., 2005). The Φ statistics calculated from AMOVA and their significance 
were tested by 1000 permutations. The level of gene flow (Nm), which is the proportion 
of new immigrant genes moving into a population, was calculated from the Φst using the 
formula: Nm = 1/4 (1- Φst)/Φst (Slatkin and Barton, 1989). The relationships between 
the populations were displayed as a dendrogram through an unweighted pair-group 
method with arithmetic average (UPGMA) clustering method using POPGENE 1.32. 

A principal coordinate analysis (PCoA) was carried out by plotting Euclidean distance 
in three-dimensional space, which was calculated on the basis of an RAPD binary matrix, 
to determine how individuals from all populations clustered together by using GenAlEx 
6.5 (Peakall and Smouse, 2006) The correlation between geographic distance (km) and 
genetic distance among populations was calculated using the Mantel test (Mantel, 1967) 
and GenAlEx 6.5. 

Results 

Genetic diversity 

The ten selected RAPD primers yielded 81 reliable bands across 270 individuals from 
nine T. arctica populations. The average number of bands and polymorphic bands per 
primer were 8.1 and 7, respectively (Table 2). The genetic variation parameters of the 
T. arctica populations based on RAPD markers are summarized in Table 3. 

The genetic diversity indices of T. arctica were significantly higher at the species level 
than at the population level. The PPB was 86.4% at the species level but ranged from 
18.52% to 1.26% at the population level, and the population mean was 7.1%. The Ao 
value was 1.864 at the species level, ranged from 1.185 to 1.012 at the population level, 
and the population mean was 1.071. The Ae value was 1.454 at the species level, ranged 
from 1.105 to 1.007 at the population level, and the population mean was 1.039. The H 
value was 0.271 at the species level, ranging from 0.065 to 0.005 at the population level, 
and the population mean was 0.024. The I value was 0.412 at the species level, ranging 
from 0.008 to 0.099 at the population level, and the population mean was 0.036. 
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Table 2. Random amplification polymorphic DNA (RAPD) primer sequences and amplified 
products for nine T. arctica populations in South Korea 

Primer Sequence (3'-5') No. of loci No. of polymorphic loci 

OPA-10 GTGATCGCAG 7 5 
OPN-08 ACCTCAGCTC 6 6 
OPN-11 TCGCCGCAAA 10 8 
OPN-15 CAGCGACTGT 9 8 
OPO-03 CTGTTGCTAC 8 8 
OPP-05 CCCCGGTAAC 7 7 
OPP-06 GTGGGCTGAC 7 5 

OPAF-11 ACTGGGCCTC 8 6 
OPAF-16 TCCCGGTGAG 10 10 
OPAF-17 TGAACCGAGG 9 7 

Mean  8.1 7 

 
 

Table 3. The genetic variations revealed through random amplification polymorphic DNA 
(RAPD) markers among populations of T. arctica in South Korea 

Populations PPB Ao Ae H I 

YN 2.5 1.024 1.017 0.010 0.015 
SA1 1.2 1.012 1.011 0.006 0.008 
SA2 4.9 1.049 1.016 0.012 0.019 
SA3 9.9 1.099 1.049 0.032 0.050 
TB1 18.5 1.185 1.105 0.065 0.099 
TB2 3.7 1.037 1.007 0.005 0.009 
GY 14.8 1.148 1.084 0.051 0.077 
JR1 3.7 1.037 1.027 0.016 0.023 
JR2 4.9 1.049 1.031 0.018 0.028 

Average 7.1 1.071 1.039 0.024 0.036 
Total 86.4 1.864 1.454 0.271 0.412 

PPB=Percentage of polymorphic band; Ao=Observed number of alleles; Ae= Effective number of alleles; 
H=Nei’s gene diversity; I=Shannon’s information index; Population abbreviations are shown in Table 1 

 
 

Among the nine populations, the population with the highest genetic diversity was the 
TB1 population, followed by the GY and SA3 populations. In comparison with the other 
populations, the SA1 population had the lowest genetic diversity in the PPB, Ao, Ae, and 
I indices, and the TB2 population in the H index. The genetic diversity of each population 
differed even for subpopulations distributed on the same mountain. In particular, the Mt. 
Taebaek subpopulations showed large differences in their genetic diversity. 

Genetic structure 

The coefficient of genetic differentiation between populations, derived from Nei’s 
genetic diversity statistics, showed a significantly high value (Gst = 0.911). This indicates 
that each population is highly differentiated with a large genetic difference, similar to the 
results obtained from the AMOVA analysis. According to our AMOVA analysis, 96% of 
the total genetic variation was due to genetic differences between populations, and only 
the remaining 4% was due to variations within populations (Table 4). These results show 
that individuals within a population are nearly genetically homogeneous, while genetic 
differences between populations are quite large. This is also supported by the results of 



Yeon et al.:  Genetic variation of T. arctica, an endangered species of South Korea 
- 4573 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4567-4581. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_45674581 
© 2021, ALÖKI Kft., Budapest, Hungary 

the PCoA analysis, which showed that each individual in a population was distributed 
independent from individuals in other populations to form their own populations (Fig. 3). 
 

Table 4. Analysis of molecular variance (AMOVA) for populations of T. arctica in South Korea 

Source of variance d.f. Variance components % of total variance P-value 
Among Populations 8 2,760.489 96 < 0.001 
Within Population 261 109.467 4  

Total 269 2,869.956 100  

 
 

Figure 3. Principal coordinates analysis (PCoA) plot for 270 individuals from nine T. arctica 
populations in South Korea based on Random Amplification Polymorphic DNA (RAPD) 

markers. Population abbreviations are shown in Table 1 
 
 

Genetic distances between individual populations ranged from 0.173 to 0.515, with 
significant differences between pairs of populations (Table 5). The genetic distance was 
the shortest between the two sub-populations on Mt. Taebaek, and the genetic distance 
between SA1 and JR1 was the farthest. Our results showed that SA3 and SA2, which are 
subpopulations on Mt. Seorak, showed relatively close genetic distance, but SA1 showed 
the greatest genetic distance from other populations. 
 

Table 5. Genetic identities (above diagonal) and Nei’s genetic distance (below diagonal) 
between nine populations of T. arctica in South Korea 

Population YN SA1 SA2 SA3 TB1 TB2 GY JR1 JR2 
YN - 0.656 0.793 0.703 0.680 0.651 0.694 0.606 0.615 
SA1 0.422 - 0.725 0.733 0.633 0.686 0.630 0.598 0.609 
SA2 0.232 0.322 - 0.828 0.772 0.752 0.715 0.630 0.632 
SA3 0.352 0.311 0.189 - 0.760 0.791 0.736 0.744 0.763 
TB1 0.386 0.458 0.259 0.274 - 0.841 0.800 0.719 0.730 
TB2 0.430 0.378 0.285 0.235 0.173 - 0.758 0.725 0.715 
GY 0.366 0.462 0.335 0.306 0.224 0.278 - 0.824 0.728 
JR1 0.501 0.515 0.461 0.296 0.329 0.322 0.194 - 0.805 
JR2 0.486 0.497 0.459 0.271 0.315 0.336 0.318 0.217 - 

Population abbreviations are shown in Table 1 
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The UPGMA dendrogram, which was constructed based on the genetic distance 
between each population, showed that populations were clustered according to 
geographic location with some exceptions (Fig. 4). The TB1 and TB2 populations were 
collected first, followed by SA2. Unlike the other two subpopulations on Mt. Seorak, SA1 
showed the most distant relationship with all other populations. The YN population was 
the second-most distant, after SA1, from the rest of the populations. The two 
subpopulations of Mt. Jiri were not clustered closest to each other, but the JR1 and GY 
populations were collected first, after which the JR2 population was grouped. 
 

Figure 4. The unweighted pair group method with arithmetic mean (UPGMA) dendrogram of 
the nine T. arctica populations in South Korea. The scale bar represents Nei’s genetic distance. 

Population abbreviations are shown in Table 1 
 
 

The PCoA plot of the RAPD banding pattern of all T. arctica individuals showed that 
most individuals from a given population were inclined to cluster together (Fig. 3). Axis 
one and axis two explained 26.05% and 16.33% of the total genetic variation, 
respectively. The Mantel test showed no significant correlation between genetic and 
geographic distance (r2 = 0.03, p > 0.090). 

Discussion 

Genetic diversity 

T. arctica showed relatively high genetic diversity at the species level, but very low 
values at the population level. The genetic diversity at the species level was either higher 
or similar to that of other species of the same primula family (PPB = 86.4%, He = 0.27, 
I = 0.41). However, the genetic diversity at the population level was lower than that of 
other species (Table 6). 

The high genetic diversity of T. arctica at the species level is likely influenced by past 
ancestral populations. The distribution of many existing plant species is known to be 
influenced by the quaternary glaciers (Hewitt, 2000). Northern plants expanded to the 
south during the ice age, retreated to the north after the Interglacial Period, and were 
trapped in the low-temperature highlands. T. arctica, which is a northern plant, is also 
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believed to have undergone the same process. Considering the worldwide distribution of 
T. arctica, the genetic variation of T. arctica distributed throughout the Korean Peninsula 
during the ice age may have been abundant. Therefore, the high species-level genetic 
diversity at present is thought to have been inherited from the high genetic diversity of 
the ancestral populations (Comes and Kaderetit, 1998; Ge et al., 2005). 
 

Table 6. Comparison of the genetic diversity in T. arctica and literature data for other 
Primulaceae species 

Species Marker Status 
PPB He I 

Φst Gst Fst References 
Pop. Sp. Pop. Sp. Pop. Sp. 

T.arctica RAPD EN 7.1 86.4 0.024 0.271 0.036 0.412 0.96 0.911  This study 

P.interjacens ISSR ED 59.75 75.47 0.2368 0.3205 0.3459 0.4618  0.2613  XUE et al., 
2004 

P.merrilliana ISSR EN,ED 44.28 79.56 0.12 0.25 0.19 0.38 0.494   Shao et al., 
2009 

P.farinosa RAPD  82.3  0.21  0.33  0.17   Reisch et al., 
2005 

P.apennina ISSR ED 75.92 96.95 0.204 0.242 0.319 0.381 0.14 0.157  Crema et al., 
2009 

P.sikkimensis 

ISSR      0.3211 0.5576  0.4127  Wang et al., 
2005 

ISSR  79.3  0.268 0.4032 0.3211 0.5576    Wang et al., 
2008 CpSSR         0.697  

O.souliei ISSR EN 15.71 42.53   0.0701 0.1762  0.6038 0.6797 
Huang et al., 

2009 

EN = Endangered species; ED = Endemic species; PPB = Percentage of Polymorphic Band; He = 
Expected Heterozygosity; I = Shannon’s information index; Pop. = Population level; Sp. = Species level; 
RAPD =Rrandom Amplification Polymorphic DNA; ISSR = Inter Simple Sequence Repeat; CpSSR = 
Chloroplast Simple Sequence Repeat 

 
 

At the population level, T. arctica showed low genetic diversity (Table 6). The genetic 
diversity of any species or population is a product of the combined effects of genealogical 
history and evolutionary processes (Comes and Kaderetit, 1998). The low genetic 
diversity of T. arctica at the population level can be explained by two causes: historical 
factors and the life history of T. arctica. First, the diversity of the T. arctica population 
was very low in comparison with the diversities of populations with similar life-history 
traits. It was lower than the average of perennial herbs and lower than those of self-
fertilizing plants and clonal plants (Nybom, 2004). It was also lower than that of other 
Primulaceae species (Table 6). The main reason for the low population-level genetic 
diversity may have been the historical factors associated with this species. Long-term 
isolation and a reduction in population size may cause multiple genetic drifts, resulting in 
the loss of genetic variation and a decrease in genetic diversity within the population. 
Second, the low population-level genetic diversity of T. arctica is affected by the life 
history of T. arctica, which is known to reproduce primarily by its creeping roots in the 
ground (Tylor et al., 2002). These reproductive methods are advantageous in maintaining 
the survival of individuals but may be disadvantageous in terms of genetic diversity. 
When populations are divided or suffer local extinctions due to various reasons such as 
fire, feeding, and extreme weather, clonal plants have an advantage in increasing the 
number of individuals but, since all daughters have the same genotype, their genetic 
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diversity decreases. Therefore, the low genetic diversity of T. arctica at the population 
level is due to the fact that the current population consists of individuals originating from 
a small number of individuals. 

Genetic differentiation and gene flow among populations 

The genetic structure of a plant population reflects the interaction of various factors 
such as long-term evolutionary history, genetic drift, mating system, gene flow, and 
selection (Hamrick and Godt, 1996; Nybom and Bartish, 2000; Nybom, 2004). The 
AMOVA analysis was performed to measure the degree of genetic differentiation among 
T. arctica populations, and it showed an Φst value of 0.96, indicating a very high level of 
inter-population genetic differentiation. This means that 96% of the total genetic variation 
is attributable to the genetic difference between populations and only the remaining 4% 
is due to the genetic variation within populations. In addition, Nm, which was calculated 
on the basis of the Φst value, showed a very low value of 0.01, indicating only 0.01 
individuals between populations per generation move. Thus, each T. arctica population 
is composed of a small number of genetic traits that are very different from each other, 
and there is no exchange of genetic traits between them. These results showed a similar 
trend as that from the Gst value derived from Nei’s genetic statistics, which was 0.911. 
In comparison, in studies using dominant markers RAPD and ISSR for other constituents 
of the same family, Primula farinose, Primula interjacens, Primula merrilliana, Primula 
apennina, and Primula sikkimensis had Φst or Gst values ranging from 0.14 to 0.49. The 
Gst value of T. artica in our study was very high in comparison with these values. In 
addition, Omphalogramma souliei showed a Φst value of 0.60 and an Fst value of 0.68, 
which was relatively high but lower than that of T. arctica (Table 6). A previous study by 
Nybom (2004), which summarizes the genetic variation indices reported in RAPD 
studies, shows that the genetic differentiation of plant species with life history traits such 
as annual life form (Φst = 0.62, Gst = 0.47), selfing breeding system (Φst = 0.65, 
Gst = 0.59), and attached seed dispersal mechanism (Φst = 0.46, Gst = 0.32) is higher 
than that of other forms. T. arctica showed significantly higher values (Φst = 0.96, 
Gst = 0.911) than these values, regardless of the corresponding life history traits. 
T. arctica shows an extremely high degree of genetic differentiation, and the main reason 
for this phenomenon is probably the low genetic diversity of populations as well as the 
decline in habitats due to climate change and long-term isolation of this species. This may 
be due to the historical process. 

The genetic differentiation analysis suggested that T. arctica populations were very 
different from each other and were genetically independent, and PCoA analysis also 
showed that this trend was consistent. Individuals from individual populations did not 
mix with individuals from other populations, and there was no significant relationship 
among populations. The UPGMA dendrogram showed a form in which the geographic 
location and genetic distance did not completely match. Each subpopulation generally 
showed close correlation with each other, but there were also very heterogeneous 
populations, such as SA1. In addition, the Mantel test showed low significance and no 
correlation between geographic distance and genetic distance (r2 = 0.03, p > 0.09). This 
is thought to be the result of genetic diversity within the population, even though the 
populations are geographically close and the gene flow between populations is very low 
(Nm = 0.01). The loss of common genotypes between populations is caused by a variety 
of reasons, such as habitat fractionation and genetic drift, whereas the fixation of 
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population-specific traits is thought to increase genetic differences between populations 
because genetic commonality cannot be restored due to low gene flow. 

Implications for conservation 

Maintenance of genetic variation is one of the main objectives of conservation of 
endangered and threatened species, and knowledge of genetic variation within and 
between populations provides essential information for the proper conservation 
management (Hamrick and Godt, 1996). The results of this study show that the T. arctica 
population has low genetic diversity, high genetic differentiation, and very low gene flow. 
This information could be applied for conservation of T. arctica. 

Since each population of T. arctica has low genetic diversity and exhibits an 
independent genetic trait, all populations should be subject to in situ conservation. 
Specific management options for in situ conservation should take into account the habitat 
and physiological and ecological characteristics of this species. First, the area where each 
population is located must be designated as a conservation area and protected, and the 
conservation of woody vegetation in the upper layer is necessary depending on the 
characteristics of species located in the herbaceous layer of forest vegetation. Since a 
large number of populations are located around the trails, damage caused by foot pressure 
by implementation of facilities such as fences or changes to the trails should be 
minimized. In addition, damage or loss of the soil around the habitat should be taken into 
account, considering the life history of the species, which breeds mainly by generating 
bulbs under the ground. 

Considering the characteristics of species with high genetic differentiation, the 
collection of germplasms for ex situ conservation should be carried out in the maximum 
possible number of populations so as to allow segregation of as many genetic traits as 
possible. Since the level of genetic variation of the selectively neutral marker loci is 
mainly generated by mutation or genetic drift (Kimura, 2020), the level of variation 
detected by RAPD does not directly reflect the level of variation that determines the 
degree of adaptation or the individual’s fitness (Booy et al., 2000). Therefore, samples 
from various habitats should be considered for conservation (Ge et al., 2005). When 
considering the restoration of habitats or the creation of alternative habitats, it is necessary 
to select an area with the ecological characteristics of the species habitats, such as 
relatively low temperatures (average temperature in July, below 15.6°C), high organic 
matter content in the soil, and relatively low soil pH (Taylor et al., 2002). For conservation 
of botanical or genetic resources, the genetic diversity of the population should be 
increased by introducing individuals from various populations, considering the low 
genetic diversity of a single population. 

A representative example of successful conservation and restoration of alpine plants 
is Potentilla robbinsiana in Illinois, USA. Habitat protection through the relocation of 
hiking trails and designation of protected areas, long-term monitoring, and various 
research and restoration work on the habitats ensured the development of stable 
populations and eventually removing them from list of endangered species (Brumback et 
al., 2004). The case of this species may help the research and management groups in the 
protection and restoration of T. arctica. 
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Conclusions 

The aim was to study attempted to determine the level and structure of genetic 
variation in nine natural populations of T. arctica, an endangered species in South Korea, 
by using RAPD markers. In South Korea, these results were studied here first in natural 
populations of T. arctica. 

T. arctica has high genetic diversity at the species level, but low genetic diversity at 
the population level. In addition, T. arctica showed a high degree of genetic 
differentiation between populations and limited gene flow. The genetic diversity and 
structure of T. arctica are thought to be influenced by the historical factor as an ice age 
species and life history traits, which are clonal plants.  

Considering the genetic diversity and structure of this species, extremely low genetic 
diversity in population level and high genetic differentiation, both in situ and ex situ 
conservation should be carried out actively for this species. 

Further studies using various markers, such as allozyme amplified fragment length 
polymorphism (AFLP), and chloroplast DNA (cpDNA) sequences may help to obtain 
more accurate information on the level and structure of genetic variation in the T. arctica 
population. Moreover, comparison with the samples derived from other regions of the 
Northern Hemisphere, such as Europe or northern China, is expected to broaden the 
perspectives on the genetic linkage and current status of T. arctica population in South 
Korea. 
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Abstract. The fragmentation of landscape caused by urbanization and over-exploitation of water resource 
could result in the degradation of ecosystem services in arid and semiarid regions. Dynamic monitoring of 
habitat variation is of great significance to maintain regional ecological security. Habitat quality 
decreased from 1990 to 2015, and the mean habitat quality decreased by 1.83% in the Zhanghe River 
Basin in China. The habitat degradation increased during the 1990-2010 period, then decreased in 2010-
2015. The spatial pattern of habitat quality and land use type correlated: The highest values were mainly 
distributed in the northern hilly region with high vegetation coverage, while the lowest values were 
mainly located in the southern crop and construction lands. The highest habitat degradation level occurred 
mainly along the roads and the agricultural areas of the peri-urban fringe. The correlation analysis 
indicated that slope was the dominant factor (r = 0.72, p < 0.01) on habitat quality, followed by land use 
intensity (r = -0.57, p < 0.01). Furthermore, habitat quality was also affected by landscape pattern, and 
presented positive correlation with the Contagion Index, Shannon Diversity Index, Shannon Evenness 
Index, Landscape Shape Index and Mean Patch Size. These results could provide scientific basis for 
optimizing regional ecological environment and landscape management in arid and semiarid regions. 
Keywords: habitat variation, model simulation, correlation analysis, landscape pattern, Zhanghe River 
Basin 

Introduction 

River areas, which provide many resources, such as fresh water, hydropower, fertile 
land, and support 10% of all known species (Carrizo et al., 2013), are the most 
productive ecosystems around the world. Unfortunately, 48% of river is facing 
moderate and severe fragmentation by increasingly intensive anthropogenic activities 
(e.g. dam construction) on a global basis (Grill et al., 2015), and causes drastic change 
of land use types in the basin, which could lead to biodiversity loss, habitat degradation, 
and produce important effect on watershed ecosystem services (Nelson et al., 2010; 
Seto et al., 2012). During the last decades, China has suffered the largest extinction of 
species, the watershed biodiversity in China continued to decline despite government 
efforts to alleviate threats, many precious species and habitat have lost (Liu et al., 
2003). Thus, promoting the balance between habitat conservation and meeting 
development demands has become an increasingly urgent issue (He et al., 2017). 

Habitat quality is used as an important indicator for biodiversity (Tallis et al., 
2010), to some extent it can assess ecological environment change. Currently, 



Wang et al.: Variation and prediction of landscape pattern and habitat conservation based on CA-Markov and InVEST model in 
Haihe source region, China 

- 4584 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4583-4597. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_45834597 
© 2021, ALÖKI Kft., Budapest, Hungary 

researchers have effectively evaluated the variation of habitat quality and degradation 
at different scales, such as regional (Upadhaya et al., 2019), local (Sallustio et al., 
2017), coastal zones (Zhang et al., 2020) and islands (Moreira et al., 2018). 
Traditional field surveys, ecological indicators and ecological model are three major 
methods to assess habitat quality change (Sun et al., 2019). Among these, the 
Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST)-habitat quality 
(HQ) is widely used to calculate habitat quality and degradation based on land use and 
provides a visual tool which quantitatively evaluates biodiversity conservation, 
especially in areas with scarce data (Sharp et al., 2016). Sun et al. (2019) utilized 
InVEST model to monitor and analyze the dynamics and potential factors of habitat 
quality in the Nansihu Lake Basin from 1980 to 2015. Li et al. (2020) assessed the 
effects of urban expansion on habitat quality in the middle reaches of Heihe River 
from 2015 to 2030 by using the InVEST model and the slope, land use, exclusion, 
urban extent, transportation and hillshade (SLEUTH) model. 

Land use change is the most important driver on habitat degradation (Upadhaya et 
al., 2019), in particular, agriculture expansion strongly affects habitat quality (FAO, 
2016; Lambin et al., 2003), and this trend particularly amplifies in northern China. 
Previous studies have found that the newly reclaimed land and construction land in 
northern China kept increasing in recent 30 years (Zhao et al., 2014; Angel et al., 2011), 
which led to a huge loss of biodiversity. Thus, understanding the effect of land use 
change on habitat conservation and biodiversity is important for ecological conservation 
and management (Sun et al., 2019). The CA-Markov model is the most widely applied 
tool for simulation and predication of land use patterns, and it integrates the complex 
spatial systems analysis capabilities of the CA model with the long-term forecasting 
techniques of the Markov model (Batty and Xie., 1994; Luijten., 2003). A number of 
studies have effectively applied CA-Markov to simulate land use in different spatial and 
temporal scale, such as, Nourqolipour et al. (2015) used CA, multi-criteria evaluation 
(MCE), and Markov chain (MC) to simulate the expansion of oil palm in the Kuala 
Langat district, Malaysia. Chen et al. (2018) simulates the future landscape pattern in 
Hubei Section of Three Gorges Reservoir area in 2020. Cheng et al. (2020) utilized the 
CA-Markov model to simulate the evolution trend of the land to propose the ecological 
division of the main urban area of Jinzhong in Shanxi Province. 

 In this paper, the spatio-temporal change of habitat quality and degradation was 
analyzed in Zhanghe River Basin, which was an important water conservation source 
for local and downstream areas. Zhanghe River Basin has experienced rapid urban 
expansion and over-exploitation of mineral resources, facing severe water resource 
shortage and prominent water conflicts, which has resulted in serious ecological threats. 
Previous studies focused on assessing the change of water quality, runoff, and sediment 
under the climate change and land use change. However, few studies were concerned 
with dynamic monitoring habitat conservation change. Thus, this study aimed to (1) 
assess habitat quality and degradation from 1990 to 2030 in the Zhanghe River Basin; 
(2) explore the main impact factors on habitat quality; and (3) analyze the role of the 
landscape pattern indexes on affecting habitat quality. The research fills a knowledge 
gap about the impact of anthropogenic activities (especially landscape pattern) on 
biodiversity status by adopting an integrative approach. This paper is helpful to 
understand the importance of landscape structure and pattern on habitat quality, and 
guide habitat conservation and management in arid/semi-arid areas facing serious water 
conflicts. 
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Materials and methods 

The Zhanghe River Basin 

Zhanghe River (112°~114°30’E, 35°30’~38°N) is an important water conservation 
source for local and downstream areas, which are located in the southwest of Haihe 
River Basin, China (Fig. 1). It spans a total length of 460 km and has a drainage area of 
about 17874 km2. Cropland, forestland, grassland, construction land and water bodies 
occupy 40%, 23%, 33%, 3%, and 0.9% in 2015, respectively (Wang et al., 2021). The 
basin is species-rich, including 40 families and 117 genera of bird species, and 26 of 
them are classified in the first or second levels of national protected birds, and is the 
home for several threatened wildlife species, such as the leopard and the taiga musk 
deer. Additionally, there are two or three hundred years of natural forest communities, 
and some wild plants, such as the Juglans mandshurica, Amur linden and Acanthopanax 
senticosus. The basin is rich in mineral resources, including coal, iron, aluminum, and 
other mineral resources. In recent years, water resource and biodiversity face severe 
threats under the impact of intensive human activities. 

 

 

Figure 1. Geographic location of Zhanghe River Basin of China 
 
 

Data collection 

Land use data in 1990, 1995, 2000, 2005, 2010 and 2015 of Zhanghe River Basin 
were obtained from the Resource and Environmental Data Cloud Platform 
(http://www.resdc.cn/), with a spatial resolution of 1 km. The digital elevation model 
(DEM) data with 90 m resolution was downloaded from the Geospatial Data Cloud. A 
normalized difference vegetation index map (NDVI), a map of gross domestic product 
(GDP), and a population distribution map were collected by the Data Center for 
Resources and Environmental Sciences from the Chinese Academy of Sciences 
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(RESDC) (http://www.resdc.cn). Main roads and railways were derived from the 
national fundamental geographic information system (http://nfgis.nsdi.gov.cn/). 

 
Landscape pattern analysis 

The effects of landscape patterns on ecological security are increasingly recognized. 
In this study, the landscape pattern indexes were used to assess the effect of LUCC on 
habitat quality in the Zhanghe River Basin by using FRAGSTATS version 4.2.1. Based 
on the relevant study (Han et al., 2019; Huang et al., 2020) and the scale of the study 
area, the variation of landscape pattern in Zhanghe River Basin was explored from two 
levels, including the class level and landscape level, and 8 indices were selected to 
describe landscape structure and patterns. At the class level, we chose the Number of 
Patches (NP), Patch Density (PD), Mean Patch Size (MPS), and Landscape Shape Index 
(LSI). At the landscape level, the Contagion Index (CONTAG), Shannon Diversity 
Index (SHDI), Shannon Evenness Index (SHEI), and Edge Density (ED) were 
calculated. 

 
The InVEST-habitat quality module 

InVEST-HQ module was used to assess the habitat quality and degradation degree of 
Zhanghe River Basin (Sharp et al., 2016). This model was developed at Stanford 
University, The Nature Conservancy and World-Wildlife Fund (Zhang et al., 2020), and 
was used to detect the impact of human activities on ecosystem based on suitability and 
threats and assumed that areas with high habitat quality would support more species 
(Terrado et al., 2016). The calculation method is as follows: 
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where r is the number of threats (r = 1,2,3…R); ωr is the impact weight of threat r; ry is 
the number of threat factors on each grid of land classification layers; irxy is the 
degradation decay function through distance, which can be expressed as the linear or 
exponential function of distance from threats to habitats; βx is the accessibility level of 
pixel x; sjr represents the sensitivity of habitat type j to threat r. dxy is the linear distance 
between x and y; drmax is the maximum effective distance of threat r. 
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where Qxj is the habitat quality of raster x in land use type j; Hj is the habitat suitability 
of land use type j; Dz

xj is the threat level of raster x in land use type j; K and Z is the 
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half-saturation constant and the scaling parameter to reflect the spatial heterogeneity, 
respectively. 

The main data of the InVEST-HQ module include current LUCC, threats factor 
layers, index of threats and sensitivity, weight of threat factor, distance from threat 
(Zhang et al., 2020). For this study, we assumed that forest, grassland, and water 
provided better habitat conservation than agriculture and construction land (Upadhaya 
et al., 2019), so we set agriculture, construction land as the major threat factors. In 
addition, we also selected main roads and railways as threat factors (Table 1). The index 
of threats, sensitivity and other parameters were derived from cognate studies (Chen et 
al., 2020; Wu et al., 2015; Wang et al., 2019) (Table 2). 

 
Table 1. Maximum distance and weight of the threats affecting habitat quality 

Threat factor Maximum effective distance Weight Decay 

Agriculture  2 0.6 Linear 

Construction land 8 1 Exponential 

Main road 3 0.6 Exponential 

Main railway 5 0.6 Exponential 

 
 
Table 2. The sensitivity of landscape types to each threat factor 

Land use type Habitat Agriculture Construction land Main road Main railway 

Agriculture 0.4 0.3 0.5 0.7 0.6 

Forestland 1 0.6 0.8 0.7 0.8 

Grassland 0.85 0.4 0.7 0.5 0.4 

Water body 1 0.4 0.8 0.6 0.5 

Construction land 0 0 0 0 0 

 
 

The CA-Markov model 

The CA-Markov model is an effective tool to predict LUCC. It considers spatial 
distribution of each land type and geographic directions (Mansour et al., 2020). We 
applied the CA-Markov module of IDRISI 17 to predict LUCC in 2030. To obtain the 
projected LUCC in 2030, we prepared suitability map for any land use type using Multi-
Criteria-Evaluation (MCE). Under the background of fast urbanization and land use 
policy, it was assumed that current construction land and water remained unchanged, 
while the multiple ecological land was transformed into urban land. We have defined 
transition rules for any land use types considering a number of factors (e.g. elevation, 
slope, distance to road and railway, distance to city, population, and GDP). 

In this paper, we set LUCC in 2000 as a starting year with the transition probability 
matrix of 1990-2000 and the suitability maps of each land use type to predict LUCC in 
2010. The Kappa index was used to validate the accuracy of the projected LUCC in 
2010 with the observed LUCC in 2010. The result (Table 3) showed the simulation 
generally matched well for each class type, so, the model could predict future land use 
in a reliable way. Therefore, based on the reliable simulation of LUCC in 2010, we used 
the transition probability matrix of 2000-2010 and the 2010 land use map to predict 
LUCC in 2030. 
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Table 3. Observed and simulated LUCC of Zhanghe River Basin in 2010 

Land use type Agriculture Forestland Grassland Water body Construction land 

Actual area 7213.07 4168.26 5829.49 160.43 497.37 

Simulate area 7207.21 4047.70 5744.05 129.58 502.29 

Kappa 0.96 0.92 0.99 0.80 0.75 

Results 

Landscape pattern indexes change 

Extensive human activities in the Zhanghe River Basin have resulted in profound 
change in the size, number, and spatial distribution of landscape patterns, with the 
increase in habitat degradation (Han et al., 2019). Based on the statistical results 
(Table 4), NP, PD and ED increased by 3.58%, 2.75% and 1.38% from 1990 to 2010, 
respectively, then fell in 2015, which indicated that the watershed faced severe 
landscape fragmentation and heterogeneity during the 1990-2010 period, while slowed 
down in recent years. SHDI and SHEI showed an increasing tendency, and increased by 
0.0891 and 0.0498, respectively. By contrast, CONTAG decreased continuously from 
49.3957 to 46.5833, which reflected increased landscape diversity and heterogeneity in 
the last 25 years. 

 
Table 4. Landscape pattern indices of landscape level 

Year NP PD ED CONTAG SHDI SHEI 

1990 16555 0.9295 36.4358 49.3957 1.1975 0.6683 

2000 16584 0.9398 36.5753 49.2784 1.1999 0.6697 

2005 16947 0.9516 36.8563 48.7547 1.2133 0.6772 

2010 17114 0.9628 36.9402 48.6638 1.2153 0.6783 

2015 17108 0.9567 36.5693 46.5833 1.2866 0.7181 

 
 
At the class level (Fig. 2), the landscape with the highest NP, PD and LSI was 

grassland, the maximum appeared in 2010 and then decreased from 2010 to 2015, while 
MPS increased by 3.51%, demonstrating that landscape of grassland spatially centralized 
due to the GGP. NP and PD of agricultural land increased by 5.53% and 5.08%, while 
MPS decreased by 8.16%, which indicated that the degree of agriculture patches 
fragmentation increased in the past 25 years. NP and PD of forest land showed no obvious 
change, while MPS decreased, mainly manifested that forest land experienced 
fragmentation to a certain extent. NP and PD of construction land decreased, and MPS 
increased, which showed that construction land tended to expand and concentrate. Further 
analysis of the patch change based on LSI showed that construction land experienced 
large change. From 1990 to 2000, LSI of construction land showed no obvious change, 
while increased during 2005-2010 and then decreased in 2015. 

 
Spatial distribution of habitat quality and degradation 

The habitat quality value was between 0 and 1, and the closer to 1, the higher the 
habitat quality. Overall, the level of habitat quality was comparatively high since 
forestland and grassland accounted for about 58%, while decreased from 1990 to 2015 in 
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the Zhanghe River Basin (Fig. 3a). The value of habitat quality showed slight decreasing 
trend during 1990-2010, with a rate of 0.15%, and then fell dramatically. The mean 
habitat quality decreased by 1.83% during 1990-2015. From the perspective of the spatial 
distribution pattern, the distribution of habitat quality was correlated with land use type. 
Specifically, the lowest habitat quality was mainly consistent with construction land and 
agricultural land, which was mainly distributed in the central and western plain, while the 
highest habitat quality was distributed in the northern and southeast mountain which were 
thickly forested and grassed (Fig. 4). Furthermore, based on the natural breaks method 
and cognate studies (He et al., 2017; Tang et al., 2020), we divided habitat quality into 
five classes: low quality (0-0.25), relatively low (0.26-0.65), medium (0.66-0.85), 
relatively high (0.86-0.95) and high quality (0.96-1.0). In 1990, the area with low and 
relatively low habitat quality accounted for 43.4%, while the high and relatively high 
accounted for only 24.2% of all habitats. In 2015, the area with low and relatively low 
habitat quality increased by 1%, while the high and relatively high habitat quality area 
decreased by 0.7%, and the medium grade decreased by 0.58%. This indicated that the 
habitat quality declined mainly due to the contraction of high and medium grades. 

 

 

Figure 2. Landscape indices of class metrics level 
 
 
The habitat degradation increased from 1990 to 2015, with the highest habitat 

degradation of 0.23 in the Zhanghe River Basin (Figs. 3b and 5). The trend of habitat 
degradation increased in 1990-2010 and then decreased in 2010-2015, and the value of 
habitat degradation increased by 0.37% from 1990 to 2015. The main reason is that the 
agricultural land converted into grassland owing to the GGP, which alleviated habitat 
degradation. But the habitat quality of grassland was relatively low compared to 
forestland, and the habitat degradation increased during 1990-2015 in the Zhanghe River 
Basin. The spatial patterns manifested that the high and relatively high grades of habitat 
degradation were mainly concentrated in the roads and farmland of urban fringe, 
indicating the negative impact of anthropogenic activities on the ecosystem. The low 
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grade was mainly located in the north and southeast owing to the mountainous terrain and 
implementation of the GGP. The median grade was mainly distributed in the central 
region, where the landscape types were dominated by agriculture. Based on the natural 
breaks method (He et al., 2017; Tang et al., 2020), the habitat degradation in Zhanghe 
River Basin was divided into five levels: low quality (0-0.02), relatively low (0.03-0.04), 
medium (0.05-0.08), relatively high (0.09-0.10) and high quality (0.11-0.23). From 1990 
to 2015, the low grade increased by 37.8 km2, the medium grade decreased by 198.67 
km2, while the high and relatively high grade increased by 169.49 km2, which indicated 
that most medium grade converted to high and relatively high grade and caused the 
degradation of watershed habitat conservation. In other words, a number of agricultural 
lands replaced by urban land caused the watershed ecological environment deterioration. 
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Figure 3. The mean habitat quality and degradation from 1990 to 2015 in the Zhanghe River 
Basin 

 
 

 

Figure 4. The distribution pattern of habitat quality from 1990 to 2015 
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Figure 5. The distribution pattern of habitat degradation from 1990 to 2015 
 
 
From the perspective of the spatial pattern, the decrease of habitat quality showed 

obvious spatial aggregation, and mainly concentrated in the peri-urban fringe and 
agricultural land (Figs. 6 and 7). Further analysis of the spatial change process was 
carried out based on Moran’s I and LISA statistics, which showed that habitat loss in 
the Zhangehe River Basin from 1990 to 2015 mainly owed to the decline of agricultural 
land. The Moran’s I of habitat quality decreased from 0.202 in 1990 to 0.191 in 2015, 
indicating that the spatial aggregation of habitat quality was poor and tended to be 
dispersed. The Moran’s I of habitat degradation was more than 0.8 during 1990-2015, 
demonstrating that the spatial aggregation was significant, but there was a tendency of 
dispersion (the value decreased from 0.867 in 1990 to 0.840 in 2015). LISA statistics 
was used to identify local cluster. The high-high aggregation area of habitat quality was 
concentrated in the central forestland with mountain terrain and less human activities in 
2015, while the low-low area was mainly located in the southwest with agricultural 
land. And most of the high-high aggregation area of habitat degradation was distributed 
in agricultural land, indicating that agricultural activities posed a great threat to the 
habitat conservation in Zhanghe river basin. 

 
Forecast of landscape pattern and habitat status 

Figure 8 showed the spatial distribution of LUCC, habitat quality and degradation in 
2030. Based on land use policy and urban expansion, the agricultural land and 
construction land increased by 134.28 km2 and 226.5 km2, while forestland and 
grassland decreased by 160.42 km2 and 531.91 km2, respectively. Construction land was 
mainly converted from agricultural land, while forestland and grassland converted to 
agricultural land. 
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Figure 6. The spatial change pattern for habitat quality and degradation in the Zhanghe River 
Basin 

 
 

 

Figure 7. LISA aggregation in 2015: (left) habitat quality, (right) habitat degradation 
 
 
The overall ecological environment continued to decline in 2030, and the mean value 

of habitat quality and degradation was 0.6535 and 0.0423, respectively (Table 5). 
Compared to 2015, the area with low and relatively low habitat quality increased by 
342.62 km2, but the area with medium value decreased by 410.23 km2, and the area with 
high and relatively high habitat degradation increased by 314.42 km2. The results 
indicated that the decline of ecological environment was mainly due to the conversion 
of medium grade to low grade. Thus, under current land use policy, we should do more 
effort to balance economic development and habitat conservation. 
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Figure 8. Land use map, habitat quality and degradation for 2030 
 
 
Table 5. Area of the landscape under different habitat quality and degradation classes in 
2030 (km2) 

 Low Relatively low Medium Relatively high High 

Habitat quality 1051.89 7227.28 5347.78 40.1 4195.31 

Habitat degradation 6940.69 3320.05 5702.95 1014.39 911.75 

Discussion 

Habitat quality could reflect regional change of biodiversity and is regarded as proxy, 
and the geographical factors and human activities are essential to understand the change 
of habitat quality and degradation (Sun et al., 2019). To investigate the potential impact 
factors on habitat quality, 6 typical impact factors were listed (Table 6). In this paper, we 
subdivided the watershed into Hydrological Response Units (HRUs) based on the SWAT 
model (Wang et al., 2021), and a total of 872 units were formed, then the correlations 
between the habitat quality and the impact factors were analyzed based on HRUs by using 
Pearson correlation coefficient. The results showed that habitat quality and the 
geographical factors (DEM, slope and NDVI) presented significant positive correlation, 
while habitat quality was significantly negative with human activities, such as GDP, 
population density and intensity of land use (Table 6). Slope was the dominant factor, 
followed by intensity of land use and NDVI. The flat terrain and steep slope regions were 
consistent with forestland and grassland regions with less human activities. Thus, habitat 
quality in mountains was better than in plain areas. Land use intensity (Hu et al., 2013) is 
an important index for the level of anthropogenic disturbance. Construction land and 
agricultural land distributed mainly in the plain and were greatly affected by human 
activities. Correspondingly, these regions presented dramatic habitat degradation. The 
related coefficient between habitat quality and other socio-economic factors (e.g. GDP 
and population density) further indicated that intensive human activities could cause 
habitat degradation in the basin (Sun et al., 2019). 
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Table 6. The related coefficient between distribution of habitat quality and impact factors in 
2015 

Impact factors DEM Slope NDVI GDP Population Intensity of land use 

Related coefficient 0.53** 0.72** 0.55** -0.45** -0.33** -0.57** 

**Correlation is significant at the 0.01 level 

 
 
The landscape composition and configuration played an important role on exploring 

regional habitat quality variation. In this study, we further analyzed the correlation 
between landscape patterns and habitat quality (Table 7). Habitat quality presented a 
significant positive correlation with CONTAG, SHDI and SHEI, which indicated that 
habitat quality would increase with better landscape diversity, evenness, and contagion. 
The correlation between habitat quality and LSI, MPS was slight but obvious, which 
reflected that larger mean patch size, better habitat quality, and complexity of landscape 
shapes increased the heterogeneity of habitat quality. Agricultural land was the main 
land use type in the Zhanghe River Basin, but the increasing fragmentation of 
agricultural land caused the decline of ecological system function and habitat 
degradation. In addition, along with deforestation and urban expansion, the large 
patches of forestland became smaller, while the patches of construction land tended to 
expand, which led to the decline of habitat quality. 

 
Table 7. The correlation coefficient between distribution of habitat quality and impact 
factors 

At the landscape level  

Landscape metrics NP PD ED CONTAG SHDI SHEI 

Related coefficient -0.57 -0.44 0.19 0.98** 0.99** 0.99** 

At the class level 

Landscape metrics NP PD LSI MPS   

Related coefficient -0.01 -0.07 0.14** 0.11**   

**Correlation is significant at the 0.01 level 

 
 
The Zhanghe River Basin has undergone habitat degradation and fragmentation 

during 1990-2015. Based on current land use policy and the urban expansion trend, 
LUCC would continue to fragment, and the habitat degradation would become more 
severe. Therefore, the balance between habitat conservation and urbanization was the 
key to socio-economic sustainable development. More effective habitat conservation 
policies and integrated landscape management strategies should be adopted in the 
future. 

Conclusion 

Habitat quality and degradation are important indicators for exploring watershed 
ecological status. In this study, Zhanghe River Basin, with severe water conflicts, was 
selected to investigate characteristics, prediction, and potential causes of habitat 
variation by using CA-Markov and the InVEST model. 
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The results showed that Zhanghe River Basin has experienced landscape 
fragmentation and habitat loss during 1990-2015, and the area with habitat degradation 
existed in the peri-urban fringe and agricultural land. Specifically, the agriculture and 
forestland fragmentation increased, while grassland and construction land tended to 
expand and concentrate, and the mean habitat quality decreased by 1.83% from 1990 to 
2015. The overall distribution pattern of habitat quality in the basin was significantly 
related to spatial distribution of land use types: the low grade of habitat quality was 
mainly consistent with construction land and agricultural land, while forestland and 
grassland with higher habitat quality were distributed in the northern mountainous area. 
The area with high grade habitat degradation was mainly existed in the roads and the 
agriculture in peri-urban fringe. The simulated LUCC and habitat quality/degradation 
map for 2030 indicated that the overall habitat quality continued to decline under 
current land use policy and urban expansion. The potential impact factors on habitat 
quality were further analyzed, which showed that terrain was the main factor, intensity 
of land use was the secondary factor, and other factors (e.g. NDVI, GDP, Population) 
also had an important impact on the habitat quality. From the perspective of landscape 
pattern, the CONTAG, SHDI, SHEI, LSI and MPS showed more significant correlation 
with habitat quality. If the land use policy and urban expansion do not change, the 
ecological environment will continue to deteriorate. 

In the following research, we will use the InVEST model to further explore the 
ecosystem service functions such as soil conservation, carbon fixation and food 
production in the Zhanghe River Basin to provide feasible suggestions for ecological 
environment protection in the Zhanghe River Basin. 
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Abstract. The objective of the present work was to determine the effect of the bacterium Bacillus 
megaterium var. phosphaticum, the amino acid L-alpha proline and mineral fertilisation with nitrogen on 
heavy metal content in spring wheat (Triticum aestivum L.) grain destined for human consumption. Field 
research was conducted on a family-owned farm located in Krzymosze, Poland. Two factors were 
examined: factor I – biological products: control where no biological products were applied, Bacillus 
megaterium var. phosphaticum, L-alpha proline, Bacillus megaterium var. phosphaticum + L-alpha proline; 
factor II – mineral fertilisation with nitrogen: unfertilised control, 60 kg N  ּ ha-1, 90 kg N  ּ ha-1, and 
120 kg N  ּ ha-1. Grain samples were taken to determine Cu, Zn, Cd, Cr and Ni contents. The research 
demonstrated that weather conditions during the growing season had a significant influence on the heavy 
metal content of spring wheat grains. Increasing rates of mineral fertilisation with nitrogen contributed to 
an increase in the spring wheat grain content of heavy metals, an exception being zinc content in the grain 
of spring wheat fertilised with 120 kg N  ּ ha-1. The lowest heavy metal content was recorded in the grain of 
spring wheat treated with the bacteria Bacillus megaterium var. phosphaticum + the amino acid L-alpha 
proline, regardless of whether the crop was unfertilised or fertilised with the rates of 60 and 90 kg N  ּ ha-1. 
Keywords: phosphorus bacteria, mineral fertilisation, biostimulator, content in grain metal 

Introduction 

Spring wheat grain is a raw material for the food industry so its content of heavy metals 
should be as low as possible. Some of these metals, e.g. Ni, Cu and Zn, are microelements 
necessary for biomolecules, and to maintain cell structure, function and proliferation 
(Khajeh et al., 2010). The metals are potentially toxic if present in excess in food. They 
may be the cause of genetic disorders (Zheng et al., 2008). Other metals, e.g. Cd, Pb and 
Cr are carcinogenic substances and they are responsible for the occurrence of conditions 
such as Alzheimer's disease, Parkinson's disease, multiple sclerosis and osteoporosis. 
Also, they negatively affect such organs as the heart, kidneys and lungs as well as the 
immune system (Jamova and Valko, 2011; Zakir et al., 2011; Pirsaheb et al., 2015). 
Numerous research have revealed excessive amounts of heavy metals in cereals and rice 
grown in various countries. This is due to the fact that currently harmful substances in the 
environment are pesticide residues and heavy metal compounds. Reducing the emission 
of heavy metal compounds is more difficult to achieve. Their main sources are the steel 
industry, energy, mining and transport. That is why it is of paramount importance to 
constantly monitor and check cereal grain for heavy metals. The value of guidance 
documents and safety standards as established by Food Safety Authorities (Table 2) 
around the world cannot be overstated in terms of protecting public health and providing 
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guidance and assistance to stakeholders, not least farmers and processors (Thielecke and 
Nugent, 2018). Refining grains will reduce the presence of many contaminants but it also 
removes 50 to 80% of phytonutrients from whole grains. The studies demonstrated that it 
is these phytonutrients, (vitamins, minerals and fibres) that may exert a potentially 
protective effect against toxic metals in particular (Thielecke and Nugent, 2018). Further, 
the consumer also has a choice in mitigating any risk from contaminants, and to do so 
best by continuing to eat a healthy balanced diet, rich in nutrient dense foods, and 
including whole grain foods (Thielecke and Nugent, 2018). 

According to Shicheng et al. (2018), mineral fertilisation with nitrogen increases the 
wheat grain content of heavy metals. Jastrzębska and Kostrzewska (2019) have 
demonstrated that an application of the phosphorus-dissolving bacteria Bacillus 
megaterium, compared to mineral fertilisation of spring wheat, contributed to a decline 
in the soil content of heavy metals. In the research, the phosphorus-dissolving bacteria 
were applied with fertiliser as ash produced from sewage sludge, and they reduced heavy 
metal content in the soil as opposed to mineral fertilisation. Also Asfa et al. (2020) 
observed lower phytotoxicity of heavy metals after inclusion of microbiology in wheat 
cultivation. Apart from microorganisms, modern agriculture also recommends an 
application of biostimulants, including amino acids (Calvo et al., 2014). Biostimulants 
serve to control and enhance plant life processes, and thus they increase plant resistance 
to stress and stimulate the development of rooting (Du Jardin, 2015). In this respect, it is 
a novel approach to apply the bacteria Bacillus megaterium var. phosphaticum and the 
amino acid L-alpha proline which willhopefully contribute to a decline in heavy metal 
content in spring wheat grain. As there is no research into this issue, it was attempted to 
determine the impact of the bacteria Bacillus megaterium var. phosphaticum, the amino 
acid L-alpha proline and mineral fertilisation with nitrogen on heavy metal content in the 
grain of spring wheat destined for human consumption. 

Materials and Methods 

A field experiment was conducted on a family-owned farm in Krzymosze near Siedlce, 
Poland, in 2017-2019. The trial was set up on soil classified as Stagnic Luvisol and whose 
contents of available macroelements was as follows: P 8.2, K 18.7, and Mg 4.8 
mg  ּ 100 g-1 soil. Other contents were as follows: Mn 131, Cu 4.9, Zn 5.5, Pb less than 
16.2, Cd 0.14, Cr less than 12.3 and Ni 12.4 mg  ּ kg-1 soil. Soil reaction was neutral and 
humus content was 1.88%. The experiment was a split-block arrangement with three 
replicates. The experimental factors were as follows: factor I – biological products: 
control where no biological products were applied, Bacillus megaterium var. 
phosphaticum1 l  ּ ha-1, L-alpha proline 2 g  ּ ha-1, Bacillus megaterium var. 
phosphaticum1 l  ּ ha-1+ L-alpha proline 2 g  ּ ha-1; factor II – mineral fertilisation with 
nitrogen: unfertilised control, 60 kg N  ּ ha-1 (pre-plant), 90 kg N  ּ ha-1 (60 kg N  ּ ha-1 pre-
plant + 30 kg N  ּ ha-1 at the stem elongation stage), and 120 kg N  ּ ha-1 (60 kg N  ּ ha-1 pre-
plant + 30 kg N  ּ ha-1 at the stem elongation stage + 30 kg N  ּ ha-1 as foliar application of 
8% solution of urea at the early ear formation stage). 

Spring wheat cv. Mandaryna was grown after maize. Phosphorus and potassium 
fertiliser rates were adjusted to soil contents of available forms of these elements and 
were as follows: P 30.8 kg  ּ ha-1 and K 99.6 kg  ּ ha-1. Mineral fertilisation with nitrogen 
was applied as described for factor II above. Spring wheat was sown in early April at the 
amount of 500 grains per 1 m2. Biological products were applied once at the stage of 
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spring wheat tillering. Spring wheat was harvested in early August. From each plot after 
the grain was harvested, a representative sample with a volume of 250 g was taken. Then 
it was ground and intended for chemical analysis. During harvest, grain samples were 
taken in each plot to determine microelements. Cu, Zn, Mn, Pb, Cd, Cr and Ni contents 
were determined by means of inductively coupled plasma optical emission spectrometry 
(ICP-OES) using an emission spectrometer Perkin Elmer Optima 8300. 

The results for each trait tested were subjected to ANOVA suitable for the split-block 
design. When significant sources of variation were confirmed, their means were separated 
using Tukey test. Calculations were performed in MS Excel 12.0. The results for each 
characteristic were subjected to analysis of variance following the mathematical model: 
yijl= n + ai + gi + eij

(1) + bl + ejl
(2) + abil+ eijl

(3), where a = 1.. 4; b = 1, 2, … 4; n = 1, 2, 3 
(number of replicates); yijl – value of the examined characteristic; ai – effect of i-th level 
of factor A; gj– effect of replicates (blocks); eij

(1) – error 1 resulting from the interaction: 
factor A × replicates; bl – effect of l-th level of factor B; ejl

(2) – error 2 from the interaction: 
factor B × replicates; abil – effect of the interaction: factor A × factor B; eijl

(3) – random 
error. The course of weather conditions in the years of the research was varied (Table 1). 
 

Table 1. Weather conditions in the growing season of spring wheat according to the Zawady 
Meteorological Station 

Years 
Month 

Mean 
IV V VI VII VIII 

Mean air temperature ºC 

2017 6.9 13.9 17.8 16.9 18.4 14.8 

2018 13.1 17.0 18.3 20.4 20.6 17.9 

2019 9.8 13.3 17.9 18.5 19.9 15.9 

Long-term (50yr) mean 8.2 14.2 17.6 19.7 19.1 15.8 

Rainfall sum, mm 

2017 59.6 49.5 57.9 23.6 54.7 245.3 

2018 34.5 27.3 31.5 67.1 24.5 184.9 

2019 5.9 59.8 35.9 29.7 43.9 175.2 

Long-term (50yr) mean 37.4 47.1 48.1 65.5 43.5 241.6 

 
 

The most favorable year for the cultivation of spring wheat was 2017, when the highest 
amount of rainfall was recorded. Worse weather conditions were recorded in 2018, with 
a lower total of precipitation and an average air temperature higher than the long-term 
average. The strongest rainfall shortage was recorded in 2019. The average air 
temperature oscillated around the long-term average. 

Table 2 shows the regulatory autorities’ permissible metal limits WHO/FAO. 
 

Table 2. Metal levels in food by WHO/FAO 

Metal Concentrations (µg/g) 
Cd 0.10 

Cu 73.00 

Cr 2.30 

Pb 0.30 

Zn 100.00 
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Results and Discussion 

Heavy metal contents in spring wheat grain were significantly affected by weather 
conditions and their interaction with biological products (Table 3). 
 

Table 3. Spring wheat grain content of heavy metals according to biological products applied 
in 2017-2019, mg kg-1 DM 

Biological products (A) 
Years (Y) 

2017 2018 2019 

Manganese 

Control 82.14c 79.49d 77.68d 

Bacillus megaterium var. phosphaticum 72.32a 72.69b 71.07b 

L-alpha proline 78.98b 76.34c 74.72c 

Bacillus megaterium var. phosphaticum 
+ L-alpha proline 

71.14a 68.51a 66.89d 

Means 76.15C 74.26B 72.59A 

Zinc 

Control 18.59a 20.00a 20.65a 

Bacillus megaterium var. phosphaticum 23.16c 24.57c 25.22c 

L-alpha proline 21.59b 23.05b 23.71b 

Bacillus megaterium var. phosphaticum 
+ L-alpha proline 

25.68d 27.08d 27.72d 

Means 22.26A 23.68B 24.33C 

Copper 

Control 6.24c 5.37b 5.01b 

Bacillus megaterium var. phosphaticum 5.30a 4.43a 4.07a 

L-alpha proline 5.49ab 4.62a 4.26a 

Bacillus megaterium var. phosphaticum 
+ L-alpha proline 

5.08a 4.23a 3.87a 

Means 5.53C 4.66B 4.30A 

Nickel 

Control 0.769c 0.669c 0.638a 

Bacillus megaterium var. phosphaticum 0.638b 0.538b 0.508b 

L-alpha proline 0.671b 0.573b 0.543b 

Bacillus megaterium var. phosphaticum 
+ L-alpha proline 

0.556a 0.458a 0.427a 

Means 0.659B 0.560A 0.529A 

Chromium 

Control 0.463c 0.378d 0.355c 

Bacillus megaterium var. phosphaticum 0.310a 0.225b 0.203a 

L-alpha proline 0.355b 0.271c 0.248b 

Bacillus megaterium var. phosphaticum 
+ L-alpha proline 

0.319a 0.189a 0.181a 

Means 0.362B 0.266A 0.247A 

 
 

In 2017, characterised by the highest precipitation sum, there was recorded an increase 
in manganese, copper, nickel and chromium contents as well as a decline in zinc content 
in spring wheat grain compared with the dry years 2018 and 2019 whose precipitation 
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sums were much lower. Similarly, Radkowski et al. (2020a) reported a decline in 
microelements in the year with a higher precipitation sum compared with dry years. In 
the present study, an interaction was confirmed. The lowest manganese, copper, nickel 
and chromium contents and the highest zinc content were recorded in spring wheat grain 
in 2018-2019, when precipitation was lower, in the plot treated with the bacteria Bacillus 
megaterium var. phosphaticum + the amino acid L-alpha proline. By contrast, the highest 
heavy metal contents, excluding zinc, were found in the control plot, where no biological 
products had been applied, in 2017 characterised by the highest precipitation sum. 

Statistical analysis demonstrated a significant influence of the experimental factors 
and their interaction on manganese content in spring wheat grain (Table 4). 
 

Table 4. Manganese content in spring wheat grain (means across 2017-2019), mg  ּ kg-1 DM 

Biological products (A) 
Mineral fertilisation with nitrogen, kg N  ּ ha-1 (B) 

Means 
Control 60 90 120 

Control 76.08d 78.50d 80.77d 83.24d 79.65D 

Bacillus megaterium var. 
phosphaticum 

71.32b 72.59b 73.86b 74.33b 73.03B 

L-alpha proline 74.47c 75.74c 77.01c 79.48c 76.68C 

Bacillus megaterium var. 
phosphaticum + L-alpha proline 

66.14a 68.41a 69.68a 71.15a 68.85A 

Means 72.00A 73.81B 75.33C 77.05D - 

 
 

Compared to control, biological products contributed to a decline in the spring wheat 
content of manganese. Also the study by Arhar and Ahmad (2018) showed that nitrogen-
fixing bacteria reduced Mn uptake by wheat plants. In the present study, the lowest 
concentration of Mn was recorded in spring wheat grain following an application of the 
bacteria Bacillus megaterium var. phosphaticumand the amino acid L-alpha proline. 
Kandii et al. (2016) reported a decline in Mn content in wheat after amino acids had been 
applied in combination with mineral fertilisation with nitrogen. The same relationship 
was observed by Radkowski et al. (2020). In the present study, mineral fertilisation with 
nitrogen significantly influenced manganese content in spring wheat grain. Increasing 
rates of mineral nitrogen fertiliser contributed to a significant increase in Mn content in 
spring wheat grain. This finding corresponds with results reported by Hellal et al. (2012) 
and Radkowski et al. (2020a,b). In the experiment discussed here, an interaction was 
confirmed indicating that the lowest manganese content was found in the grain of spring 
wheat grown in plots treated with the bacteria Bacillus megaterium var. phosphaticumand 
the amino acid L-alpha proline and not fertilised with mineral nitrogen. By contrast, the 
highest values were found in units fertilised with 120 kg N  ּ ha-1 and untreated with 
biological products. However, also in this case the spring wheat grain content of Mn was 
lower than the standards quoted by WHO/FAO, and was safe for humans (Adefarati et 
al., 2017). 

Zinc content in spring wheat grain was significantly affected by the experimental 
factors and their interaction (Table 5). 

Biological products significantly increased zinc content in spring wheat grain 
compared with control where no biological products were applied. Zinc plays an 
important role in plant metabolism. Both zinc excess and shortage considerably limit 
plant growth and development (Ociepa-Kubicka and Ociepa, 2012). It should be 
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mentioned that plants growing in a polluted environment may accumulate high 
concentrations of this microelement, which poses a serious threat to human health 
(Srinivas et al., 2002; Sharma et al., 2004; Luo et al., 2013). Research by Fytianos et al. 
(2001), Demirezen and Ahmet (2006), Muchuweti et al. (2006) as well as Mahamed et 
al. (2012) demonstrated a low zinc content in cereal grain. In the present study, the highest 
concentration of zinc was recorded in spring wheat grain following an application of the 
bacteria Bacillus megaterium var. phosphaticumand the amino acid L-alpha proline. Also 
Athar and Ahmad (2018) reported increased zinc contents in cereal grain due to an 
application of bacteria. Radkowski et al. (2020a) demonstrated that an application of 
amino acids increases Zn concentration in spring wheat grain as well. In the experiment 
reported here, mineral fertilisation with nitrogen increased Zn content in spring wheat 
grain up to the rate 90 kg N  ּ ha-1. The highest rate, that is 120 kg N  ּ ha-1, was followed 
by a significant decline in the spring wheat grain content of zinc. The same relationship 
was demonstrated in research by Kandii et al. (2016) and Radkowski et al. (2020a,b). In 
the present work, an interaction was confirmed indicating that the highest zinc content 
was present in spring wheat grain following an application of the bacteria Bacillus 
megaterium var.phosphaticum, the amino acid L-alpha proline and mineral fertilisation 
with nitrogen at the rate of either 60 or 90 kg N  ּ ha-1, it being the lowest in the control 
unit where no biological products had been applied, at all the rates of mineral fertilisation 
with nitrogen. 
 

Table 5. Zinc content in spring wheat grain (means across 2017-2019), mg kg-1 DM 

Biological products (A)) 
Mineral fertilisation with nitrogen, kg N  ּ ha-1 (B) 

Means 
Control 60 90 120 

Control 19.17a 20.65a 19.79a 19.37a 19.75A 

Bacillus megaterium var. 
phosphaticum 

23.05b 24.25b 26.44b 23.53b 24.32C 

L-alpha proline 20.16a 23.53b 24.89b 22.54b 22.78B 

Bacillus megaterium var. 
phosphaticum + L-alpha proline 

25.54c 26.96c 28.60c 26.18c 26.82D 

Means 21.98A 23.85B 24.93C 22.91B - 

 
 

Statistical analysis demonstrated a significant impact of the experimental factors and 
their interaction on copper content in spring wheat grain. Biological products used in the 
study contributed to a significant drop in copper content in spring wheat grain compared 
with control. The lowest concentration of copper was recorded in spring wheat grain 
following an application of the bacteria Bacillus megaterium var. phosphaticumand the 
amino acid L-alpha proline. Research by Garcia-Fraile et al. (2015) and Vejan et al. 
(2016) revealed that plant growth stimulating bacteria occur around roots and are 
responsible for nutrient mobilisation, heavy metal sequencing and break-down of toxic 
elements present in soil. Also Athar and Ahmad (2018) reported that Azotobacter reduces 
Cu content in wheat grain. A similar relationship was observed by Radkowski et al. 
(2020a) who applied amino acids while growing wheat. In the present study, increasing 
rates of mineral fertilisation with nitrogen were followed by an increase in copper content 
in spring wheat grain. However, the content associated with the highest rate of mineral 
fertilisation with nitrogen, that is 120 kg N  ּ ha-1, was lower than the permissible standards 
set by the WHO/FAO and is not harmful to humans (Adefarati et al., 2017). In studies by 
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Hellal et al. (2012), Kandii et al. (2016) and Radkowski et al. (2020b), there was observed 
an increase in the spring wheat grain content of copper following increasing rates of 
mineral fertilisation with nitrogen. In the study reported here, there was confirmed an 
interaction which indicated that the lowest copper content was present in spring wheat 
grain after an application of the bacteria Bacillus megaterium var. phosphaticum, the 
amino acid L-alpha proline and mineral fertilisation with nitrogen at the rate of up to 
90 kg N  ּ ha-1. The highest copper content was determined in control grain produced 
without using biological products at the highest rate of mineral fertilisation with nitrogen, 
that is 120 kg N  ּ ha-1. 

Lead and cadmium contents in spring wheat grain were insignificantly affected by the 
experimental factors, and their concentration in spring wheat grain was too low to be 
detected by an emission spectrometer Perkin Elmer Optima 8300. This may be explained 
by the fact that the fields where the experiment was set up were located relatively far 
away from communication routes. Hence, spring wheat grain met standards the set by the 
WHO/FAO for lead and cadmium contents. Despite the low Cd and Pb contents in spring 
wheat grain, they must be constantly monitored and checked. 

Statistical analysis demonstrated a significant influence of the experimental factors 
and their interaction on nickel content in spring wheat grain (Table 6). 
 

Table 6. Nickel content in spring wheat grain (means across 2017-2019), mg kg-1 DM 

Biological products (A) 
Mineral fertilisation with nitrogen, kg N  ּ ha-1 (B) 

Means 
Control 60 90 120 

Control 0.591c 0.683c 0.721c 0.772c 0.692C 

Bacillus megaterium var. 
phosphaticum 

0.493a 0.534b 0.575b 0.644b 0.562B 

L-alpha proline 0.512b 0.576b 0.613b 0.681b 0.596B 

Bacillus megaterium var. 
phosphaticum + L-alpha proline 

0.427a 0.453a 0.494a 0.547a 0.480A 

Means 0.506A 0.562A 0.601B 0.661B - 

 
 

The applied biological products significantly reduced the concentration of nickel in 
spring wheat grain compared with untreated control. In their work, Jastrzębska and 
Kostrzewska (2019) pointed to the fact that phosphorus-dissolving Bacillus bacteria 
contributed to reduction in nickel content in spring wheat grain. Similarly, Sarfaz et al. 
(2019) and Figueiredo et al. (2011) reported that also rhizobacterine limits heavy metal 
content in plants. Plant growth promoting rhizobacteria (PGPR) are responsible for 
stimulating plant growth, heavy metal sequencing and break-down of toxic elements 
present in soil (Garcia-Fraile et al., 2015). A similar relationship was reported by Athar 
and Ahmad (2018) who examined Azotobacter. Naveed et al. (2020) and Turan et al. 
(2018) demonstrated that an application of bacteria contributed to a decline in the spring 
wheat grain content of nickel. In the present work, also an application of the amino acid 
L-alpha proline was followed by a decline in nickel content in spring wheat grain, 
particularly when combined with the bacteria Bacillus megaterium var. phosphaticum. It 
was confirmed by Popko et al. (2018) who demonstrated that an application of 
biostimulants contributes to a decline in the spring wheat content of nickel. In the study 
reported here, increasing rates of mineral fertilisation with nitrogen, in particular the rate 
120 kg N  ּ ha-1, were followed by an increase in nickel content in spring wheat grain. 
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However, even in the case of the highest N rate, Ni content in spring wheat grain was low 
and did not exceed standards set by the WHO/FAO and was not harmful to humans 
(Adefarati et al., 2017). This finding was confirmed by Shicheng et al. (2018) in their 
research on an application of mineral fertilisation with NPK. In the experiment reported 
here, an interaction was found and it indicated that the lowest nickel content was present 
in spring wheat grain following an application of the bacteria Bacillus megaterium var. 
phosphaticumand the amino acid L-alpha proline and no mineral fertilisation with 
nitrogen, or an application of either 60 or 90 kg N  ּ ha-1. By contrast, it was the highest 
for the untreated control where the rate of mineral fertilisation with nitrogen was either 
90 or 120 kg N  ּ ha-1. 

Chromium content in spring wheat grain was significantly affected by the 
experimental factors and their interplay (Table 7). 
 

Table 7. Chromium content in spring wheat grain (means across 2017-2019), mg kg-1 DM 

Biological products (A) 
Mineral fertilisation with nitrogen, kg N  ּ ha-1 (B) 

Means 
Control 60 90 120 

Control 0.314b 0.362c 0.423c 0.495c 0.399C 

Bacillus megaterium var. 
phosphaticum 

0.186a 0.214a 0.261a 0.323a 0.246A 

L-alpha proline 0.211a 0.261b 0.317b 0.376b 0.291B 

Bacillus megaterium var. 
phosphaticum + L-alpha proline 

0.158a 0.185a 0.223a 0.272a 0.210A 

Means 0.217A 0.256A 0.306B 0.367C - 

 
 

Biological products significantly reduced chromium content in spring wheat grain 
compared with untreated control. Also Jastrzębska and Kostrzewska (2019) reported that 
the phosphorus-dissolving bacteria Bacillus megaterium reduced chromium 
concentration in spring wheat grain. Sarfaz et al. (2019), Figueiredo et al. (2011) and 
Rizvi et al. (2020) demonstrated that bacteria incorporated into soil reduce chromium 
content in wheat. Also in the present study, an application of the amino acid L-alpha 
proline contributed to a decline in chromium content in spring wheat grain compared with 
control. Similarly, Popko et al. (2018) found that biostimulants reduce heavy metals in 
wheat. In the experiment reported here, the lowest chromium content was recorded in 
spring wheat grain following an application of the bacteria Bacillus megaterium var. 
phosphaticumand the amino acid L-alpha proline. Mineral fertilisation with nitrogen 
affected chromium content in spring wheat grain, too. The highest chromium content was 
determined in spring wheat grain following the highest rate of mineral fertilisation with 
nitrogen, that is 120 kg N  ּ ha-1. Despite this, the chromium content was low and did not 
exceed standards set by the WHO/FAO, and was safe for humans (Adefarati et al., 2017). 
Also research by Shicheng et al. (2018) demonstrated that mineral fertilisation is 
associated with an increase in the spring wheat grain content of chromium. An interaction 
was confirmed in the study reported here which indicated that the highest chromium 
content was present in spring wheat grain following an application of the bacteria Bacillus 
megaterium var. Phosphaticum and the amino acid L-alpha proline and no mineral 
fertilisation with nitrogen or at the rates of 60 or 90 kg N  ּ ha-1. 
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Conclusions 

1. Weather conditions during the growing season significantly affected heavy metal 
contents in spring wheat grain. 

2. The examined biological products significantly reduced heavy metal contents in 
spring wheat grain, excluding zinc content. 

3. Increasing rates of mineral fertilisation with nitrogen contributed to an increase in 
the spring wheat grain content of heavy metals. The only exception was zinc content 
determined in the grain of spring wheat fertilised with 120 kg N  ּ ha-1. 

4. The lowest heavy metal contents were recorded in the grain of spring wheat treated 
with the bacteria Bacillus megaterium var. phosphaticum + the amino acid L-alpha 
proline, whether the cereal was unfertilised or fertilised with 60 and 90 kg N  ּ ha-1. 

5. Research on the use of bacillus bacteria and biostimulants in spring wheat 
cultivation should be continued and the content of heavy metals in the grain should 
be constantly monitored. 
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Abstract. Fertilization effects were performed in a stationary type of field trial, on a vertisol soil type, on 
the premises of the Small Grains Research Center in Kragujevac, central Serbia, over a three-year period 
(2010–2013). In addition to untreated control, the trial included six mineral nutrition treatments: (1) 
N0P0K0; (2) N80P0K0; (3) N80P60K60; (4) N80P100K60; (5) N80P60K0; (6) N80P100K0; (7) N80P0K60. Individual 
fertilizers used in the trial were as follows: KAN (nitrogen fertilizer), super phosphate (phosphate 
fertilizer), and 60% of potassium salt (potassium fertilizer). Mineral nutrition treatments mentioned above 
were applied in the two winter wheat cultivars: Ana Morava and KG 100. Favorable physical properties 
of the soil are of major importance for efficient growth of wheat. In this regard, the aim of this study was 
to determine to what extent the different fertilizing treatments influence yield performance, yield 
parameters and grain quality of winter wheat cultivars grown on vertisol soil type. The highest yield of 
winter wheat over the three-year trial was obtained from the Ana Morava cultivar (6,276 kg ha-1) in the 
treatment that involved the application of N80P60K60. Variance analysis implied very highly significant 
individual effects of study year and fertilization on grain yield in the studied winter wheat cultivars, as 
well as very highly significant effect of interaction between year × fertilization. 
Keywords: wheat, vertisol, mineral nutrition, cultivars, grain yield 

Introduction 

Wheat is the major product of crop and agricultural production and the most 
significant food source of the entire human population (Dixon et al., 2009; Todorovska 
et al., 2009; Nouri et al., 2011; Rizvan et al., 2016). As winter wheat uses large amounts 
of mineral elements during the growing period, it has high soil fertility requirements 
(Maleševic et al., 2008). The productivity of winter wheat grown on acidic soils such as 
vertisol is generally significantly reduced. Yield performance, yield parameters and 
grain quality are critical indicators of productivity of winter wheat plants. Yield, yield 
parameters (grain number and grain weight) and quality of winter wheat grain (1000-
grain weight and hectoliter weight) are crucial to determining the correlation between 
plant, soil and mineral nutrition. 

A universal method of fertilizing wheat grown on low pH soils is difficult to devise 
due to numerous nutrition and nutrition application specificities. The nutritional needs 
of plants grown on acid soils are somewhat difficult to specify due to the highly non-
uniform physical and chemical properties of soil (Nemeth, 2006). As wheat cultivated 
on an acidic soil requires specific mineral nutrition, i.e. appropriately balanced nitrogen 
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and phosphorus nutrition, the increased nutritive input of phosphorus is a must (Jevtić et 
al., 1988; Riley et al., 2001; Dolijanović, et al., 2019). 

Low production capacity of vertisols is the result of poor physical and mechanical, 
and water and air properties (Malešević et al., 2008; Jaćimović et al., 2012). The use of 
fertilizers is based on soil fertility control, which infers preserving the existing favorable 
soil fertility or maintaining soil fertility improved with fertilizers. Fertilizers establish a 
balance between the total amount of nutrients ensuring high yields, on the one hand, and 
the amount of nutrients contained in the soil, on the other. In order to determine the 
optimal amount of mineral nutrients from a fertilizer, it is necessary to be acquainted 
with the specificities of nutrients uptake by plants, as well as with the fertilizer 
dynamics in the soil (Korchens (2006); Jelić et al., 2012; Djekić, et al., 2013). 

Yield performance of winter wheat depends on a number of factors, primarily 
cultivar genotype, agro-environmental conditions (soil fertility, precipitation and air 
temperature) and the applied production technology (Fagam et al., 2006; Trethowan et 
al., 2007; Rashid et al., 2013). Also, studies performed so far suggest that yield 
performance of wheat depends on a number of yield components, i.e. number of plants, 
number of grains per spike, grain weight per spike, 1000-grain weight. Correlation 
among these parameters is highly complex, as the increase in the value of one parameter 
often results in a decrease in the value of another (Hristov et al., 2008). 

Grain number and grain weight are considered as cultivar specificities however, they 
are generally affected by agro-environmental conditions and mineral nutrition (Savić et 
al., 2006). 

Studies performed so far imply the necessity of continuously determining quantity 
and nutrients ratios of fertilizers as imposed by specific agro-environmental conditions. 
Under the agro-environmental conditions of Serbia most commonly applied amounts of 
N ensuring overall high yields range from 80–120 kg ha-1, depending on the 
agrochemical properties of the soil. 

Stationary field trials, such as ours, are of utmost importance (Cooke (1976); 
Ragasits et al., 2000; Malešević et al., 2008; Đekić et al., 2014b). 

Newly developed wheat cultivars have substantially higher yield potential (Rajaram, 
2001; Ogbonnaya et al., 2008; Denčić et al., 2010) however their mineral nutrition 
requirements are highly demanding consequently (Đekić et al., 2014a; Jelić et al., 
2012). 

The objective of this research was to examine the effects of different fertilization 
treatments on yield performance, yield parameters (number of grains per spike and grain 
weight per spike) and grain quality (1000-grain weight and hectoliter weight) in 
different winter wheat cultivars grown on a vertisol. 

Materials and methods 

The experiment was performed in a stationary type field trial (the experimental field 
of the Small Grains Research Center, Kragujevac (44°02’N, 20°56’E, altitude: 185 m 
a.s.l.), Republic of Serbia (central Serbia) (Fig. 1) involving fertilization over a long-
term period (over 30). The study location of Kragujevac is approximately 113 km away 
from Belgrade. The study was performed over the three-year period, from 2010 to 2013. 

The experiment was conducted on two winter wheat cultivars, 1) Ana Morava and 2) 
KG 100. In addition to an untreated control, the trial included six mineral nutrition 
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treatments: 1) N0P0K0; 2) N80P0K0; 3) N80P60K60; 4) N80P100K60; 5) N80P60K0; 6) 
N80P100K0; 7) N80P0K60. 

The following fertilizers were used in the trial: KAN (nitrogen fertilizer), super 
phosphate (phosphate fertilizer), and 60% of potassium salt (potassium fertilizer). 

The following parameters were examined: grain yield, hectoliter weight, 1000 grain 
weight, number of grains per spike and grain weight per spike. 

The experiment was set up at an area of 50 m2 following the random block design 
with five replications Conventional cultural practices were applied in the trial. The 
seeding rate in the cultivars studied was 600 germinated seeds per m2. Statistical data 
processing was performed in the Analyst module of the SAS/STAT program (SAS 
Institute, 2000). The Descriptive Statistics and Analysis Variance was applied. 

 

  

Figure 1. Study area of (Central Serbia-Kragujevac) and Europe – Serbia 

Climatic conditions 

Agricultural production greatly depends on climatic conditions of a production area. 
As an essential element of the climate, air temperature is crucial to successful wheat 
growth. In this regard, precipitation is a highly relevant factor, both in terms of its 
annual amounts and the distribution (Savić et al., 2006). Favorable soil humidity 
conditions have a stimulating effect on seed germination and sprouting, as well as on 
plant development. 

The area of Kragujevac is located at an altitude of 186 m, in temperate climate zone. 
Meteorological conditions, i.e. air temperature and precipitation rates over the 

2011/2012 and 2012/2013 growing periods were relatively favorable, whereas the 
2010/2011 growing period exhibited lower precipitation rates, as well as lower air 
temperatures over some periods in the season (Tahmasebi et al., 2014). 

Mean monthly air temperatures (°C) and monthly precipitation sum (lm-1) over the 
examination examined are given in Table 1. 

In the first year of our study in the area of Kragujevac (2010/2011), the recorded 
precipitation during spring was 444.2 l m-1, which is some 127.4 l m-1 lower than multi-
year average, while mean air temperature over the same period was 10.41, or within the 
multi-year average. Precipitation recorded in March and April, 20.4 l m-1 and 20.8 l m-1 
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respectively, was lower by 20–30 l m-1 compared to the multi-year average. This lack of 
precipitation in the first year of study (2010/2011) affected growth and development of 
plants, especially clustering, rooting, leaf mass ratio, which consequently had an 
adverse effect on yield performance, yield parameters (grain number and grain weight) 
and grain quality (1000-grain weight and hectoliter weight). 

 
Table 1. Temperature and water in the course of the vegetation in 2010/2011, 2011/2012 
and 2012/2013 

Month 

Temperature (t °C) Water (l m-1) 

Year Average Year Average 

2010/2011 2011/2012 2012/2013 1961/99 2010/2011 2011/2012 2012/2013 1961/99 

October 10.2 10.4 13.5 11.3 86.9 33.3 56.2 42.8 

November 11.4 3.1 9.5 6.5 27.9 1.3 17.7 46.4 

December 2.4 4.6 1.7 1.1 50.1 43.3 16.4 46.8 

January 0.9 0.7 2.9 -1.8 29.1 117.2 65.8 38.3 

February 0.5 -3.7 4.0 3.0 48.5 60.1 84.4 35.7 

March 7.2 8.1 6.5 6.5 20.4 5.7 102.9 40.4 

April 12.0 12.9 13.4 11.3 20.8 74.5 41.2 53.1 

May 15.8 16.1 18.2 16.3 65.8 83.3 70.8 66.7 

Jun 20.9 23.0 19.9 19.0 32.3 57.8 85.4 80.3 

July 22.8 25.8 21.9 21.1 62.4 35.4 60.6 70.6 

(X – VII) 10.41 10.10 11.50 10.40 444.2 515.9 601.4 571.6 

 
 
In the second year of the study (growing season 2011/2012), the recorded 

precipitation was 515.9 lm-1, which is only 56 l m-1 lower compared to the multi-year 
average. The precipitation rate over the growing period was rather high and well 
distributed, accompanied with favorable air temperature average, all of which ensured 
proper development of plants. Favorable climatic conditions in June fostered the 
development of winter wheat plants, which resulted in high winter wheat grain yield. 

Climatic conditions were the most favorable in the third study year (2012/2013), 
precipitation being 601.4 l m-1 and mean air temperature 11.50 °C. 

Air temperatures were higher than average from January to March, which promoted 
plant growth. Precipitation rate in March, which amounted to 102.9 l m-1, ensured good 
clustering of winter wheat plants. Mean monthly temperature in April was 13.4 °C, 
which was by 2.1 °C higher than the multi-year average. Favorable air temperatures in 
May (18.2 °C) and proper water balance (70.8 l m-1) ensured good plant development 
and stimulated grain filling. 

The values of mean monthly air temperatures (°C) and monthly precipitation sums (l 
m-1) over the 2012/2013 examination period gave the highest grain yield and quality of 
winter wheat grain. 

The data presented in Table 1 (mean monthly temperatures and precipitation rates 
during the study) suggest that climatic conditions varied among the years of study. 
Weather conditions greatly affected the duration of specific phases of wheat plant 
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development as well as the overall dynamics of plant growth and development over the 
growing periods (Savić et al., 2007; Paunović et al., 2010). 

Favorable weather conditions confirmed over season 2012/2013 i.e. highest 
precipitations rate proper precipitations distribution by months and agreeable monthly 
air temperatures suggested optimal conditions for growing winter wheat on a vertisol 
especially during critical phases of plants development. 

The 2011/2012 growing season was also favorable for growing winter wheat, while 
the most unfavorable climatic conditions for growing winter wheat were in the first 
study year (2010/2011). 

Results and discussion 

For the successful development, wheat requires fertile soils of favorable physical 
properties. The soil in the trial is a degrading smonica (vertisol), of an A-Bt-C profile. 
The upper part of the A horizon is gray, showing signs of substantial deficiencies in 
bases and humus due to leaching. The upper part of the A horizon is strongly acidic to 
acidic, the degree of base saturation being lower than 70%. In the deeper layers of this 
soil, there is a Bt horizon, which is strongly enriched with clay and poorly permeable. 
During wet periods, surface water is retained above this horizon, which leads to the 
formation of reddish brown Fe-hydroxide mottles as well as small grains of spodic 
materials (orstein). In addition to the heavy mechanical composition and rough, unstable 
structure, this soil is of poor porosity, which significantly deteriorates physical 
properties of this soil (Li et al., 2010; Meng et al., 2009). 

Before the trial, in order to determine soil fertility, samples were taken and analyses 
were performed involving fertility parameters based on the fertilization treatments 
(Table 2). 

 
Table 2. Facts of soil fertility at experimental field 

Fertilizing 
variants 

Profound 
(cm) 

HUMUS 
(%) 

pH N overall 
(%) 

P2O5 K2O 

H2O KCl mg/100 g soil 

N0P0K0 
N80P0K0 

N80P60K60 
N80P100K60 
N80P60K0 
N80P0K60 

0 - 20 

2.13 
2.10 
2.39 
2.25 
2.34 
2.24 

5.85 
5.83 
5.58 
5.72 
5.63 
5.73 

4.37 
4.26 
4.27 
4.28 
4.15 
4.22 

0.12 
0.14 
0.15 
0.14 
0.15 
0.16 

2.60 
2.20 
8.17 
9.83 
9.00 
2.83 

18.67 
17.60 
27.47 
24.00 
17.40 
23.53 

 
 
The soil used in the experiment is strongly acidic (pH in Kcl < 4.5) with a moderate 

humus content. The highest replaceable acidity was observed in N80P60K0 and N80P0K60 
fertilization treatments. Treatments which involved mineral nutrition had higher humus 
contents (on average) compared to the control. The highest humus content was observed 
in N80P60K60 and N80P60K0 fertilization treatments. 

The total nitrogen content was moderate (according to the Wohltmann classification) 
with fertilizer treatments exhibiting higher total nitrogen content compared to the 
untreated control. The content of readily available phosphorus was low (2.20–
9.83 mg/100 g of soil), while readily available potassium content was moderately high 
to high (17.40–27.47 mg/100 g of soil). 
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Grain yield 

Average grain yield in the studied winter wheat cultivars (‘Ana Morava’ and ‘KG 
100’) grown in five replications over the three growing periods (2010/2011, 2011/2012 
and 2012/2013) are presented in Table 3. 

Grain yield is the most significant indicator of plant productivity. It is also the most 
reliable indicator of differences in productivity among cultivars and their mineral 
nutrition specificities, as yield is the final result of mutual actions, both external factors 
influencing plant growth and development, and bio-rhythmic dynamics of physiological 
and biochemical processes. 

Average values of yield varied between the studied winter wheat cultivars over the 
three-year period on a vertisol as influenced by fertilization treatments and climatic 
conditions. 

 
Table 3. Grain yield (t ha-1) - cultivars 1) Ana Morava and 2) KG 100 

Cult. Fertilization 

Years 
Average 

2010/2011 2011/2012 2012/2013 

͞x S Sx ͞x S Sx ͞x S Sx ͞x S Sx 

1 

N0P0K0 0.819 0.122 0.071 1.605 0.345 0.199 1.335 0.422 0.255 1.253 0.449 0.150 

N80P0K0 2.448 0.442 0.255 3.931 0.739 0.427 4.491 1.900 1.091 3.623 1.387 0.463 

N80P60K60 3.403 1.147 0.662 4.928 0.711 0.410 6.276 0.130 0.075 4.896 1.417 0.472 

N80P100K60 3.994 0.440 0.254 4.156 1.146 0.662 5.723 0.654 0.377 4.625 1.080 0.360 

N80P60K0 2.898 0.616 0.355 4.050 1.023 0.591 4.195 0.780 0.450 3.714 0.942 0.314 

N80P100K0 3.190 0.421 0.243 3.969 0.685 0.395 4.116 1.018 0.587 3.758 0.778 0.259 

N80P0K60 2.491 0.455 0.263 3.563 1.018 0.588 4.210 0.960 0.544 3.421 1.052 0.351 

2 

N0P0K0 0.896 0.283 0.164 1.548 0.324 0.187 1.381 0.123 7.131 1.275 0.369 0.123 

N80P0K0 1.690 0.693 0.340 3.186 0.215 0.124 3.563 1.220 0.704 2.813 1.113 0.371 

N80P60K60 3.837 0.889 0.513 4.378 0.530 0.307 4.896 1.608 0.929 4.370 2.155 0.718 

N80P100K60 3.503 0.260 0.150 4.210 0.689 0.398 4.876 1.606 0.927 4.196 1.065 0.355 

N80P600K0 3.368 0.739 0.427 3.962 1.200 0.693 4.017 2.120 1.270 3.782 1.343 0.448 

N80P100K0 2.765 0.308 0.178 3.984 0.260 0.150 4.053 1.286 0.743 3.601 0.921 0.307 

N80P0K60 2.862 0.392 0.226 3.553 0.597 0.345 4.080 1.690 0.976 3.498 1.059 0.353 

 
 
The lowest grain yield was obtained in untreated control in all study year, in both 

cultivars (‘Ana Morava’ and ‘KG 100’). Fertilization significantly increased grain yield 
of winter wheat (Kovačević (2005); Savić et al., 2005). In regard to grain yield, some 
differences were perceived between the examined winter wheat cultivars. 

In the first experimental year, ‘Ana Morava’ fertilized with N80P100K60 had the 
highest grain yield (3,994 kg ha-1), while N80P60K60 fertilization treatment gave the 
highest grain yield in ‘KG 100’ (3,837 kg ha-1) in the same season. 

In the second and third years of examination, both cultivars exhibited the best grain 
yield performance when fertilized with N80P60K60. The application of NK fertilizers 
considerably reduced the grain yield of winter wheat compared to fertilization treatments 
involving phosphorus (both low and high rates of phosphorus) (Kostić et al., 1987; 
Tyrone et al., 2002; Bálint et al., 2008) over the entire study period. This confirms that the 
examined winter wheat cultivars grown on acidic soils (vertisol) had considerably higher 
productivity when fertilized with NPK compared to the yields obtained on non-acidic 
soils (Rehman et al., 2006; El-Lethy et al., 2013; Jelić et al., 2015). 
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During the three-year period, average grain yield was slightly higher in ‘Ana 
Morava’ fertilized with N80P60K60 (4,836 kg ha-1) than ‘KG 100’ (4,370 kg ha-1) under 
the same treatment. 

N fertilization treatment gave the lowest grain yield in ‘KG 100’ (1,690 kg ha-1) in 
the first study year. 

The highest grain yield of winter wheat grown on a vertisol over the three-year 
period was obtained in ‘Ana Morava’ (6,276 kg ha-1) fertilized with N80P60K60. 

‘Ana Morava’ and ‘KG 100’ had a considerably higher grain yield in the second and 
third years of examination, which confirms that favorable climatic conditions (average 
values of mean monthly air temperatures (°C) and monthly precipitation sums (lm-1) are 
crucial to grain yield performance (Paunović et al., 2010). In conclusion, besides 
genotype, grain yield of winter wheat is governed to a great extent by the fertilization 
system, which, along with climatic, soil conditions and cultivar specificities, is a key 
factor in crop yield and quality (Jelic and et al., 2015). 

 
Number of grains per spike 

The number of grains per spike is a parameter of wheat yield closely correlated with 
number of spikelets per spike, number of flowers per spikelet as well as with successful 
fertilization and germination of grains (Borojević, 1978). As these parameters are 
greatly governed by agro-environmental conditions and the applied cultural practices, 
number of grains per spike is considered a highly variable trait (Milošev, 1996). 

Average number of grains per spike in the studied winter wheat cultivars (‘Ana 
Morava’ and ‘KG 100’) grown in five replications over the three growing seasons 
(2010/2011, 2011/2012 and 2012/2013) are given in Table 4. 

 
Table 4. Number of grains per spike – cultivars 1) Ana Morava and 2) KG 100 

Cult. Fertilization 

Years 
Average 

2010/2011 2011/2012 2012/2013 

͞x S Sx ͞x S Sx ͞x S Sx ͞x S Sx 

1 

N0P0K0 20.67 6.658 3.844 15.67 2.887 1.667 28.33 1.527 0.882 21.56 6.654 2.218 

N80P0K0 35.00 1.000 0.577 35.00 2.646 1.527 36.33 1.528 0.882 35.44 1.740 0.580 

N80P60K60 43.67 5.132 2.963 48.00 8.660 5.000 45.00 1.000 0.577 45.56 5.411 1.804 

N80P100K60 40.67 5.508 3.180 41.67 6.110 3.528 46.00 1.000 0.577 42.78 4.816 1.605 

N80P60K0 39.67 6.110 3.528 41.00 9.849 5.686 45.00 4000 2.309 41.89 6.585 2.195 

N80P100K0 38.33 2.082 1.202 39.67 5.508 3.180 40.33 0.577 0.333 39.44 3.087 1.029 

N80P0K60 37.67 2.082 1.202 36.67 8.327 4.807 39.67 1.528 0.882 38.00 4.555 1.518 

2 

N0P0K0 13.67 2.517 1.453 19.00 6.000 3.464 25.67 2.517 1.453 19.44 6.267 2.089 

N80P0K0 33.00 7.211 4.163 36.67 4.726 0.728 42.00 5.000 2.887 37.22 6.340 2.113 

N80P60K60 35.33 7.095 4.096 37.00 4.359 2.517 42.00 1.000 0.577 38.11 5.159 3.302 

N80P100K60 34.33 5.774 3.333 36.33 3.215 1.856 40.00 2.000 1.155 36.89 4.256 1.419 

N80P60K0 41.68 9.238 5.333 34.67 5.508 3.180 31.33 4.509 2.603 35.89 7.704 2.469 

N80P100K0 29.33 3.786 2.186 35.33 5.686 3.283 39.67 5.508 3.180 34.78 6.280 2.093 

N80P0K60 22.33 5.508 3.180 32.00 9.539 5.508 41.33 0.577 3.333 31.89 9.905 3.302 

 
 
The results achieved over the entire study period showed that the smallest number of 

grains per spike was observed in the control, while the treatments involving mineral 
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nutrition gave a significantly larger number of grains per spike. Compared to the 
untreated control, this increase in number of grains per spike was only due to the 
application of nitrogen over the entire study period (all the three study years) (Blandino 
et al., 2016; Litke et al., 2018; Terzić et al., 2018). 

Under NP1K treatment, average number of grains per spike over the three-year 
period was significantly higher in ‘Ana Morava’ (45.56) than in ‘KG 100 (38.71). 

The third year of study (2012/2013) resulted in the highest number of grains per 
spike in both cultivars (‘Ana Morava’ and ‘KG 100’) as this season provided the most 
favorable conditions for the wheat crop. 

The smallest number of grains per spike was observed in cv. ‘KG 100’ (22.33) in the 
first study year (2010/2011) in the treatment under N80P0K60 mineral nutrition. 

The greatest number of grains per spike in all years was obtained by cv. ‘Ana 
Morava’ under N80P60K60 treatment in the third study year (2012/2013). 

 
Grain weight per spike 

Average grain weight per spike in the studied winter wheat cultivars (‘Ana Morava’ 
and ‘KG 100’) grown in five replications over the three growing periods (2010/2011, 
2011/2012 and 2012/2013) are shown in Table 5. 

Grain weight per spike in wheat is considered a relevant indicator of yield quality in 
general. It depends on agro-environmental conditions and applied cultural practices, as 
well as on fertilization percentage and grain formation in flowers (Milošev, 2000). 

 
Table 5. Grain weight per spike (g) - cultivars 1) Ana Morava and 2) KG 100 

Cult. Fertilization 

Years 
Average 

2010/2011 2011/2012 2012/2013 

͞x S Sx ͞x S Sx ͞x S Sx ͞x S Sx 

1 

N0P0K0 0.603 0.015 0.009 0.560 0.075 0.044 1.347 0.031 0.018 0.837 0.385 0.128 

N80P0K0 1.157 0.211 0.122 1.240 0.010 0.006 1.720 0.060 0.035 1.372 0.285 0.095 

N80P60K60 1.343 0.211 0.122 2.233 0.484 0.279 2.073 0.095 0.055 1.883 0.491 0.164 

N80P100K60 1.237 0.055 0.032 1.653 0.352 0.203 2.220 0.110 0.063 1.703 0.466 0.155 

N80P60K0 1.073 0.102 0.059 1.560 0.387 0.233 2.203 0.145 0.084 1.612 0.535 0.178 

N80P100K0 1.280 0.020 0.011 1.637 0.275 0.159 1.810 0.010 0.006 1.576 0.272 0.091 

N80P0K60 1.143 0.107 0.062 1.547 0.226 0.130 1.970 0.040 0.023 1.553 0.380 0.127 

2 

N0P0K0 0.597 0.075 0.043 0.513 0.100 0.058 1.260 0.060 0.035 0.790 0.361 0.120 

N80P0K0 1.213 0.115 0.066 1.417 0.239 0.138 1.817 0.165 0.095 1.482 0.308 0.103 

N80P60K60 1.203 0.050 0.029 1.517 0.293 0.169 1.983 0.097 0.056 1.568 0.374 0.125 

N80P100K60 1.283 0.247 0.142 1.463 0.294 0.169 1.757 0.275 0.159 1.501 0.314 0.105 

N80P60K0 1.323 0.071 0.041 1.273 0.273 0.158 1.777 0.285 0.165 1.458 0.313 0.104 

N80P100K0 1.200 0.050 0.029 1.673 0.281 0.162 1.483 0.215 0.124 1.452 0.273 0.091 

N80P0K60 1.167 0.153 0.088 1.495 0.220 0.129 1.495 0.220 0.129 1.386 0.518 0.173 

 
 
The application of different fertilizers had a strong impact on grain weight per spike. 

In both cultivars studied (‘Ana Morava’ and ‘KG 100’) grain weight per spike was 
markedly higher over the second and third growing seasons compared to the season 
2010/2011. 

Compared to the untreated control and the other fertilization treatments, both 
cultivars exhibited the highest grain weight per spike under the fertilization treatment 
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involving NPK, at both rates of phosphorus, which is in agreement with the results 
(Jelić et al., 2012; Djekić, et al., 2014b). Grain weight per spike varied between the 
winter wheat cultivars examined. 

The highest grain weight per spike was obtained in ‘Ana Morava’ (2.233 g) under 
N80P60K60 fertilization treatment in the third year of study, while ‘KG 100’ gave the 
lowest grain weight per spike (1.167 g) when fertilized with N80P0K60, also in season 
2012/2013. Weather conditions (precipitation and air temperature) during the seasons 
2011/2012 and 2012/2013 were more favorable, as shown by the results of the study. 
Grain weight per spike was lower in the first study year, when precipitation and air 
temperatures were less favorable for wheat plant growth and development. 

 
1000-grain weight 

The average 1000-grain weight in the studied winter wheat cultivars (‘Ana Morava’ 
and ‘KG 100’) grown in five replications over the three growing periods (2010/2011, 
2011/2012 and 2012/2013) are given in Table 6. 

1000-grain weight is an important parameter of wheat grain quality which is 
governed by genotype, however it is largely influenced by agro-environmental 
conditions and cultural practices. 

1000-grain weight varied considerably between the cultivars under the different 
mineral nutrition treatments. The data given in Table 6 infer that 1000-grain weight was 
lowest in untreated control, as show in the results (Savić et al., 2005). 

 
Table 6. 1000-grain weight (g) - cultivars 1) Ana Morava and 2) KG 100 

Cult. Fertilization 

Years 
Average 

2010/2011 2011/2012 2012/2013 

͞x S Sx ͞x S Sx ͞x S Sx ͞x S Sx 

1 

N0P0K0 33.67 1.258 0.726 32.83 2.082 1.202 39.83 0.725 0.419 35.44 3.546 1.182 

N80P0K0 39.33 1.527 0.882 35.50 1.803 1.041 43.33 0.757 0.437 39.39 3.612 1.204 

N80P60K60 44.50 0.866 0.500 46.33 2.021 1.167 45.67 1.332 0.769 45.50 1.516 0.505 

N80P100K60 41.17 0.764 0.441 43.33 3.055 1.764 46.23 1.002 0.578 43.58 2.753 0.917 

N80P60K0 39.67 3.819 2.205 43.33 2.517 1.453 42.73 1.563 0.902 41.91 2.956 0.985 

N80P100K0 38.17 0.764 0.441 41.67 2.082 1.202 45.73 0.643 0.371 41.86 3.477 1.159 

N80P0K60 37.50 2.784 1.607 40.67 2.021 1.167 45.63 0.666 0.384 41.27 3.959 1.320 

2 

N0P0K0 32.50 2.179 1.258 32.17 0.577 0.333 40.38 0.520 0.300 35.02 4.190 1.397 

N80P0K0 38.50 1.803 1.041 42.17 1.041 0.601 41.33 0.379 0.219 40.70 1.986 0.662 

N80P60K60 40.67 2.566 0.481 42.00 3.464 2.000 43.47 3.449 1.991 42.04 3.015 1.005 

N80P100K60 40.33 1.528 0.882 43.00 2.000 1.150 42.73 0.462 0.267 42.02 1.804 0.601 

N80P60K0 39.83 1.258 0.726 42.83 0.577 0.333 42.73 1.501 0.867 41.80 1.794 0.598 

N80P100K0 41.83 1.756 1.014 41.17 5.008 2.892 41.73 1.724 0.996 41.58 2.807 0.936 

N80P0K60 38.33 1.527 0.882 38.33 1.893 1.093 43.00 0.346 0.200 39.96 2.726 0.909 

 
 
Treatments that involved full NPK fertilization, at both rates of phosphorus, gave the 

highest 1000-grain weight, while mineral nutrition treatments that contained nitrogen 
fertilizer (Protić et al., 2007) only or N80P0K60 treatments resulted in lower 1000-grain 
weights. 

The lowest 1000-grain weight over the three years of examination was observed in 
‘KG 100’ (38.33) treated with NK (the result of the first year of the study). This cultivar 
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had the highest 1000-grain weight (43.47) when treated with N80P60K60 (the result of the 
third study year). 

The highest 1000-grain weight over the entire study period was obtained in ‘Ana 
Morava’ (46.33) under the fertilization treatment that involved N80P60K60. 

Higher 1000-grain weights in both cultivars were recorded in the 2011/2012 and 
2012/2013 seasons, characterized by favorable weather conditions. 

 
Hectoliter weight 

Average values of hectoliter weight in the studied winter wheat cultivars (‘Ana 
Morava’ and ‘KG 100’) grown in five replications over the three growing periods 
(2010/2011, 2011/2012 and 2012/2013) are presented in Table 7. 

Hectoliter weight is a parameter most commonly considered when assessing wheat 
grain quality. 

Average hectoliter grain weight in the untreated control was lower than in the 
fertilized plants over the entire three-year examination period, which is in agreement 
with a results (Savić et al., 2005). 

‘Ana Morava’ exhibited the best performance in terms of average hectoliter weight 
of grain across experimental years. As for ‘KG 100’, it recorded lower average 
hectoliter grain weight in all the three growing periods examined. 

Based on the fertilization treatments, ‘Ana Morava’ treated with N80P60K60 gave the 
highest hectoliter grain weight on average in all three study years (74.01hl -1), while 
‘KG 100’ had the highest hectoliter grain weight when treated with N80P100K60 
(71.83 hl-1) over the entire study period. 

 
Table 7. Hectoliter weight (kg hl-1) - cultivars 1) Ana Morava and 2) KG 100 

Cult. Fertilization 

Years 
Average 

2010/2011 2011/2012 2012/2013 

͞x S Sx ͞x S Sx ͞x S Sx ͞x S Sx 

1 

N0P0K0 70.98 1.514 0.874 69.45 0.200 0.115 74.93 3.826 2.209 71.79 3.201 1.067 

N80P0K0 69.78 2.663 1.538 70.52 2.101 1.213 76.73 1.643 0.949 72.34 3.806 1.269 

N80P60K60 71.38 2.572 1.485 73.52 1.007 0.581 77.13 1.685 0.973 74.01 2.992 0.997 

N80P100K60 71.25 1.744 1.007 72.98 0.611 0.353 74.32 3.402 1.964 72.85 2.349 0.783 

N80P60K0 69.63 4.087 2.359 72.05 2.400 1.386 75.40 2.751 1.588 72.36 3.714 1.238 

N80P100K0 72.45 0.400 0.231 72.45 2.000 1.155 73.65 4.613 2.663 72.85 2.592 0.864 

N80P0K60 70.32 2.013 1.162 71.78 1.155 0.667 75.12 4.046 2.336 72.41 3.159 1.053 

2 

N0P0K0 66.42 2.462 1.421 69.12 2.948 1.702 74.98 1.847 1.067 70.17 4.351 1.450 

N80P0K0 66.83 1.087 0.627 70.45 1.058 0.611 73.78 1.155 0.667 70.36 3.158 1.052 

N80P60K60 67.50 0.953 0.550 68.83 2.646 1.528 77.00 1.314 0.759 71.11 4.717 1.572 

N80P100K60 69.65 0.800 0.462 70.32 1.007 0.581 75.52 2.411 1.392 71.83 3.099 1.033 

N80P60K0 67.37 1.249 0.721 70.18 0.231 0.133 75.12 2.444 1.411 70.89 3.666 1.222 

N80P100K0 67.57 1.184 0.683 68.52 2.026 1.170 75.20 2.433 1.405 70.44 4.002 1.334 

N80P0K60 67.92 0.462 0.267 68.70 3.866 2.232 74.85 1.442 0.833 70.49 3.889 1.296 

 
 
The lowest hectoliter grain weight was recorded in ‘KG 100’ (66.83 hl-1) under N 

treatment in the first study year on a vertisol. 
The highest hectoliter grain weight was obtained by ‘Ana Morava’ (77.13 hl-1) under 

N80P60K60 fertilization treatment in the third growing period on a vertisol. 
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Variance analysis 

Variance analysis of individual effect of year, cultivar specificity, and fertilization 
on grain yield in the studied cultivars of winter wheat grown in five replications over 
the three growing periods (2010/2011, 2011/2012 and 2012/2013) is presented in 
Table 8. 

Variance analysis implied very highly significant individual effects of year of the 
study and fertilization on grain yield in the studied winter wheat cultivars, as well as 
very highly significant effect of interaction between year × fertilization. The individual 
effect of cultivar specificity, along with the effects of interactions between year × 
cultivar, cultivar × fertilization, and year × cultivar × fertilization on grain yield in the 
investigated winter wheat cultivars was nonsignificant statistically. 

 
Table 8. Effect of year, cultivar specificity, and fertilization on grain yield (t ha -1) 

Effect  df Mean sqr effect Mean sqr error F p-level 

Year (A) 2, 123 21.050 2.169 9.703*** 0.000 

Cultivar (B) 2, 124 5.865 2.444 2.400ns 0.234 

Fertilization (C) 6, 119 19.983 1.589 12.579*** 0.000 

Year × Cultivar (AB) 2, 120 3.467 2.117 1.638ns 0.469 

Year × Fertilization (AC) 12, 105 3.097 1.045 2.962*** 0.001 

Cultivar × Fertilization (BC) 6, 112 1.913 1.533 1.248ns 0.222 

Year × Cultivar × Fertilization (ABC) 12, 84 0.739 0.912 0.810ns 0.033 

 
 
Variance analysis of individual effects of year, cultivar specificity, and fertilization 

on number of grains per spike in the investigated winter wheat cultivars grown in five 
replications over the three growing periods (2010/2011, 2011/2012, 2012/2013) are 
shown in Table 9. 

 
Table 9. Effects of year, cultivar specificity, and fertilization on number of grains per spike 

Effect  df Mean sqr effect Mean sqr error F p-level 

Year (A) 2, 123 328.032 77.310 4.243* 0.016 

Cultivar (B) 2, 124 595.841 77.172 7.721** 0.006 

Fertilization (C) 6, 119 846.590 42.737 19.809*** 0.000 

Year × Cultivar (AB) 2, 120 51.460 73.420 0.701ns 0.498 

Year × Fertilization (AC) 12, 105 49.356 36.546 1.351ns 0.202 

Cultivar × Fertilization (BC) 6, 112 95.267 34.984 2.723* 0.017 

Year × Cultivar × Fertilization (ABC) 12, 84 31.025 26.127 1.187ns 0.305 

 
 
The individual effect of fertilization on number of grains per spike in the examined 

winter wheat cultivars was statistically very highly significant. The individual effect 
of cultivar as well as the effect of interaction between cultivar × fertilization on 
number of grains per spike in the studied winter wheat cultivars was statistically 
highly significant. The effects of interactions between year × cultivar, year × 
fertilization, and year × cultivar × fertilization on number of grains per spike was 
statistically nonsignificant. 
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Variance analysis of individual effects of year, cultivar, and fertilization on grain 
weight in the studied winter wheat cultivars grown in five replications over the three 
growing periods (2010/2011, 2011/2012, 2012/2013) are given in Table 10. 

Variance analysis indicated very highly significant individual effects of year and 
fertilization on grain weight in the examined winter wheat cultivars, whereas the effects 
of interactions between year × fertilization, and year × cultivar × fertilization on grain 
weight was statistically highly significant in the studied winter wheat cultivars. The 
individual effect of cultivar specificity as well as the effects of interactions between 
year × cultivar and cultivar × fertilization on grain weight in the studied winter wheat 
cultivars was statistically nonsignificant. 

 
Table 10. Effects of year, cultivar, and fertilization on grain weight (g) 

Effect df Mean sqr effect Mean sqr error F p-level 

Year (A) 2, 123 5.122 0.137 37.424*** 0.000 

Cultivar (B) 2, 124 0.517 0.214 2.413ns 0.123 

Fertilization (C) 6, 119 1.504 0.151 9.914*** 0.000 

Year × Cultivar (AB) 2, 120 0.184 0.132 1.387ns 0.254 

Year × Fertilization (AC) 12, 105 0.155 0.057 2.728** 0.003 

Cultivar × Fertilization (BC) 6, 112 0.125 0.150 0.834ns 0.546 

Year × Cultivar × Fertilization (ABC) 12, 84 0.094 0.038 2.474** 0.008 

 
 
Variance analysis of individual effects of year, cultivar specificity, and fertilization on 

1000-grain weight in the examined winter wheat cultivars grown in five replications over 
the three growing periods (2010/2011, 2011/2012 and 2012/2013) is shown in Table 11. 

 
Table 11. Effects of year, cultivar specificity, and fertilization on 1000-grain weight (g) 

Effect  df Mean sqr effect Mean sqr error F p-level 

Year (A) 2, 123 192.809 12.404 15.544*** 0.000 

Cultivar (B) 2, 124 21.833 15.238 1.433ns 0.234 

Fertilization (C) 6, 119 136.668 9.171 14.903*** 0.000 

Year × Cultivar (AB) 2, 120 9.419 12.375 0.761ns 0.469 

Year × Fertilization (AC) 12, 105 15.056 5.000 3.011*** 0.001 

Cultivar × Fertilization (BC) 6, 112 12.408 8.884 1.397ns 0.222 

Year × Cultivar × Fertilization (ABC) 12, 84 7.610 3.793 2.006* 0.033 

 
 
The individual effects of year and fertilization, as well as the effect of interaction 

between year × fertilization on thousand-grain weight in the examined winter wheat 
cultivars was very highly statistically significant. The effect of the interaction between 
cultivar × fertilization on thousand-grain weight in the examined winter wheat cultivars 
was statistically significant. Variance analysis indicated that the individual effect of 
cultivar specificity as well as the effects of interactions between year × cultivar and 
cultivar × fertilization on 1000-grain weight in the examined winter wheat cultivars was 
nonsignificant. 

Variance analysis of individual effects of year, cultivar specificity, and fertilization on 
hectoliter weight in the studied winter wheat cultivars grown in five replications over the 
three growing periods (2010/2011, 2011/2012 and 2012/2013) are given in Table 12. 
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Table 12. Effects of year, cultivar specificity, and fertilization on hectoliter weight (kg hl -1) 

Effect  df Mean sqr effect Mean sqr error F p-level 

Year (A) 2, 123 401.788 6.135 65.489*** 0.000 

Cultivar (B) 2, 124 114.095 11.646 9.797** 0.002 

Fertilization (C) 6, 119 3.013 12.942 0.233ns 0.965 

Year × Cultivar (AB) 2, 120 46.306 4.566 10.141*** 0.000 

Year × Fertilization (AC) 12, 105 3.283 6.640 0.494ns 0.914 

Cultivar × Fertilization (BC) 6, 112 4.296 12.502 0.344ns 0.912 

Year × Cultivar × Fertilization (ABC) 12, 84 3.886 4.977 0.780ns 0.668 

 
 
Variance analysis inferred very highly significant individual effect of the year as well 

as the effect of interaction between year × cultivar on hectoliter weight in the studied 
winter wheat cultivars. The individual effect of cultivar specificity on hectoliter weight 
in the examined winter wheat cultivars was statistically highly significant. The 
individual effect of fertilization and the effects of interactions between year × 
fertilization, cultivar × fertilization, and year × cultivar × fertilization on hectoliter 
weight in the studied winter wheat cultivars was statistically nonsignificant. 

Conclusion 

Productivity and grain quality of winter wheat depend on genotype, agro-
environmental conditions and applied cultural practices. Acidic soils, such as vertisol, 
on which the trial was conducted, substantially reduce the productivity of winter wheat. 

The results obtained in our study suggest that grain yield of winter wheat grown on a 
vertisol varied across fertilization treatments and cultivars. Given that the trial was set 
up on an unfavorable vertisol, grain yield of winter wheat was significantly higher in 
fertilization treatments involving NPK, both at low and high rates of phosphorus 
included. 

The highest grain yield of winter wheat over the trial period was obtained in ‘Ana 
Morava’ (6,276 kg ha-1) in N80P60K60 fertilization treatment. Number of grains per spike 
and grain weight per spike produced by ‘Ana Morava’ correlated with the yield of ‘Ana 
Morava’ in our three-year trial, which is in agreement with the data of similar trials 
performed by other authors. 

As regards quality of winter wheat, the highest thousand-grain weight in the first, 
second and third years of testing was recorded in ‘Ana Morava’, which also produced 
the highest hectoliter grain weight in all the three years of study. 

Over the entire trial period, weather conditions influenced significantly all the 
parameters of winter wheat grown on a vertisol. Given that weather conditions were 
more favorable in the second and particularly the third year of study, the performance of 
both winter wheat cultivars (‘Ana Morava’ and ‘KG 100’) was higher in these years 
than in the first study year. 

Based on the results obtained in our three-year examination, given all the parameters 
studied, ‘Ana Morava’ is highly recommended for cultivation both in our country and 
abroad. 

Variance analysis indicated the existence of very highly significant individual effects 
of year and fertilization, as well as the effect of the interaction between year × 
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fertilization on grain weight and 1000-grain weight parameters in the studied winter 
wheat cultivars. The individual effect of year and the effect of interaction between year 
× cultivar on hectoliter weight in the examined winter wheat cultivars was also 
statistically very highly significant. The effect of cultivar specificity on hectoliter 
weight in the examined winter wheat cultivars was highly significant statistically. 

Variance analysis suggested very highly significant individual effect of fertilization 
on both number of grains per spike and grain weight in the studied winter wheat 
cultivar. The analysis also points to a statistically highly significant individual effect of 
cultivar specificity and the effect of interaction between cultivar × fertilization in the 
investigated winter wheat cultivars. The effects of interactions between year × 
fertilization, and year × cultivar × fertilization on grain weight in the studied winter 
wheat cultivars was highly significant statistically. 

Future studies will be focused on cultivars newly developed in Kragujevac as well as 
the application of different fertilization treatments involving higher nitrogen rates (N 
120 kg ha-1). The studies will be performed under identical environmental conditions (in 
the same region), and will include monitoring identical parameters. The above aims at 
yield increase of newly developed winter wheat cultivars and the selection based on 
significance of fertilization for growing this culture. 
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PERSIMMON (DIOSPYROS KAKI L.) AND JOHNSONGRASS 
[SORGHUM HALEPENSE (L.) PERS.] ARE NEW NATURAL 

HOSTS OF PEACH LATENT MOSAIC VIROID 

OKSAL, H. D.1* – AYDIN, S.1 – BARAN, M.1 – EMIR, C.1 – KARANFIL, A.2 – BOZDOĞAN, O.1 – 

SIPAHIOGLU, H. M.1 

1Department of Plant Protection, Faculty of Agriculture, Malatya Turgut Ozal University, 
Alacakapı Mahallesi Kırkgöz Caddesi No:70 P.K. 44210 Battalgazi, Malatya, Turkey 

(e-mail: songulaydin.aydin@gmail.com, mert.baran@tarimorman.gov.tr, 
canselemirr@gmail.com, olcay.bozdogan@ozal.edu.tr, murat.sipahioglu@ozal.edu.tr; 

phone: +90-422-846-1255; fax: +90-422-846-1225) 

2Çanakkale Onsekiz Mart University, Faculty of Agriculture, Department of Plant Protection, 
Terzioğlu Yerleşkesi, 17100 Çanakkale, Turkey 

(e-mail: alikaranfil@comu.edu.tr; phone: +90-286-218-0018; fax: +90-286-218-0018) 

*Corresponding author 
e-mail: digdem.oksal@ozal.edu.tr; phone: +90-422-846-1255; fax: +90-422-846-1225 

(Received 24th Jun 2021; accepted 20th Sep 2021) 

Abstract. Peach latent mosaic viroid (PLMVd) naturally infects stone fruits worldwide. Here, we report 
the first detection of PLMVd in persimmon (Diospyros kaki L.) and a weed Johnsongrass [Sorghum 
halepense (L.) Pers.]. Samples corresponding to 12 persimmon specimens and weeds nearby the persimmon 
trees were collected from a germplasm collection plot in Malatya (Turkey). Total RNAs were isolated using 
a silica-based method and the complete viroid genome was amplified by reverse transcriptase polymerase 
chain reaction (RT-PCR). From these samples, PLMVd was detected in 7 of the 12 persimmons and in 
Johnsongrass revealing 8 new sequence variants. Multiple alignment and phylogenetic analyses revealed 
that identified persimmon and Johnsongrass isolates clustered only with PLMVd-walnut isolates previously 
identified from same locality. The nucleotide sequences of PLMVd persimmon and Johnsongrass isolates 
showed 96.71-99.11% similarity with the PLMVd isolates detected in different fruit crops in the world. A 
single specific mutation identified in two PLMVd persimmon variants (-TH2 and -TH10) effectively 
changed the predicted secondary structure of the agent. The identification and the genetic analyses of 
PLMVd variants in persimmon and Johnsongrass confirm that the agent is a ubiquitous and genetically 
variable viroid that infects many cultivated fruit crops and weeds worldwide. 
Keywords: PLMVd, RT-PCR, Turkey, weed, persimmon, identification 

Introduction 

Viroids are small, circular RNAs replicating autonomously in many cultivated and 
wild plant species. They are noncoding plant pathogenic RNA molecules of 246 to 401 
nucleotides in length, however, they induce visible symptoms in susceptible host plants 
that resemble those associated with many plant viruses. The disease symptoms greatly 
depend on the host they infect and the viroid strain (Adkar-Purushothama and Perreault, 
2019). 

PLMVd was first detected in peaches in France. For many years, PLMVd was believed 
to be restricted to peach (P. persica) and peach hybrids (Desvignes, 1976, 1999). Later 
on, the pathogen has been reported to infect members of the Rosaceae family including 
Japanese plum (Prunus salicina Lindl.), apricot (Prunus armeniaca L.), sweet cherry 
(Prunus avium L.), European plum (Prunus domestica L.) and cultivated and wild pears 
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(Pyrus communis L. and P. amygdaliformis, respetively) (Shamloul et al., 1995; Faggioli 
et al., 1997; Hadidi et al., 1997; Giunchedi et al., 1998, 2011; Osaki et al., 1999; 
Kyriakopoulou et al., 2001). The agent was reported in many stone fruit growing 
countries including US, Italy, Spain, Austria, Turkey, Greece, Yugoslavia, Romania, 
Morocco, Algeria, China, Japan, Chile, and in Australia (Desvignes, 1986; Flores and 
Llácer, 1988; Flores et al., 1990, 1992; Albanese et al., 1992; Shamloul et al., 1995; Di 
Serio and Ragozzino, 1995; Skrzeczkowski et al., 1996; Di Serio et al., 1999; Pelchat et 
al., 2000; Fiore et al., 2003; Torres et al., 2004; Sipahioglu et al., 2006; Gumus et al., 
2007; Gazel et al., 2008). Although it remains latent for many years following the first 
infection, PLMVd causes mosaic, bud necrosis, vain banding, blotch and death of 
branches in peach trees (Desvignes, 1999). 

There are few studies dealing with the natural and experimental host ranges for 
PLMVd (Flores et al., 2000). With the advancements in plant pathogen diagnosis 
methods, new viroids and their hosts in different geographic areas of the world, are 
constantly being reported (Adkar-Purushothama and Perreault, 2019). Recently in 
Turkey, for instance, isolates of PLMVd have been fully characterized infecting walnut 
trees (Tuncel et al., 2020). There is no report of any persimmon disease associated with a 
viroid so far. Here, we studied and characterized PLMVd isolates infecting persimmon 
and Johnsongrass plants. The full-length genome of PLMVd isolates were amplified and 
sequenced from seven field-collected persimmon and a weed nearby the infected trees 
expressing no symptoms. The sequence analyses revealed the presence of PLMVd in 
persimmon and Johnsongrass. To our knowledge, there have been no previous reports of 
PLMVd infecting these two hosts in the world. 

Materials and Methods 

Collecting plant material and total RNA extraction 

In late summer of 2020, twelve asymptomatic leaf samples from persimmon trees and 
from the most common annual weeds around persimmon trees were collected from a fruit 
collection orchard in Malatya province (Fig. 1). The collected weeds were included: 
Consolida regalis Gray, Sorghum halepense (L.) Pers., Carduus pycnocephalus L., 
Lactuca serriola L., Convovulus arvensis L. and a weed from Apiaceae family. A sample 
from each weed species around the trees was collected and tested. No visual symptoms 
were observed either in persimmon or in weed samples except a persimmon tree which 
exhibited severe fruit deformation (Fig. 2). The all collected plant samples were shipped 
to laboratory in a cool chain for viroid testing. The leaf samples were rinsed in 70% 
ethanol for one minute and then rinsed twice with sterilized deionized water to eliminate 
the external microbial contaminants. Total RNA was extracted from fresh leaf tissues 
using a commercial genomic RNA purification kit (GeneJET Plant RNA Purification 
Kit). An isolate of PLMVd from a walnut tree identified positively from preliminary tests 
was used as positive control in diagnosis of the viroid. RNA from an asymptomatic 
persimmon tree was used as negative control. 

Complementer DNA (cDNA) synthesis and amplification 

A total of 3 μl of purified RNA was added to cDNA reaction mixture containing 1 µl 
20 pmol/ml genome specific reverse primer (PLMVd-R-5’-
CCCGATAGAAAGGCTAAGCACCTCG-3’) (Loreti et al., 1999), 1 µl of 10 mM 
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dNTP, 8 µl of RNAase free water to a total volume of 12 µl. The mixture was heated for 
5 min at 65 °C then chilled on ice. Then, four microliters of 5x first-strand cDNA buffer 
(250 mM Tris-HCl, pH 8.3, 375 mM KCl, and 15 mM MgCl2), 2 µl of DTT, and 1 µl of 
Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI, USA) was 
mixed to reaction mixture and incubated at 42 °C for 50 min. For the inactivation of 
reverse transcriptase enzyme, the reaction mixture was incubated at 70 °C for 15 minutes 
and stored at -20 °C until use. PCR assay was performed in a 25 μl reaction volume in a 
sterile microfuge tube containing 5 μl of 5X GoTaq Green Buffer (Promega, Madison, 
WI, USA), 1 μl of dNTP (20 mM each), 1 μl of each forward and reverse primer (100 mM 
each) (PLMVd-F-5’-AAC TGC AGT GCT CCG AAT AGG GCA C-3’ PLMVd-R-5’-
CCC GAT AGA AAG GCT AAG CAC CTC G-3’) (Loreti et al., 1999), 1.5 μl of MgCl2, 
3 μl of cDNA template and 12.3 μl nuclease-free water. PCR was performed in a Thermo 
Scientific Arktik Thermal Cycler (Waltham, MA, USA) and the cycling parameters were 
as follows: initial denaturation at 94 oC for 2 min followed by 35 cycles of denaturation 
at 94 oC for 1 min, annealing at 56 oC for 2 min, extension at 72 oC for 1 min, and final 
extension at 72 oC for 10 min. Fifteen μl of RT-PCR product of each amplification was 
electrophoresed on 2% agarose gel in 1x TAE buffer (40 mM Tris-acetate, 1 mM EDTA, 
pH 8.0) and stained with Pronasafe nucleic acid staining solution (CondaLab). 
 

Figure 1. Map of Turkey showing the Malatya province where persimmon and the weed 
samples were surveyed for the presence of Peach latent mosaic viroid 

 
 

Figure 2. Severe fruit malformation in Peach latent mosaic viroid infected persimmon 
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Phylogenetic analyses and predicting the most stable secondary structure 

Reverse transcription polymerase chain reaction (RT-PCR) amplicons were sequenced 
bidirectionally by a commercial firm (BM Labosis, Ankara/Turkey) and compared with 
different PLMVd isolates from the NCBI database online. Multiple alignments were 
initially aligned by the neighbour joining method and analyzed with the CLC Main 
workbench program (CLC Bio, Qiagen, Aarhus, Denmark). The relationships were 
assessed phylogenetically using maximum likelihood algorithm of CLC Main 
Workbench Software by 1000 bootstrap replicates. Secondary structure analyses were 
obtained with the mfold structure prediction package of CLC Workbench program. 

Results 

Symptoms in the field 

To investigate the presence of PLMVd in persimmon trees and weed plants we selected 
randomly and from those plants various viroid-like symptoms, including fruit 
malformation, stunting, and mosaics. During the field observation, almost no visual 
symptoms were seen in persimmon trees except one tree which exhibited severe fruit 
deformation (Fig. 2). The symptomatic persimmon tree was found infected by PLMVd 
in molecular tests (Fig. 3). However, we did not observe distinct mosaic and stunting 
symptoms in field plants. Likewise, no visual symptoms were observed in weed samples. 
 

Figure 3. Agarose gel showing the reverse-transcription polymerase chain reaction assay of 
persimmon and weed samples using Peach latent mosaic viroid genome specific primer pairs, 
expected amplicon size ~340 bp. Lanes 1–12 are the tested persimmon samples, lane 2, lane 3, 
lane 5, lane 6 lane 7, lane 9 and lane 10 (0.34 kb) are positively reacted samples, P: positive 

control, N: negative control, M: 3.000 bp molecular markers 
 
 
RT-PCR detection 

In 2020, a total of 18 samples were collected from a persimmon orchard in Malatya 
province. Of these samples, 12 were from persimmon trees and remaining were various 
weed samples around the trees. PLMVd was detected in 7 persimmon samples and in one 
Johnsongrass plant (Table 1). Persimmon and Johnsongrass plant testing positive for 
PLMVd by RT-PCR were further sequenced. Among them, only the PLMVd-TH6 isolate 
was not registered in the gene bank because the poor sequence output. The results of RT-
PCR assays and sequencing confirmed the presence of PLMVd infections in collected 
samples. PCR amplified products from viroid-infected samples were examined by 
agarose gel electrophoresis and typical bands specific to PLMVd from infected samples 
(approx. 0.34 kb) and the positive control were visualized in agarose gel (Fig. 3). No 
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amplicon was observed when RNA from healthy plant was used as a template in the 
negative control. 
 

Table 1. PLMVd infection of persimmon and weed samples 

Sample 
short name 

Sample 
PLMVd 
Infection 

Symptom observed Accession No 

TH1 Persimmon – No visual symptoms NA 

TH2 Persimmon + No visual symptoms MZ289074 

TH3 Persimmon + No visual symptoms MZ289073 

TH4 Persimmon – No visual symptoms NA 

TH5 Persimmon + Fruit deformation MZ289072 

TH6 Persimmon + No visual symptoms NA 

TH7 Persimmon + No visual symptoms MZ289071 

TH8 Persimmon – No visual symptoms NA 

TH9 Persimmon + No visual symptoms MZ289070 

TH10 Persimmon + No visual symptoms MZ289069 

TH11 Persimmon – No visual symptoms NA 

TH12 Persimmon – No visual symptoms NA 

G2 
Sorghum halepense (L.) Pers., 

Johnson grass 
+ No visual symptoms MZ289068 

T1 
Consolida regalis Gray, field 

larkspur 
– No visual symptoms NA 

E1 
Carduus pycnocephalus L., 

Italian thistle 
– No visual symptoms NA 

M1 
Lactuca serriola L., prickly 

lettuce 
– No visual symptoms NA 

S1 
Convovulus arvensis L., field 

bindweed 
– No visual symptoms NA 

A1 a weed from Apiaceae – No visual symptoms NA 

NA: Not applicable 

 
 

The tested weeds were included: C. regalis, S. halepense, C. pycnocephalus, 
L. serriola, C. arvensis and an identified weed from Apiaceae family. Among these 
weeds, since PLMVd infection was detected only in Johnsongrass, it was thought that 
Johnsongrass may be the most important weed species to be a potential reservoir. 
However, no PLMVd was detected in other weed samples collected from persimmon 
orchard (Table 1). 

The BLAST analyses of 7 complete PLMVd sequences did not reveal any hundred 
present identical hits to the currently available complete sequences of PLMVd in 
GenBank. Multiple alignment between the persimmon variants and all GenBank 
complete PLMVd sequences revealed that the 6 persimmon variants share 99.11–96.71% 
identity with available PLMVd sequences. The high level of nucleotide similarity with 
local isolates indicates that the agent might be spread from species to another by cross-
infection due to use of contaminated pruning and grafting tools or by unknown insect 
vectors. 

The full-length of the PLMVd variants identified in Malatya contains a few 
substitutions on their genomes. In the phylogenetic dendrogram, two major clusters (I and 
II) were observed. Majority of local PLMVd variants were clustered in branch-I, 
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indicating a high level of genetic relatedness. With the exception of PLMVd-TH5, TH6 
and TH7 variants, all local PLMVd variants were clustered into branch-I distantly from 
other Turkish and the world samples (Fig. 4). The PLMVd variant identified in 
S. halepense was clustered with local PLMVd walnut and the persimmon variants 
identified in this study. None of the PLMVd isolates, studied in this paper, were clustered 
with the similar sequences of the same species from other countries including Turkey. 
 

Figure 4. Phylogenetic relationships of Peach latent mosaic viroid (PLMVd) persimmon and 
Sorghum halepense L. variants along with PLMVd-walnut isolates compared to 20 genetically-
related species reconstructed from the full-length viroid genome. The tree was generated by the 

neighbor joining algorithm and the bootstrap values of 1000 are indicated at key nodes 
 
 

The minimum free energy of optimal secondary structure was modelled for seven 
PLMVd variants using their consensus sequences (MZ289068, MZ289069, MZ289070, 
MZ289071, MZ289072, MZ289073 and MZ289074). The nucleotide sequence of 
PLMVd isolates studied in this paper had a nucleotide sequence identical to that 
determined by our group in walnut (Tuncel et al., 2020). All changes found in the new 
PLMVd variants did not affect the most stable secondary structure, except for PLMVd-
persimmon TH2 and TH10 variants where serious changes observed. A specific mutation 
at the nucleotide 63 (G in position 63 instead of U) has changed the secondary structure 
drastically. However, the mutation did not interfere with the hypothesized hammerhead-
like structure of PLMVd (Fig. 5). This nucleotide change was detected only in PLMVd 
variants of TH2 and TH10 (Fig. 6). Comparative analysis suggests that this single 
nucleotide change is solely responsible for the secondary structure difference between the 
reference PLMVd and the two persimmon PLMVd variants (TH2 and TH10), eliminating 
the P6 and P7 branches and creating one new branch and two spherical centers for 
branching of the viroid structure (Fig. 5). In order to prove the phenomenon, the 
nucleotide 63 was manually converted from Guanine to Uracil and the secondary 
structure analysis was reanalyzed using the same software. The results confirmed that the 
secondary structure of PLMVd-TH2 and TH10 variants were formed as a classical 
branched sphere. 
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(A) (B) 

Figure 5. The most stable secondary structure model for Peach latent mosaic viroid (PLMVd) 
sequences: (A) PLMVd- TH3, TH5, TH6, TH7, TH9 and G2 variants (MZ289073, MZ289072, 
MZ289071, MZ289070, MZ289068) and GenBank sequence (M83545), (B) PLMVd-TH2 and 

TH10 variants (MZ289074 AND MZ289069) 
 
 

Figure 6. The multiple alignment of 10 complete Peach latent mosaic viroid (PLMVd) 
sequences from Malatya province. Six of these sequences identified in persimmon (this study), 

one in Sorghum halepense L. (this study) and two in walnut (Tuncel et al., 2020) are shown. The 
difference on the nucleotide sequences on PLMVd-TH2 and TH10 variants are indicated by 

arrows. The nucleotide changes at 63 T>G is exclusively responsible for the changed the most 
stable secondary structure of these two variants 

 
 
Discussion 

The present results indicate that a wide range of cultivated and weed plants may 
susceptible to PLMVd infections. PLMVd (genus Pelamoviroid, family Avsunviroidae) 
was first discovered in peach trees in France in 1976 and known to be latent in plum, 
apricot, cherry, apple, and pear varieties (Faggioli et al., 1997; El-Dougdoug, 1998; Fiore 
et al., 2000; Kyriakopoulou et al. 2001; Matic et al., 2005). PLMVd was recently reported 
for the first time on a crop outside of the Prunus genus as a widespread pathogen on 
walnut in Malatya province (Turkey) (Tuncel et al., 2020). In Turkey, this pathogen was 
reported previously in peach and nectarine (Sipahioglu et al., 1999; Gümüş et al., 2007; 
Gazel et al., 2008). Our work showed the existence of natural infections of PLMVd in 
persimmon trees and in Johnsongrass grown around the sampled trees. This is the first 
documented report of PLMVd infecting both species. Only one overt disease symptom of 
fruit malformation was observed in productive persimmon orchard, no other symptoms 
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were recorded in the surveyed trees and weeds. However, it is still unknown whether the 
symptom of severe fruit deformation is caused by PLMVd. The identification of new 
natural hosts of PLMVd may help clarify the actual epidemiology of this pathogen in fruit 
crops. However, additional regional surveys both internationally and in Turkey are 
required to investigate the existence of PLMVd infections in other crops since it is 
occasionally latent in its hosts. 

As a preliminary attempt to characterize PLMVd, the nucleic acid sequences of 6 
isolates were examined at nucleotide level and analyzed phylogenetically. For the 
phylogenetic analysis, 20 previous PLMVd sequences deposited in GenBank (NCBI) 
database were aligned with the sequences reported in this work from persimmon and 
Johnsongrass. Two isolates of PLMVd identified in the same location in previous study 
in walnut (Tuncel et al., 2020) were also included to phylogenetic study. The analysis 
showed that PLMVd persimmon and Johnsongrass isolates reported in this study 
clustered with only PLMVd isolates reported from the same region from walnut. None of 
the local PLMVd-persimmon variants were clustered either with other Turkish PLMVd 
isolates from elsewhere or world isolates indicating a high diversity of genetic 
relatedness. BLAST analysis of full genomes of PLMVd isolates showed a sequence 
similarity ranging from 96.71% to 99.11% for persimmon isolates and from 97.01% to 
99.10% for Johnsongrass isolate with similar sequences belonging to different 
geographical origins of the world. All local PLMVd isolates were clustered into two 
major lineages (A and C) distantly from world isolates. Both clades consisted of PLMVd 
walnut isolate, previously identified at the same region indicating their close 
relationships. Sequence and phylogenetic analysis confirmed that the PLMVd sequences 
obtained from persimmon and Johnsongrass were highly similar to those from PLMVd-
walnut isolates identified at the same region. Cross-infection due to pruning and grafting 
or vector transmission may be the main spreading mechanisms of the agent. Further 
studies of the origin and possible intermediate hosts of PLMVd are required to understand 
the nature of possible cross-infection particularly from walnut trees to persimmon and 
vice versa, where the persimmon samples were collected (Elleuch et al., 2013). 

In previous studies, using the mfold software, the secondary structures of lowest free 
energy were predicted for several PLMVd isolates (Zuker, 1989; Bussiere et al., 2000; 
Rodio et al., 2006). In these variants, the main secondary structure, involving branched 
core and several stems, was always obvious in the resulting topologies. However, in our 
study the occurrence of a significant amount of structural diversity was observed only in 
PLMVd-TH2 and TH10 variants (Fig. 5). The reason for this variance is the mutation 
that caused the Uracil base at number 63 converting it to the guanine base. It has been 
observed that a single base change at a specific point can lead to a serious change in the 
secondary structure of PLMVd. For instance, stems P6 and P7 were absent in each 
predicted structure, whereas the central core was divided into two cores forming a tween 
center and e new stem instead P6 and P7. 

Sorghum halepense (Pers.) L. (Johnsongrass), in the Poaceae family, is a perennial 
graminoid plant species (Holm et al., 1997) and distributed over one-third of the total 
global area, causing significant losses to agriculture (Chirita et al., 2007). It harbors many 
plant viruses including Maize dwarf mosaic virus (Achon and Sobrepere, 2001), Wheat 
dwarf virus, Sugarbeet yellow virus, Maize chlorotic mottle virus and Wheat streak 
mosaic (Warwick and Black, 1983; Ikley et al., 2015; Achon et al., 2016; Parizipour et 
al., 2016). Control of Johnsongrass throughout the season will probably prevent its seed 
production and possible transmissions by unknown vectors. 
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Since PLMVd is graft transmissible pathogen in many host plants there has been an 
increased risk of spread via propagation plant material. To evaluate its natural spread and 
to determine the actual prevalence, further survey studies are needed in fruit crop orchards 
in Turkey and in the world. Using clean propagation material will be a basic approach for 
the fruit crop industry to prevent the spread of this newly discovered viroid agent in fruit 
orchards. This will also provide the means for the long-term elimination of disease from 
productive orchards. By identifying persimmon and Johnsongrass as new natural hosts, 
here we report that PLMVd is a ubiquitous viroid that infects many different fruit trees 
cultivated worldwide and the weeds. 

Conclusions 

Very little is known about the possible origin of the viroid infections in crop plants. 
Here we present the natural infections, nucleotide sequences and several new features of 
PLMVd isolated from persimmon and Johnsongrass. This is the first description of 
PLMVd from its natural hosts. By identifying these two new natural hosts, it has been 
confirmed that PLMVd is a genetically variable viroid that infects numerous different 
cultivated fruit crops and weeds around the globe. Additional survey studies are needed 
on the occurrence and geographical distribution of PLMVd in other fruit crops and weed 
species. 
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Abstract. Metal contamination is one of the most worrying risks today. Our study is interested in the 
compartmentalisation of metallic trace elements in organs; gills, gonads and liver of common soles (Solea 
solea, L. 1758) from the western region of Algeria. The fish were collected seasonally between October 
2018 and September 2019 in the two largest port areas of this region; Oran and Ghazaouet. Samples were 
compared by temperature, pH, salinity, dissolved oxygen and organic matter. The concentrations of four 
metallic trace elements: zinc (Zn), copper (Cu), lead (Pb) and cadmium (Cd) were analyzed by atomic 
absorption spectrophotometry. From a statistical point of view, according to (Anova, F value = 0.01, p 
value = 0.99), The results obtained from the average concentrations of the four metallic trace elements 
analyzed at the level of the organs showed no significant variation between the sampling sites and 
between the two sexes. On the other hand, for the three organs studied taken separately, we demonstrated 
a significant variation between the seasons for each of the metals studied. Pb concentrations were higher 
in sole organs collected from Oran Bay (2.02 ± 0.75 μg.g-1

dw) than those from Ghazaouet Bay 
(1.44 ± 0.41μg.g-1

dw). These results do not reveal the origin of the micropollutants but they focus on the 
existence of this pollution which requires wider monitoring. 
Keywords: metal pollution, atomic absorption spectrophotometry, physico-chemical parameters, Oran 
Bay, Ghazaouet Bay 

Introduction 

Marine pollution is one of the most worrying problems today. It is often emitted as a 
result of anthropogenic activities, such as industrial activities, agriculture or even domestic 
activities and in different forms (e.g., pesticides, hydrocarbons, metallic trace elements, etc.) 
(Aydoğan and İncekara, 2017; Pal et al., 2018). 

Aquatic ecosystems are the most affected by metal pollution (Rodrigue et al., 2016). 
This chemical contamination can represent a toxicological risk and affect marine life. Lead 
and cadmium are considered toxic elements in high concentrations, Cu and Zn are trace 
elements but can become dangerous if they exceed a certain threshold in the body (Borsali, 
2015). By their resistance to biodegradation, their persistence and their toxicity, these 
elements can concentrate in the tissues of living organisms (Förstner and Wittmann, 1981; 
Boucheseiche et al., 2002). These organisms then enter the food chain. If the product is not 
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degraded or eliminated, it will concentrate more and more at each level of the food chain. 
Indeed, heavy metals are poorly metabolized. They can therefore be transferred into the 
food web and accumulated in living matter (Duquesne, 1992). 

In recent years, the monitoring of metallic contamination in the marine environment 
relied solely on the chemical analysis of the water (Lafabrie, 2007). In addition, this 
analytical technique does not provide information on the bioavailability of trace metal 
elements for organisms and does not allow to assess, or even predict, the impact of these 
substances on organisms or, on the ecosystem as a whole (Lagadic et al., 1998; Morillo et 
al., 2005). Fish have been shown to be vectors of trace metal contamination in humans, so 
some species are now used as biological tools for assessing trace metal pollution in water 
(Goldberg, 1975). 

Various studies have shown that xenobiotics cause disturbances in the reproductive 
system, changes in behavior, disturbances in energy metabolism and the appearance of 
mutagenic or carcinogenic effects in aquatic species (Meyer, 2003). Pollution can have 
repercussions on all food chains, from primary producers to final consumers and, 
consequently, alter the functioning of ecosystems (Borsali, 2015). Chemical contaminants 
can have cascading effects on the growth and reproduction of organisms, leading to changes 
in higher biological organization, in populations and communities (Amiard-Triquet and 
Amiard, 2008). 

Pollution in Algeria is mainly generated by discharges of untreated industrial and urban 
water (Taleb et al., 2007; Grimes et al., 2010). Petrochemical, chemical, steel and agrifood 
activities are mainly concentrated on the Algerian coastal strip (Grimes et al., 2010). 

Our choice fell on the common sole (Solea solea, L. 1758), it is a fish that is widespread 
on the Algerian coasts and consumed by a large part of the population. According to Wessel 
(2010), this species is particularly sensitive to anthropogenic pressure. Indeed, due to its 
benthic way of life, it is constantly in contact with sediments, reservoirs of many 
contaminants including trace metals. It should be noted that at the level of the Algerian west 
coast, common sole has never been used as a bio indicator of metal pollution to date, hence 
the interest of its choice and in order to complement the various research projects relating to 
the installation of a monitoring network for marine pollution and fishery products in the 
same region. 

Materials and methods 

Study area 

Algeria has a wide maritime frontage which is located in the heart of the Mediterranean. 
From an ecological point of view, its coastline is rich and diverse, and alternates between 
rocky shores, sandy beaches and wetlands (Benzohra and Millot, 1995). Two sites were 
selected for our study, Oran Bay and Ghazaouet Bay. 

The bay of Oran with a latitude of 35°43’ North and a longitude of 00° 38’ West (Fig. 1) 
occupies the central part of the Oran coast (Belhoucine et al., 2014). The Oran coast is 
severely affected by the nuisances of the civilized world: industrial activities, intensive 
tourism and massive urbanization with an ever-increasing level of domestic pollution 
(Kerfouf et al., 2010). 

The bay of Ghazaouet with a latitude of 35° 06’ North and a longitude of 1° 52’ West 
(Fig. 1) is located at the western end of Algeria. This area is subjected to industrial 
wastewater from the zinc electrolysis unit ALZINC (Algerian Zinc Company by 
abbreviation is a subsidiary of METANOF), these discharges loaded with metallic trace 
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elements, contributed to the uncontrolled storage of leaching waste from zinc on the cliff 
overlooking the sea and the factory (DPRHT, 2004). This unit is currently the most 
important industrial activity center in the region, being the only producer of electrolytic zinc 
in the Arab world and the second in Africa after South Africa. 

 

 

Figure 1. Location of the study area: Oran bay and Ghazaouet bay 
 
 

Sample collection and processing 

Sampling was carried out seasonally between October 2018 and September 2019 at the 
two sites (one day per month). In total, we collected 120 individuals of Solea solea (L. 
1758) from the fishing ports. The samples were processed the same day at the laboratory 
level. After the biometric measurements, the fish were dissected in order to remove the 
liver, gills and gonads. 

Sampling of fish was accompanied by sampling of seawater. A liter of water was taken 
from the surface, using polyethylene bottles, washed and rinsed with distilled water, then 
transported to the laboratory in the cooler to be stored at + 4 °C until analysis. 

Temperature, pH, salinity, dissolved oxygen and organic matter were measured using 
the multi-parameter instrument (WTW Multi 340i). 

 
Extraction and analysis of ETMs (Pb, Cu, Zn and Cd) 

Before carrying out the analysis of the metals in the various organs studied, the 
samples studied had been mineralized (Chiffoleau et al., 2001). This step consists of the 
destruction of the organic matter by an acid attack (pure nitric acid HNO3). The 
subsamples were dried in an oven at 60 °C until a constant weight was obtained (24 to 
72 h), then crushed. 0.2 g of dried sample for each replica, had been mineralized in 4 ml 
of pure HNO3 at room temperature overnight, then placed in an oven at 90 °C for 3 h. The 
mineralisates were then filtered with wattman filter paper. The determination of the ETMs 
had been carried out by a flame atomic absorbance spectrophotometer of the Perkin Elmer 
precisely AAnalyst 400 type. 

The verification of the absence of possible contamination of the samples during the 
analysis was made using the test blanks. These negative controls were treated according 
to the same protocol as the other samples in order to verify the validity of the method by 
ensuring that the compounds detected in the samples did not come from contamination 
during the analysis. 
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The reliability of the protocol described above was also validated using a homogenized 
standard sample known as the intercalibration sample provided by the International 
Atomic Energy Agency (IAEA, 1995). In our case, this is a fish sample coded 140/TM. 

 
Statistical analyses 

First, a study of distribution and homogeneity had been carried out. The variations 
between sites, seasons and organs were analyzed with a multi-parameter Anova test 
followed by a post-hoc Duncan test. 

In order to study the distribution of the data a Spearman correlation matrix and PCA 
were used. The minimum level of significance for all analyzes was 0.05. The statistical 
analyzes were carried out in R version 3.4.2 (R Core Team, 2017), with the packages: 
RStudio v. 1.2.5033 (RStudio Team, 2019), ggplot2 (Wickham, 2016), corrgram (Wright, 
2018), dplyr (Wickham et al., 2020), FSA (Ogle et al., 2020). 

Results 

The analysis (mean ± standard deviation (SD)) of the physico-chemical parameters of 
the seawater in each of the two bays (Oran bay and Ghazaouet bay), recorded during the 
different seasons, are grouped together in Table 1. 

 
Table 1. Averages the physico-chemical parameters of the coastal waters of the bay of Oran 
and the bay of Ghazaouet 

Parameter Bay of Oran (mean ± SD) Bay of Ghazaouet (mean ± SD) 

T °C 21.25 ± 6.85 22.47 ± 6.79 

pH 7.66 ± 0.18 7.75 ± 0.11 

Salinity (PSU) 36.57 ± 0.67 36.84 ± 0.78 

O2 dissolved (mg L-1) 5.98 ± 1.90 6.39 ± 1.16 

Organic matter (mg L-1) 15.14 ± 0.88 15.28 ± 0.33 

 
 
Figure 2 represents the average concentrations of the targeted metal trace elements 

zinc, copper, lead and cadmium in common sole (Solea solea, L. 1758) fished in the bay 
of Oran and in the bay of Ghazaouet. 

The results of base Anova for the comparison of the metallic elements in the organs 
of the common sole fished in the two bays: Oran bay and Ghazaouet bay, are grouped in 
Table 2. 

Figure 3 shows the comparison of the average concentrations of heavy metals 
studied in the hepatic, gonadal and branchial tissues in common sole (Solea solea, L. 
1758) fished in the bay of Oran and the bay of Ghazaouet. 

Our results showed significant seasonal variations of the four metallic trace elements, 
in the three organs of common sole fished in the bay of Oran. For liver, Zn (Anova 2, F 
value = 95.69, p value < 0.001), Cu (Anova 2, F value = 99.54, p value < 0.001), Pb 
(Anova 2, F value = 44.12, p value < 0.001) and Cd (Anova 2, F value = 31.35, p 
value < 0.001) (Tables 3 and 4). For the gills, Zn (Anova 2, F value = 255.10, p 
value < 0.001), Cu (Anova 2, F value = 54.56, p value < 0.001), Pb (Anova 2, F 
value = 92.11, p value < 0.001) and Cd (Anova 2, F value = 26.62, p value < 0.001) 
(Tables 3 and 5). For the gonads, Zn (Anova 2, F value = 182.72, p value < 0.001), Cu 
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(Anova 2, F value = 37.97, p value < 0.001), Pb (Anova 2, F value = 20.28, p 
value < 0.001) and Cd (Anova 2, F value = 13.40, p value < 0.001) (Tables 3 and 6). 

 

 

Figure 2. Average levels of metallic trace elements (Zn, Cu, Pb and Cd) evaluated in sole fished 
in the two bays: Oran Bay and Ghazaouet Bay 

 
 
Table 2. Anova base for the comparison of metallic elements in the organs of the common 
sole fished in the two bays: Oran Bay and Ghazaouet Bay 

Variable Df Sum of squares Mean of squares F value p value 

Organ 2 15.0 7.501 0.4751 0.6220893 

Sex 1 11.6 11.593 0.7343 0.3918802 

Site 1 6.1 6.111 0.3871 0.5341031 

Saison 3 331.3 110.425 6.9945  < 0.001 *** 

Organ: Sex 2 5.0 2.503 0.1586 0.8534093 

Organ: Site 2 0.5 0.269 0.0170 0.9830978 

Sex: Site 1 0.7 0.696 0.0441 0.8337577 

Organ: Season 6 2.8 0.465 0.0275 0.9998912 

Sex: Season 3 0.2 0.041 0.0026 0.9998184 

Site: Season 3 14.5 4.842 0.3067 0.8205793 

Organ: Sex: Site 2 0.4 0.196 0.0124 0.9876370 

Organ: Sex: Season 6 0.1 0.018 0.0011 1.0000000 

Organ: Site: Season 6 1.0 0.167 0.0106 0.9999948 

Sex: Site: Season 3 0.2 0.073 0.0046 0.9995671 

Organ: Sex: Site: Season 6 0.3 0.057 0.0036 0.9999998 

Df: Degrees of freedom. Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ‘ 1 

 
 
In Oran Bay, seasonal variations of metallic trace elements showed the highest 

average concentrations in the organs of fish collected mainly in summer, autumn and 
spring. The lowest concentrations were noted during the winter period (Fig. 4). 
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Figure 3. Comparison between metal organs combined in the two bays: Oran Bay and 
Ghazaouet Bay 

 
 

 

Figure 4. Seasonal variations of metals (Zn, Cu, Pb and Cd) in organs at Oran bay 
 

 
In the liver, the average concentrations of heavy metals: Cd, Cu, Pb and Zn recorded in 

the summer season were respectively equal to 0.25 ± 0.03 μg.g-1
dw, 7.25 ± 0.31 μg.g-1

dw, 
2.15 ± 0.24 μg.g-1

dw, 10.74 ± 0.34 μg.g-1
dw. In the winter season, their concentrations were 

0.13 ± 0.02 μg.g-1
dw, 3.68 ± 0.19 μg.g-1

dw, 1.10 ± 0.09 μg.g-1
dw, 6.87 ± 1.14 μg.g-1

dw, 
respectively. In the gills, their mean concentrations in the summer season were 
0.31 ± 0.06 μg.g-1

dw, 7.25 ± 0.35 μg.g-1
dw, 2.96 ± 0.17 μg.g-1

dw, 10.56 ± 0.33 μg.g-1
dw 

respectively. In the winter season, they were respectively equal to 0.16 ± 0.02 μg.g-1dw, 
3.62 ± 0.71 μg.g-1

dw, 1.24 ± 0.20 μg.g-1
dw, 7.31 ± 0.34 μg.g-1

dw. In the gonads, their mean 
concentrations were respectively equal to 0.35 ± 0.08 μg.g-1

dw, 8.34 ± 0.84 μg.g-1
dw, 

3.12 ± 0.79 μg.g-1
dw, 11.36 ± 0.57 μg.g-1

dw, in the summer period. During the winter, they 
reached 0.22 ± 0.05 μg.g-1

dw, 3.71 ± 0.94 μg.g-1
dw, 1.28 ± 0.24 μg.g-1

dw, 7.45 ± 0.31 μg.g-

1
dw, respectively. 
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Table 3. Anova base for seasonal variations of the four metallic trace elements (Zn, Cu, Pb 
and Cd) in the liver, in the gills and in the gonads of common sole fished in the bay of Oran 

Organ Metal Df Sum of squares Mean of squares F value p value 

Liver 

Zn 3 49.282000 49.282000 95.692  < 0.001 *** 

Cu 3 42.333000 42.333000 99.540  < 0.001 *** 

Pb 3 3.121180 3.121180 44.125  < 0.001 *** 

Cd 3 0.044171 0.044171 31.348  < 0.001 *** 

Gills 

Zn 3 40.708000 40.708000 255.100  < 0.001 *** 

Cu 3 45.533000 45.533000 54.558  < 0.001 *** 

Pb 3 7.332600 7.332600 92.111  < 0.001 *** 

Cd 3 0.065307 0.065307 26.622  < 0.001 *** 

Gonads 

Zn 3 48.591600 48.591600 182.720  < 0.001 *** 

Cu 3 60.605000 60.605000 37.973  < 0.001 *** 

Pb 3 9.202600 9.202600 20.285  < 0.001 *** 

Cd 3 0.150060 0.050020 13.402  < 0.001 *** 

Df: Degrees of freedom. Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ‘ 1 

 
 

Table 4. The results of the post hoc test (Duncan test) of the seasonal variations for the four 
metallic trace elements (Zn, Cu, Pb and Cd) in the liver of common sole fished in the bay of 
Oran 

Organ Metal Comparison Z value 

Liver 

Zn 

Autumn - Spring 2.21 

Autumn - Summer - 0.39 

Spring - Summer - 2.60 

Autumn - Winter 5.27 

Spring - Winter 3.06 

Summer - Winter 5.66 

Cu 

Autumn - Spring - 0.33 

Autumn - Summer - 1.20 

Spring - Summer - 0.87 

Autumn - Winter 4.19 

Spring - Winter 4.53 

Summer - Winter 5.39 

Pb 

Autumn - Spring - 1.66 

Autumn - Summer - 3.06 

Spring - Summer - 1.41 

Autumn - Winter 2.71 

Spring - Winter 4.37 

Summer - Winter 5.78 

Cd 

Autumn - Spring - 0.73 

Autumn - Summer - 1.55 

Spring - Summer - 0.82 

Autumn - Winter 3.73 

Spring - Winter 4.46 

Summer - Winter 5.28 
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Table 5. The results of the post hoc test (Duncan test) of the seasonal variations for the four 
metallic trace elements (Zn, Cu, Pb and Cd) in the gills of common sole fished in the bay of 
Oran 

Organ Metal Comparison Z value 

Gills 

Zn 

Autumn - Spring 2.25 

Autumn - Summer 1.08 

Spring - Summer - 1.17 

Autumn - Winter 5.81 

Spring - Winter 3.56 

Summer - Winter 4.74 

Cu 

Autumn - Spring 0.95 

Autumn - Summer 0.08 

Spring - Summer - 0.87 

Autumn - Winter 4.98 

Spring - Winter 4.03 

Summer - Winter 4.90 

Pb 

Autumn - Spring - 0.56 

Autumn - Summer - 3.89 

Spring - Summer - 3.33 

Autumn - Winter 2.96 

Spring - Winter 3.52 

Summer - Winter 6.85 

Cd 

Autumn - Spring - 0.44 

Autumn - Summer - 1.38 

Spring - Summer - 0.94 

Autumn - Winter 3.99 

Spring - Winter 4.43 

Summer - Winter 5.37 

 
 
Our results showed significant seasonal variations of the four metallic trace elements, 

in the three organs of common sole fished in the bay of Ghazaouet. For liver, Zn 
(Anova 2, F value = 57.24, p value < 0.001), Cu (Anova 2, F value = 68.23, p 
value < 0.001), Pb (Anova 2, F value = 51.69, p value < 0.001) and Cd (Anova 2, F 
value = 11.61, p value < 0.001) (Tables 7 and 8). For the gills, Zn (Anova 2, F 
value = 65.38, p value < 0.001), Cu (Anova 2, F value = 68.87, p value < 0.001), Pb 
(Anova 2, F value = 22.79, p value < 0.001) and Cd (Anova 2, F value = 59.87, p 
value < 0.001) (Tables 7 and 9). For the gonads, Zn (Anova 2, F value = 73.91, p 
value < 0.001), Cu (Anova 2, F value = 40.89, p value < 0.001), Pb (Anova 2, F 
value = 33.33, p value < 0.001) and Cd (Anova 2, F value = 25.90, p value < 0.001) 
(Tables 7 and 10). 
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Table 6. The results of the post hoc test (Duncan test) of the seasonal variations for the four 
metallic trace elements (Zn, Cu, Pb and Cd) in the gonads of common sole fished in the bay 
of Oran 

Organ Metal Comparison Z value 

Gonads 

Zn 

Autumn - Spring 1.43 

Autumn - Summer - 1.09 

Spring - Summer - 2.52 

Autumn - Winter 4.82 

Spring - Winter 3.39 

Summer - Winter 5.91 

Cu 

Autumn - Spring 0.62 

Autumn - Summer - 1.41 

Spring - Summer - 2.03 

Autumn - Winter 4.18 

Spring - Winter 3.55 

Summer - Winter 5.59 

Pb 

Autumn - Spring - 0.79 

Autumn - Summer - 2.50 

Spring - Summer - 1.71 

Autumn - Winter 3.46 

Spring - Winter 4.26 

Summer - Winter 5.97 

Cd 

Autumn - Spring 0.97 

Autumn - Summer 0.02 

Spring - Summer - 0.95 

Autumn - Winter 4.20 

Spring - Winter 3.22 

Summer - Winter 4.18 

 
 
Table 7. Anova base for seasonal variations of the four metallic trace elements (Zn, Cu, Pb 
and Cd) in the liver, in the gills and in the gonads of common sole fished in the bay of 
Ghazaouet 

Organ Metal Df Sum of squares Mean of squares F value p value 

Liver 

Zn 3 73.021000 24.340200 57.245  < 0.001 *** 

Cu 3 64.248000 21.416100 68.232  < 0.001 *** 

Pb 3 7.931300 2.643770 51.691  < 0.001 *** 

Cd 3 0.124560 0.041522 11.614  < 0.001 *** 

Gills 

Zn 3 84.897000 28.299100 65.381  < 0.001 *** 

Cu 3 88.807000 29.602200 68.871  < 0.001 *** 

Pb 3 4.568400 1.522790 22.786  < 0.001 *** 

Cd 3 0.418330 0.139444 59.872  < 0.001 *** 

Gonads 

Zn 3 91.703000 30.567800 73.914  < 0.001 *** 

Cu 3 56.443000 18.814500 40.892  < 0.001 *** 

Pb 3 7.359500 2.453200 33.33  < 0.001 *** 

Cd 3 0.120684 0.068947 25.897  < 0.001 *** 

Df: Degrees of freedom. Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ‘ 1 
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Table 8. The results of the post hoc test (Duncan test) of the seasonal variations for the four 
metallic trace elements (Zn, Cu, Pb and Cd) in the liver of common sole fished in the bay of 
Ghazaouet 

Organ Metal Comparison Z value 

Liver 

Zn 

Autumn - Spring 3.98 

Autumn - Summer - 0.49 

Spring - Summer - 4.47 

Autumn - Winter 4.77 

Spring - Winter 0.86 

Summer - Winter 5.26 

Cu 

Autumn - Spring 1.73 

Autumn - Summer - 0.52 

Spring - Summer - 2.25 

Autumn - Winter 5.11 

Spring - Winter 3.38 

Summer - Winter 5.63 

Pb 

Autumn - Spring - 0.62 

Autumn - Summer - 4.90 

Spring - Summer - 4.28 

Autumn - Winter 0.04 

Spring - Winter 0.66 

Summer - Winter 4.94 

Cd 

Autumn - Spring - 0.23 

Autumn - Summer - 0.92 

Spring - Summer - 0.68 

Autumn - Winter 2.47 

Spring - Winter 2.71 

Summer - Winter 3.39 

 
 
In Ghazaouet bay, seasonal variations of metallic trace elements showed the highest 

average concentrations were also noted in this region in summer, fall and spring. The 
lowest concentrations were noted in winter (Fig. 5). 

In the liver of these fish, the mean concentrations of Cd, Cu, Pb and Zn were 
respectively equal to 0.33 ± 0.05 μg.g-1

dw, 6.91 ± 0.50 μg.g-1
dw, 1.95 ± 0.16 μg.g-1

dw, 
10.21 ± 0.80 μg.g-1

dw. In winter, they were 0.21 ± 0.09 μg.g-1
dw, 4.24 ± 0.96 μg.g-1

dw, 
1.06 ± 0.29 μg.g-1

dw, 7.61 ± 0.77 μg.g-1
dw respectively. In the gills, their highest mean 

concentrations were reached in summer 0.38 ± 0.03 μg.g-1
dw, 7.12 ± 0.32 μg.g-1

dw, 
1.92 ± 0.28 μg.g-1

dw, 10.86 ± 0.91 μg.g-1
dw respectively. In winter, they were 

respectively equal to 0.17 ± 0.03 μg.g-1
dw, 4.28 ± 1.11 μg.g-1

dw, 1.25 ± 0.16 μg.g-1
dw, 

7.81 ± 0.84 μg.g-1
dw. In the gonads, the maximum concentrations reached in summer 

were equal to 0.38 ± 0.04 μg.g-1
dw, 7.52 ± 0.62 μg.g-1

dw, 2.06 ± 0.19 μg.g-1
dw, 

11.30 ± 0.40 μg.g-1
dw and the minima reached in winter, were equal to 0.23 ± 0.05 μg.g-

1
dw, 4.71 ± 0.98 μg.g-1

dw, 1.12 ± 0.16 μg.g-1
dw, 7.96 ± 0.01 μg.g-1

dw respectively. 
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Table 9. The results of the post hoc test (Duncan test) of the seasonal variations for the four 
metallic trace elements (Zn, Cu, Pb and Cd) in the gills of common sole fished in the bay of 
Ghazaouet 

Organ Metal Comparison Z value 

Gills 

Zn 

Autumn - Spring 3.22 

Autumn - Summer - 0.51 

Spring - Summer - 3.73 

Autumn - Winter 5.52 

Spring - Winter 2.30 

Summer - Winter 6.03 

Cu 

Autumn - Spring 0.17 

Autumn - Summer - 0.86 

Spring - Summer - 1.02 

Autumn - Winter 4.47 

Spring - Winter 4.31 

Summer - Winter 5.33 

Pb 

Autumn - Spring - 0.43 

Autumn - Summer - 4.15 

Spring - Summer - 3.72 

Autumn - Winter 1.05 

Spring - Winter 1.48 

Summer - Winter 5.20 

Cd 

Autumn - Spring - 0.81 

Autumn - Summer - 1.49 

Spring - Summer - 0.68 

Autumn - Winter 3.95 

Spring - Winter 4.75 

Summer - Winter 5.43 

 
 

 

Figure 5. Seasonal variations of metals (Zn, Cu, Pb and Cd) in organs at Ghazaouet bay. 
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Table 10. The results of the post hoc test (Duncan test) of the seasonal variations for the four 
metallic trace elements (Zn, Cu, Pb and Cd) in the gonads of common sole fished in the bay 
of Ghazaouet. 

Organ Metal Comparison Z value 

Gonads 

Zn 

Autumn - Spring 2.21 

Autumn - Summer - 1.37 

Spring - Summer - 3.59 

Autumn - Winter 4.95 

Spring - Winter 2.74 

Summer - Winter 6.33 

Cu 

Autumn - Spring - 0.88 

Autumn - Summer - 3.09 

Spring - Summer - 2.21 

Autumn - Winter 3.16 

Spring - Winter 4.05 

Summer - Winter 6.26 

Pb 

Autumn - Spring - 0.27 

Autumn - Summer - 4.03 

Spring - Summer - 3.76 

Autumn - Winter 1.60 

Spring - Winter 1.87 

Summer - Winter 5.63 

Cd 

Autumn - Spring 0.62 

Autumn - Summer - 0.55 

Spring - Summer - 1.17 

Autumn - Winter 4.49 

Spring - Winter 3.87 

Summer - Winter 5.04 

 
 
The results of base Anova for metallic element variations (Zn, Cu, Pb and Cd) 

between the two sexes of common sole fished in the two bays: bay of Oran and bay of 
Ghazaouet, are regrouped in Table 11. 

 
Table 11. Anova base of metallic element variations (Zn, Cu, Pb and Cd) between the two 
sexes of common sole fished in the two bays: bay of Oran and bay of Ghazaouet. 

Bay Metal Df Sum of squares Mean of squares F value p value 

Oran bay 

Zn 1 3.836000 3.836000 13.3596  < 0.001 *** 

Cu 1 11.856000 11.856000 13.8375  < 0.001 *** 

Pb 1 0.176400 0.176400 0.6375 0.4276 

Cd 1 0.030013 0.030013 10.1797  < 0.05 * 

Ghazaouet bay 

Zn 1 5.202000 5.202000 8.7551  < 0.05 * 

Cu 1 0.933000 0.932800 2.1914 0.1437 

Pb 1 0.063500 0.063490 0.9444 0.3342 

Cd 1 0.018689 0.018689 6.4739  < 0.05 * 

Df: Degrees of freedom. Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ‘ 1 
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In terms of the inertias of the factorial axes of the PCA (Fig. 6), the Dim1 axis would 
explain 68% of the variance of the concentrations of metallic trace elements between 
the organs and the Dim2 axis would explain 14.5%. 

 

 

Figure 6. Projection of heavy metals according to the seasons at the two bays: Oran Bay and 
Ghazaouet Bay. (a) Projection of heavy metals according to the seasons at the two sites studied. 

(b) Projection of heavy metals according to the sites studied. 

Discussion 

The physicochemical results in Table 1 of the water obtained generally comply with 
Algerian and European standards (JORA, 2006) whether for T °, pH, salinity or even 
the O2 dissolved. 

All of our results concerning temperature are comparable to those obtained by 
(Rouane-Hacene et al., 2018) (21.40 ± 1.41 °C) in the same region as well as those of 
(Dahel, 2009) (20.25 °C) and (Boucetta, 2017) (20.52 ± 5.37 °C) in the waters of the 
Algerian coast. According to Imasheva et al. (1997), temperature is considered to be an 
essential ecological factor in the control of various biological and physiological 
processes such as metabolism, reproduction, growth and biogeographic distribution of 
marine species, either directly or in correlation with other ecological factors. 

The pH values in Table 1 taken during the study period did not show significant 
spatio-temporal fluctuations. In general, for both berries the pH is slightly alkaline. Our 
results agree with other values found in previous studies carried out on the Algerian east 
coast (Boudelaa and Medjram, 2011; Hamdani, 2012; Rouidi et al., 2013) and on the 
Algerian west coast (Remili and Kerfouf, 2013; Rouane-Hacene et al., 2018; Rouabhi et 
al., 2019). 

According to Boucetta (2017), pH is a fundamental ecological factor that plays an 
important role in the marine environment, as it can affect many physiological and 
biochemical processes. According to Blakeslee et al. (2013), pH also acts on certain 
chemical components which can become toxic. 

The measured mean salinity value in Table 1 is (36.57 ± 0.67) psu in the bay of Oran 
and (36.84) psu in the bay of Ghazaouet, these results agree with those obtained on the 
Algerian east coast, where the salinity varies between 35 and 38 psu (Sifi, 2009; 
Hamdani, 2012). 
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Numerous studies had shown that species exposed to low levels of salinity increase 
their oxygen uptake and weaken energy metabolism. Low salinity results in high food 
consumption (Widmeyer and Bendell-Young, 2007; Mattozo et al., 2012; Rashida et al., 
2015). Salinity largely controls biological processes, but also chemical processes in 
water, it also has an impact on the bioavailability of metals (Mouneyrac et al., 2009). 

The dissolved oxygen level reaches its maximum in winter with (8.31 ± 0.24 mg L-1) 
in the bay of Oran and 7.89 ± 0.10 mg L-1 in the bay of Ghazaouet. A gradual drop in its 
concentrations was observed in summer in both bays. This may be due to the increase in 
temperature and the impact of hydrodynamics (Florian, 2011). The same observations 
were made in the gulfs of Annaba and Skikda in the bay of Collo (Guemouda, 2015), in 
the bay of Algiers (Bachari et al., 2011), and in the bay of Oran (Rouane-Hacene, 
2013). It is also noted that a low dissolved oxygen content may be associated with 
industrial releases and organic pollutants (Boucetta, 2017). 

According to Belghiti et al. (2013), dissolved oxygen is one of the parameters most 
sensitive to pollution, and its concentration tells us about the level of pollution and 
therefore the degree of self-purification. Indeed, the alteration of the polluting material 
causes a drop in the dissolved oxygen content in the environment, causing a disturbance 
in the preservation and development of aquatic flora and fauna (Afri-Mehennaoui, 
1998). 

According to Karayücel and Karayücel (2000), the physicochemical factors 
(temperatures, salinity, dissolved oxygen, pH, etc.) of the medium play an important 
role since they act both on the physicochemical form of metals (adsorption-desorption 
on suspended metals) therefore on their bioavailability, but also on the metabolism of 
the species (respiration, reproduction, trophic activities, etc.), which partly influences 
the kinetics of accumulation and excretion of metals. 

Statistical processing of variations in average trace metal contents evaluated in the 
common sole fished in the two sites (Fig. 2) indicate the presence of very heterogeneous 
values. Zn concentrations were highest with 9.77 ± 1.61 μg.g-1

dw in Oran and 
9.58 ± 1.42 μg.g-1

dw in Ghazaouet, followed by that of Cu with 6.33 ± 1.84 μg.g-1
dw in 

Oran and 6.21 ± 1.25 μg.g-1
dw in Ghazaouet, Pb with 2.02 ± 0.75 μg.g-1

dw in Oran and 
1.44 ± 0.41 μg.g-1

dw in Ghazaouet, and finally Cd with 0.25 ± 0.07 μg.g-1
dw in Oran and 

0.31 ± 0.08 μg.g-1
dw in Ghazaouet. The same classification of the ETM accumulation 

gradient has often been observed in this region for different marine species (Borsali et 
al., 2014; Guendouzi et al., 2017; Rouabhi et al., 2019). It is clear that the process of 
bioaccumulation depends on the extent of the contamination of the medium. The 
accumulation of metallic trace elements in aquatic organisms results from the net 
balance of capture and excretion processes. According to Casas (2005), three 
mechanisms must be taken into account: metal capture, excretion and storage by the 
organism. According to Di Bella et al. (2006), Bodin et al. (2007) and Belhoucine et al. 
(2014), the bioaccumulation process is indeed influenced by the physicochemical 
properties of compounds but also by biological, physiological and specific ecological 
aspects of the exposed species, such as habitat, sex, age, reproduction, diet or the state 
of health of the animals. According to other authors, the level of heavy metals in 
different species depends mainly on eating habits (Mormede and Davies, 2001; 
Watanabe et al., 2003; Bouhadiba et al., 2017). 

Amara et al. (2001) indicates that the common sole S. solea (L. 1758) is a benthic 
fish which with a diet, consisting of benthic and epi-benthic invertebrates (polychaetes, 
molluscs and crustaceans), shows variations qualitative and quantitative depending on 
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the season, the area and the size of the individuals. Benthic fish generally accumulate 
higher concentrations of heavy metals than pelagic fish (Bustamante et al., 2003; 
Belhoucine et al., 2015; Bouhadiba et al., 2017). 

The data recorded by (Kerfouf et al., 2010; Remili and Kerfouf, 2013) are practically 
similar to our results. The latter stressed that the bay of Oran is threatened by various 
forms of nuisance, industrial activities, intensive tourism and massive urbanization, 
which generates increasing pollution. 

The results of this work also tend to support the observations of Benguedda et al. 
(2011) who point out the importance of the industrial unit ALZINC (Algerian Zinc 
Company) in the pollution of the Ghazaouet region. The purpose of this unit is the 
production and marketing of zinc and its alloys, sulfuric acid, cathodic copper 
(Benguedda et al., 2011). This plant uses seawater for cooling the sulfuric acid 
manufacturing facilities and some of the plant’s thermal power plant (Bakalem, 1980). 
According to Belhoucine et al. (2014) anthropogenic inputs of zinc into the environment 
result mainly from mining activities, agricultural spraying and urban activities. They 
also assume that domestic wastewater inputs contain Zn. According to the work of 
(Casas, 2005), in port areas, zinc is introduced from the dissolution of anodes intended 
to protect boat hulls against corrosion, and is contained in certain anti-fouling paints. 
For copper, most of it comes from soil erosion by watercourses (68%) (Casas, 2005), 
contamination of copper sulphate (13%) and discharges of wastewater that still contains 
copper, even after treatment (Casas, 2005). According to Rouabhi (2020), the high lead 
concentrations in Oran Bay could be due to the proximity to the Arzew industrial zone 
responsible for processing and exporting hydrocarbons mainly to Europe. According to 
Belhoucine et al. (2014) its high concentrations could also be due to the combustion of 
automotive fuels. Regarding cadmium, according to Miramand et al. (2000) and Bosch 
et al. (2016), its presence in aquatic environments is mainly of atmospheric origin and 
also due to leaching of soils (phosphate fertilizers). 

The results obtained from the average concentrations of the four metallic trace 
elements analyzed at the organ level showed no significant variation between the 
sampling sites and between the two sexes (Anova, F value = 0.01, p value = 0.99) 
(Table 2). However, the results recorded have made it possible to reveal that the three 
tissues chosen bioaccumulate all the micropollutants (Zn, Cu, Pb and Cd) and appear to 
have similar concentrations. No significant difference was noted between the three 
organs studied (Anova, F value = 0.47, p value = 0.62) (Table 2) regardless of the site of 
harvest. Ennouri et al. (2008), El Morhit et al. (2009) and Belhoucine et al. (2014) 
observed a different accumulation between organs which followed a decreasing scale: 
Gonads ˃ gills ˃ liver, in different species of fish. 

The distribution, location and bioaccumulation of metallic elements in tissues do not 
depend on a single mechanism (Belhoucine et al., 2014). In fact, the quantity of metals 
transferred is influenced both by the irrigation of the organ considered and by the 
intracellular binding capacities (Boudou, 1982). According to this author, the relative 
importance of these two parameters determines the target organs of metallic 
bioaccumulation. Therefore, tolerance to such a form of pollution by marine organisms 
has been attributed to the presence of metallothionein, proteins involved in the 
processes of storage, bioaccumulation, transport and detoxification (immobilization of 
heavy metals in non-toxic form inside the cell) (Linde et al., 1999; Evoglu et al., 2005; 
Atli and Canli, 2008). 
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The increase in the levels of metals, which for the most part are not lipophilic 
contaminants, is due to slower elimination; This may be explained by the role of the 
liver in detoxifying contaminants and the importance of the gonads in reproductive 
physiology (Zhang and Wang, 2007). 

Numerous studies had shown a preferential organotropism of trace metals such as 
Cd, Cu and Zn for the liver in fish (De Boeck et al., 2004; Usero et al., 2004; Ribeiro et 
al., 2005). According to Rouabhi (2020), the gills reflect the bioavailability of 
contaminants in the medium and according to Capene and Vasak (1989), the liver is 
more efficient in biomonitoring studies using fish. 

Bioaccumulation of toxic metals can affect the liver, gonads, gills and other tissues 
of fish, resulting in metabolic disruption and obstruction of fish growth and 
development (Junejo et al., 2019). 

The same seasonal variations had been observed in the work of Miramand et al. 
(2000) for Mullus barbatus from French marine waters. The highest concentrations of 
metallic trace elements were also reached in the summer season. 

Barhoumi et al. (2009) had underlined in their study that the gills are the main targets 
of direct contamination, because they play an important role in the absorption of metals, 
in the storage and possibly in the transfer to the internal compartments by the blood. 
Similar seasonal variations on the Algerian west coast were also observed in the sardine 
Sardinella aurita (Benamar et al., 2010), in the hake Merluccius merluccius 
(Belhoucine et al., 2014) and in the Mullets Mugil cephalus (Bouhadiba et al., 2017). 
According to Belhoucine et al. (2014), the Algerian coastal population increases 
considerably during the summer, which can increase direct discharges into water. 

According to Bennett (1978), the increase in water temperature causes an increase in 
ventilation of the gills in response to the decrease in the concentration of oxygen in the 
water. Thus, increased metabolic rate during the summer could lead to increased 
absorption of bioavailable contaminants in water. In addition, temperature also has a 
strong influence on the properties of the metal by changing the effect of equilibrium 
between molecular and ionized forms (El Morhit et al., 2009). Storelli and 
Marcotrigiano, (2001) conclude in their work that the concentration of metals in fish 
tissue generally reflects the pollution profile. 

On the other hand, it is possible that this difference in bioaccumulation is 
conditioned by the fluctuation of certain biological factors such as growth and 
reproduction. These factors contribute greatly to the variability of heavy metal 
bioaccumulation (Langston and Spence, 1995). Especially since this species spawns 
mainly in winter (Morat, 2011), which can induce an excretion of contaminants from 
the organism (Casas, 2005). 

No significant difference was observed between the two sexes regardless of the 
organ studied (Anova, F value = 0.16, p value ˃ 0.05) or the site of harvest (Anova, F 
value = 0.04, p value ˃ 0.05) (Table 2). In Oran, there is a significant variation between 
the two sexes for Zn (Anova 3, F value = 13.36, p value < 0.001), Cu (Anova 3, F 
value = 13.84, p value < 0.001) and Cd (Anova 3, F value = 10.18, p value < 0.05) 
(Table 11). Concerning Ghazaouet bay, there is a significant variation between the two 
sexes for Zn (Anova 3, F value = 8.75, p value < 0.05), and Cd (Anova 3, F 
value = 6.47, p value < 0.05) (Table 11). 

Different variations between the two sexes were noted by Belhoucine et al. (2014) in 
M. merluccius fished at the level of the Oran coastline and Bodiguel et al. (2008) in M. 
merluccius fished in the French Mediterranean (Golf du Lyon). Which can mean that 
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gender can influence the accumulation of contaminants under certain conditions due to 
the difference in growth between males and females. 

However, several studies had also shown that there was no difference between the 
accumulation of contaminants in organs between the two sexes (Lombardi, et al., 2010; 
Hosseini Alhashemi et al., 2012). This can be explained by the sedentary nature of the 
common sole (Solea solea, L. 1758) (De Serres, 1845; Wessel, 2010). In fact, males and 
females in this species have the same ecology and the same behavior, and are constantly 
in contact with sediments, a compartment that allows the capture of many contaminants 
such as, for example, metallic trace elements (Wessel, 2010). 

The projection of the observations on the Dim1 axis (Fig. 6), shows that the seasonal 
aspect has a great influence on the distribution of the data. The winter season is the one 
that shows the most difference compared to the other seasons. Seasonality is one of the 
most influential factors in the build-up of contaminants. Numerous studies have shown 
its importance in the accumulation of metallic trace elements by marine species 
(Kaimoussi et al., 2000; Orban et al., 2002; Belhoucine et al., 2014). 

The projection of the observations in relation to the sampling sites (Fig. 6) shows 
higher Pb concentrations in the organs of sole sampled in the bay of Oran 
(2.02 ± 0.75 µg g-1

wd) than those of Ghazaouet bay (1.44 ± 0.41 µg g-1
wd). These high Pb 

concentrations may be due to the presence of several important industrial zones in this 
region (Sonatrach, ammoniac industries and water treatment plants) (Grimes, 2010; 
Rouabhi, 2020). The concentrations of other metallic trace elements in the region of 
Ghazaouet mainly those of Zn may be due to the proximity of the company Alzinc 
(production and processing of Zn) in this region (Benguedda et al., 2011). 

These concentrations of trace metal elements can also return to wastewater 
discharges without prior treatment (Taleb et al., 2007). In addition, this coast is also 
under the direct influence of maritime traffic which could be the source of trace metals 
(Belhoucine et al., 2015). 

Conclusion 

Marine pollution has been a very worrying universal problem for two decades now. 
Today, the threat is so great for all seas and oceans, and public concern is so great, that 
states are individually and collectively seeking the necessary instruments to curb it. Man 
being the last link in the food chain and the end consumer of marine products can be a 
victim at any time. The risks of bioavailability and toxicity of these trace metals are to 
be feared because they constitute permanent dangers for the entire food chain and 
threaten public health. 

This present work, the interest of which we emphasize, allows us to take stock of the 
current situation of the bay of Oran and the bay of Ghazaouet in terms of coastal and 
marine environmental pollution. 

Regarding the physico-chemical analysis of seawater, parameters: T°, pH, salinity, 
organic matter or even dissolved O2, our results are in Algerian standards and coincide 
with previous studies in the same region. 

Organs from common sole taken from the two contrasting sites showed the same 
process of bioaccumulation of metallic trace elements with the same proportions, 
implying the importance of the physiological role of each organ in the process of 
bioaccumulation. The average concentrations of metals measured in the tissues of the 
common sole collected in the two sampling sites, varied according to the seasons, in 
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relation to the biology of the animals (growth, reproduction, etc.) and under the 
influence of certain parameters. environment, mainly temperature. This marked a 
seasonal variability mainly between the winter period and the summer period. 

The results obtained show that the common sole of the Algerian west coast has great 
potential as a tool for evaluating metal pollution in the marine environment. This work 
allowed us to highlight the omnipresence of the four metallic trace elements in each 
target organ of this species. This contamination of fish is a risk factor not only for the 
life of these aquatic species, but also for humans. To further this study, it is important to 
carry out toxicological analyzes on the flesh of this fish in order to better assess the 
potential risks to human health linked to their consumption. 

This study would also deserve in the future to extend well and be enriched by 
expanding the sampling network to the entire Algerian coastline and integrating other 
trace metals in particular mercury and evaluating organic pollutants such as 
hydrocarbons, pesticides. On the biological level, we must take into account the 
biological cycle and the behavior of the bioindicator with respect to contaminants. In 
addition, it would be very interesting to assess the contamination, distribution and 
speciation of these xenobiotics in the water column of the Algerian coast and to perform 
sequential extractions to better identify their mobility within a sediment in order to 
better correlate the potential toxicity of metallic trace elements in a sediment to the 
surrounding biological activity. 
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Abstract. To understand the ecology and spatial distribution patterns of Shorea roxburghii, a vulnerable 
plant on the IUCN’s Red List, this study was conducted in a Vietnamese evergreen forest. To collect data, 
a 100 m × 100 m plot was established in the Tan Phu protected forest, in South Vietnam. Relative density, 
relative basal area, and importance value index (IVI) were determined for each species. Individuals were 
categorized by juvenile (dbh < 5 cm), subadult (5 cm ≤ dbh < 10 cm) and adult (dbh ≥ 10 cm) life-history 
stages. We used Excel, Programita Noviembre 2018 and R to analyze data. Spatial analyses focused on 
overall univariate patterns, dispersion patterns, and hetero-specific association of the species. A total of 
111 species was found. Shorea roxburghii has higher basal area, relative density, maximum dbh, IVI and 
lower median main neighbour. Shorea roxburghii has cluster distribution in the juvenile (5f) and subadult 
stage (5g), regular or clustered pattern in the adult stage (5h). However, the general trend is a regular 
pattern as the dbh increases. With the achieved results, this study contributes to the simulation method of 
forest species ecological characteristics, including distribution characteristics, intra and interspecific 
relationships in the space of Shorea roxburghii. 
Keywords: threatened species, life-history stages, ecological characteristics, interspecific relationships, 
conservation planning 

Introduction 

Biodiversity management lies on the master of many ecological rules and mechanisms 
from local and global environmental and biotic variables. To efficiently manage and 
conserve wild resources, the understanding of their ecology, biology and behaviour is 
crucial (Cirimwami et al., 2019). Plant species communities are under the effect of 
deterministic factors albeit some stochastic forces cannot be ruled out (Amani and Lejoly, 
2014). Fine-scale study of population successional dynamic, natural and human-driven 
threats acting on forest ecosystems, spatial distribution patterns… could also be important 
to efficiently manage plant resources worldwide (Getzin et al., 2006). The studies aiming at 
the understanding of spatial distribution patterns of tree species are very essential because 
these studies allow us to understand mechanisms of plant species competition and 
coexistence (Getzin et al., 2006; Guo et al., 2013), plant species diversity (Fibich et al., 
2016), successional dynamics of species (Arévalo and Fernández-Palacios, 2003; 
Wédjangon et al., 2020), forest structure and composition change (Call et Nilsen, 2003) as 
well as species intraspecific and interspecific association patterns (Wédjangon et al., 2020). 
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To understand these floristic parameters is important, for example, the competition is one of 
major ecological processes regulating forest communities (Nguyen et al., 2020a). 

Shorea are a tropical genus counting approximately 196 species, most of them belonging 
to rainforest ecosystems. More than 75% of Shorea species (about 148 species) are present 
on the plant species Red List of IUCN; the majority of them are critically endangered. 
Despite this situation, many Shorea species are economically important timber trees (Raju 
et al., 2009). Shorea roxburghii G. Don (from the Dipterocarpaceae family) is classified as 
“Vulnerable” on the IUCN Red List due to many threats to which it is subjected. This 
species is found in the mixed dipterocarp forests in countries such as Cambodia, India, Lao 
Popular Democratic Republic, Peninsular Malaysia, Myanmar, Thailand and Viet Nam 
(Pooma et al., 2017). The species has an economic significance as it is used as valuable 
commercial timber and as ‘white meranti’ in many countries of the Southeastern Asia 
region. A population reduction of at least 30% in the last three centuries has resulted in 
overall population decline and potential future species decline. This being a consequence of 
agriculture practices and timber logging, these are the principal threats to the species S. 
roxburghii (Pooma et al., 2017; Mun et al., 2018). 

The germination of S. roxburghii is not easy. In an experimental plot where many seeds 
were sown, Raju et al. (2011) obtained 8% of seed germination rate which also explains and 
increases the vulnerability of the species. By this difficulty in its germination, the plant 
could encounter a disequilibrium in its population structure, having many more mature 
individuals than sapling ones. Its adult trees may reach about 28 m in height. Although this 
species has a low rate of seed germination (Raju et al., 2011), seeds which succeed to 
germinate are supposed to have a high survival rate (Mun et al., 2018). 

The species S. roxburghii is a fast-growing species (Mun, 2018). In good conditions, the 
adult individual of the species (six-year-old S. roxburghii with dbh and height of 23.6 cm 
and 16.6 m) achieve 4 cm per year for dbh and 3 m per year for height (Mun, 2018; Nguyen 
et al., 2020c). Being a semi-evergreen tree species, S. roxburghii is a brief leafless species 
especially during the dry season. S. roxburghii is usually found in combination with other 
species from Dipterocarpaceae, Myrtaceae and Euphorbiaceae families (Raju et al., 2011). 

Assessments on the ecology and living strategies of a rare or an important species, is a 
way for managers, conservationists as well as planners to protect the species from many 
threats (Pham et al., 2020). Thus, understanding the spatial structure and association of this 
species Shorea roxburghii in its different life-history stages could help in the explanation of 
its ecology and population dynamics in the studied area as it was the case for other species 
from the northern evergreen forests of Vietnam (Nguyen et al., 2014, 2020a). The 
management of S. roxburghii in local forests and areas where it is located suggests the 
understanding of its ecology including the study of its population structure, dendrometric 
characteristics, the spatial distribution patterns and interspecific association patterns with its 
closer neighbours. The principal objective of this paper is to contribute to the improvement 
of the conservation status of S. roxburghii trees in South Vietnam evergreen forests. Four 
(4) main questions will be addressed: i) How are the population structure and dendrometric 
characteristics (Stem density, diameter, and importance value index) of Shorea roxburghii 
compared to its neighbours? ii) What are the spatial distribution patterns from juvenile stage 
to adult stage of S. roxburghii? iii) How does S. roxburghii coexist with its main neighbours 
tree species when comparing their spatial distribution patterns? iv) How do these 
interspecific association patterns change with life stages? 
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Material and methods 

Study area 

This research study was conducted at Tan Phu protected forest, Dong Nai province, 
Southern Vietnam (11°7’36” N of latitude and 107°24’46” E of longitude). Tan Phu 
protected forest is a tropical moist evergreen forest, which covers 13 733.12 ha, in 
which forested land accounts for 89.76% (12 127.41 ha) of the total area (Fig. 1). This 
area has been reported as a species-rich ecosystem with many highly valuable plant 
species. The Tan Phu protected forest has a major economic role as it participates in the 
storing of carbon, the nourishing and protection of soil, and the water resources for Tri 
An hydroelectricity reservoir in the Dong Nai province. The average elevation of this 
area ranges from 60 to 120 m a.s.l. The annual mean temperature of the study area is 
27.1 °C, while the annual mean humidity is 82% and the average annual rainfall is 
2.140 mm year-1 (Nguyen et al., 2020b). This forest ecosystem was specifically selected 
to conduct the present study on the spatial distribution of Shorea roxburghii. The study 
was carried out from December 2020 to April 2021 with four field surveys at Tan Phu 
Protection Forest. 

 

 

Figure 1. Map of the study area 
 
 

Data collection 

We selected a stand where Shorea roxburghii species distributed and predominated 
to establish the 1 ha (100 m × 100 m) study plot in the Tan Phu forest (11°7’7.97” N of 
latitude and 107°24’56.31” E of longitude). This plot continues to be broken down into 
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100 subplots (10 m × 10 m) to facilitate the investigation, avoiding the omission of tree 
species. All woody plants with dbh (diameter at breast height) > 2.5 cm were tapped, 
numbered, tapped and measured in each plot. A wooden stick 1.3 m in length will be 
used to identify the location of 1.3 m, which will avoid mistakes regarding the correct 
measuring height. Moreover, climbers, vines, and loose bark must be removed before 
measuring to avoid mistakes in the measured process. The coordinates of all plots were 
marked by GPS meter. 

All individual trees were allocated into one of the three basic life-history stages, 
namely, juvenile (dbh < 5 cm), subadult (5 cm ≤ dbh < 10 cm), or adult (dbh ≥ 10 cm). 
The identification of trees was done in the field during plot inventory. When some 
species were not identified in the field, voucher specimens were collected, prepared and 
subsequently identified by taxonomic specialists after the field work. 

 
Data analysis 

Different parameters were calculated as below: 
 

 d =  (Eq.1) 

 
where d is the stem density of species i (the number of individual trees ha-1), ni is the 
total individual trees calculated for species i (the number of individual trees) and S is 
the study plot area (unit of area in ha) (Brower et al., 1997). 

 

 BA = π × r2 =  (Eq.2) 

 
where BA is the tree basal area (m2), r is the radius and dbh is the diameter at breast 
height (cm) (Brower et al., 1997) 

 

 IVI (%) =  (Eq.3) 

 
where RD is the relative density and RBA is the relative basal area. The relative basal 
area is defined as total basal area of species i as a percent of the total basal area of all 
species. The ecological value of species in a forest stand is obtained by determining its 
importance value index (Curtis and Macintosh, 1951). 

The data was analysed by using Excel 2013, Programita Noviembre 2018 and R 
4.0.5 software. Excel was used to present the population structure and dendrometric 
characteristics. Point pattern analyses were performed using the Programita software 
(Wiegand and Moloney, 2004). The spatstat package implemented in R software was 
used for spatial distribution and interspecific association patterns (Baddeley et al., 
2015). We used the spatstat package to make the distribution map of all species in the 
studied area, the pair-correlation function, Ripley’s K functions, and L-function as it is 
explained by many researchers over the world (Dixon, 2002; Sotirios and Alan, 2005; 
Getzin et al., 2006; Bolibok, 2008; Nguyen, 2017; Wédjangon et al., 2020; Nguyen et 
al., 2021). 

The Ripley’s K-function is the expected number of points in the r distance of an 
arbitrary point which is divided by the intensity λ where λ is the intensity of the pattern 
in the study area (Ripley, 1976). According to the tree–tree distances,  (univariate 
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pair-correlation function) describes the spatial distribution of trees at r radius using a 
standardized density. Consequently, when this parameter equals to 1 it means under 
complete spatial randomness, > 1 indicates aggregation and < 1 indicates regularity at 

distance r within trees of the pattern. The parameter  (bivariate pair-correlation 
function) was used to describe spatial association between two types of points. Function 

is the expected density of points of type 2 at r distance beginning from a 

randomly chosen point of type 1. Similarly to the univariate version,  = 1 

indicates independence,  < 1 indicates repulsion and  > 1 indicates 
attraction between two tree species at distance r (Nguyen et al., 2014). 

Null models of random distribution, spatial independence and random labelling of 
trees were tested for null hypotheses related to ecological questions (Goreaud and 
Pelissier, 2003; Wiegand and Moloney, 2004; Illian et al., 2008). As it was done by 
other authors, the significant departure from the null models was evaluated using 999 
Monte Carlo simulations. Approximately 99% confidence envelopes were built by 5th 
lowest and highest values of these simulations. Point pattern analyses were performed 
using the software Programita (Wiegand and Moloney, 2004). We used the null model 
complete spatial randomness to investigate whether the environmental heterogeneity 
restricted spatially the tree distribution based on the spatial distribution of all adult trees. 
The distribution of all adult trees at scales beyond direct tree–tree interaction should 
indicate environmental suitability for colonization and growth as well as allow 
capturing of environmental effects common to all species within the stand (Getzin et al., 
2008). L-function and pair-correlation function allowed us to observe the change in tree 
density from both cumulative and non-cumulative perspectives at various scales. As 
mentioned by Wiegand et al. (2007), in plant communities, clumping at small scales 
generally indicated plant–plant interactions, while at large scales it showed the effect of 
environmental heterogeneity. 

 
Analysis 1: Overall univariate patterns 

The spatial distributions in size classes of all species, S. roxburghii and the remaining 
species were analyzed and compared using the univariate pair-correlation function. We 
tested the null hypothesis of a random univariate spatial distribution of trees in each 
life-history stage (juvenile, subadult and adult). If a random distribution of a life stage 
over the entire plot was confirmed, this meant that no strong interaction occurred 
between the trees within this size class. Comparisons of the spatial distributions of the 
whole plot with and without considering S. roxburghii allowed us to interpret the 
abundance effect of the species. Overall, we expected that spatial patterns of adult trees 
were more regular than those of earlier life-history stages, with the increase of tree size 
being evidence of self-thinning. 

 
Analysis 2: Dispersion patterns of S. roxburghii 

Using random labelling null model, we investigated whether or not a random 
structure of two labels occurred within the joined patterns. The g-functions are invariant 
under random thinning of the joined patterns 1 and 2 (Wiegand and Moloney, 2004). 

Thus, we expected  =  =  = . In our case-control design, 
control was pattern 1 (adult trees) and case was pattern 2 (one of the early life-history 

stages). If the test statistic  –  ≈ 0, it meant that individuals of pattern 2 



Quy et al.: Spatial distribution and interspecific association patterns between Shorea roxburghii G. Don and other tree species in a 
South Vietnam evergreen forest 

- 4670 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4665-4681. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_46654681 
© 2021, ALÖKI Kft., Budapest, Hungary 

around individuals of pattern 1 at scale r were distributed in the same way as individuals 
of pattern 1 around themselves. Therefore, this would imply that both life-history stages 
exploit the natural resources at that scale in a similar way (Getzin et al., 2008). In 

addition, if the test statistic –  < < 0, there were more individuals of cases 
than controls in proximity of case individuals, therefore we would expect an additional 
clustered pattern of cases independent of the controls (i.e. adult trees). 

We used a case-control design to estimate mutual effects between early life-history 
stages (cases) and the adult stage (control) of S. roxburghii. Under the null hypothesis 
of random labelling, if the cases did not show any significant difference from the 
controls then they were a random subset of the joint pattern of both cases and controls. 
We expected a clustering of the cases reflecting regeneration mechanisms via 
independent clumping relative to the controls and, if clustering decreased with 
increasing size class, density-dependent thinning with increasing size class. For 
example, there may be an additional clustering of juveniles independently from adult 
trees that may be caused by canopy gaps with conditions suitable for survival and 
growth of juveniles. Details on spatial patterns statistics were developed and used by 
many authors (Bivand et al., 2008; Illian et al., 2008; Macron, 2010; Szmyt, 2014; 
Baddeley et al., 2015). 

 
Analysis 3: Hetero-specific association of S. roxburghii 

To describe the spatial association between adult trees of the remaining species 
(pattern 1) and the different life-history stages of S. roxburghii (pattern 2), we used 
the bivariate pair-correlation function. The null hypothesis of spatial independence 
was used to test for non- randomness in spatial arrangement between two patterns 
based on the assumption that the two patterns were generated by two independent 
processes. We kept the first pattern unchanged and then randomly shifted the second 
pattern relative to pattern 1 (Wiegand and Moloney, 2004). We hypothesized that S. 
roxburghii had gap-phase regeneration mode, i.e. the early stages of S. roxburghii 
were clustered independently of con-specific adults and simultaneously, they were 
repulsed by hetero-specific adults. Thus, we expected a negative association of pattern 
2 (a life-history stage of S. roxburghii) relative to pattern 1 (adult trees of the 
remaining species). 

Results 

Dendrometric characteristics 

In Table 1 we compare Shorea roxburghii’s IVI (importance value index), stem 
density and basal area with its main local neighbours’ tree species viz. Aporosa 
planchoniana, Syzygium zeylanicum, Vatica odorata and Anisoptera costata. 

A total of 1371 individuals with dbh ≥ 2.5 cm were enumerated in the 1-ha study 
plot, 111 species were identified and belonged to 43 families while one species was 
not fully identified (Lauraceae). Shorea roxburghii (Dipterocarpaceae) was most 
abundant with 271 individuals ha-1 (Table 1), approximately 19.8% of the total. The 
four most abundant species following Shorea roxburghii species were Aporosa 
planchoniana (Phyllanthaceae), Syzygium zeylanicum (Myrtaceae), Vatica odorata 
(Dipterocarpaceae) and Anisoptera costata (Dipterocarpaceae), with respectively 117, 
91, 62 and 61 trees ha-1. The species Shorea roxburghii and its four main neighbours 
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(Aporosa planchoniana, Syzygium zeylanicum, Vatica odorata and Anisoptera 
costata) account for 602 stems ha-1 in the studied area. S. roxburghii has more stems 
per ha than these four aforementioned species (χ = 253.28, df = 4, p-value < 0.0001). 
This species has the higher value of total basal area, maximum dbh, important value 
index and lower median NN when compared to four main species in the study plot. 
When compared to the remaining species, the maximum dbh of Shorea roxburghii is 
too small (69.4 vs 106.6). 

 
Table 1. Dendrometric characteristics of Shorea roxburghii and its main neighbours tree 
species 

Species 
Stem density 

(ha-1) 
Basal area 
(m2 ha-1) 

Average 
dbh (cm) 

Maximum 
dbh (cm) 

Median 
NN (m) 

Importance 
value index (%) 

Shorea roxburghii 271 12.24 17.74 ± 16.17 69.4 2.93 29.48 

Aporosa planchoniana 117 0.58 6.77 ± 4.22 39.5 4.82 5.20 

Syzygium zeylanicum 91 1.76 12.59 ± 9.43 50.9 5.33 6.14 

Vatica odorata 62 0.76 10.61 ± 6.71 39.5 6.19 3.48 

Anisoptera costata 61 2.61 18.93 ± 13.79 53.5 6.03 6.40 

Others (106 species)  769 13.26 10.58 ± 10.39 106.6 1.84 49.29 

All  1371 31.21 12.17 ± 11.92 106.6 1.39 100 

dbh: diameter at breast height; NN: nearest neighbour distance 

 
 

Diameter class distribution 

The comparison of diameter classes between Shorea roxburghii and the four 
neighbours species (Aporosa planchoniana, Syzygium zeylanicum, Vatica odorata and 
Anisoptera costata) as well as other remaining species (Fig. 2). 
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Figure 2. Dbh class distribution of Shorea roxburghii and its main neighbours (A) and the 
remaining species (106 species) in the study plot (B) 

 
 
As shown in Figure 2, when compared to four main species in the study plot, Shorea 

roxburghii has more individuals than other species in any diameter class from juvenile 
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tree class (dbh < 5 cm) to adult tree class (dbh ≥ 10 cm). In general, classes with many 
individuals are juvenile and subadult tree classes (5 cm ≤ dbh < 10 cm). This trend is 
also shaped by Shorea roxburghii with the number of juvenile and subadult individuals 
accounting for 75.6% of the total number of individuals of species. The dbh distribution 
characteristics showed that the forest status here is not stable. There will be changes at a 
future stage when the number of trees at small diameter classes is large. 

 
Spatial patterns 

Univariate patterns for all species 

In Figure 3, we present the distribution map of all tree individuals according to their 
spatial patterns. 
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Figure 3. Individuals’ distribution map: Shorea roxburghii (darkgreen circles) and the 
remaining species (open circles). The size of symbols is related to the dbh of the individual 
 
 
The pattern drawn in Figure 3 illustrates that in general case when considering all the 

collected species, Shorea roxburghii species do not have many bigger trees (in terms of 
the diameter at breast height: dbh) compared to other remaining species. The dbh 
stretches between 2.5 cm to 106.6 cm. However, the species Shorea roxburghii does not 
have very smaller individuals (according to its dbh sizes: radius of circles in Fig. 3) 
compared to the remaining species (110 species). 

Figure 4 presents the univariate L-function (on the left) and pair-correlation function 
(on the right) for spatial distribution for all adult trees (dbh ≥ 10 cm). In the light of 
Figure 4a, according to the L-function, the drawn pattern is regular at low scale 
between 0 and 5 m and it becomes a clustered pattern as long as the scale increases 
(from 22 m and above). These patterns are shaped for all the species and individuals 
with ≥ 10 cm dbh. When considering Figure 4b (pair-correlation function), spatial 
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pattern for all adult trees was regular distribution at scales up 2 m, and cluster 
distribution at a distance of 9-10 m, 12-13 m, 20-23 m. 

 

 

Figure 4. Univariate L-function and pair-correlation function show spatial distributions of all 
adult trees (dbh ≥ 10 cm) at different scales. Dark line lying beyond the confidence envelope 

region (grey area) indicate significant departure from the null model of complete spatial 
randomness. The grey envelope region are the p = 0.05 confidence interval for Monte Carlo 

simulations around the red 0 dashed straight line (values < 0 indicate a regular pattern; 
values > 0 a clustered pattern) 

 
 

Variation of spatial distribution patterns considering all life stages 

The spatial distribution patterns for juveniles, subadults and adults individuals are 
shown in Figure 5. From Figure 5a to d we present all species, from Figure 5e to h 
we present the spatial distribution patterns shaped by Shorea roxburghii at its all life 
stages and from Figure 5i to 5l we represent the remaining species excluding S. 
roxburghii. 

From Figure 5b-d, we noticed that concerning all species combined together, the 
spatial patterns of juveniles, subadults and adults passed from aggregation structure to 
regular pattern with the increasing of tree sizes from juveniles to adults. When gathered 
(juveniles + subadults + adults) in Figure 5a, regular patterns of all trees at scales up to 
2 m is shaped. On one hand, the cluster distribution at a juveniles stage and subadults is 
partly due to the size of a small tree, thus competition between trees is not clear. On the 
other hand, the environment in the study plot is heterogeneous through the testing of g 
and L functions. When considering only the case of Shorea roxburghii species, the 
juveniles + subadults + adults of this species showed a general clustered spatial 
distribution pattern at scales up to 26 m (Fig. 5e). Shorea roxburghii has cluster 
distribution type in the juvenile (Fig. 5f) and subadult stage (Fig. 5g), regular pattern or 
clustered pattern in the adults stage (Fig. 5h). However, the general trend is regular 
pattern as the dbh of trees increases. Spatial distribution of all Shorea roxburghii tree 
(Fig. 5e) shows that it has cluster distribution at the distance up to 25 m. This is 
explained by its strong particle dispersion ability. Considering the ecological 
characteristics, the Shorea roxburghii tree has a winged fruit, this is an advantage in 
dispersing. There is no competition at the juveniles stage (Fig. 5f) and the subadults 
(Fig. 5g), but there is competition in the adults with a scales of 0-5 m (Fig. 5h). 
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Figure 5. Spatial distributions of all individuals and life-history stages of all species (a–d), 
Shorea roxburghii (e–h) and remaining species (i–l) are shown by the univariate pair-

correlation function  
 
 

Dispersion patterns of the studied species Shorea roxburghii 

In Figure 6 we compare the spatial distribution patterns of adults and earlier life 
stages (juveniles and subadults) of the species Shorea roxburghii in the study area. 
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Figure 6. Test statistics  and  showing spatial associations 
between adult stage and two early stages in the life-history of Shorea roxburghii 

 
 

According to the statistic test  significant difference was found 
when comparing distributions of adult individuals of Shorea roxburghii and its juveniles 

(Fig. 6a) and its subadults (Fig. 6b). The statistic test  < 0 indicates a 
higher density of adults trees than juveniles around it at a scales of 29-30 m (Fig. 6a), 
and a density of mature trees is higher than a subadults at a scales of 28-30 m (Fig. 6b). 

Test statistic  showed significant differences from the null model of 
random for juveniles (Fig. 6c) but not for subadults (Fig. 6d). This test shows that 
juveniles have an independent cluster distribution compared to adults trees at a distance 
of 0-5 m. Results showed that there were strong additional clumping which were 
independent of adult individuals at earlier scales up to 5 m in the case of juveniles. For 

subadults, at scales 16 m,  > 0 meant that there were significantly less 
subadults surrounding adults compared with the adult–adult relationship (Fig. 6d). 

 
Heterospecific association of Shorea roxburghii 

The heterospecific association of Shorea roxburghii following its life stages is 
presented in Figure 7. 

The juveniles individuals of Shorea roxburghii were independent of the 
heterospecific adults (Fig. 7a). However, the subadults of S. roxburghii were marginally 
repulsed by heterospecific adults at a scale of 27 to 28 m (Fig. 7b). Likewise, adults 
individuals were also attracted by heterospecific adults at a scale of 10-29 m (Fig. 7c). 
There is competition for different species at the scale of 0-5 m. Thus, there is strong 
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evidence of interspecific repulsion existing between subadults and adults of Shorea 
roxburghii and its neighbours. 

 

 

Figure 7. The bivariate pair-correlation functions show association patterns between adults of 
remaining species and different life stages of Shorea roxburghii 

Discussion 

Dendrometric characteristics and diameter class distribution 

In the studied area, we found that the species Shorea roxburghii has the higher value of 
basal area, maximum dbh, important value index and lower median NN (nearest 
neighbour distance) when compared to four other dominant species (Aporosa 
planchoniana, Syzygium zeylanicum, Vatica odorata and Anisoptera costata). When it is 
compared to the remaining 106 species (except for four other dominant species), its 
maximum dbh value is very small. This can be explained by the fact that the species is 
threatened and logged as commercial timber and “white meranti” in many southern Asia 
countries where it is located including in South Vietnam (Pooma et al., 2017; Mun et al., 
2018). Logically, when people exploit a species for timber of plank production, they 
mainly focus their attention on individuals with bigger diameter than smaller ones. This 
could also be an explanation of why the species does not have many representatives in 
high diameter classes above 50 cm of dbh (Fig. 2). As found by Dupuy (1998) in tropical 
Africa forests and by Hoang (2010) and Pham et al. (2020) in Vietnam evergreen forests, 
threatened species are usually represented by smaller trees (in terms of dbh) in forest 
stands where they occur. But also, the reverse J-shaped distribution size structure of S. 
roxburghii (presence of many individuals in lower diameter classes) can suggest 
continuous population regeneration and environmental suitability for establishment and 
survival of seedlings (Dupuy, 1998; Nguyen et al., 2014). Thus, in Dipterocarpaceae 
forests where S. roxburghii is a dominant tree species, the similarity coefficient of value 
between mature individuals and regenerating individuals is high, 96.4% for the study 
conducted by Long et al. (2018) in the Tan Phu area of Dong Nai Province in Vietnam. 

 
Spatial patterns of Shorea roxburghii 

In the light of Figure 4a, b there exists strong competition within all adults 
individuals at scales ≤ 2 m. When the aggregation of individuals is observed at scales 
smaller than 20 m, it means that there is seed dispersal limitation or seed facilitation 



Quy et al.: Spatial distribution and interspecific association patterns between Shorea roxburghii G. Don and other tree species in a 
South Vietnam evergreen forest 

- 4677 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4665-4681. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_46654681 
© 2021, ALÖKI Kft., Budapest, Hungary 

(Hubbell et al., 2001; Nguyen et al., 2014). At larger scales, this aggregation may be 
obscured by the environmental heterogeneity (Nguyen et al., 2014) because local 
environment plays an important role in the spatial distribution patterns of tree species 
(John et al., 2007). One of possible explanations for the aggregated patterns of most 
species is the effect of dispersal facilized by the ability of pioneer species to establish 
their seed in the forest stand as they are to the proximity of parent trees (Dalling et al., 
2002; Fibich et al., 2016). 

The different life-history stages of Shorea roxburghii do not have the same spatial 
distribution patterns (Fig. 5f-h). Its juveniles and subadults showed clustered spatial 
distribution patterns at lower scales (Fig. 5f, g) while its adults showed regular or 
clustered patterns. The adults individuals were overdispersed at 1 m scale and random 
between 1-50 m scale. These different spatial patterns in the life-history of the species 
suggest dynamic changes in its population and existence of self-thinning process 
resulting from competition for natural resources (Nguyen et al., 2014) and confirm the 
fact that habitat heterogeneity can cause individual aggregation (Wang et al., 2020). 
This can be explained by the species’ light requirement at different stages (Nguyen et 
al., 2014; Cirimwami et al., 2017), its successional dynamics (Wédjangon et al., 2020), 
its crown spatial patterns (Blanchard et al., 2016) and the intensity of competition at 
each level of growth (Getzin et al., 2006; Guo et al., 2013). The density of Shorea 
roxburghii has a cluster distribution and decreases as the distance and age of the tree 
increases (dbh increases, from juveniles to subadults, adults) and changes to evenly 
distributed in adults trees. This is a clear sign of competition for nutrient space between 
plants and plants during growth. 

The cluster pattern distribution of forest tree individuals at distances less than 20 m 
which is often interpreted as seed dispersal limitation or facilitation (Hubbell et al., 
2001; Uriarte et al., 2004) while at larger scales, it may be obscured by environmental 
heterogeneity, e.g. rock outcrops, slope or soil nutrients (Harms et al., 2001; John et al., 
2007). The test results of the univariate L-function and the pair-correlation function 
showed that the environmental heterogeneity played a big role in the structuration of the 
vegetation in the study plot. Environmental heterogeneity in the same study plot in 
tropical rainforest subject is a fairly common phenomenon, it has been proven in many 
previously published studies, with cumulative density of all adult trees changed from 
regularity or random distribution to cluster distribution at distances over 20 m (Wiegand 
et al., 2007). 

In the spatial relationship between the life stages of forest trees, two important 
mechanisms, density-dependent mortality and gap-phase regeneration mode regulate the 
relationships of the life stages (Nguyen et al., 2014). Figure 6a and b also show that the 
density of subadults of S. roxburghii and juveniles around the adults is lower than that 
of the adult’s trees around it, the juveniles and subadults are distributed around the 
adults with similar density. This may be due to the density-dependent mortality rate, in 
particular governed by natural thinning that resulted in a decrease in the density around 
the parent plant (Wright, 2002). In addition, juveniles have an independent cluster 
distribution from adults trees (larger diameter size). Another mechanism could be the 
gap-phase regeneration mode (Hamill and Wright, 1986; Condit et al., 1992), however, 
considering the ecological characteristics of the species, previous studies on 
regeneration of S. roxburghii can see that it is a shade tolerant plant, so when it is young 
it needs to live under the mother tree or larger trees. So there is no gap-phase 
regeneration. 
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Conclusion 

This study conducted in rich southern evergreen forests of Vietnam aimed the 
understanding of population structure and spatial distribution patterns of Shorea 
roxburghii. This species is a Dipterocarpaceae threatened species from south Asia, 
classified as “Vulnerable” on the IUCN red list. 

In the broadleaf secondary forest in the study area, Shorea roxburghii is a shade 
tolerant tree species living in the lower layer. Its dbh size is small but densely 
populated, and with 4 dominant tree species, it can form the dominant tree species 
group. In terms of the IVI index, it accounts for the highest percentage, making it an 
important plant species in the stand. Shorea roxburghii has both regular patterns and a 
cluster pattern at small distances, but the general trend is to have cluster type 
distribution at a scale up to 25 m, the density decreases as the distance increases. This 
species has a cluster type distribution in the juveniles tree and subadults tree stage, 
evenly distributed or clustered in the adults tree stage. However, the general trend is 
evenly distributed as the age of the trees increases. Shorea roxburghii juveniles were 
found to have a cluster distribution independent of mature trees at a distance less than 
10 m. 

For this species (Shorea roxburghii), there is competition for different species and 
the same species at the scale of 0-5 m in adult stage. In the juveniles and subadults 
stage, the competition is not clear because the size of the small trees and the 
environment in the study plot is heterogeneous. Natural thinning and strong dispersal 
(winged fruit) are the mechanisms that govern the spatial distribution pattern of Shorea 
roxburghii species. In addition, the competition for the same species at the distance of 
0-5 m of mature trees should be considered when planting pure forest with this tree to 
expand the area of distribution of tree species. These findings are key resource for the 
conservation of this species and the forests in which it occurs. 

We recommend carrying out study to the influence of environmental factors (soil, 
altitude, topography, and climate) on the distribution characteristics of Shorea 
roxburghii species in future studies; on that basis the ecological information about this 
plant will be more complete. 
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Abstract. In order to understand fish fauna in the Muling river in Northeast China, an experiment was 
carried out in May, July and October 2015. This survey set up 28 sampling sites where 348 fishes were 
identified in total belonging to 4 orders, 5 families, and 22 species. The dominant species were Cobitis 
granoci, Rostrogobio amurensisi, Cobitis lutheri, Pseudorasbora parva, Phoxinus lagowskii, Perccottus 
glehni, Carassius auratus gibelio, Aristichthys nobilis in the Muling River basin. The diversity of species 
was analysed by the Shannon-Weaver and Pielou methods, which indicated few differences between 
sampling site of these two methods. Muling River showed an average Shannon-Weaver index of 1.97, an 
average Pielou index of 0.36, and an average Maralef index of 1.16. According to feeding habits, 
catchment fishes of the Muling river were divided into 7 functional groups: herbivores, insectivores, 
phytoplanktivore, zooplanktivores, benthivores, omnivores, piscivores. Canonical Correlation Analysis 
(CCA) found that, water environmental factors influencing fish functional groups varied between 
different seasons. In spring, the factors were total nitrogen (TN), oxidation-reduction potential (ORP), pH 
value (pH), water transparency (SD), conductivity (COND). In summer, the factors were total nitrogen 
(TN), oxidation-reduction potential (ORP), pH value (pH), dissolved iron (Fe), water temperature (WT), 
total dissolved solids (TD). In autumn, the factors were the same as that of in summer. 
Keywords: fish, freshwater, wetland, correlation, environmental variables 

Introduction 

Fish has an important position in the aquatic ecosystem, which distributed in various 
water bodies around the world (Holmlund and Hammer, 1999). Fish is the most 
biologically diverse group of vertebrates, accounting for more than half of the number 
of vertebrate species on Earth, and 40% of fish live in freshwater. There are nearly 
1,000 species of freshwater fishes in China, which are widely distributed in major water 
systems in our country. In the process of the evolution of various organisms, fish have 
gradually acquired more and more extensive habitats, which promotes them to have a 
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variety of physiological and ecological characteristics. Since the 1990s, countries 
around the world have gradually realized the importance of fish resource management. 
The continuous development of high technology such as fish investigation and 
monitoring, sustainable development and utilization of fish resources, and fishery 
product processing has improved water protection. The environment and fish species 
diversity have been recognized by major countries with fisheries (Wang et al., 2006). 
Moreover, because of the important economic position of fisheries in human society, 
when fish ecology research came out, it has achieved rapid development. Its scientific 
research results can not only provide scientific basis for water environment assessment 
and fish resource development and utilization, but also provide scientific basis for fish 
protection and aquatic product production. 

Humans can use the characteristics of fish to adapt to water bodies and regard them 
as a type of indicator organisms when evaluating the health of river ecosystems (Karr, 
1981). It is used to diagnose the degree of accumulation of chemical, physical and 
biological pollutants in the water body, thereby reflecting the quality of the water 
environment (Simon, 1999). In addition, as a tool for evaluating and monitoring water 
quality, fish has many unique conveniences. With a long life history, acceptance and 
long-term effects of biological conditions, it has a wider habitat range compared with 
smaller plankton and benthic animals, thus possesses a certain versatility. As an 
evaluation element, fish have larger biological individuals, which are more intuitive and 
easy to identify and identify during monitoring, and fish classification work is relatively 
complete, and the relevant scientific research results are accumulated, which makes the 
fish easy to capture and the data easy to measure and analyze (Xia et al., 2009). 
Biodiversity not only reflects the diversification and variability of organisms and the 
complexity of the ecological conditions of species habitats, it also reflects the diversity 
of biological organisms on Earth (Ma, 1994). Fish are important indicators of the water 
environment. Fish occupy an important position in the ecosystem. In recent years, 
human activities have had a huge impact on fish diversity, leading to the decline of 
species diversity, endangerment and extinction of species, miniaturization of fish, and 
changes to the structure and function of aquatic ecosystems (Chen, 1990; Sarkar et al., 
2012). Regarding the above issues related to fish diversity, humans use different 
targeted survey methods to monitor different water bodies. The "Handbook of 
Biodiversity Methods" (Giles et al., 2005) has detailed and specific descriptions of fish 
monitoring methods. These methods include traditional fishing gear, such as gill nets 
(Yang, 2012), trawl nets (Mao et al., 2016), various trapping nets including fixed nets 
(Shi et al., 2015), ground cages, shrimp cages (Xiao et al., 2015), etc., as well as modern 
fish hunters. Under different water environment conditions, hydroacoustic equipment 
such as instrument can be used as a reference when used for different purposes (Liu et 
al., 2016). The rational use of fishing tools can not only improve the ecological 
environment and contribute to scientific research, but also promote the harmonious 
coexistence of humans and organisms (Chen, 2014). 

In the history of the Muling River basin, fishery resources were very rich. The 
ancestors mostly lived on fishing. However, due to overfishing and environmental 
pollution and other factors, fishery resources have declined sharply in the past 30 years. 
With the intensification of human activities and the construction of water conservancy 
projects, the ecological environment of Muling River has undergone tremendous 
changes, and the structure of fish communities has also changed. In this study, by 
monitoring the fish diversity of the Muling River basin and measuring the water quality, 
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the status of fish resources was investigated and monitored, and the factors affecting the 
diversity of fish species were found. The evaluation provides a scientific basis for the 
restoration of fish diversity and watershed management in the Muling River bBasin. 

Materials and methods 

Study area 

Muling River has a total length of 834 km and a drainage area of 18427 km2. It is the 
largest tributary on the left bank of the Wusuli River, a border river in the northeast of 
China. The Muling River Basin belongs to the temperate semi-humid monsoon climate. 
The annual average temperature is 3.2℃, the average temperature in January is -19℃, 
the average temperature in July is 21.3℃, the average annual precipitation is 532 mm, 
and the frost-free period is 148 d. The Muling River is a mountainous river with a total 
river drop of 699 m and an average annual runoff of 2.35 billion m3. It is rich in 
hydropower resources. 

The Muling River Basin is divided into upper, middle and lower reaches according to 
geographical location. Most areas in the upper reaches of the mountain are mountainous 
and have a temperate continental climate. The winter is not only long and cold, but the 
summer is short but dry. The annual average rainfall is 531 mm. The rainfall is mostly 
in July, August and September. Floods mostly occur in late June and July and August. 
The upstream is not only the center of heavy rain, but also the source of flooding. The 
middle reaches are located in Mishan City, with the Wanda Mountains in the north, the 
Changbai Mountains in the south, and the Muling River alluvial plain in the middle, 
with Xingkai Lake, which is the largest boundary lake in the country. The downstream 
is located in the border city of Northeast China-Hulin City, located at the southern foot 
of Wanda Mountain, in the Muling River-Xingkai Lake Plain Area of the Sanjiang Plain. 
It belongs to a temperate continental monsoon climate, and it is a mild and humid 
climate zone in the Sanjiang Plain. 

Field sampling and laboratory analysis 

In May, July and October 2015, a three-season fish sampling survey was conducted 
in the Muling River basin. According to the characteristics of fish distribution, a total of 
28 sampling sites were set up from upstream, midstream to downstream. Three parallels 
were set for each sampling sites (Fig. 1, Table 1). 

The survey method is in accordance with the principles and requirements of the 
"Inland Water Fishery Natural Resources Survey Manual" (Zhang and He, 1993), and 
the identification of fish samples refers to the "Heilongjiang Province Fish History" 
(Zhang, 1995). Gillnet (40 m, 3-7 cm mesh) and electric fish device (2000W, 650V) for 
fish specimen collection. Some fish species cannot be accurately identified at the scene, 
and the specimens are marked, photographed and kept on file, and taken back to the 
laboratory for further processing. While sampling, local residents and fishermen were 
visited to learn more about the current status of the Muling River fish resources. 

According to the requirements of "Water and Wastewater Monitoring Method" 
(Fourth Edition) (MEP, 2002) and the needs of on-site investigation, the following 
environmental factors are measured: conductivity (COND), dissolved oxygen (DO), pH 
value (pH), water temperature (WT), oxidation-reduction potential (ORP), total nitrogen 
(TN), total phosphorus (TP), total dissolved solids (TD), nitrate nitrogen (NO2-N), 
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ammonium nitrogen (NH4-N), nitrate (NO3-N), chemical oxygen demand (COD), 
dissolved iron (Fe) and dissolved copper (Cu) and water transparency (SD). 
 

Figure 1. Location of sampling sites in the Muling River basin 
 
 

Table 1. The sampling stations and coordinates in the Muling River basin 

Sampling sites Coordination Sampling sites Coordination 

S1 44°01′48″N, 130°11′24″E S15 44°40′12″N, 130°26′24″E 

S2 44°03′36″N, 130°10′48″E S16 44°53′24″N, 130°30′36″E 

S3 44°03′00″N, 130°09′36″E S17 45°00′00″N, 130°32′24″E 

S4 44°04′12″N, 130°10′48″E S18 45°04′48″N, 130°40′12″E 

S5 44°04′48″N, 130°10′48″E S19 45°18′00″N, 131°00′36″E 

S6 44°11′24″N, 130°15′36″E S20 45°18′00″N, 131°03′36″E 

S7 44°13′12″N, 130°15′00″E S21 45°20′24″N, 131°31′48″E 

S8 44°13′48″N, 130°15′36″E S22 45°27′00″N, 131°52′12″E 

S9 44°21′36″N, 130°16′48″E S23 45°42′00″N, 132°25′12″E 

S10 44°24′36″N, 130°19′12″E S24 45°35′24″N, 132°36′36″E 

S11 44°28′12″N, 130°14′24″E S25 45°19′48″N, 132°48′36″E 

S12 44°28′12″N, 130°12′36″E S26 45°44′24″N, 132°57′00″E 

S13 44°29′24″N, 130°13′48″E S27 45°45′36″N, 133°06′00″E 

S14 44°34′48″N, 130°19′48″E S28 45°58′12″N, 133°40′12″E 
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Data analysis 

For data analysis the following indices were calculated: 
Pinkas index (IRI): 

 
 IRI = (N%+W%)×F% (Eq.1) 
 
where, N% is the percentage of a certain fish's tail to the total, W% is the percentage of 
a certain fish's mass to the total mass, F% is the percentage of the number of sampling 
points that a certain fish appears in the total number of sampling sites. 

Shannon-Weaver index (H'): 
 

 −=
=

s

i
ii PPH

1
2log'  (Eq.2) 

 
where, Pi is the percentage of the total number of i-th individuals to the total number of 
individuals. 

Pielou index (J'): 
 

 SHJ ln/''=  (Eq.3) 
 
where, H’ is the Shannon-Wiener index, and S is the total number of species. 

Margalef index (D): 
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(Eq.4) 

 
where, S is the total number of species, and N is the total number of all individuals. 

For the correlation analysis of fish functional groups in Muling River, CANOCO 4.5 
software is used to perform canonical correspondence analysis (referred to as CCA 
analysis) on fish species data and water environmental factor data. Before the analysis, in 
order to reduce the influence of extreme data, each data matrix (except pH value) is 
transformed by lg(x+1), and the sorting result is represented by a double sequence graph. 

Results 

Environmental factors 

The seasonal variations of environmental factors (mean ± standard error) values 
among the sampling sites in different seasons were presented in Fig. 2. We found that 
COND, pH, NO2-N, CODMn and SD showed the lowest values in summer. On the 
contrary, DO, WT, ORP, TN, TP, NH4-N, NO3-N, Fe and Cu showed the highest 
values in the same season. TD showing a continuous growth trend, and CODMn seasonal 
variation fluctuates little. 

Fish community structure 

A total of 348 individual catchment fish belongs to 4 orders, 5 families, 16 genera, 
22 species (Table 2). The Cypriniformes are the most numerous, with 19 species 
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(86.36%), and each of the remaining three orders (4.55%). At the family level, 
Cyprinids are also the most numerous, with 14 species (63.64%), followed by Loach, 
with 5 species (22.73%), Lamprey, Siluriaceae, and Channaidae family containing only 
one species each, accounting for 4.55% each. 
 

Figure 2. The seasonal variations of environmental factors (means ± standard error): 
conductivity (COND), dissolved oxygen (DO), pH value (pH), water temperature (WT), 

oxidation-reduction potential (ORP), total nitrogen (TN), total phosphorus (TP), total dissolved 
solids (TD), nitrate nitrogen (NO2-N), ammonium nitrogen (NH4-N), nitrate (NO3-N), chemical 

oxygen demand (CODMn), dissolved iron (Fe) and dissolved copper (Cu) and water 
transparency (SD) 

 
 
Variation of fish diversity index 

The annual mean of Shannon-Weaver index is 1.97 (Fig. 3) in the Muling River 
Basin, the mean of Pielou index is 2.94 (Fig. 4), and the mean of Maralef index is 1.16 
(Fig. 5). The three indices fluctuate little with the seasons throughout the year, and their 
changing trends are roughly the same. This shows that the fish species in the Muling 
River Basin are relatively stable. 

In spring, the mean of Shannon-Weaver index at each sampling site is 1.92, and the 
fluctuation range is 0.7~3.99, the mean of Pielou index is 0.36, and the fluctuation range 
is 0.16~0.8, the mean of Maralef index is 1.14, the fluctuation range is 0.28~2.68. 

In summer, the mean of Shannon-Weaver index at each sampling site is 2.02, and the 
fluctuation range is 0.92~4.02, the mean of Pielou index is 0.37, and the fluctuation 
range is 0.2~0.58, the mean of Maralef index is 1.16, the fluctuation range is 0.35~2.75. 
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In autumn, the mean of Shannon-Weaver index at each sampling site is 1.97, and the 
fluctuation range is 0.70~4.09, the mean of Pielou index is 0.36, and the fluctuation 
range is 0.17~0.55, the mean of Maralef index is 1.18, the fluctuation range is 
0.49~2.83. 
 

Table 2. List of catchment fish of Muling River basin 

Order Family Genus Species IRI 

Cypriniformes Cyprinidae Ctenopharyngodon Ctenopharyngodon idellus 45.76 

  Phoxinus Phoxinus phoxinus 7.2 

   Phoxinus percnurus 69.55 

   Phoxinus czekanowskii 52.91 

   Phoxinus lagowskii 9 

  Hemiculter Hemiculter leucisclus 187.95 

  Pseudorasbora Pseudorasbora parva 19.88 

  Abbottina Abbottina rivularis 241.65 

  Rostrogobio Rostrogobio amurensisi 31.95 

  Saurogobio Saurogobio dabryi 326.04 

  Cyprinus Cyprinus carpio haematopterus 4.32 

  Carassius Carassius auratus gibelio 84.24 

  Aristichthys Aristichthys nobilis 151.94 

  Hypophthalmichthys Hypophthalmichthys molitrix 133.92 

 Cobitidae Lefua Lefua costata 46.08 

  Cobitis Cobitis lutheri 24.65 

   Cobitis granoci 256.8 

  Misgurnus Misgurnus mohoity 831.39 

   Misgurnus bipartitus 67.21 

Petromyzoniformes Petromyzonidae Lampetra Lampetra reissneri 53.25 

Siluriformes Siluridae Silurus Silurus asotus 97.5 

Perciformes Eleotridae Perccottus Perccottus glehni 136.04 

 
 

Figure 3. Shannon-Weaver index (H’) of different sampling sites 



Sun et al.: Fish functional group diversity and analysis of influencing factors in the Muling River basin of northeastern China 
- 4690 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4683-4697. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_46834697 
© 2021, ALÖKI Kft., Budapest, Hungary 

 

Figure 4. Pielou index (J’) of different sampling sites 
 
 

Figure 5. Margalef index (D) of different sampling sites 
 
 
Correlation analysis of fish functional groups and water environment factors 

According to the food habit of the fish caught in the Muling River, especially the 
omnivorous fish, it is further refined according to the main source of food. For fish that 
do not have clear references to determine their feeding habits, they are inferred based on 
their close relatives and the structure of their feeding organs (Ding and Liu, 2011). The 
fish caught in the Muling River are mainly divided into seven types of functional groups: 
aquatic plant feeding (herbivores), aquatic insect feeding (insectivores), phytoplankton 
feeding (phytoplanktivores), zooplankton feeding (zooplanktivores), benthic animal 
feeding habits (benthivores), omnivores (omnivores), and carnivorous (piscivores). The 
coding of each functional group is shown in Table 3, and the data of different seasons 
and environmental factors of the catch were analyzed by Canonical Correlation 
Analysis (CCA) in CANOCO for Windows 4.5 software. 

In spring (Fig. 6), pH, TD, WT, DO negatively correlated with axis 1, NH4-N, NO2-
N, Cu positively correlated with axis 1. SD negatively correlated with axis 2, TN, ORP, 
COND, Fe, TP, NO3-N, and COD positively correlated with axis 2, NO3-N, COD, and 
DO relatively weakly correlated. From the perspective of vector length, SD, pH, TN, 
ORP, and COND are the environmental factors that mainly affect the functional groups 
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of the Muling River fish in spring. Function group FG1, FG2, FG3, and FG4 are 
distributed on the left side of axis 1 and below axis 2, and are mainly affected by 
hydrological factors (SD, pH, TD, WT). FG5 is distributed on the right side of axis 1, 
which is mainly affected by the concentration of nutrients (NH4-N, NO2-N, TN, TP) and 
hydrological factors (COND, ORP). FG7 is mainly affected by Cu and FG6 is not 
greatly affected by water environmental factors. 
 

Table 3. Catchment fish functional group composition and codes in Muling River basin 

Codes FGs Catchment 
FG1 herbivores Ctenopharyngodon idellus, Phoxinus phoxinus, Phoxinus lagowskii 
FG2 insectivores Phoxinus percnurus, Lefua costata, Misgurnus bipartitus 

FG3 phytoplanktivores 
Phoxinus czekanowskii, Rostrogobio amurensisi, Hypophthalmichthys 

molitrix 
FG4 zooplanktivores Aristichthys nobilis 

FG5 benthivores 
Hemiculter leucisclus, Pseudorasbora parva, Abbottina rivularis, 

Saurogobio dabryi, Cobitis lutheri, Cobitis granoci, Misgurnus mohoity 
FG6 omnivores Cyprinus carpio haematopterus, Carassius auratus gibelio 
FG7 piscivores Silurus asotus, Perccottus glehni, Lampetra reissneri 

Fish functional groups: aquatic plant feeding (FG1, herbivores), aquatic insect feeding (FG2, 
insectivores), phytoplankton feeding (FG3, phytoplanktivores), zooplankton feeding (FG4, 
zooplanktivores), benthic animal feeding habits (FG5, benthivores), omnivores (FG6, omnivores), 
carnivorous (FG7, piscivores) 

 
 

Figure 6. CCA tri-plot of fish functional groups and environmental factors in spring. 
Environmental factors: conductivity (COND), dissolved oxygen (DO), pH value (pH), water 

temperature (WT), oxidation-reduction potential (ORP), total nitrogen (TN), total phosphorus 
(TP), total dissolved solids (TD), nitrate nitrogen (NO2-N), ammonium nitrogen (NH4-N), 

nitrate (NO3-N), chemical oxygen demand (COD), dissolved iron (Fe) and dissolved copper 
(Cu) and water transparency (SD). Fish functional group: herbivores (FG1), insectivores (FG2), 

phytoplanktivores (FG3), zooplanktivores (FG4), benthivores (FG5), omnivores (FG6), 
piscivores (FG7) 
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In summer (Fig. 7), Cu and SD negatively correlated with axis 1, while COD, NO3-N, 
ORP positively correlated with axis 1. Meanwhile, TD and pH negatively correlated 
with axis 2, while TN, WT, Fe, DO, COND, NO2-N, TP, NH4-N positively correlated 
with axis 2. The correlation between COD, NO3-N, TP, NO2-N, NH4-N, SD, and Cu 
was weak. From the perspective of vector length, TN, Fe, WT, ORP, TD, and pH are 
the environmental factors that mainly affect the functional groups of the Muling River 
fish in summer. Functional group FG3 and FG6 are distributed on the left side of axis 1 
and below axis 2, and are mainly affected by hydrological factors (hardness, pH), other 
functional groups are less affected by water environment factors. 
 

Figure 7. CCA tri-plot of fish functional groups and environmental factors in summer. 
Environmental factors: conductivity (COND), dissolved oxygen (DO), pH value (pH), water 

temperature (WT), oxidation-reduction potential (ORP), total nitrogen (TN), total phosphorus 
(TP), total dissolved solids (TD), nitrate nitrogen (NO2-N), ammonium nitrogen (NH4-N), 

nitrate (NO3-N), chemical oxygen demand (COD), dissolved iron (Fe) and dissolved copper 
(Cu) and water transparency (SD). Fish functional group: herbivores (FG1), insectivores (FG2), 

phytoplanktivores (FG3), zooplanktivores (FG4), benthivores (FG5), omnivores (FG6), 
piscivores (FG7) 

 
 

In autumn (Fig. 8), WT and COD negatively correlated with axis 1, while pH, NO3-
N, COND and ORP positively with axis 2. Meanwhile, SD, DO, Fe and TP negatively 
correlated with axis 2. While, Cu, TN, NO2-N, NH4-N and TD positively correlated 
with axis 2. The correlation between SD and Fe was weak. From the perspective of 
vector length, NO3-N, NO2-N, Cu and DO are the environmental factors that mainly 
affect the functional groups of the Muling River fish in autumn. Functional group FG3 
and FG7 are distributed on the left side of axis 1 and above axis 2, mainly affected by 
WT and COD. FG2 is distributed on the upper side of axis 1 on the right side of axis 2, 
and is mainly affected by hydrological factors (COND, ORP) and nitrogen salt 
concentration (NO3-N, TN), FG5 is mainly affected by Fe and TP. The others are not 
greatly affected by water environmental factors. 
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Figure 8. CCA tri-plot of fish functional groups and environmental factors in autumn. 
Environmental factors: conductivity (COND), dissolved oxygen (DO), pH value (pH), water 

temperature (WT), oxidation-reduction potential (ORP), total nitrogen (TN), total phosphorus 
(TP), total dissolved solids (TD), nitrate nitrogen (NO2-N), ammonium nitrogen (NH4-N), 

nitrate (NO3-N), chemical oxygen demand (COD), dissolved iron (Fe) and dissolved copper 
(Cu) and water transparency (SD). Fish functional group: herbivores (FG1), insectivores (FG2), 

phytoplanktivores (FG3), zooplanktivores (FG4), benthivores (FG5), omnivores (FG6), 
piscivores (FG7) 

 
 
Discussion 

According to records, no relevant fish surveys have been conducted in the Muling 
River Basin, and the data available for reference is very limited. However, it is certain 
that due to external factors, the fish composition and distribution of the Muling River 
Basin have undergone obvious changes. Under the strong interference of human 
activities, the pressure of human activities has become an important factor affecting fish, 
which is reflected in the greater damage to the living environment of fish (Li et al., 
2012). The biological basis of fish bait, changes in fish community structure and 
biological characteristics all need in-depth investigation and research. Only a 
comprehensive investigation can formulate reasonable and effective protection 
measures. In addition, a monitoring system for fish and its ecological environment 
should be established to discover changes and development trends of the ecological 
environment in a timely manner through dynamic monitoring, understand the temporal 
and spatial laws of changes in the aquatic organisms' ecological environment in related 
areas, predict adverse trends and issue early warnings in time. 

In a few areas of the Muling River Basin, fish resources have not been strictly 
managed, and random fishing still exists, and the use of nets is denser, which makes 
juvenile fish repeatedly caught and reduces the number of replenishments. With the 
growth of residents on both sides of the Muling River Basin in recent years, the catch 
has continued to increase. Illegal fishing activities such as electric fish poisoning have 
brought great damage to the fish resources of the Muling River Basin. In order to ensure 



Sun et al.: Fish functional group diversity and analysis of influencing factors in the Muling River basin of northeastern China 
- 4694 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4683-4697. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_46834697 
© 2021, ALÖKI Kft., Budapest, Hungary 

the proliferation of fish resources, net meshes may be restricted to 10-15 cm in the 
future, the reproduction protection objects may be clearly defined, fishing licenses shall 
be implemented and fishing prohibited areas may be designated. It is hoped that the 
fishery department will strengthen management, resolutely implement the protection 
regulations and relevant laws and regulations, ban harmful fishing gear and fishing 
methods, and effectively protect juvenile fish resources (Liu and Cao, 1992). There are 
44 water pollution sources in the basin, and the total wastewater discharge of key 
industrial enterprises is 30,501,600 m3/a, accounting for 65.02% of the whole basin. 
Non-point source pollution occurred in the agricultural land, and a large amount of 
residual pesticides and fertilizers were lost to the river. Industrial enterprises along the 
Muling River Basin should strictly abide by the wastewater discharge indicators and do 
a good job of treatment before discharge. The abuse of pesticides and fertilizers is 
prohibited to reduce the amount of pesticides and fertilizers entering rivers in natural 
processes, and timely treatment measures should be taken for river sections with more 
serious pollution. 

In the upper reaches of Muling River, there are Tuanjie Reservoir, Chengzi River 
Irrigation District, Liumao Irrigation District, Lishu Irrigation District and other water 
storage projects and irrigation projects. There are 27 dams in the whole water area. Due 
to changes in hydrological conditions, the habitats of some fish have been greatly 
reduced, such as benthic species (such as loach) that are accustomed to living in rapids. 
Not only will the original habitat be lost, but also the source of bait will be lost, which 
directly leads to the loss of some fish breeding conditions. The construction of water 
conservancy projects has reduced the living space of fish, which has led to a decrease in 
population and genetic diversity (Li and Xie, 2004; Yang et al., 2011). In order to 
coordinate the contradiction between the construction of water conservancy projects in 
the Muling River Basin and the protection of fish resources, and to make up for the 
damage caused to the fish habitat by the construction of water conservancy projects, 
according to the characteristics of different habitats in the upper, middle and lower 
reaches of the Muling River, suitable river sections should be selected to establish fish 
nature reserves to ensure that most fish will not become extinct, especially endemic 
species. The principle of nature reserves is to maintain the original natural appearance 
of the ecosystem. Therefore, water conservancy projects should not be built in the upper 
reaches of the rivers selected as nature reserves, and industrial and mining wastewater 
should be controlled to minimize the interference of human activities. Also, the 
ideological awareness of the protection of fish resources should further be strengthened 
for the managers of the protected area and the local residents, so that they can more 
deeply realize the importance of protection. 

Fish functional groups are mainly classified according to their biological 
characteristics such as differences in feeding habits (Figuerola et al., 2012). By dividing 
functional groups, it is not only convenient to study the structure of fish communities, 
but also greatly simplifies the food web, which also opens up new ideas for scientific 
research (Bulman et al., 2001). The study of fish functional groups is mostly found in 
various sea areas. Hu et al. (2016) studied fish in the Qixing Islands Marine Special 
Reserve in Zhejiang Province, and Zhang et al. (2012) fish functional groups in the 
Bohai Sea and the East China Sea (Zhang et al., 2007). They also use the same 
functional species clusters to study the seasonal changes of fish, such as Li et al. (2014) 
on Laizhou Bay fish, and Lv et al. (2012) on the spring and autumn fish diversity in the 
Shandong waters of the Yellow Sea. The study of fish functional groups in freshwater 
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river basins only found in rivers in the transitional region between the warm temperate 
zone and subtropical zone in the south (Yan, 2013) and lakes in subtropical regions 
(Wang, 2014). The Muling River is located in the northern alpine region. Compared 
with the ocean, the salinity and pH value of the water body are different, which leads to 
different plankton community composition (Chapman, 1973). The increase in the 
concentration of nutrient salts (nitrogen and phosphorus) in the water body will promote 
the synthesis of chlorophyll a, and the density of phytoplankton will increase, thereby 
promoting the growth of zooplankton (Li and Yu, 2002), which will directly affect the 
phytoplankton feeding functional groups of fish and phytoplankton. Feeding functional 
group of zooplankton fish. 

The development of cold-water fish farming in the corresponding section of the 
Muling River has great resource potential, and it is possible to select and breed 
chickfish and tequila as the main economic fish for promotion. Both fish are suitable for 
breeding in cold spring water and mountain streams. In rich areas, the prospects for 
artificial breeding are promising (Cheng, 2015). While protecting fish resources, it can 
also increase people's income and improve people's livelihood. Artificial reproduction 
and release are common practices in countries all over the world to restore fish 
resources. It can supplement the size of fish populations and reserve a sufficient number 
of broodstock reserve groups. It can also preserve fish germplasm resources and 
maintain the species diversity of local indigenous fish (Yang et al., 2013). It is 
recommended that artificial breeding and releasing stations be established in suitable 
sections of the Muling River Basin, and artificial reproduction and releasing can be 
carried out in a planned way. While promoting the recovery of fish species, it can also 
increase fishery resources and increase residents' income. 

Conclusion 

A total of 22 species of fish caught in the Muling River Basin were identified in this 
investigation, belonging to 4 orders, 5 families and 16 genera. The three fish diversity 
indices do not fluctuate greatly with the seasons throughout the year, and their changing 
trends are roughly the same. It can be seen that the fish species of the Muling River are 
relatively stable. The fish caught in the Muling River are mainly divided into seven 
types of functional groups. The environmental factors affecting the functional groups of 
fish are slightly different from season to season. Spring is TN, pH, ORP, SD, COND, 
summer is TN, pH, Fe, ORP, WT, TD, and autumn is the same as summer. These 
environmental factors should be taken into account for future fish population restoration. 
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Abstract. Seed germination and flowering are two critical developmental transitions in the life cycles of 
plants. These transitions are coordinately regulated by exogenous environmental cues and endogenous 
hormonal signals to match plant establishment and reproduction to the appropriate seasons. The 
phytohormones, abscisic acid (ABA) and gibberellins (GAs), are the key players that antagonistically 
regulate seed dormancy and germination; ABA positively modulates dormancy induction and maintenance, 
while GA stimulates germination. For the control of flowering time, GA has been shown to have a positive 
role in the modulation of floral transition, whereas both positive and negative roles have been recorded for 
ABA in this process. DELAY OF GERMINATION 1 (DOG1) delays floral transition and functions in 
dormancy induction and maintenance, acting in parallel with ABA and/or GA. However, DOG1 is also 
involved in ABA and GA antagonism through affecting hormone biosynthesis and/or signal transduction 
pathways. Moreover, the expression of DOG1 is directly regulated by ABA. In this review, we summarize 
recent developments in seed dormancy and flowering research on the model plant Arabidopsis thaliana, 
focusing on the crosstalk between ABA, GA, and DOG1. Finally, the open questions and remaining 
challenges in this field are presented. 
Keywords: seed dormancy, flowering, phytohormone, DOG1, crosstalk 

Abbreviations: 13ox: GA 13-oxidase, 2ox: GA 2-oxidase, 20ox: GA 20-oxidase, 3ox: GA 3-oxidase, 
AAO3: abscisic aldehyde oxidase, ABA: abscisic acid, ABA2: ABA deficient 2 (short chain alcohol 
dehydrogenase), ABI: ABA INSENSITIVE, ABRE: ABA responsive element, AGL24: AGAMOUS LIKE 
24, AP1: APETALA1, AREB/ABF: ABRE-binding protein/ABRE-binding factor, BRs: brassinosteroids, 
CE1: coupling element 1, CHD3: chromodomain-helicase-DNA-binding domain, CO: CONSTANS, CPS: 
ent-copalyl diphosphate synthase, CTKs: cytokinins, Cvi: Cape Verde Islands, CYP707A: ABA 8’-
hydroxylase, DOG1: DELAY OF GERMINATION 1, DPA: dihydrophaseic acid, ent-CDP: ent-copalyl 
diphosphate, ET: ethylene, FLC: FLOWERING LOCUS C, FT: FLOWERING LOCUS T, FUL: 
FRUITFULL, GAs: gibberellins, GGDP: geranylgeranyl diphosphate, GID1: GIBBERELLIN 
INSENSITIVE DWARF1, JA: jasmonic acid, KAO: ent-kaurenoic acid oxidase, KO: ent-kaurene oxidase, 
KS: ent-kaurene synthase, Ler: Landsberg erecta, LFY: LEAFY, miRNAs: microRNAs, NCEDs: 9-cis-
epoxycarotenoid dioxygenases, NSY: neoxanthin synthase, PA: phaseic acid, PKL: PICKLE, PP2Cs: 
protein phosphatases type 2C, PRC2: Polycom Repressive Complex 2, PYL: pyrabactin-like, PYR: 
pyrabactin resistance, RCAR: regulatory components of ABA receptors, RY/Sph: RY/Sph element, SA: 
salicylic acid, SAM: shoot apical meristem, SCF: Skp1-cullin-F-box, SLs: strigolactones, SMZ: 
SCHLAFMUTZE, SnRK2s: Snf1-related protein kinases type 2, SNZ: SCHNARCHZAPFEN, SOC1: 
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1, SPL: SQUAMOSA PROMOTER BINDING 
PROTEIN-LIKE, TOE: TARGET OF EAT, TSF: TWIN SISTER OF FT, Ub: ubiquitin, ZEP: zeaxanthin 
epoxidase 
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Introduction 

As sessile organisms, plants cannot actively determine where they establish 
themselves, but they can adapt to environmental changes through several specific 
mechanisms. Annual plants acclimatize to their environment by precisely matching their 
life cycles, especially seed germination and flowering, to seasonal conditions (Huo et al., 
2016). Seed dormancy, which has been described as ‘the incapacity of a viable seed to 
germinate under favorable conditions’, is an important adaptive trait determining plant 
survival (Bewley, 1997; Finch-Savage and Leubner-Metzger, 2006). Seed dormancy is 
induced during seed maturation, preventing or delaying germination of maturated seeds 
until conditions are conducive to the beginning of a new life cycle (Baskin and Baskin, 
2004; Bewley et al., 2013). Flowering is another important adaptive trait for plant species 
and the correct timing of the transition to flowering is pivotal for the reproductive success 
of all flowering plants as its timing must match the right conditions for fertilization and 
seed dispersal (Huijser and Schmid, 2011; Yamaguchi and Abe, 2012). Recent studies 
have suggested that classic genes modulating flowering, such as FLOWERING LOCUS 
C (FLC) and FLOWERING LOCUS T (FT), also participate in the transition from seed 
dormancy to germination (Chiang et al., 2009; Chen et al., 2014; Zhao et al., 2015), 
indicating that seed dormancy and flowering may be coordinately modulated via 
overlapping molecular pathways (Huo et al., 2016). It is increasingly clear that 
germination cannot be considered in isolation from flowering since these two processes 
can have cascading effects on each other (Post et al., 2008; Huo et al., 2016), with 
consequences for life-cycle expression (Burghardt et al., 2015; Springthorpe and 
Penfield, 2015) and potentially also for adaptation (Chiang et al., 2013). 

Germination and flowering time are triggered and regulated by both exogenous 
environmental cues and endogenous hormonal signals (Huijser and Schmid, 2011; Conti, 
2017; Buijs et al., 2018). The status of germination and flowering depends on the balance 
between abscisic acid (ABA) and the gibberellins (GAs) (Finkelstein et al., 2008; 
Holdsworth et al., 2008; Lee et al., 2015; Shu et al., 2017). Abscisic acid is needed for 
dormancy induction and maintenance (Finch-Savage and Leubner-Metzger, 2006; 
Finkelstein et al., 2008; North et al., 2010; Dekkers and Bentsink, 2015), whereas GA is 
required for germination (Karssen and Lacka, 1986; Finch-Savage et al., 2007; 
Holdsworth et al., 2008; Née et al., 2017b). Gibberellin has a positive effect on floral 
transition (Ding et al., 2013; Hyun et al., 2016), while both positive and negative effects 
of ABA on flowering have been reported (Riboni et al., 2013; Wang et al., 2013). DELAY 
OF GERMINATION 1 (DOG1) delays floral transition and is a crucial player in dormancy 
induction and maintenance (Nakabayashi et al., 2012; Huo et al., 2016; Li et al., 2019). 
The DOG1-mediated regulatory pathway is distinct from those of ABA and/or GA (Huo 
et al., 2016; Shu et al., 2016b). However, DOG1 can carry out functions, central to ABA 
and GA antagonism, that influence hormone biosynthesis and/or signal transduction 
pathways (Tuan et al., 2018). Moreover, DOG1 expression is controlled directly by ABA 
(Graeber et al., 2010, 2013). 

In this review, we summarize recent advances, mainly in the case of the model plant 
Arabidopsis thaliana, associated with the modulation of seed dormancy and flowering, 
focusing on the three crucial players, ABA, GA, and DOG1. Finally, unanswered 
questions and future directions for research in this area will be discussed. 
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The roles of ABA metabolism and signaling in modulating seed dormancy induction 
and maintenance 

The phytohormone ABA is a master inducer and protector of seed dormancy (Vaistij 
et al., 2013), and both ABA content and related sensitivity have been shown to be 
important for these processes (Bewley et al., 2013; Finkelstein, 2013; Dekkers and 
Bentsink, 2015). The role of ABA in seed dormancy is conserved among different species 
(Dekkers and Bentsink, 2015). Evidence for the role of ABA in dormancy is provided by 
the dormancy variability observed among Arabidopsis seeds with altered ABA biogenesis 
or signaling genes. Seeds that lose the ability to produce ABA (Frey et al., 2011) or 
transduce the ABA signal (Ma et al., 2009; Park et al., 2009) have reduced seed dormancy 
levels. In contrast, seeds that accumulate high ABA levels, or those that possess an ABA 
hypersensitive phenotype, show increased seed dormancy (Cutler et al., 1996; Matakiadis 
et al., 2009; Martinez-Andujar et al., 2011; Nonogaki et al., 2014). Similar results were 
also reported for other species. An increase in ABA content resulted in an enhanced 
degree of seed dormancy in wheat (Chono et al., 2013). In tomato, defective ABA 
signaling resulted in nondormant seeds (Groot and Karssen, 1992) whereas higher ABA 
content increased seed dormancy levels (Thompson et al., 2000). Moreover, active ABA 
biogenesis is essential for the maintenance of dormancy in imbibed Arabidopsis and 
Nicotiana plumbaginifolia seeds (Grappin et al., 2000; Ali-Rachedi et al., 2004). 
Maintenance of seed dormancy is also determined by seed sensitivity to ABA (Tuan et 
al., 2018). Enhanced ABA sensitivity is necessary to maintain dormancy during 
imbibition of both wheat and Arabidopsis seeds (Barrero et al., 2010; Tuttle et al., 2015). 
These studies highlighted the important roles that ABA plays in seed dormancy. 

ABA metabolism 

The cellular level of ABA is modulated by its biosynthesis and catabolism (Nambara 
and Marion-Poll, 2005; Nambara et al., 2010; Tuan et al., 2018) (Fig. 1). Nine-cis-
epoxycarotenoid dioxygenases (NCEDs) catalyze the cleavage of 9-cis-violaxanthin and 
9’-cis-neoxanthin, which is the rate-limiting step in ABA biosynthesis (Schwartz et al., 
2003). Abscisic acid is inactivated either by hydroxylation or conjugation with a sugar. 
The catabolism of ABA occurs primarily through 8′-hydroxylation via the activity of 
ABA 8′-hydroxylase (ABA8′OH) (Nambara and Marion-Poll, 2005; Finkelstein, 2013) 
which is encoded by the CYP707A genes (Kushiro et al., 2004; Saito et al., 2004). All 
plant species identified to date have NCED and CYP707A as multigene families, 
indicating that the expression of these factors is important for the regulation of seed ABA 
levels and, consequently, dormancy and germination. 

ABA signaling 

The core ABA signaling pathway contains three master components: pyrabactin 
resistance (PYR)/pyrabactin-like (PYL)/regulatory components of ABA receptors 
(RCAR) family members, protein phosphatases type 2C (PP2Cs), and Snf1-related 
protein kinases type 2 (SnRK2s) (Cutler et al., 2010; Dekkers and Bentsink, 2015; 
Vishwakarma et al., 2017) (Fig. 2). A recent significant finding was the identification of 
the ABA receptors PYR/PYL/RCAR that have a major role in seed responsiveness to 
ABA (Ma et al., 2009; Park et al., 2009). Fourteen members of this protein family (PYR1, 
PYL1-13) are encoded in the Arabidopsis genome, with the pyr1 prl1 prl2 prl4 quadruple 
mutant displaying a strong ABA-insensitive germination phenotype (Park et al., 2009). 
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Members of the PP2C gene family, including ABA INSENSITIVE 1 (ABI1) and ABI2, are 
prominent regulators. Mutations in these genes result in ABA hypersensitivity 
(Koornneef et al., 1984; Gosti et al., 1999), suggesting that they are negative regulators 
of ABA signaling (Yoshida et al., 2015). A member of SnRK2 is a critical positive 
regulator of ABA signaling (Yoshida et al., 2015). Three Arabidopsis SnRK2 protein 
kinases (SnRK2.2, SnRK2.3, and SnRK2.6) have been indicated to function redundantly 
in ABA signal transduction (Nambara et al., 2010). The triple mutant of these kinases is 
almost completely insensitive to ABA and germinates precociously under conditions of 
high humidity (Nakashima et al., 2009). In the absence of ABA, PP2Cs repress SnRK2 
activity via dephosphorylation of its kinase activation loop; meanwhile, the ABA 
receptors PYR/PYL/RCAR form a complex with PP2C, which results in the repression 
of PP2C phosphatase activity and thereby activating SnRK2 in the presence of ABA 
(Finkelstein, 2013; Ng et al., 2014; Yang et al., 2017). The targets of active SnRK2 have 
been shown to be ABRE-binding protein/ABRE-binding factor (AREB/ABF) 
transcription factors, which induce the onset of ABA-responsive gene transcription (Ng 
et al., 2014). Among the AREB/ABF transcription factors, ABI5 (bZIP type) plays an 
important role in modulating seed ABA-responsive genes (Nambara et al., 2010; 
Finkelstein, 2013; Yu et al., 2015). 
 

Figure 1. The ABA metabolism pathway. Each box represents an enzyme. ZEP, zeaxanthin 
epoxidase; NSY, neoxanthin synthase; NCED, 9-cis-epoxycarotenoid dioxygenase; ABA2, ABA 
deficient 2 (short chain alcohol dehydrogenase); AAO3, abscisic aldehyde oxidase; CYP707A, 

ABA 8’-hydroxylase. PA, phaseic acid; DPA, dihydrophaseic acid 
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Figure 2. ABA and DOG1 influence seed dormancy via independent pathways. Solid lines 
denote the valid pathway and dashed lines denote the invalid pathway. Arrows represent 
positive regulatory role, while bars represent negative regulatory role. PYR/PYL/RCAR, 

pyrabactin resistance1/pyrabactin-like/regulatory components of ABA receptors; PP2C, protein 
phosphatase 2C; SnRK2, SNF1-related protein kinase 2; ABI3, ABA insensitive 3; ABI4, ABA 

insensitive 4; ABI5, ABA insensitive 5. RY/Sph, RY/Sph element; CE1, coupling element 1; 
ABRE, ABA responsive element 

 
 

Transcription is a key step in seed ABA responsiveness. In addition to ABI5, other 
transcription factor types, including ABI3 (B3 type) and ABI4 (AP2 type), are critical for 
ABA responsiveness in seeds (Finkelstein et al., 2002; Dekkers and Bentsink, 2015; Shu 
et al., 2018b). One pioneering study has revealed that abi3, abi4, and abi5 mutants exhibit 
an ABA-resistant germination phenotype and that these transcription factors seem to 
interact extensively (Söderman et al., 2000). These transcription factors appear to be 
conserved among different plant species and corresponding Arabidopsis orthologues are 
also present in monocots (Nambara et al., 2010). The ABI5/TRAB1, ABI4/ZmABI4 and 
ABI3/VP1 transcription factors target the ABA-responsive element (ABRE), coupling 
element 1 (CE1), and RY/Sph repeat element (Nambara et al., 2010), respectively, which 
act together to activate ABA-mediated transcription and consequently control seed 
dormancy and germination (Fig. 2). 

DOG1 functions independently of ABA in modulating the induction and 
maintenance of seed dormancy 

The DOG1 gene was first identified as a master quantitative trait locus for seed 
dormancy using recombinant inbred lines from a cross between the weakly dormant 
Arabidopsis ecotype Landsberg erecta (Ler) and the strongly dormant Arabidopsis 
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ecotype Cvi from the Cape Verde Islands (Alonso-Blanco et al., 2003). Both DOG1 and 
ABA have been found to modulate dormancy through independent pathways, although 
they have common downstream targets (Dekkers et al., 2016; Née et al., 2017a; 
Nishimura et al., 2018) (Fig. 2). In addition, DOG1 can control seed dormancy by an 
influence on microRNAs (miRNAs) miR156 and miR172 levels (Huo et al., 2016). Like 
the phytohormone ABA, DOG1 is essential for dormancy induction (Née et al., 2017a; 
Li et al., 2019); dog1 mutants are thoroughly nondormant and do not display any obvious 
pleiotropic phenotypes, except for reduced seed longevity (Bentsink et al., 2006). The 
effects of a lack of either DOG1 or ABA cannot be rescued by increasing the contents of 
the other (Nakabayashi et al., 2012). The DOG1 gene encodes a protein lacking domains 
with any known function and is localized in the nucleus (Bentsink et al., 2006; 
Nakabayashi et al., 2012; Dekkers and Bentsink, 2015). Importantly, it is expressed only 
in seeds and its expression increases during seed maturation (Bentsink et al., 2006). 

The DOG1 gene is highly conserved in the plant kingdom and homologs in diverse 
species have been shown to control seed dormancy (Ashikawa et al., 2014; Huo et al., 
2016). DOG1 genes have been described in dicots, including Brassica rapa, Lepidium 
sativum, and Sisymbrium officinale (Graeber et al., 2010, 2014; Carrillo-Barral et al., 
2015). Increased DOG1 expression was reported for ABA-treated L. sativum seeds, 
suggesting that DOG1 acts in germination timing in this species (Graeber et al., 2010). In 
S. officinale, SoDOG1 expression peaked at the onset of silique maturation, identical to 
that reported for Arabidopsis (Bentsink et al., 2006; Carrillo-Barral et al., 2015). In 
addition, DOG1-like genes have also been reported in monocots like Oryza sativa, 
Triticum aestivum, and Hordeum vulgare (Ashikawa et al., 2010; Sugimoto et al., 2010). 
Overexpression of a wheat DOG1-like gene increases the dormancy level in this species 
(Ashikawa et al., 2014). Interestingly, ectopic expression of DOG1-like genes from rice, 
wheat, and barley increases dormancy when expressed in Arabidopsis (Ashikawa et al., 
2013). Moreover, high DOG1 transcript levels during maturation may be involved in 
dormancy maintenance in imbibed S. officinale and Arabidopsis seeds (Nakabayashi et 
al., 2012; Carrillo-Barral et al., 2015). Hence, like ABA, DOG1 is also a key regulator of 
seed dormancy. 

The roles of GA metabolism and signaling in modulating seed germination 

The GAs stimulate seed germination in numerous plant species. Both GA content and 
sensitivity to GA are important for seed germination (Karssen and Lacka, 1986; Derkx 
and Karssen, 1993; Yamaguchi and Kamiya, 2002; Yamauchi et al., 2004; Ariizumi et 
al., 2013; Tuttle et al., 2015). The GA-deficient Arabidopsis mutant is non-germinating 
(Koornneef and Van der Veen, 1980). In agreement with this, GA deficiency in tomato 
results in non-germinating seeds (Koornneef et al., 1990). Semidominant gai mutants 
exhibit a GA-insensitive phenotype with reduced germination ability in both Arabidopsis 
(Koornneef et al., 1985; Derkx and Karssen, 1993) and grape (Boss and Thomas, 2002). 
Furthermore, imbibition leads to increased GA content as well as sensitivity to GA in 
both Arabidopsis and wheat seeds (Derkx and Karssen, 1993; Izydorczyk et al., 2017), 
indicating that increased GA content and sensitivity to GA are necessary for promoting 
seed germination. Therefore, the role of GA in seed germination appears to be conserved 
among plant species. 
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GA metabolism 

Gibberellin is the master plant hormone with a vital role in the regulation of seed 
dormancy and germination (Finch-Savage and Leubner-Metzger, 2006). The content of 
bioactive GAs in plant tissues is controlled by the equilibrium between its biosynthesis 
and inactivation (Yamaguchi, 2008; Tuan et al., 2018). The biosynthesis of GA is 
modulated primarily via reactions catalyzed by both GA 20-oxidase (GA20ox) and GA 
3-oxidase (GA3ox), while GA inactivation is mainly regulated via reactions catalyzed by 
GA 2-oxidase (GA2ox) (Yamauchi et al., 2004; Yamaguchi, 2006; Tuan et al., 2018) 
(Fig. 3). All plant species examined to date have GA20ox, GA3ox, and GA2ox as 
multigene families, indicating that these genes play significant roles in controlling seed 
GA levels and, consequently, dormancy and germination. 
 

Figure 3. The GA metabolism pathway. Bioactive GAs discovered in various plant species 
(highlighted dark grey) are exhibited (GA4 is considered to be the major bioactive form in 

Arabidopsis). GGDP, geranylgeranyl diphosphate; ent-CDP, ent-copalyl diphosphate; CPS, 
ent-copalyl diphosphate synthase; KS, ent-kaurene synthase; KO, ent-kaurene oxidase; KAO, 

ent-kaurenoic acid oxidase; 2ox, GA 2-oxidase; 3ox, GA 3-oxidase; 13ox, GA 13-oxidase; 20ox, 
GA 20-oxidase 

 
 
GA signaling 

Gibberellin signaling is activated as soon as biologically active GA is perceived via its 
receptor GIBBERELLIN INSENSITIVE DWARF1 (GID1) (Nakajima et al., 2006) 
(Fig. 4). The GID1 receptor is triggered upon GA binding, permitting recognition of 
DELLA proteins. Responses to GA, including induction of seed germination, require GA-
induced degradation of DELLA proteins, which function as negative GA signaling 
regulators (Salazar-Cerezo et al., 2018). Binding of GA to GID1 stimulates GA-GID1-
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DELLA complex formation (Murase et al., 2008), after which the complex is targeted for 
polyubiquitination through the F-box component of a Skp1-cullin-F-box (SCF) ubiquitin 
ligase, followed by DELLA degradation via the 26S proteasome (Dill et al., 2004; Fleet 
and Sun, 2005; Harberd et al., 2009; Gao et al., 2011; Wallner et al., 2016). 
 

Figure 4. The GA signaling pathway. A relief of inhibition induces seed germination. DELLA 
protein will be polyubiquitinated and then degraded through the ubiquitin-proteasome pathway. 

The arrows and bars denote the positive and negative regulation, respectively. GID1, 
gibberellin insensitive dwarf1; SCF(SLY1), Skp1-cullin-F-box; Ub, ubiquitin 

 
 
GA, ABA, and DOG1: focusing on the regulation of flowering time 

Accurate time of flowering is pivotal and significant for the growth and survival of 
plants under various environmental conditions. ABA has been implicated in the control 
of flowering time (Riboni et al., 2013; Wang et al., 2013). Nevertheless, the contribution 
of ABA to the regulation of flowering time remains controversial since both positive and 
negative effects have been documented (Riboni et al., 2016; Shu et al., 2016a). ABA acts 
as a positive regulator of flowering by activating FT and TWIN SISTER OF FT (TSF) 
genes during long days (Riboni et al., 2013, 2016). Mutants of ABA1 or ABA2 are 
deficient in ABA production and either do not flower under short days, or display a late 
flowering phenotype under long days (Riboni et al., 2013, 2016). ABA promotes floral 
transition upstream of the CONSTANS (CO) transcriptional activation (Koops et al., 2011; 
Yoshida et al., 2014; Riboni et al., 2016). The ABA-mediated FT activation requires CO 
and repressing ABA signaling remarkably reduces FT expression with little impact on the 
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accumulation of CO transcript (Riboni et al., 2016). ABA signaling thus influences CO 
activity and/or function rather than its transcript level (Riboni et al., 2016). ABI3 may 
have an effect on the expression of FT by inhibiting the CO activity via binding to the 
CCT domain (Kurup et al., 2000; Zhang et al., 2005). ABA negatively modulates ABI3 
through causing the ubiquitination and consequent proteasome-dependent degradation 
(Zhang et al., 2005). It is likely that ABA might promote the accumulation of FT via CO, 
partly by the degradation of ABI3 (Conti, 2017). Interestingly, it is also found that the 
physical interaction between ABI3 and CO might enhance the CO function, and further 
facilitate FT upregulation (Tiwari et al., 2010). ABA positively regulates ABI3 by 
promoting its transcription (Finkelstein, 2013). These results demonstrate that ABA 
might trigger ABI3 accumulation, and thereby stimulate FT expression by CO. The 
precise mechanism underlying the role of ABI3 in regulation of CO activity in the leaf 
warrants further exploration. 

On the other hand, ABA is also implicated in modulating floral transition downstream 
of FT, but through a negative way. In coincidence with this, loss of function mutants of 
positive modulators for ABA signaling pathway, abi3, abi4 and abi5, facilitate the floral 
transition, while overexpressing transgenic plants carrying these genes (ABI3, ABI4 and 
ABI5) exhibit late flowering phenotypes (Kurup et al., 2000; Zhang et al., 2005; Foyer et 
al., 2012; Wang et al., 2013; Shu et al., 2016a). These phenotypes may possibly result 
from a different action mode of ABA in the shoot apical meristem (SAM). It is suggested 
that the negative effect of ABA on floral transition is played by SUPPRESSOR OF 
OVEREXPRESSION OF CONSTANS 1 (SOC1) (Riboni et al., 2016). Numerous studies 
show that ABA directly activates FLC by ABI3, ABI4 and ABI5 (Wang et al., 2013; Shu 
et al., 2016a, 2018a). Consequently, ABA might reduce the SOC1 levels through 
activating FLC, leading to a delay in flowering. It is ABI4 and perhaps ABI3 that might 
contribute to the modulation of FLC and SOC1 during short days for ABI5 does not play 
a role in floral transition during these conditions (Wang et al., 2013; Shu et al., 2016a, 
2018a). Shu et al. (2018a) have proposed a working model for the effect of ABA on 
flowering. A moderate level of environmental stress (e.g., moderate drought), resulting 
in ABA accumulation, delays flowering until the stress abates, while a serious level of 
environmental stress (e.g., serious drought), eliciting marked ABA accumulation, 
stimulates floral transition to maximize reproductive success. Endogenous ABA 
accumulation (e.g., through transgene expression) also delayed flowering (Shu et al., 
2018a). 

The DOG1 gene has been found to influence both germination and flowering time 
(Chiang et al., 2013; Huo et al., 2016). In Arabidopsis dog1-3 mutants, there are no effects 
on flowering times under short- or long-day conditions (Huo et al., 2016). In contrast, 
suppression of expression of DOG1 leads to early flowering in lettuce (Huo et al., 2016), 
as also occurs in wheat (Ashikawa et al., 2014). DOG1 delays flowering time through 
indirectly inhibiting expression of FT in leaves and of SOC1 in apical meristems (Huijser 
and Schmid, 2011; Spanudakis and Jackson, 2014; Huo et al., 2016). Recent studies 
delineate a regulatory mechanism between DOG1 and ABA in the context of seed 
dormancy. DOG1 increases ABA signaling possibly through modulating the transcription 
of ABI5 and binding to ABI3 (Dekkers et al., 2016). It is obscure whether this pathway 
also operates in the SAM, and contributes to transcriptional inhibition of SOC1 via FLC 
activation. 

Gibberellin can regulate plant flowering time (Zhu et al., 2016; Gong et al., 2017; Shu 
et al., 2018b) and the positive effect of GA on floral transition has been extensively 
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investigated and documented (Srikanth and Schmid, 2011; Ding et al., 2013; Hyun et al., 
2016; Brambilla et al., 2017; Conti, 2017; Sawettalake et al., 2017). The lack of activity 
of any of the GA biosynthesis and signaling components can elicit defects in flowering 
(Wilson et al., 1992; Sun and Kamiya, 1994; Iuchi et al., 2007). Mutants defective in GA 
biosynthesis (ga1) display a moderate delay in flowering time during long days but never 
flower during short day conditions (Wilson et al., 1992). In agreement with the role of 
GA signaling in flowering, mutants impaired in GA perception (gid1), DELLA 
ubiquitination (sly1), or mutants with a dominant, non-degradable DELLA protein GAI 
(gai) show similar flowering phenotypes to the above-mentioned ga1 biosynthetic 
mutants (Griffiths et al., 2006; Willige et al., 2007; Galvão et al., 2012; Porri et al., 2012). 
Conversely, mutants with loss of function alleles in DELLA genes, show early flowering 
phenotypes (Galvão et al., 2012). Increasing levels of GA facilitate DELLA degradation 
(Harberd, 2003; Fu et al., 2004), while reduced GA levels increase DELLA accumulation 
(King et al., 2001; Silverstone et al., 2001). DELLA proteins interact with FLC, which 
inhibits floral transition by directly repressing the transcriptional activation of floral genes 
FT and SOC1 in the leaf and SAM, respectively (Li et al., 2016; Conti, 2017). In 
Arabidopsis, PICKLE (PKL) codes for an ATP-dependent chromodomain-helicase-
DNA-binding domain (CHD3) chromatin remodeling enzyme (Zhang et al., 2008). PKL 
is essential for GA-promoted floral transition and plays a positive role in modulating GA 
signaling (Park et al., 2017). PKL recruits the Polycom Repressive Complex 2 (PRC2), 
which elevates histone mark H3K27me3 levels in FLC, thus contributing to the 
expression of FT and SOC1 (Campos-Rivero et al., 2017). Floral transition is inhibited 
via DELLA and activated via PKL (Park et al., 2017). PKL is still needed to facilitate 
flowering in the lack of any functional DELLA (Park et al., 2017). Furthermore, DELLA 
opposes PKL function through direct protein-protein interaction (Zhang et al., 2014). 
Nevertheless, further studies are required to elucidate the detailed molecular mechanisms 
by which ABA, GA, and DOG1 modulate floral transition. 

An interaction web consisting of GA, ABA, and DOG1 is implicated in the control 
of seed dormancy and flowering time 

Recent studies have indicated that DOG1 stimulates the conversion of MIR156 and 
MIR172 transcripts to miR156 and miR172 through DOG1-stimulated expression of 
DICER complex components (Huo et al., 2016). miR156 binds specifically to 
SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) transcripts and elicits 
their degradation, which delays or inhibits flowering (Huijser and Schmid, 2011; 
Spanudakis and Jackson, 2014). SPL3/4/5/9/15 have been shown to target and induce FT 
expression in leaves and SOC1, AGAMOUS LIKE 24 (AGL24), FRUITFULL (FUL), 
LEAFY (LFY), and APETALA1 (AP1) expression in apical meristems (Huijser and 
Schmid, 2011; Spanudakis and Jackson, 2014). SPL9/10/15 can increase miR172 levels 
by stimulating MIR172 expression (Wang et al., 2009; Wu et al., 2009). miR172 promotes 
floral transition by inhibiting AP2-like floral repressor genes including AP2, TARGET 
OF EAT1 (TOE1), TOE2, TOE3, SCHLAFMUTZE (SMZ), and SCHNARCHZAPFEN 
(SNZ) (Wu et al., 2009; Zhu and Helliwell, 2011) and can also stimulate seed germination 
(Huo et al., 2016). However, how miR172 achieves this regulatory role is still unclear. 

The role of DOG1 in dormancy maintenance was found to be partially mediated via 
the regulation of GA metabolism through temperature-dependent changes in the 
expression of GA biosynthetic and inactivation genes (Kendall et al., 2011; Graeber et 
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al., 2014). The lower levels of FT and TSF in gid1agid1bgid1c triple mutants conferred 
a late-flowering phenotype in long days (Galvão et al., 2012). The decreased FT and TSF 
expression results from the inhibition of SPL3 expression by DELLA proteins in leaves 
and SPL3, SPL4, and SPL5 in the shoot apex (Galvão et al., 2012; Yu et al., 2012). The 
DOG1 content is positively correlated with the degree of seed dormancy partly due to the 
effect of DOG1 on ABA levels in the maturation stage (Chiang et al., 2011; Nakabayashi 
et al., 2012). In addition, DOG1 expression is directly modulated by ABA (Graeber et al., 
2010, 2013). Several studies have demonstrated that DOG1 enhances ABA signaling and, 
consequently, seed dormancy, through its interaction with PP2C (Née et al., 2017a; 
Nishimura et al., 2018) and likely also by regulating ABI5 expression and genetically 
interacting with ABI3 (Dekkers et al., 2016); this suggests that the role of DOG1 in 
modulating seed dormancy is coordinated with ABA (Nakabayashi et al., 2012). Both 
ABI4 and ABI5 negatively modulate floral transition by directly promoting FLC 
transcription (Wang et al., 2013; Shu et al., 2016a), while FLC further inhibits the 
expression of the florigen gene, FT (Shu et al., 2018a). In addition, ABI4 negatively 
regulates GA biogenesis, which represses the floral transition (Blazquez et al., 1998; 
Achard et al., 2004; Shu et al., 2013). Similarly, both ABI5-GA-flowering and ABI3-
FLC-FT-flowering cascades are proposed (Shu et al., 2018a). Furthermore, the ABI3-
GA-flowering cascade is valuable hypothesis to identify (Fig. 5). 
 

Figure 5. Underlying interactions between GA, ABA and DOG1 in the control of seed 
dormancy and flowering time. Seed dormancy and flowering are strongly regulated by the 
content and signaling balance between ABA and GA. DOG1 impinges on this balance and 

functions in largely parallel to it, and common downstream targets exist between both 
pathways. ABA in turn directly promotes the expression of DOG1. Solid lines indicate the 

documented pathway, while dashed lines are proposed from current studies and require further 
exploration. Arrows represent positive regulation and bars represent negative regulation 
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In the flowering pathway, FLC inhibits the genes FT and SOC1, eliciting low AP1 
level and thereby impeding flowering (Chiang et al., 2009). The master flowering time 
gene FLC stimulates seed germination as well (Blair et al., 2017; Auge et al., 2018). 
Shared pathways of germination and flowering emerge, with FLC-mediated germination 
acting by FT, SOC1, and AP1, similar to what emerges in FLC-mediation of flowering 
(Chiang et al., 2009). FLC modulation of germination subsequently acts by the pathway 
of ABA catabolism (via CYP707A2) and GA anabolism (via GA20ox1) in germinating 
seeds (Chiang et al., 2009). Vital components in the same pathway are shared between 
germination and flowering modulation, but downstream difference may arise. More 
research on the shared pathways between germination and flowering is clearly required. 

In summary, pleiotropy exists in the regulation of germination and flowering. Three 
important integrators for the modulation of floral transition, FLC, FT, and SOC1, also 
influence seed germination (Chiang et al., 2009; Chen et al., 2014; Blair et al., 2017). 
Hence, the three integrators are versatile genes that regulate both seed germination and 
floral transition. An interaction network consisting of ABA, GA, and DOG1 regulates the 
transition from seed dormancy to germination. In addition, the ABA, GA, and DOG1 
interaction network further extends and converges on the FLC, FT, and SOC1 integrator 
genes, which confers the function for the regulation of floral transition and seed 
germination. The three integrator genes are essential for the interaction network in the 
control of flowering and germination. Consequently, the ABA, GA, and DOG1 
interaction network regulates not only floral transition but also the transition from seed 
dormancy to germination. 

The influence of the environment on seed dormancy and flowering 

Various environmental cues determine the proper timing for germination and 
flowering. Temperature is a particularly important environmental factor influencing seed 
dormancy. Low temperatures during seed maturation increase seed dormancy levels by 
increasing the expression of the ABA anabolic gene, NCED4, as well as the expression 
of GA2ox6, a GA catabolic gene (Kendall et al., 2011). The expression of DOG1 is 
elevated and dormancy levels are enhanced under low temperatures during seed 
maturation (Chiang et al., 2011; Nakabayashi et al., 2012; Née et al., 2017b). Seed 
dormancy increases during the winter as soil temperature declines, while the expression 
of the DOG1, NCED6 (ABA synthesis), and GA2ox2 (GA catabolism) genes increases 
(Footitt et al., 2011). Thus, temperature affects seed dormancy both during seed 
maturation and in the soil via regulation of the ABA, GA, and DOG1 interaction network. 

Light is another environmental factor that positively affects seed germination, 
inducing increased transcription of the GA biosynthetic genes, GA3ox1 and GA3ox2, and 
enhancing the transcription of CYP707A2, an ABA catabolism gene (Cho et al., 2012). 
Previous studies have shown that blue light inhibits seed germination by promoting the 
expression of ABA synthesis genes and downregulating the transcription of GA anabolic 
genes (Gubler et al., 2008; Barrero et al., 2014). Red light and far-red light both control 
seed germination through changes in the levels of ABA and GA (Seo et al., 2006, 2009). 
Together, these observations imply that light affects seed germination at least partly by 
regulating the balance between ABA and GA. Whether light also influences DOG1 
expression and thereby seed germination is a worthwhile project for future investigation. 

Temperature and light can also affect flowering time (Srikanth and Schmid, 2011; Cho 
et al., 2017). This poses the interesting question as to whether the same regulators control 
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the ABA, GA, and DOG1 interaction network to modulate seed dormancy and flowering 
when temperature and light function as environmental factors. 

Conclusion and outlook 

The crosstalk between ABA, GA, and DOG1 in the regulation of seed dormancy and 
flowering is an interesting research area in plant molecular biology. Great advances have 
been made in our understanding of the molecular mechanisms involved in these processes 
using the model plant Arabidopsis thaliana. However, several open questions remain to 
be addressed. 

First, plant hormones, including ethylene (ET), brassinosteroids (BRs), jasmonic acid 
(JA), salicylic acid (SA), cytokinins (CTKs), and strigolactones (SLs), modulate seed 
dormancy and flowering, most likely by regulating the balance between ABA and GA. 
Nevertheless, the underlying mechanisms involved in this hormonal balance remain 
largely unclear. Consequently, it would be worthwhile to establish a metabolic and 
signaling network for these phytohormones to further elucidate the mechanisms 
regulating the ABA/GA balance as well as the crosstalk between ABA, GA, and DOG1. 

Second, it is necessary to obtain temporal and spatial expression information for the 
distinct parameters and factors that regulate seed dormancy and/or flowering through 
their effects on the interaction between ABA, GA, and DOG1, as only this type of 
information can be used to model the regulation of seed dormancy and/or flowering. 
However, we still know little about these parameters or the expression pattern of these 
factors, including those of NCED, CYP707A, GA20ox, GA3ox, GA2ox, DOG1, ABI, 
FLC, FT, SOC1, and AP1 (Figs. 1, 3 and 5), that act as the central components in the 
interaction between ABA, GA, and DOG1 and have a crucial function in seed germination 
and/or flowering. 

Third, although ABA has been indicated to control floral transition in both a positive 
and negative manner, the detailed mechanisms involved, particularly the distinction at the 
origin of ABA increases caused by moderate or serious environmental stresses and 
genetic changes, require further study. In addition, ABA and GA act synergistically to 
positively modulate flowering when ABA plays a positive role in floral transition. 
However, understanding of the crosstalk between ABA, GA, and DOG1 under this 
condition is also largely elusive. 

Finally, the genes implicated in other phase transitions may also be involved in 
controlling the transition from dormancy to germination, and genes acting at the seed 
stage can also regulate subsequent life stages. Consequently, it is possible that the 
pathway involved in the transition from dormancy to germination is shared with other 
phase transitions. The identification of a common regulatory web based on ABA, GA, 
and DOG1 would be a very worthwhile project. Altogether, these remaining scientific 
questions associated with ABA, GA, and DOG1 are worthy of further investigation. 
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Abstract. We used the bioindicator Lobaria pulmonaria (L.) Hoffm. to assess air pollution, particularly 
induced by heavy metals, in urban and peri urban regions in the city of Oran (N-W of Algeria) and 
evaluated their environmental impact. For this purpose, we adopted the active biomonitoring technique to 
monitor lead (Pb), Cadmium (Cd) and Chromium (Cr) bioaccumulation in transplanted Lobaria 
pulmonaria thalli and assessed the detoxification enzyme’s activity: Catalase (CAT), Ascorbate 
peroxidase (APX), and Guaiacol peroxidase (GPX) to examine the antioxidant system’s response to 
heavy metal-induced stress. This study, revealed significant bioaccumulation of Pb, Cd and Cr in the 
following order Pb > Cr > Cd, increasing significantly in time reaching 301.83 mg/kg with the highest 
concentrations recorded in the urban regions indicating high metallic pollution levels. Additionally, heavy 
metal concentrations were proven to be significantly correlated with the over expression of detoxification 
enzymes. The response of Lobaria pulmonaria to air quality, along with its bio-accumulative capacity, 
confirmed that it is indeed a good bio-indicator of atmospheric pollution, especially that induced by heavy 
metals. 
Keywords: ecotoxicology, bio monitoring, xenobiotic, bioaccumulation, bioindication, air pollution 

Introduction 

Air pollution is a significant ecological issue worldwide, which, as per the World 
Health Organization, influences the majority of the world’s population (WHO, 2018). 
Some activities generating progress and modernity in the urban communities, notably 
economic activities, industrialization and expansions in street traffic, in addition to the 
population growth, have caused a significant increase in air pollution levels, affecting 
humans and the ecosystem (Bouteraa, 2014; Rahal et al., 2018; Jiang et al., 2018). 
Indeed, previous studied found that pollutants of road emission origin are the most 
ubiquitous group of pollutants detected in plants tissues (Akomolafe et al., 2019). 

Air pollution incorporates a range of pollutants emitted frequently into the air, 
among which heavy metals (HMs), essentially resulting from road traffic, represent 
an important group (Belhadj, 2015). The danger of these non-biodegradable 
hazardous materials results from the fact that once in the atmosphere, they can travel 
several kilometers away from emission sources upon wind direction (Shahid et al., 
2017), and are capable to remain in nature through biomagnification, affecting thus 
human and environment even in areas far from contamination sources (Mahapatra et 
al., 2019). 
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The deterioration of air quality has severe consequences on human health. According 
to Çomaklı and Bingöl (2021), the exposure of humans to important heavy metals 
contents often causes serious health problems. Moreover, a lot of papers have also 
highlighted air pollution’s impact on the environment including lichens, and proved that 
heavy metal are responsible for altering physiological and morphological characteristics 
of these plants since lichens are sensitive to atmospheric changes and micro-climatic 
conditions (Akomolafe et al., 2019; Ilondu, 2019). Indeed, the impact of these 
hazardous depends on their concentration, their chemical properties, and on the 
resistance or the sensibility of the contaminated species (Kaur et al., 2021). However, 
even if heavy metal combinations are common in nature, their combined effects have 
not been extensively studied (Tkalec et al., 2014). 

As in many countries in the world, Algerian urban population continues to rise. In 
the western region, the city of Oran in particular, the regional metropolis and the 
country’s second-largest city, has known over the last decade a strong urbanization, 
reflected in a vast urban territory and numerous extensions, which has led to more and 
longer trips, mostly made by individual motorized transport. This, in addition to its 
industrial infrastructure, has led to an increase in atmospheric emissions (Kadri and 
Madani, 2015; Rahal et al., 2018) In addition, some topographical, geographical and 
climatic characteristics like humidity and dominant wind speed lead to a considerable 
increase in pollution levels in the various ecosystems, and more particularly in air 
(Stankevich et al., 2015). 

Due to a lack of appropriate instrumentation for monitoring air quality in Oran 
region, it became necessary to develop a bio monitoring system based on an 
alternative method of air quality assessment, involving bio-indicators. This use is 
based on their integrative nature regarding environmental factors. Indeed, “living 
beings are a reflection of the environment in which they evolve and their observations 
at the various levels of biological organization can provide indications of the quality 
of this environment” (Guelorget et al., 1986). Biomonitoring includes the use of 
different matrices among which lichens are the most used over the last years, because 
of their morphological properties since they get their nutriment directly from ambient 
air due to the absence of root and cuticle layer. In addition, lichens are very sensitive 
to environmental conditions which allows them reacting to ecological changes 
reflecting thus the environmental conditions, and also have an important 
bioaccumulation capabilities allowing them indicating the concentrations of 
atmospheric bio accumulated pollutants, as well as their spatial distribution (Deruelle, 
1978, 1983; Tyler, 1989; Alioua, 1995; Alioua, 2001; Alioua et al., 2008; Garrec and 
Van Haluwyn, 2002; Yemets et al., 2014; Kłos et al., 2018; Jiang et al., 2018; 
Ramade, 2007; Rola, 2020). 

In Algeria, bio-monitoring studies using lichens were conducted largely in the central 
and eastern regions (Rahali, 2002; Semadi and Deruelle, 1993; Alioua, 2001; Alioua et 
al., 2008; Belhadj, 2015). However, according to the Oran’s Directorate of 
Environment, no atmospheric biomonitoring study has ever been conducted in this 
region (DOE, 2018). 

The aim of this work is to investigate atmospheric heavy metal contents using the bio 
indicator Lobaria pulmonaria (L.) Hoffm. in the region of Oran, as an alternative 
approach in air quality assessment, and to assess the impact of these heavy metals on 
the studied species through examining the response of the plant’s antioxidant system to 
these stressors. 
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Materials and methods 

Study area 

The study region is located in the southwest of the Mediterranean (north-west of 
Algeria 35°42 N and 00°36 W). This region belongs to the semi-arid Mediterranean bio 
climatic zone with a six-month dry season (April to October with rare rainfall exceeding 
barely 30 mm) and abundant rainfall in winter. In addition, winds blow mainly from the 
north (19%) at 12 m/s and from the west (18%) at more than 17 m/s, with three other 
directions: southwest (14%), northeast (10%) and east (7%) reaching a maximum speed 
of 8 m/s. 30% of the time, the wind is calm (<1 m/s). (Bendaikha and Hadjadj-Aoul, 
2016). Moreover, the region of Oran is characterized by an important car fleet estimated 
at 357,988 in 2017, mainly in the Oran agglomeration, where the majority were vehicles 
in use for more than 20 years (OTD, 2018). 

This study has been conducted in twelve different sites in Oran covering both urban 
and peri urban region (Fig. 1; Table 1). 

 
Transplantation and sampling 

In this study we adopted the transplantation technique developed by (Brodo, 1961), 
which consists in introducing bio-indicators taken from a control site into the study sites 
(Fig. 2). We chose a foliaceous species, Lobaria pulmonaria (L.) Hoffm. an epiphytic 
lichen resulting from the symbiosis of a green algae and a cyanobacterium, while the 
fungus (Ascomycetes) provides protection against dehydration, the green algae 
(Dictyochloropsis reticulata) produces the carbohydrates necessary for the organism, 
and the cyanobacterium (Nostoc) allows the capture of atmospheric nitrogen necessary 
for growth (Carlsson and Nilsson, 2009). 

 
 

Algeria 

 

Figure 1. Geographical location of the study sites 
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Table 1. Description and geographical location of the study sites 

Site 
No. 

Site description Longitude/E Latitude/N Altitude (m) 

1 

An urban site located in the center of Oran next to the 
Pasteur high school, 20 m from the ALN boulevard on the 
seafront overlooking the port of Oran, and 20 m from a bus 

stop, this site is exposed to heavy road traffic and 
pedestrian traffic 

0°38’44.62” 35°42’18.64” 60 

2 

An urban site located in the center of Oran, next to the 
largest popular market in the city with a high pedestrian 

traffic during the day. This site is located 39.78 m from the 
1st November 1950 roundabout with a huge road traffic as 

it leads to one of the biggest hospitals in Oran 

0°38’41.47” 35°41’34.52” 110 

3 

An urban site characterized by a high density as it is located 
next to a middle school, and intense road traffic since it is 

situated at 72 m from the second peripheral highway and at 
155.35 m from the ANP roundabout 

0°38’32.93” 35°40’48.35” 102 

4 

An urban site located in the center of the city at 20.30 m 
from one of the largest roundabouts characterized by heavy 

road traffic, especially since it provides transportation to 
and from the main bus station which is 480.59 m away 
this site located near two service stations (at 383 m and 

329 m) 

0°36’39.30” 35°41’2.23” 90 

5 
an urban site located 10 m from a big roundabout, 

characterized by heavy traffic due to the presence of a bus 
station that considerably disturbs the traffic 

0°34’35.89” 35°42’53.12” 147 

6 

An urban site located 21 m from a large roundabout, it is 
located in the middle of a built-up area near several 
intersections. This site has physical and aesthetic 

characteristics suitable for high traffic and high density  

0°36’7.39” 35°42’57.59” 161 

7 

A peri-urban site located in the middle of a roundabout. 
This site is near to Oran’s airport and is located at 692.46 m 
from the national road N4, and 2.95 km from the Es Senia 

industrial zone  

0°35’33.13” 35°37’23.42” 89 

8 
A peri-urban site located in the center of the industrial zone 

of Es Senia, and at 886.04 m from the national road N4 
0°34’49.07” 35°38’44.55” 90 

9 

A peri-urban site located in the east of the Oran on the edge 
of the national road N11 linking the industrial zone of 
Arzew to the town of Oran, which is characterized by 
heavy traffic, especially during rush hours. This site is 
located 1.6 km from a gas station and 5.7 km from the 

industrial zone of ARZEW 

0°23’41.52” 35°47’34.31” 152 

10 

A peri-urban site located in the east of Oran on the edge of 
the national road N13 at 69.69 m from the industrial pole of 

Arzew. 
The site is located 1.85 km from the Arzew refinery, 
2.18 km from the power station and 1.41 km from the 

Sorfert company known for its toxic emissions 

0°20’37.72” 35°49’20.91” 82 

11 
A peri-urban site located in the east of Oran on the edge of 

the national highway N11 and at 13.42 km from the 
industrial zone of Arzew 

0°28’9.19” 35°45’42.36” 124 

12 

A peri-urban site located in the middle of the forest of 
Msila in the West of Oran, however this region is the 

favorite destination of Oranese to make outings, camping 
and picnik during which they opt for the combustion to 

prepare their meals 

0°49’1.09” 35°40’25.06”  507  
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a 

 
 
 
 
 
b                                  c 

 

Figure 2. Habitat of the lichen Lobaria pulmonaria and the followed transplantation technique. 
(a) habitat, (b) lichenic thalli transplnated in the urban site (1), (c) the peri-urban site (7) 
 
 
The thallus of Lobaria pulmonaria were collected with their phorophytes from a 

control site, located in the Seraidi forest 36° 55 N and 7° 40 E in northeastern Algeria, 
located far from major sources of pollution, and then transplanted to the study sites 
(Fig. 1), at a height varying from 1.5 m to 2 m (Fig. 2b). We carried monthly sampling 
during seven months from December 2018 to June 2019 in order to perform the various 
measurements. 

 
Analysis and measurement 

Heavy metal analysis 

We followed Deruelle (1978) technique for samples digestion. After drying samples 
for 72 h at 105 °C, they were crushed, placed in pill boxes and treated with 30% pure 
RP Norma hydrogen peroxide H2O2 until complete digestion. The digestion took place 
in an oven set at 90 °C for 72 h. Lead (Pb), chromium (Cr) and cadmium (Cd) analysis 
were performed using the ICP-OES Thermo Scientific iCAP 7000 (France). HM 
analysis include the HM particles deposited on lichen surface. For each heavy metal and 
for each site three replicates were carried out. 

 
Enzyme assays 

The investigation of enzymatic activity was proceeded in two stages. First, we 
prepared the enzyme extract from collected transplants and from the control site 
following the protocol of Loggini et al. (1999). The enzyme extract is used to prepare 
the reaction mixture respective for each enzyme CAT, APX and GPX. 

The catalase optical density is obtained at 240 nm following (Cakmaki, 1991) 
technique, the Ascorbate-peroxidase’s optical density is obtained at 290 nm following 
(Nakano and Asada, 1987) technique and the Guaiacol peroxidase’s optical density is 
obtained at 470 nm following (Fielding and Hall, 1978) technique. The 
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spectrophotometer used is a UV-VIS spectrophotometer (190-1000 nm) - JENWAY 
(France). For each enzyme and for each site three replicates were carried out (Fig. 3). 

 
 

a                                                b                                                       c 
 

Figure 1. Analysis and dosages in laboratory (a and b) HMs analysis by ICP-OES, (c) 
enzymatic activity analysis by UV-VIS spectrophotometer 

 
 

Statistical analysis 

The obtained data were subjected to a statistical analysis: 
• The two ways ANOVA is conducted for Pb, Cd, Cr, APX, GPX and CAT in 

order to study the significance of the spatio-temporal variation of each 
parameter. 

• We carried out a two-way ANOVA with co-variates for the three enzymes in 
order to investigate the influence of heavy metal accumulation on the spatio-
temporal variation of the enzymatic activity. 

• Post Hoc tests were carried out, notably the Tukey test to determine the 
significance between homogeneous group means and the Dunnett test to 
determine the significance between homogeneous group means and the control 
mean. 

• The correlation analyses between Pb, Cd, Cr concentrations and APX, CAT, 
GPX activities were conducted using a bivariate correlation test with Pearson’s 
correlation coefficient. 

 
XLstat and Minitab software packages were used to conduct the statistical analysis. 

Results and discussion 

Heavy metals results 

In general, the spatio-temporal variations in HM concentrations show that for the 
three metals Pb, Cd and Cr, the concentrations tend to increase from the first sampling 
comparing to control, regardless of the site in the following order Pb > Cr > Cd (Fig. 4). 
These concentrations varies depending on the study sites and continue to increase 
significantly (p = 0.000***) to reach a maximum of 301.83 mg/kg of Pb at site 5 during 
the last sampling of June. Moreover, results show a significant increase in Cd 
concentrations (p = 0.000***) with a predominance in sites 1, 4, 6 and 10 where we 
record close highest concentrations during the month of June. 
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Figure 4. Spatio-temporal heavy metal (lead (Pb), Cadmium (Cd), Chromium (Cr)) 
concentrations (mg/kg DW) bioaccumulated in thallus of Lobaria pulmonaria 

 
 
The results of post hoc tests for spatio-temporal heavy metal concentrations are 

shown in (Fig. 5). These results allow identifying site-specific and month-specific 
fluctuations in bioaccumulated heavy metal concentrations. In space, according to 
Tukey test the highest averages of Pb, Cd and Cr are recorded in site four. Averages of 
site four are significantly different from the control according to Dunnet test. However, 
in time, according to Tukey test, averages of Pb, Cd and Cr increase to reach maximum 
averages in the last month, these averages are significantly different from the control 
according to Dunnet test. The spatial variation of obtained HM concentrations made it 
possible to locate the most contaminated sites, since the bioavailability of these 
elements allows their bioaccumulation (Rola, 2020). 
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Figure 5. Heavy metal means recorded in space and in time in Lobaria pulmonaria thallus. The 
different letters show significant differences according to Tukey’s HSD (p < 0.05). Means not 
marked with a (*) are significantly different from the control site’s mean according to Dunnet 

(p < 0.05) 
 
 
Indeed, the concentrations of Pb, Cd and Cr bio-accumulated by transplants increase 

the closer they get to urban sites, in particular sites 1, 2, 4, 5 and 6, since urban sites are 
characterized by dense automobile traffic and high population concentration 
(Hamutoğlu et al., 2017; Kaur et al., 2021; Çomaklı and Bingöl, 2021). In fact, many 
studies reported a significant correlation between road traffic and the accumulation of 
HMs like, Pb, such as Belhadj (2015), Maizi and Alioua (2015), Rahali (2002) and 
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Semadi and Deruelle (1993) in Algeria, Tkalec et al. (2014) in Finland, and Abas et al. 
(2019) in Malaysia. Other factors, such as topographic variations, may also have an 
impact on HMs rated in the environment, especially in lichens. According to the work 
of Belhadj (2015), atmospheric particle concentrations are higher in low altitude areas 
than on slopes and mountains; this topographic factor explains the relatively low 
concentrations of HMs recorded in site 12 which is located in a mountainous region. 
These factors are in addition to lichens complex accumulation mechanisms, which are 
influenced by a variety of factors such as age, thallus size, and species-specific 
characteristics (Alami et al., 2014). According to Rahma et al. (2014), HM presence in 
the thallus of transplants is essentially associated with the lichen’s accumulative 
potential, which is attributable to the physiological properties of lichens allowing them 
to maintain pollutants in their tissues. Moreover, due to the lack of surface protective 
barriers, the thallus of lichens are highly permeable to airborne pollutants, especially 
heavy metals, considered as a major component of air pollution (Álvarez et al., 2015; 
Hamutoğlu et al., 2017). According to Garty et al. (1998) and Belhadj (2015), the 
capacity of lichens to absorb metals is directly related to their morphological and 
anatomical structures since lichens accumulate more HMs as their surface area 
increases. 

In addition, Angold (1997) reported that atmospheric pollutants from traffic origin 
are likely to contaminate natural vegetation located 80 m to 200 m from the road, while 
Viskari and Kärenlampi (2000) reported in a study conducted on snow samples and 
moss bags, collected 30 to 60 m from the road, a distance-dependent decrease in the 
deposition of inorganic air pollutants (Yemets et al., 2014), which explains the results 
we recorded in site 10 of our study, which recorded significant concentrations of Pb, Cd 
and Cr, although it is located far from the agglomeration. Indeed, this site is located on 
the side of the street that connects the agglomeration of Oran to the largest industrial 
zone of the country “Arzew”, which has an important road traffic, especially at peak 
hours, in addition to industrial discharges, considered as an important emissions source 
of HMs (Yemets et al., 2014). Furthermore, according to the obtained results, in the 
peri-urban sites located far from the city, notably sites 3, 7, 8 and 9, recorded HM 
concentrations are relatively low compared to the urban sites. These results are 
consistent with those of many authors who have studied the deposition of road 
pollutants according to distance from the road (Agnan et al., 2017; Kłos et al., 2018; 
McAdam et al., 2011; Pagotto et al., 2001; Škrbić et al., 2012). In particular, Yemets et 
al. (2014) found that the accumulation of Cr, Pb and Cd decreases with increasing 
distance from the source of pollution. 

Furthermore, the temporal variation of concentrations bioaccumulated by transplants 
over time shows the increasing of the levels of Pb, Cd and Cr, indeed, the literature 
usually reports on the temporal rises and decreases of the HMs accumulated by lichens. 
In fact, our experiment was conducted over two seasons, a winter season including the 
first three months, for which statistical analysis recorded the lowest concentrations of 
HMs, and a spring-summer season with higher concentrations of HMs, which is 
consistent with the results of Belhadj (2015), Maizi and Alioua (2015) and Abas et al. 
(2019). This temporal variation can be correlated with the environmental conditions that 
may influence the bioaccumulation of HMs (Agnan et al., 2017). In general, the wet 
season is marked by an important rainfall and a relatively high frequency of winds, as in 
the case of Oran, with rainfall up to 513 mm, and a dominant wind direction from North 
to West (18%) at 12 m/s and from South-East to East at a speed of 17 m/s (Bendaikha 
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and Hadjadj-Aoul, 2016). According to Alami et al. (2014) rainfall causes atmospheric 
purification and contributes to the leaching of pollutants from lichen thallus. Moreover, 
the impact of winds on atmospheric pollutant’s travelling seems to have a great 
influence on the accumulation of the pollutant (Semadi and Deruelle, 1993; Belhadj, 
2015). 

In addition, high concentrations of HMs during the summer period may also be 
correlated with the increase in pollution rates, due to the increase in road traffic intensity, 
and also to other factors such as: the effect of slope, long periods of drought, and the 
unequal distribution of road traffic which is reflected in the high concentrations of 
pollutants that remain in the atmosphere for a relatively long period (Belhadj, 2015). In 
addition, many papers reported that the concentrations of HMs absorbed in lichen samples 
are also influenced by exposure time (Garty et al., 1998; Yemets et al., 2014; Nimis et al., 
2002). Hamutoğlu et al. (2017) also found significant accumulation of HMs after 6 
months of transplantation along a highway, while Agnan et al. (2017) found that 
bioaccumulated amounts of HMs reached 964 mg/kg after 3 years of exposure. 

 
Enzyme assay results 

The spatio-temporal variation of the three enzymes CAT, APX and GPX shown in 
(Fig. 6) follows the same tendency as HMs. CAT variation is very highly important in 
space, according to the two-way ANOVA (p = 0.000***) and highly significant in time 
(p = 0.003**). CAT levels tend to increase to reach a maximum of 3.93. 108 

nmol/min/mg recorded in site 2 during the sampling of June. In addition, APX rates 
increase gradually to reach a maximum value of 901.67. 108 nmol/min/mg in site 2 
during the sampling of June. Based on the two ways ANOVA, variation in APX is not 
significant in space (p = 0.432) and very highly significant in time (p = 0.000***). 
Moreover, maximum GPX activity reaches 23.47.10-8 nmol/min/mg at site 4 in June. 
Variation in GPX activity is very highly significant in space and time (p = 0.000***). 
The results of post hoc tests for spatio- temporal enzymatic activity (Fig. 7) allows 
identifying site-specific and month-specific fluctuations in enzymatic response. 
According to Tukey’s test, the monthly averages of the APX increase significantly from 
the sixth month. While monthly averages of CAT increase significantly from the 5th 
month of exposure, these monthly averages are significantly different from control 
according Dunnet test. However, For GPX, Tukey’s test shows that monthly 
concentrations increase significantly from the first month of sampling. Regarding 
spatial averages of enzymatic activity, results show that averages of APX, GPX and 
CAT recorded in site 4, 5 and 6 are significantly the highest according Tukey test. 
These spatial averages are significantly different from the control at (p < 0.05) 
according to Dunnet test. 

Furthermore, results of the two ways ANOVA with covariates (Table 2) shows that 
GPX variation is very highly significant with bio accumulated Pb, highly significant 
with Cd (p = 0.001**) and significant with Cr (p = 0.047*). 

In addition, CAT and APX variations are significant with Pb (p = 0.011* and 
p = 0.002** respectively), very highly significant with Cr (p = 0.000***). However, the 
variation of the two enzymes is not significant with Cd concentrations. Lichens react 
quickly to deteriorating air quality and are extremely sensitive to other types of 
environmental changes (Agnan et al., 2017; Belhadj, 2015). In nature, lichens are 
exposed to a variety of stressors including HMs (Ilondu, 2019; Paoli et al., 2018; 
Yemets et al., 2014). 
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Figure 6. Spatio-temporal activity of Catalase (CAT), Ascorbate peroxidase (APX) and 
Guaiacol peroxidase (GPX) (in nmol/min/mg of protein ×10-8) in collected Lobaria pulmonaria 

thallus 
 
 
Table 2. Two ways ANOVA with covariates. Variation of APX, GPX, and CAT activity 
according to the variation of heavy metal concentrations 

Sources DL 
APX GPX CAT 

F value P value F value P value  F value P value 

Cd 1 1.31 0.256 13.09 0.001 0.41 0.522 

Cr 1 16.25 0.000 4.08 0.047 17.88 0.000 

Pb 1 10.27 0.002 16.46 0.000 6.90 0.011 

Sites 12 1.03 0.432 4.09 0.000 23.03 0.000 

Months 6 35.01 0.000 12.22 0.000 3.72 0.003 
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Figure 7. Means of enzymatic activity recorded in space and in time in Lobaria pulmonaria 
thallus. The different letters show significant differences according to Tukey’s HSD (p < 0.05). 
Means not marked with a (*) are significantly different from the control site’s mean according 

to Dunnet (p < 0.05) 
 
 
Our results reveal a highly significant spatio-temporal increase in activity of GPX 

and CAT, and a significant temporal increase in APX in Lobaria pulmonaria 
transplants. This increase is most likely due to increased antioxidant activity in cells 
because of reactive oxygen species formation (ROS). 
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In general, at the cellular level, ROS can be produced by normal metabolisms, like 
photosynthesis in chlorophyll cells; the ROS production in cells is low (240 µM s-1 02- 
and 0.5 µM H202 in chloroplast according to Polle (2001)). Several forms of stress, 
however, disrupt cell homeostasis and increase ROS production (240- 720 µM s-1 02- 
and 5-15 µM H202) (Bouziane, 2006; Chirva et al., 2019). At low concentrations, ROS 
are involved in cell signaling and defense responses, stimulating cells to develop 
strategies that involve an important antioxidant system including non-enzymatic and 
enzymatic components that protect them from destructive oxidative reactions (Serradj-
Ali Ahmed et al., 2014). Among these enzymes, catalase, APX and GPX belong to the 
primary defense mechanism against ROS by catalyzing the conversion of H2O2 to H2O, 
however, an increased level of antioxidant components is often correlated with 
increased stress (Chance et al., 1979; Jaskulak et al., 2019; Serradj-Ali Ahmed et al., 
2014). 

Indeed, according to Cui et al. (2022) the increase in H2O2 and O2 •− levels may be 
correlated with stress induced by heavy metals. In fact, the increase in the three 
enzymes activity: APX, GPX and catalase fluctuates according to accumulated HMs 
concentrations, which is shown in correlation matrices (Fig. 8). significant positive 
correlations between bioaccumulated heavy metal concentrations and enzymatic 
activity, which is consistent with the results of several authors (Álvarez et al., 2015; 
Jaskulak et al., 2019; Serradj-Ali Ahmed et al., 2014; Cui et al., 2022). In fact, it has 
been proven that the heavy metals are responsible for the detoxification enzymes’s 
activation and the increase of the expression of the gene coding for certain enzyme. 
However, antioxidant response in plan cells varies depending on the plant species, the 
type of metal ion, the metal concentration and the duration of exposure (Cui et al., 
2022). 

The most cytotoxic effects of HMs are indirect, through the stimulation of the 
production of reactive oxygen species (ROS) that alter the antioxidant defenses and 
generate oxidative stress (Cui et al., 2022). Indeed, many authors reported that the 
intracellular accumulation of HMs constitutes a potential metabolic risk for lichens, as 
HMs are recognized as being able to generate oxidative stress in living organisms, 
leading to the formation of ROS such as hydrogen peroxide (H2O2) superoxide ions (O2 
●-) and hydroxyl radicals (●OH) via Fenton or Haber-Weiss reactions (Álvarez et al., 
2015; Assad, 2017). 

The study of Bolan et al. (2014) in particular, confirms that the exposure to heavy 
metals affects redox homeostasis and leads to oxidative stress, while Cui et al. (2022) 
assumes that the increase in the superoxide anion levels is caused by the heavy metals 
accumulated by the plant. Other works shows that HMs have many toxic effects that can 
affect different metabolic pathways such as photosynthesis, respiration, etc. (Chiboub et 
al., 2019; Nash III, 2008; Vitali et al., 2019). Once inside the cell the non-essential 
heavy metal’s response can be represented by the bell curve with only the second and 
third phase: tolerance and toxicity involving detoxification enzymes. 

According to the statistical analysis of our results, APX levels are the highest 
compared to GPX and CAT, with non-significant correlations between APX and Cr, 
and between CAT and Cd. Indeed, the differences in affinity of APX (of the order of 
µM) and catalase (of the order of mM) for H2O2, produced in the presence of HMs 
makes the two enzymes react differently to this radical. In fact, APX acts as a 
messenger to activate defense systems, while catalase eliminates excess H202 during 
stress (Bouziane, 2006). 
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Figure 8. Correlation between heavy metal concentrations and enzyme activity. Based on a 
color scale from blue to red (cold-hot scale) to display correlations. The blue color corresponds 

to a negative correlation close to -1 and the red color corresponds to a positive correlation 
close to 1, the crossed boxes represent non-significant correlations 

Conclusion 

The active bio-monitoring of air quality in the Oran region, the first study of its kind 
to be conducted in this region, using the foliaceous lichen Lobaria pulmonaria has 
made it possible, on the one hand, to assess and locate air pollution in the region 
through the interpretation of the concentrations of HMs bio-accumulated by the 
transplants, which testifies to the bio-accumulative power of the studied bio-indicators. 
And at the same time, to understand the impact of air pollution in the studied region on 
the physiological parameters of the lichen Lobaria pulmonaria, the focus of our study, 
notably through the activation of the detoxification enzyme system, notably APX, GPX 
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and CAT. The study area lacks air quality bio monitoring studies as well as the air 
quality monitoring systems, the current research serves valuable information about air 
quality in this region which should be taken into consideration by the authorities, and 
which in particular can be used as a reference for long-term monitoring of pollution in 
the same region. Future studies should focus on the measurement of heavy metal 
concentration in the atmosphere in parallel with the detection of their concentration in 
lichens, and should focus also as on the study of the impact of air pollution on climate 
change. 
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Abstract. Analysing the land use and land cover change along with its cause and consequence on the 
livelihood of people as well as on the environment is important for sustainable development and 
management of natural resources. The present study focuses on analysis of land use and land cover 
dynamics using Landsat images with 30 m spatial resolution for upper Tamiraparani watershed located in 
Tamil Nadu state in India. ArcGIS 10.3 and ERDAS Imagine 14 have been used for the image processing 
to produce five land use and land cover classes in the watershed. The results after classification indicates 
that over the past 17 years, expansion of urban built-up and agricultural land have increased at a rate of 
195.2 ha/year and 37.1 ha/year respectively and contrary to this the share of forest land, barren land and 
water bodies shrunk with the rate of 118.2 ha/year, 96.6 ha/year and 17.6 ha/year respectively. It is 
understood that the urban built-up has intensively expanded at the expense of other land use and land 
cover without significant conservation measure. In particular, integrated approach with community 
participation is required in the watershed development for management of natural resources and 
sustainable development. 
Keywords: image processing, ecosystem conservation, environment, urban sprawl, ArcGIS and ERDAS 

Introduction 

Land use and land cover dynamics have become a major concern in the twenty first 
century, with remarkable implications for human survival. Land cover change refers to 
the change in the physical and biological characteristics of land on account of the 
modification of natural environments into built environments such as settlements or 
farm land for agricultural activities (Prakasam, 2010; Dezso et al., 2005). Recently, the 
research on land use and land cover change has drawn the attention of the researchers 
since these dynamics affect the hydrological cycle, natural biodiversity, land 
productivity and sustainability of the natural ecosystem (Nurelegn and Amare, 2014; 
Minale and Rao, 2012). This land use dynamics in recent years plays a wide role as 
driving force in alternating the global environment (Bae and Ryu, 2014). 

Land use and land cover change detection is essential for better understanding of 
landscape dynamic during a known period of time having sustainable management 
(Praveen Kumar and Sreenivasula Reddy, 2013). According to Abbas et al. (2010) 
alteration in land use and land cover significantly aggravates the phenomenon like soil 
erosion, land degradation, increased surface runoff, siltation, sedimentation, drought, 
migration, desertification with loss of biodiversity, decrease in productivity and famine. 
Though we have many controversies on the factors affecting land cover dynamics, few 
research studies states that demographic factor intensively hasten the land use dynamics 
(Abate, 2011). Increase in rate of population, insecure land use right and lack of credit 
facilities are some of the socio-economic factors which facilitates for the change of land 
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use and land cover. For the poor those are living under subsistence farming has no other 
option other than exploiting available natural resource. In major parts of the world, 
particularly in developing countries agriculture is the major livelihood of people, but 
primarily the most driver of land use change (Shiferaw, 2011). Relationship between 
various socio-economic conditions of the society, population pressure and 
physiographic feature, the land use type has resulted in land use change. Therefore, land 
use and land cover classification is used to analyse the interaction between socio-
economic and land use, which is contributed for the dynamics of land use and land 
cover change resulted from diversified and intensified agriculture and urbanization. 

Understanding the changes in landscape patterns and their interactions with human 
activities and natural phenomenon are very essential for proper land management and 
decision improvement. Today, the data available from earth resource satellites are very 
applicable and useful for land use and land cover change detection studies (Song et al., 
2011). With the aid of remote sensing and Geographical Information System (GIS) 
techniques, land use and land cover mapping has given a useful and detailed way to 
improve the selection of areas designed to agricultural, urban or industrial areas of a 
region (Deng et al., 2013; Dessie and Kleman, 2007). Application of remotely sensed 
data helps to determine the alterations in land cover in less time, at low cost and with 
better accuracy (NRSC and ISRO, 2011; FAO, 2004). Recent developments in GIS 
techniques provides suitable platform for data analysis, update and retrieval. 

Although there have been extensive reports of current researches, there is still much 
unknown about the impacts of regional land use change on ecosystem management. 
Though various studies have under taken about the extent and status of clearing of 
forest, land cover change and soil erosion in many parts of Tamil Nadu, these studies 
feebly recognized the land cover dynamics and its driving force. Therefore, the prime 
objective of the study was to analyse and identify the land use and land cover dynamics 
and its driving force in upper Tamiraparani watershed in the past 17 years. 

Study area 

The watershed considered for the study is upper Tamiraparani which is located in the 
upper reach of Tamiraparani river basin, a region located in southern part of Tamil 
Nadu in India with a geographic location of 80 33’ 01” N and 80 48’ 24” N latitude and 
770 10’ 16” E and 770 32’ 02” E longitude. The upper Tamiraparani watershed covers 
an area of about 514.33 square kilometers holding a population density of 621 persons 
per square kilometer covering the major portions Tirunelveli district with agriculture as 
main economic activity of the people. The river Tamiraparani originates from Agasthiya 
malai on the eastern slopes of Western Ghats of India and confluences with Bay of 
Bengal near Palaya kayal as shown in Figure 1. The upper Tamiraparani watershed 
occupies the head reach of river Tamiraparani and comprises of two reservoirs namely 
Papanasam reservoir and Servalar reservoir the major portion of the watershed is 
covered by forest land which ranged densely vegetated trees (natural forest), 
plantations, shrubs and bushes. The watershed is characterized with diverse topographic 
conditions like mountainous, dissected terrain with moderate and steep slopes. The 
upper Tamiraparani watershed lies within the tropical monsoon zone. Based on the 
hydro-meteorological features the monsoon period is Southwest monsoon period 
spanning from June to September and Northeast monsoon period spanning from 
October to December with an annual average rainfall of the basin is about 1526 mm. 
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The major crops cultivated in the watershed are paddy, banana, sugarcane, pulses, fruits 
and vegetables. The educational levels of farmers are favorable to adopt modern water 
management practices and cropping pattern. 

 

 

Figure 1. Index map of upper Tamiraparani watershed 

Data source and analysis method 

For the land cover and land use dynamics analysis the Landsat imagery was 
download from https://earthexplorer.usgs.gov/. The imagery was processes using 
ArcGIS 10.3 and classified with ERDAS IMAGE14 software. The details of the 
satellite data is presented in Table 1. Landsat 7 and Landsat 8 in path/row of 143/54 
with spatial resolution of 30 m were taken for the study (Meshesha et al., 2016; Clevers 
et al., 2004). The land use and land cover change detection of the watershed under the 
study was analyzed for last 17 years. Supervised classification was carried out to 
classify the Landsat images (Carlson and Sanchez-Azofeifa, 1999; Baulies and 
Szejwach, 1998). 

The parameters of the watershed like slope, slope length, slope width and stream 
network was obtained from the Digital Elevation Models (DEM) and the topography of 
the study area was defined by DEM which is used to describe the elevation of points for 
the given area at a spatial resolution of 30 m × 30 m. Finally about five land use and 
land cover were identified for the watershed. The five classes of use and land cover are 
given in Table 2. In order to get further information about the long term understanding 
of land use and land cover change practice in the watershed under study, focus group 
discussion have been conducted. For the discussion and in-depth interview elder 
peoples were selected as they assumed to have better local ecological information about 
the trend of land use and land cover change. 
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Table 1. Materials and their source used for the analysis 

S. No Images Resolution (m) Sensor Path Row 
Date 

(dd-mm-yyyy)  

1 Landsat 7 30 × 30 TM 143 54 04-09-2001 

2 Landsat 7 30 × 30 TM 143 54 15-10-2013 

3 Landsat 8 30 × 30 TM 143 54 03-03-2018 

 
 
Table 2. Description of land use and land cover class 

S. No. Land use and land cover class Description 

1 Forest land (FL) 
Region covered with thick natural forest, plantation forest 

and riparian forest 

2 Agricultural land (AL) 
Land allotted for cultivation of crops in seasonal, annual and 

perennial 

3 Urban built-up (UB) 
Settlements closely associated with cultivated land, urban 

settlements, industrial and commercial buildings and 
transportation regions 

4 Barren land (BL) 
Area with very little or no vegetation cover on land surface, 
vulnerable soil to erosion and degradation. It also includes 

bedrock which is unable to support cultivation 

5 Water body (WB) 
Is having surface water. It includes reservoirs, rivers, 

streams, ponds, lakes, Irrigation tanks and marsh lands 

 
 
After the classification process the geographical extent of the land use and land cover 

in terms of hectare was calculated for each mentioned time periods and the extent of the 
change in land use type between the periods and within the periods was compared. The 
land use and land cover class has been performed using both ArcGIS10.3 and ERDAS 
IMAGINE14 and using the following formula necessary calculation has been engaged 
to know the rate of change in land use and land cover in hectare/year and percentage 
share of each class has studied in the time periods. 

 

 ΔA (%) =  (Eq.1) 

 
where ΔA (%) = change in area of land use and land cover class between the time 
interval At1 and At2 in percentage. At1 = area of land use and land cover type at initial 
time. At2 = area of land use and land cover type at final time. 

The rate of change of land use and land cover type was calculated by the following 
formula: 

 

 ΔR  =  (Eq.2) 

 
where ΔR = rate of change in hectare per year, Z = recent area of land use and land 
cover type in hectare, X = previous area of land use and land cover type in hectare, 
W = the time interval that lapsed between Z and X in years. 
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Results and discussion 

Land use and land cover map 

Combinations of red, green and blue bands were adopted to display the layer stacked 
image in the standard color composite. In order to carry out the analysis false color 
composite bands 2, 3 and 4 used. 

In order to meet the basic requirements of the increasing human population, 
agricultural land and urban and has increased in all parts of the world at the expense of 
other land use class such as forest, barren land and water bodies particularly in the 
developing countries where the greater part of inhabitants are depending on urban for 
their survival (Asres et al., 2016; Ayele et al., 2016). In the present study similar trend 
in the watershed has been found where agricultural land and settlement area have 
increased over time in all the time period of analysis. A considerable land use change 
has been observed in the study region since 1990s. To illustrate this substantial change 
through over time due to various uses and the overall change was presented in the year 
2001, 2013 and 2018. 

 
Land use and land cover dynamics 

In the present study five classes of land use and land cover were presented namely 
forest land, agriculture land, urban land, barren land and water body. The land use and 
land cover dynamics is discussed in the following sections. 

 
Forest land 

The most prevailing land use cover class of the study catchment was forest 
resources which ranged densely vegetated trees (natural forest), plantations, shrubs 
and bushes. Thus in the study area, forest land occupies the major share of land cover 
class and the area covered by such forest could be deciduous, semi deciduous forest 
and mixed forest land. From the total area of the watershed in 2001 the share of the 
forest cover was 75%, in contrast the coverage slightly decreased to 69.7% in the year 
2013. It is evident that the decrease in forest cover corresponds to increase in the 
population and expansion of agricultural land. However, in 2018 the forest cover has 
regenerated by 1.4%. The decrease of forest in the initial periods between 2001 and 
2013 was around 2717.1 ha (5.3% lost), this is a considerable reduction in the forest 
cover given the expansion of built up area and agricultural fields and it is contradicted 
from the expectations. However, in the next period between 2013 and 2018 the share 
of the forest cover has increased by 1.4%. Therefore, over the period of 17 years in 
between 2001 and 2018 the share has decreased by 3.9%. On the basis of local 
ecological knowledge from interview and group discussion, factors like private and 
community level tree plantation helped in increasing the share of forest cover in later 
periods by 1.4% (between 2013 and 2018). 

 
Agricultural land 

Agricultural land is the region for crop cultivation for both annual and perennial 
crops. In the region under the study agriculture occupies a considerable land cover class 
(4.1, 7.7 and 5.3% in 2001, 2013 and 2018 respectively). This implies that the 
agricultural land cover has been increased at the expense of forest land. This is due to 
rise in demand on account of population growth, additional farm land required to meet 
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the food demand. Due to ever increase in cultivated land, farmer’s exerted pressure on 
forest land and other barren land. This further hastened the erosion and degradation of 
soil and similar studies elsewhere states that alarming population rates resulted for the 
change of land cover class through time. 

 
Urban built-up 

The urban settlements in the study watershed have shown a persistent increase in the 
time period of analysis. The total area of the watershed covered by settlement has 
increased by 3.7% from 2001 to 2013, 2.8% from 2013 to 2018 (Figs. 2, 3, 4; Table 3). 
Unlike other types of land use systems, the growth rate of both rural and urban 
settlements took the largest share by covering other land use types for instance forest, 
bushes, water bodies, agriculture and barren land. In the time period of study (2001–
2018) there has been 6.5% increase of settlement land within the last 17 years. This is 
because of continuous increase in population number they need addition land for 
settlement area, which costs 3319.11 ha of other land use type. 

 
Table 3. Land use and land cover area of upper Tamiraparani watershed 

LULC classes 

Land use and land cover area (ha) and percentage share 

2001 2013 2018 

Area (ha) % Area (ha) % Area (ha) % 

Forest land 38615.7 75.0 35898.6 69.7 36606.2 71.1 

Agricultural land 2097.1 4.1 3972.9 7.7 2727.6 5.3 

Urban built-up 1414.9 2.7 3311.3 6.4 4734.0 9.2 

Barren land 8501.0 16.5 7518.8 14.6 6859.4 13.3 

Water body 872.7 1.7 799.8 1.6 574.1 1.1 

Total 51501.3 100 51501.3 100 51501.3 100 

 
 

Barren land 

This type of land use within the stated years has shown continuously decreasing 
trend from 16.5% in 2001 to 14.6%, 13.3% in 2013 and 2018 respectively. With a 
declining trends in the first periods from 2001 to 2013 by 1.9% and further in the 
second periods from 2013 to 2018 further declined by 1.3%. That is for the last 
17 years; about 3.2% of barren land was changed into other type of land cover 
classes. This is due to ease of use of fixed plot of farm land in collaboration with 
alarming population rate growth negatively contributed for the decline of barren 
land. 

 
Water bodies 

This land use type includes reservoirs, ponds, lakes, streams and rivers within the 
watershed. In the study area water bodies covered only 1.7% in 2001 decreased to 1.6% 
in 2013 and further reduced to 1.1% in 2018 (Figs. 5, 6; Table 4). It is understood that 
this fluctuation water bodies in the analysis period (2001–2018) is that water harvesting 
habit of local people was low, though there is an increase in the rainfall trend within the 
watershed. 
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Figure 2. Land use and land cover map of upper Tamiraparani watershed 
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Figure 3. Land use and land cover type and area of upper Tamiraparani watershed in hectare 
 
 

 

Figure 4. Percentage share of land use and land cover of upper Tamiraparani watershed 
 
 

 

Figure 5. Change in land use and land cover of upper Tamiraparani watershed in hectare 
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Figure 6. Percentage change of land use and land cover of upper Tamiraparani watershed 
 
 
Table 4. Change in Land use and land cover of upper Tamiraparani watershed 

LULC classes 

Change in land use and land cover (ha) and percentage share 

2001–2013  2013–2018  2001–2018  

Area (ha) % Area (ha) % Area (ha) % 

Forest land -2717.1 -5.3  + 707.7  + 1.4 -2009.4 -3.9 

Agricultural land  + 1875.8  + 3.6 -1245.2 -2.4  + 630.5  + 1.2 

Urban built-up  + 1896.4  + 3.7  + 1422.7  + 2.8  + 3319.1  + 6.4 

Barren land -982.2 -1.9 -659.4 -1.3 -1641.6 -3.2 

Water body -72.9 -0.1 -225.7 -0.4 -298.6 -0.6 

 
 

Rate of land use and land cover change dynamics 

The rate of change of forest land, agricultural land, built-up land, barren land and 
water bodies of Upper Tamiraparani watershed is presented in Table 5. This results 
states that though the resource is fixed, there exist various rate of change in different 
land cover types. However, the change rate of different land cover types has slightly 
variable among themselves. 

The analysis indicates that between 2001 and 2013, agriculture land and built-up area 
has increased with the rate of 156.3 ha/year and 158 ha/year respectively caused for the 
outflow of other remaining land use classes. In the same period forest land, barren land 
and water body areas have decreased at the rate of 226.4 ha/year, 81.8 ha/year and 
6.1 ha/year respectively. But, between the periods 2013 and 2018 expansion of urban 
built-up persistently increased with a rate of 284.5 ha/year and in this period, in the 
forest land there exist an increment in rate of forest cover as 141.5 ha/year. Unlike the 
previous period, unexpectedly with the increasing rate of urban built-up, the forest land 
has increased with a rate of 141.5 ha/year which is understood from the local 
investigation that the conservation of forest land has gained the importance within the 
watershed. However, agricultural land, barren land and water bodies rapidly decreased 
at the rate of 249 ha/year, 131.9 ha/year and 45.1 ha/year in between 2013 and 2018. 
Over the last 17 years expansion of agriculture land and urban built-up area increased 
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with a rate of 37.1 ha/year and 195.2 ha/year respectively and contrary to this the share 
of forest land, barren land and water bodies shrunk with the respective rate of 
118.2 ha/year, 96.6 ha/year and 17.6 ha/year. The result of the finding is particularly 
urban built-up have intensively expanded at the expense of other land use and land 
cover without significant conservation measure. 

 
Table 5. Rate of change in LULC of upper Tamiraparani watershed 

LULC classes 
Rate of change (ha/year) 

2001–2013  2013–2018  2001–2018  

Forest land -226.4 141.5 -118.2 

Agricultural land 156.3 -249.0 37.1 

Urban built-up 158.0 284.5 195.2 

Barren land -81.8 -131.9 -96.6 

Water body -6.1 -45.1 -17.6 

Conclusion 

In the last 17 years land use and land cover dynamics have undergone a considerable 
change in the upper Tamiraparani watershed. The observations in the land use and land 
cover dynamics showed the expansion of urban built-up and agricultural land as 
leading. On the other hand the forest land, water body and barren land declined. Though 
there exist overall decline in forest land, in recent five year (2013 to 2018) observation 
the trend of forest cover was increasing and this was possible because of the initiative of 
the local communities and government in conservation of the forest land. Similarly 
necessary action ought to be considered such that the water bodies within the watershed 
are also conserved with necessary rain water harvesting technologies. The increase in 
forest cover promotes the surrounding environmental condition because massive soil 
erosion and land degradation would be reduced. This could be possible only by proper 
integrated approach in conservation activities within the watershed considering both the 
upstream and downstream of the water bodies along with the forest cover. There should 
be appropriate land management activities in the barren lands such that the land cover in 
this region is conserved. Proper control should be maintained in the urban sprawl within 
the watershed, since this is in the upper reach of river Tamiraparani. In addition to this 
conservation of the riparian zones near the water bodies is highly essential to promote 
and maintain the health of the ecosystem within the watershed. In general, site-specific 
community-based awareness should be created among the community within the 
watershed for appropriate utilization of the available resources as well as the 
conservation of the scarce resources such that rehabilitation of environment is proved to 
be very effective. 
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Abstract. Four 0.25-ha natural mixed broadleaf-conifer secondary forest plots (CK, T15, T25, T35) were 
established in Xiaoxing’an Mountains, PR China. The spatial pattern of plant community was studied by 
using O-ring statistical analysis method and field survey was carried out to estimate the carbon storage of 
trees. The research was done in order to explore the effects of different thinning intensities on the spatial 
and carbon distribution patterns of natural secondary forests in order to provide a reasonable forest 
management method. We described three main findings. (1) The spatial patterns of either the whole forest 
or the dominant tree species almost took on a random distribution. Thinning changed the distribution 
patterns of forest at ≤ 4 m scales, and the distribution changed from random distribution to cluster 
distribution. (2) It also altered the distribution of dominant tree species, the spatial correlation between 
dominant species changed from partial negative associations to independence or partial positive 
associations, and the negative associations in T35 plot were the lowest. (3) The carbon storage in the T15 
plot was significantly lower than that in the other plots at ≥ 10 m scales. The carbon storage in the T35 
plot was higher than that in the CK plot at almost all scales. In conclusion, the T35 plot optimized the 
forest structure and it was more beneficial to the carbon storage of natural mixed broadleaf-conifer 
secondary forests in Xiaoxing’an Mountains after 8 years thinning. 
Keywords: thinning intensity, O-ring statistical analysis, spatial pattern, spatial correlation, carbon 
storage 

Introduction 

Natural disturbance and anthropogenic disturbance work in parallel with competition 
to shape the spatial pattern of vegetation in boreal ecosystems (Felinks and Wiegand, 
2008; Gray and He, 2009). In natural ecosystems, altitude factors, climate factors, 
precipitation factors and soil factors worked together on the spatial distribution pattern 
of trees (Moeur, 1993). Among human factors, tending thinning was an important part 
of forest managements which changed the forest spatial structure and spatial distribution 
pattern, so the spatial correlation among different species and biomass distributions are 
also affected (Li et al., 2011; Duan et al., 2019). At present, most of the existing studies 
were about the effect of selective cutting on natural forest or tending thinning on 
plantation forest in population structures and distribution patterns (Shen et al.,2013; Wu 
et al., 2015). However, few scholars have studied the impact of tending thinning on 
nature secondary forest distribution patterns. 

A powerful tool to characterize the spatial pattern and spatial correlation is point 
patterns analysis, individual is regarded as a point with coordinate figure in a two-
dimensional space plane. The dominant tree species constitute a point set, and then, it 
will be drawn as a point graph. The spatial pattern and inter-specific association at 
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different scales are described on the basis of point graph (Diggle, 2003; Illian et al., 
2008; Law et al., 2009). This method is more rigorous in data requirements and it can 
maximize the use of spatial information. On the one hand, the point pattern analysis can 
judge the distribution state of population. On the other hand, it can describe diverse 
intra- and interspecies relationships at different scales (Yao, et al., 2020). As most inter-
tree interactions are expected to occur within 10 m scales (Stoyan and Penttinen, 2000; 
Getzin et al., 2008), so plots < 1 ha have been widely used to investigate tree spatial 
patterns in different environments (Svoboda et al., 2010; Aakala et al., 2012; Petritan et 
al.,2014; Sanatan and Bradley, 2018). However, some researchers have analyzed the 
spatial pattern of dominant tree species at different scales in plots < 1 ha but drew 
different conclusions. For example, Yang and Li (1985) reported that Tilia amurensis 
were randomly distributed in several 10 m × 10 m plots, while the results of Du (2012) 
suggested that Tilia amurensis showed a significant cluster distribution in a small scale 
of 0.16 ha permanent plot. These studies drew different conclusions because they had 
different scales, different analysis methods, and different natural and human factors. 

A large number of primary forests have been converted into secondary forests due to 
the degradation of top plant communities. More than 50% of China’s forest areas are 
secondary forests (Du et al., 2013), and natural mixed broadleaf-conifer secondary 
forests are typical forest types in Northeast China. Xiaoxing’an Mountains are the main 
natural forest areas in Northeast China. It is significant to explore the effects of different 
tending and thinning intensities on the spatial and carbon distribution patterns of natural 
mixed broadleaf-conifer secondary forests. It is very important for reasonable 
management forests and the development of forestry carbon sinks. In this study, the 
sites after 8 years tending thinning (thinning intensities were about 0, 15%, 25% and 
35%) in Xiaoxing’an Mountains were selected, and analyzed the spatial distribution 
pattern and carbon distribution pattern of these plots through sample plot investigation. 
Using the spatial point pattern analysis method, the spatial distribution patterns and 
associations of dominant tree species of different tending and thinning intensities were 
analyzed. It provides the basis for further scientific management of natural secondary 
forests of Xiaoxing’an Mountains. The O-ring statistic was used for point pattern 
analysis at various scales (Hao et al., 2007). In this study, it was used to analyze the 
spatial patterns and the spatial correlations between different dominant tree species. 

In order to evaluate the tending and thinning effects of natural secondary forest in 
Xiaoxing’an Mountains comprehensively, the spatial structure and carbon storage of 
stands at different scales were used as indicators to explore the optimal intensity after 
thinning for 8 years. 

Materials and methods 

Study sites 

We conducted this study in natural mixed broadleaf-conifer secondary forest located 
in Dongfanghong Forest Farm, Yichun City, Heilongjiang province, Northeast China, 
with latitude 128°37′46″ - 129°17′50″ and longitude 46°50′8″ - 47°21′32″ (Fig. 1). The 
average elevation of this area is 600 m above sea level, the average slope is 14° in the 
northwest direction. The average annual precipitation is 661 mm, mainly concentrates in 
July and August. The top climatic community in the study area is mixed broadleaf-
conifer secondary forest, and the dominant tree species are Picea asperata, Abies fabric, 
Acer mono, Acer tegmentosum, Fraxinus mandshurica Rupr, Pinus koraiensis Sieb. et 
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Zucc and Tilia tuan Szyszyl. The types of shrubs include Acanthopanax senticosus 
(Rupr. Maxim.) Harms, Spodiopogon cotulifer (Thunb) and so on. 

 

 

Figure 1. The Research area of Xiaoxing’an Mountains 
 
 

Data collection 

In 2012, the experimental sites with relatively consistent stand conditions were 
selected for tending thinning. At the same time, repair planting was carried out in the 
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thinning sites, the replanting trees included Pinus koraiensis Sieb. et Zucc., Picea 
asperata, and Larix gmelinii. These experimental sites were surveyed repeatedly in 
August 2019. In these sites, we established four 0.25-ha (50 m × 50 m) plots, which 
marked as CK (control area, non-thinning), T15 (thinning intensity was about 15%), T25 
(thinning intensity was about 25%), T35 (thinning intensity was about 35%). Each plot 
was divided into one hundred 5 m × 5 m quadrates. Our survey was based on these 5 m 
× 5 m quadrates. All free-standing tree stems ≥ 5 cm diameter at breast height (DBH, 
1.3 m above the ground) have been measured. The measuring contents include tree 
species, coordinate position, DBH, height, tree crown, branch height and so on. Table 1 
shows the basic status of thinned forests. 

 
Table 1. Basic status of thinning stand (mean ± SD) 

Thinning 
treatment 

Elevation 
(m) 

Diameter at 
breast height (cm) 

Tree 
height (m) 

Basal area at breast 
height (m2·hm-2) 

Stand density 
(plant·hm-2) 

Canopy 
density (%) 

CK 457~492 16.62±4.62 11.69±3.06 2.59±0.67 958 90 

T15 504~509 13.53±2.97 9.69±2.03 2.38±0.53 1183 92 

T25 487~540 15.96±3.45 11.48±2.77 1.96±0.46 925 81 

T35 468~499 16.31±3.98 11.09±2.43 2.12±0.63 733 76 

 
 

Data analysis 

Ripley’s K or L function have been used frequently in point pattern analysis 
(Rozas, 2006; Fajardo et al., 2006). Ripley’s K or L function is  used to analyze the 
spatial patterns of species in a circle of radius r centered at one point. When the 
space scale increases, the Ripley’s K or L function have the problem of small -scale 
accumulation, because the results include all information in the circle. Therefore, O-
ring statistical analysis is developed on the basis of Ripley’s K or L function and 
Mark function (Stoyan and Stoyan, 1994). The O-ring statistical analysis replaces 
the circles with rings, so cumulative effects on small scales are eliminated. The O-
ring statistical analysis gives an intuitive interpretation of a neighborhood density 
and is especially sensitive to small-scale effects (Wiegand and Moloney, 2004; Illian 
et al., 2008). 

The O-ring statistics includes both univariate and bivariate statistics (Getzin et 
al.,2006). The univariate statistics are used to analyze the spatial pattern of one object, 
while the bivariate statistics are used to analyze the spatial association of two objects 
(pattern 1 and pattern 2). The choice of null models is very important to ensure the 
accuracy of data analysis in O-ring statistical analysis (Zhao et al., 2011). In this 
study, univariate O-ring statistics was used to analyze the distribution pattern of each 
dominant tree species in the sample plot. Bivariate O-ring statistics were used to 
analyze the spatial correlation between dominant tree species in the sample plot. For 
the univariate O-ring statistic, analyze the spatial distribution of dominant tree species 
in each thinning plot, if there are no strong aggregation phenomena, complete spatial 
randomness (CSR) is chosen as the null model. If there are obvious indication of 
strong aggregation, the heterogeneous Poisson process was adopted. The confidence 
intervals of dominant tree species of spatial distributions were simulated by Monte 
Carlo. Departure from a given null model was tested by comparing the pair correlation 
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function of point data with the 5th lowest and 5th highest value of 99 Monte Carlo 
simulation to generate an approximately 99% simulation envelope. If the point was 
above the upper envelope, it indicated clumped. If the points between the envelopes, it 
indicated random. If the points under the lower envelopes, it indicated regular. For the 
bivariate O-ring statistic, the spatial correlation between two dominant species in the 
experimental plots was compared using the CSR. According to Monte Carlo 
simulation results, in these analyses, points above the upper envelope indicated 
positive associations, points between the envelopes indicate spatial independence, and 
points below the lower envelope indicate negative associations. All point pattern 
analyses were conducted using Programita software (Wiegand and Moloney, 2004) 
and Spatstat library (Baddeley and Turner, 2005) in R (3.6.3). Details on the 
estimators of the summary statistics and edge correction used in Programita can be 
found in Wiegand and Moloney (2014). 

 
Cumulative carbon reserve estimation 

The biomass estimation of P. asperata and A. fabric were based on the biomass 
equations, which were established by Hu in this area (Hu et al., 2015). The biomass 
estimations of A. mono and A. tegmentosum were carried out by using the ten biomass 
models in Northeast China which established by Wang (2005). In each plot, 2~3 
standard trees of dominant tree species were selected in order to avoid different carbon 
content which caused by different thinning intensities, different tree species and so on. 
Samples were taken from trunk, branches, leaves and skins of dominant tree species. 
And then the carbon content were determined by potassium dichromate oxidation-
external heating method in the laboratory. 

The product of individual biomass and carbon content was the individual carbon 
storage, and cumulative carbon storages were obtained by accumulating the individual 
carbon storage of quadrats. To consider that the quadrats had various tree species, 
spatial distributions and growth states, so the cumulative carbon storages did not grow 
in a straight line on different spatial spaces. Therefore, ten quadrats of 5 m × 5 m, 10 m 
× 10 m, 15 m × 15 m, 20 m × 20 m, 25 m × 25 m, 30 m × 30 m were generated 
randomly in the plots (Duan et al., 2015). It was used to analyze the partial 
characteristics of cumulative carbon reserves under different spatial patterns. 

Results 

Stand structure 

There were 539 living trees of four dominant species with the DBH ≥ 5 cm in four 
experimental plots (Fig. 2). The number of dominant tree species in the CK, T15, T25 
and T35 plots were 141, 158, 114 and 126. In the CK plot, the DBH class distribution 
curves of A. fabric and A. mono were shifted to the right. It showed that A. fabric and A. 
mono had larger DBH in the CK plot. There were large numbers of A. tegmentosum 
whose DBH was from 6 cm to 10 cm in the T15 plot. In the T25 plot, the number of four 
dominant tree species was smaller than in the other plots, whose DBH was from 16 cm 
to 20 cm. In the T35 plot, the number of A. fabric was the largest, and the number of P. 
asperata was significantly less than other dominant species. In four experimental plots, 
the length of A. fabric step curve was the largest, it suggested that the individual 
differentiation of A. fabric was obvious. 
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Figure 2. The DBH class distributions of four dominant tree species in the 0.25-ha forest plot. 
(a) CK plot (b) T15 plot (c) T25 plot (d) T35 plot 

 
 
The structure of DBH size class of dominant trees in three thinning plots was 

significantly different from that in the CK plot. The test of normality for DBH of 
dominant tree species in four experimental plots showed that thinning caused the 
distribution curve changed from normal distribution to non-normal distribution. 
(P < 0.05) (Table 2). 

 
Table 2. Test for normality in different DBH of all dominant tree species 

Test CK T15 T25 T35 

Skewness 0.223  0.918  0.530  0.272  

Kurtosis -0.197  0.561  -0.444  -0.887  

Shapiro-Wilk to check P 0.148  0.002  0.004 0.007  

P > 0.05, the diameter order curve conforms to the normal distribution 

 
 

Spatial patterns of dominant tree species under different thinning intensity 

According to the distribution of dominant tree species in the CK plot and three 
thinning plots (Fig. 3), it could be seen that: Tending thinning did not change the 
distribution status of forests in all plots, but it changed the distribution ratio of dominant 
tree species. There were great differences in the densities of different tree species in 
some local areas, and the densities of the dominant tree species varied greatly with the 
changing spatial positions. It could be seen from (Figs. 2 and 3) that there were 
obviously more juvenile A. tegmentosum in the T15 plot than other plots, and in this plot, 
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A. tegmentosum had many initiation distribution and rosette distribution, it was very 
consistent with the characteristics of secondary forests. 

 

 

Figure 3. Spatial distribution of dominant tree species in various plots 
 
 
When the four dominant tree species were analyzed together (Fig. 4), (a) was 

randomly distributed at scales ≤ 25 m, while (b), (c) and (d) were clustered at smaller 
scales. (b) was also significantly aggregated at 20 m scale. (c) and (d) showed regular 
distributions at some scales, such as 12 m, 17 m and 21 m scales in (c) and 9 m, 
18~19 m scales in (d). 

A. mono showed significant clustering when the spatial scales were 1 m and 8-9 m, 
but showed regular at 16~17 m scales in the CK plot. Meanwhile, in the 3 thinning 
plots, as the intensity of thinning increases, the clustered distribution of A. mono were 
more, such as: the scale at 10 m in the T15 plot, 8-10 m in the T25 plot and 0-1 m, 7-
8 m, 17 m in the T35 plot. A. tegmentosum were randomly distributed at almost all 
scales, while, at the scale of 0~3 m in the T15 plot and 21 m in the T35 plot, the clusters 
were appeared. P. asperata were only clustered at small scales of the CK plot and the 
T15 plot, and randomly distributed at larger scales. At different scales, A. fabric 
showed random distribution basically, however, at some scales, they were clustered, 
such as 2 m in the CK plot, 9 m in the T15 plot, 3 m and 8-9 m in the T25 plot, 
respectively (Fig. 5). 
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Figure 4. The spatial distribution pattern of four dominant tree species. (a) CK plot. (b) T15 
plot. (c) T25 plot. (d) T35 plot. Solid lines indicate ring statistics O11(r). Dotted lines indicate the 

upper and lower limits of the 99% simulation envelope. Points above the upper envelope 
indicate clumped, points between the envelopes indicate random, and points below the lower 

envelope indicate regular 
 
 

 

Figure 5. Univariate O-ring statistics of four dominant tree species under different thinning 
intensity 

 
 

Interspecies spatial associations of dominant tree species under different thinning 

intensities 

A. mono showed a slight positive correlation to A. tegmentosum at some scales in the 
CK plot, while the relationship between A. mono and A. tegmentosum was independent 
at almost all scales in 3 thinning plots (Fig. 6(1-4)). A. mono was dominated by 
inhibition to P. asperata and A. fabric at scales ≥ 12 m in the CK plot. However, in 3 
thinning plots, A. mono was spatially independent of P. asperata and A. fabric at almost 
all scales and showed a slight positive correlation at some scales (Fig. 6(5-12)). A. 
tegmentosum and P. asperata were not correlated at all scales in all plots (Fig. 6(13-
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16)). The relationship of A. tegmentosum and A. fabric showed 3 different patterns 
(Fig. 6(17-20), (1) In the CK plot, A. tegmentosum was spatially independent of A. 
fabric at all scales. (2) In the T15 plot, A. tegmentosum was significantly positive 
correlation to A. fabric at scales was 2 m. (3) Yet, in the T25 and T35 plots, A. 
tegmentosum was spatially independent of A. fabric at scales ≤ 12 m, yet slight 
inhibition at scales greater than 12 m. P. asperata was dominated by inhibition to A. 
fabric, such as at 3 m, 4-5 m, 12 m, 17 m and 21-23 m scales in the CK plot, while, in 3 
thinning plots, it showed a slight positive correlation at ≥ 4 m scales. 

The spatial associations between dominant tree species showed that the spatial 
associations of dominant tree species were mainly independent of different thinning 
intensities. In the CK plot, A. mono showed slight inhibition to A. tegmentosum, while it 
showed a slight positive correlation to P. asperata and A. fabric at different scales. 
Particularly, P. asperata showed strong negative correlation at many scales in response 
to A. fabric in the CK plot. 

 

 

Figure 6. O12(r) values of spatial associations between different tree spices under different 
thinning intensity. Solid lines indicate ring statistics O12(r); Dotted lines indicate the upper and 

lower limits of the 99% simulation envelope of the CSR. Points above the upper envelope 
indicate positive associations, points between the envelopes indicate spatial independence, and 

points below the lower envelope indicate negative associations 
 
 

Spatial patterns of carbon reserves of dominant tree species under different thinning 

intensities 

It can be seen from Table 3 that the accumulative carbon storages in different 
thinning plots were different at the same scales. There was no difference in the 
cumulative carbon storages of dominant tree species between the CK plot and 3 
thinning plots at 0-10 m scales. When the scales at 15 m, 20 m, 25 m, 30 m, the 
cumulative carbon storage in the T15 plot was significantly different from those in the 
CK, T25 and T35 plots. Compared with the CK plot, the cumulative carbon storages in 
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the T15 plot were reduced by 38.67%, 44.04%, 41.86% and 41.38% at the 15 m, 20 m, 
25 m and 30 m scales, respectively. The carbon storage at 5 m, 10 m, 15 m and 20 m 
scales of the T25 plot was slightly lower than that of the CK plot, while the carbon 
storage at 25 m and 30 m scales was slightly higher than that of the CK plot, but there 
was no significant difference at all scales. However, in the T35 plot, the cumulative 
carbon reserves at all scales were greater than those in the CK plot, but no significant 
difference. 

 
Table 3. Cumulative carbon storage of dominant tree species at different scales 

Thinning 
treatment 

Cumulative carbon storage at different scales (t) 

5 m 10 m 15 m 20 m 25 m 30 m 

CK 0.05a 0.23a 0.75a 1.09a 1.72a 2.61a 

T15 0.03a 0.23a 0.46b 0.61b 1.00b 1.53b 

T25 0.03a 0.19a 0.68a 0.97a 1.75a 2.71a 

T35 0.05a 0.26a 0.76a 1.12a 1.88a 2.76a 

Discussion 

The study site was a natural secondary forest with complicated stand structure in 
Xiaoxing’an Mountains (Table 1, Figs. 2 and 3). Normally, the DBH class distribution 
of natural secondary forest is normal distribution. That means most of the individuals 
are middle DBH, while individuals with large and small DBH are fewer (Wang, et al., 
2017; Duan et al., 2019). Thinning changed the DBH class distribution of trees (Hu et 
al., 2011). In this experiment, the DBH of dominant tree species in the CK plot was 
normal distribution, while thinning caused the distribution curve to deviate from the 
normal. The average DBH of dominant tree species in the T35 plot was significantly 
higher than other thinning plots. We could infer that thinning also release the pressure 
of competition among reserved trees and promote the growth of natural secondary 
forests. This was the same as Hu’s conclusion (Hu et al., 2011). 

Four experimental plots have different gaps, different soil nutrient conditions and 
different light intensity, which caused the difference of spatial and carbon patterns. 
Meanwhile, these factors will cause uneven distribution of forest resources (He and 
Duncan, 2000; Boyden et al., 2005; Druckenbrod et al., 2005). With the thinning intensity 
increasing, the aggregation phenomena of A. mono increased. The reasons were that it had 
weak positive biological characteristics and responses to the gaps. Evenly distributed gaps 
and upper canopy gaps provided space and opportunity for the growth of A. mono (Huang 
et al., 2004). The aggregation phenomena of A. tegmentosum could also be explained by 
the above content. A. fabric were aggregated around their parent trees under smaller 
thinning intensities (Figs. 5(10) and 5(13-15)). Limited seed dispersal ability provided 
seed sources for seedling and sapling recruitment, while shade-tolerant characteristics 
ensured that seedlings and saplings could grow well under the canopy of parent trees 
(Hou et al., 2004). P. asperata and A. fabric mainly showed significant clustering at small 
scales. As the scale increased, the aggregation of trees began to decrease and showed 
random distribution gradually, which was similar to the results reported in the literature 
(Liu et al., 2005). The scale variability of the forest spatial patterns is restricted by many 
factors. On one hand, at small scales, different spatial patterns may be caused by varying 
degrees of intra- and interspecies competitions, restriction of seed dispersal, etc. On the 
other hand, at large scales, different spatial patterns may be determined by the 
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heterogeneity or plaque-type of species distribution and the nonbiological environments 
(topography, soil moisture, soil pH, soil nutrients, etc.) (He et al., 1997; Harms et al., 
2000; Zhang et al., 2008; Wang et al., 2008). 

Spatial correlation is used to describe the static relationship of dominant tree species 
in spatial distribution. The dominant tree species showed mainly independent at 
different scales in four experimental plots, this was the important reason for the stable 
distribution of dominant tree species for a long time (Shen et al., 2013). A. mono and A. 
tegmentosum have similar ecological habits. In the CK plot, A. mono showed spatial 
independence at small scales, and were negatively associated at larger scales to A. 
tegmentosum. P. asperata also showed strong negative correlation at many scales in 
response to A. fabric in the CK plot, Because they had similar ecological habits. 
However, thinning changed the distributions of dominant tree species and the 
correlation of dominant tree species tended to positive correlations or independent, 
which were more conducive to the growth of the forest. A. tegmentosum and A. fabric 
were positively correlated at some scales and negatively correlated at some scales, 
because this study neglected the law of spatial correlation between two dominant tree 
species of different DBH classes. 

Particularly, the cumulative carbon storages depend on the species of trees, the 
number of trees and the carbon storage of individual tree at this scale. In our study, the 
accumulative carbon storages at different spatial scales were different under different 
thinning intensities. When the scale ≤ 10 m, there was no significant difference in 
carbon storage between the CK plot and 3 thinning plots. At > 10 m scales, the 
accumulative carbon storages in the T15 plot was significantly smaller than those in 
other plots. It indicates that 15% thinning intensity was not conducive to the 
accumulation of carbon reserves. Ding (2016) and Han (2015) have shown that thinning 
could removing part of trees that would reduce carbon reserves. However, Duan (2019) 
suggested that carbon storage would recover after a period of time. Shen (2013) 
believed that thinning released competitive pressure of trees, which was conducive to 
the increase of carbon storage. In this experiment, the cumulative carbon storages in the 
T25 and T35 plots were not significantly different from those in the CK plot at all scales, 
particularly, the cumulative carbon storages in the T35 plot was larger than that in the 
CK plot at all scales, indicating that reasonable thinning would not reduce carbon 
storages. It was consistent with the research results of Duan (2019), Shen (2013), etc. 

Conclusion 

Our results clearly showed that the competition pressure of natural mixed broadleaf-
conifer secondary forest in Xiaoxing’an Mountains was released after 8 years of thinning, 
and the stand structure was optimized, so that the reserved trees could grow better. 
Through the analysis of spatial point patterns, the spatial distribution feature points were 
found, which had guiding significance for forest management. For example, thinning 
should be reduced in areas with few trees, and should be appropriately increased in tree 
gathering areas to release competition pressure among trees. Evenly distributed forests 
can help plants make better use of light and make plants grow better. The cumulative 
carbon storages of the forest in the T35 plot were almost higher than those in the CK plot 
at all scales. And the results showed that the cutting intensity of 35% could promote the 
optimization of the stand structure and it was beneficial to the carbon sink of natural 
mixed broadleaf-conifer secondary forest in Xiaoxing’an Mountains. 
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The stand structure characteristics of natural secondary forests are very complex, and 
the sample plots set in Xiaoxing’an Mountains could only represent the growth status of 
the stand in this range, which had some limitations, other representative stands should 
be added to make the data more comprehensive. Forest structure is a dynamic process of 
long-term change, and it should be observed and analyzed for a longer period of time by 
extending restoration period. On the basis of this study, the effects of different tending 
and thinning intensities on the spatial and carbon distribution patterns of shrubs and 
herbs can be explored to form different hierarchical relationships and network 
structures. Finally, combine the research results of various aspects to better determine 
the ideal thinning intensity. 
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Abstract. Biochar (BC) has been widely studied as a soil amendment for immobilizing heavy metals in 
contaminated soil. However, the effect of modified biochar on arsenic (As) and cadmium (Cd) 
immobilization in soils and plant uptake rates are still unclear due to complex environmental 
interactions. To assess the effects of Fe2O3, BC and iron (Fe)-modified biochar (FMB) on the 
bioavailability of As and Cd in soil and their accumulation in cabbages (Brassica oleracea L.), these 
values were investigated. The results indicated that the addition of 0.5% amendment to the soil 
significantly reduced the mobility of As/Cd in soil. Of the three soil amendments, FMB significantly 
reduced As and Cd accumulation in the cabbages by 27.4% and 30.1%, respectively. This is achieved 
possibly by reducing the mobility of soil As/Cd, and as a result the available As/Cd were reduced by 
12.3% and 7.94%, respectively. The chemical forms of soil As/Cd may change from the available 
fraction to less available fractions, while the residual As/Cd increased by 16.3% and 353% compared 
to control, respectively. In summary, FMB demonstrated great potential in stabilizing As/Cd in the soil 
and in reducing the accumulation of As/Cd in plants. 
Keywords: Fe-modified biochar, heavy metal, immobilization, accumulation, bioavailability 

Introduction 

Heavy metal contamination in paddy soils is threatening human health in many parts 
of the world (Zhao et al., 2015). Co-contamination of As and Cd has raised public 
concern, especially in Southern China (Yu et al., 2016a; Qiao et al., 2018a). Both metals 
have great mobility and can accumulate in the human body through the food chain. The 
bioavailability of heavy metals in soils is directly related to their toxicity and the 
amount of accumulation in crops (Li et al., 2017; Kumarathilaka et al., 2018). In recent 
years, numerous methods have been investigated to reduce the soil bioavailability of As 
and Cd, such as excavation, soil washing, and electrokinetics. However, these methods 
are prohibitively expensive and usually require intensive labor. Therefore, it is 
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important to look for a cost-effective and environmentally friendly method to 
simultaneously immobilize As and Cd in the soil. 

The application of biochar in remediating heavy metal contaminated soils has 
attracted much attention (Sneath et al., 2013). Biochar is a porous and fine-grained 
substance that is produced by the combustion of biomass under limited oxygen 
conditions. It has great adsorption abilities due to its porous structures, large specific 
surface area, high alkalinity, and special functional groups (Zhang et al., 2020). The 
results of previous studies have shown that the supplement of biochar significantly 
immobilized metals such as Cd in the soil through surface complexation, cation 
exchange, and metal precipitation (Venegas et al., 2016; Liang et al., 2017). For 
instance, the Cd accumulation in Indian mustard significantly decreased with biochar 
supplement (Park et al., 2011). As and Cd have almost opposite chemical behaviours 
in the soil (Al-Abed et al., 2007). Biochar addition in the soil can enhance the 
mobility of As, as it has a rich mineral ash content and increases the soil pH. In 
addition, biochar enhances the formation of oxy-anions and thus promotes the 
mobility of As (Rocco et al., 2018). To increase the adsorption of As by the biochar, 
iron (Fe) modified biochar was suggested. Studies have proven that Fe oxides, 
including goethite, hematite, ferrous, and Fe(II), influenced the bioavailability of As 
and Cd (Yu et al., 2017, 2016b). Fe-amendments reduce the bioavailability of As and 
increase the crystalline/crystalline Fe oxide-bound As through adsorption/desorption 
and co-precipitation with metal oxide (Yu et al., 2016b; Wen et al., 2020; Irshad et al., 
2020). In addition, a reactive Fe (III) species is formed during the oxidation of Fe (II) 
to goethite. The reactive Fe (III) species is then able to interact with Fe-oxides and 
serve as the electron transfer from Fe (II) to goethite to form a reactive Fe (III) species 
as a reactive intermediate phase, which can interact with As (III) and lead to As (III) 
oxidation. Besides, Fe minerals and bacteriogenic Fe oxides produced by Fe(III)-
reducing bacteria and Fe(II)-oxidizing microorganisms, respectively, can enhance the 
immobilization of Cd (Qiao et al., 2018b). Cabbage (Brassica chinensis L.) is an 
important vegetable in Asia, especially in China. Cabbage tends to absorb Cd from the 
soil, which poses a great risk for human health (Bashir et al., 2018). In general, Fe-
amendment can reduce the bioavailability of As in the soil. Supplementation with 
biochar enhances As mobility but reduces Cd mobility. The immobilization effects of 
Fe-modified biochar (FMB) in As and Cd co-contaminated soil still remain largely 
unknown. Therefore, in order to obtain materials with the characteristics of both Fe-
oxides and biochar, we modified the biochar (FMB) by covering the surface with Fe-
oxides to study its effect on As and Cd bioavailability in As and Cd co-contaminated 
soil. Additionally, we compared the effects of FMB to Fe2O3 and biochar. Our aims 
were to (1) determine the best soil amendment concentrations by using a column 
experiment in As and Cd co-contaminated soil and (2) to identify the most suitable 
soil amendments by reducing the mobility of As and Cd in soils and reducing the 
accumulation of As and Cd in cabbages. 

Materials and methods 

FMB preparation 

Bamboo (Phyllostachys pubescens) individuals were collected from the Yanshan 
campus of Guilin University of Technology, Guangxi, China. The bamboo stalks were 
cut into sizes of 30 × 10 × 3 mm3. The samples were heated in dilute ammonia (NH3) 
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solution (5%) for 6 h to enhance the connectivity between the pores and cellular 
materials. The treated bamboo stalks were washed with deionized water three times and 
then dried at 80 °C for 24 h. The dried samples were roasted at 600 °C for 3 h. The 
samples were ground into power after cooling to room temperature. The dried samples 
were then soaked in a solution of iron (III) nitrate (Fe(NO3)3) (1.2 mol•L-1) for 5 d. The 
Fe(NO3)3 solvent constituted a mixture of ethanol and ultra-pure water (1:1, v/v) (Zhu et 
al., 2018). To ensure that all samples were soaked in the solution, we added some 
additional ethanol solution. The bamboo stalks were then dried at 80 °C for 24 h. We 
repeated the process of soaking and drying for three times. Lastly, the samples were 
placed into a muffle device at 600 °C for 3 h, following which we obtained the BC 
material. 

 
Characterization of FMB and BC 

We obtained the phase recognition of the BC and FMB by X-ray diffraction (XRD). 
The XRD analysis was carried out with copper Kɑ radiation at 40 kv and 150 mA. The 
morphological characters and chemical compositions of the BC and FMB were 
observed using scanning electron microscopy (SEM) and energy dispersive X-ray 
(EDS) spectroscopy, respectively (SEM-EDS, JEM-6380LV, JEOL, Tokyo, Japan). The 
tests of cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 
were measured at the electrochemical workstation (CHI660E, Shanghai Chenhua 
Company, Shanghai, China). For CV, we scanned the potential from -1.6 V to 0.8 V at a 
scan rate of 100, 300, and 500 mV/s in o.1 M degassed PBSS. We recorded impedance 
spectra in 0.1 M phosphate-buffered saline (PBS) at 25 °C within a frequency range 
from 10-2 to 105 Hz with perturbation amplitude of 5 mV. 

 
Soil properties and plant preparation 

Two soils (soil 1 and soil 2) used in this study were collected from the topsoil (0–20 
cm) of different farmlands next to a smelter in Hechi, Guangxi. The soil properties have 
been influenced by smelting, wastewater irrigation, and open-pit mining, resulting in the 
soils being polluted in different degrees (Yu et al., 2020). The soils were placed in a 
room to air-dry at room temperature and then ground and sieved through 20- and 100-
mesh sieves before further use. 

Cabbage seeds were purchased from the Yanshan Farmers Market, Guilin, Guangxi. 
The seeds were soaked for one night and then surface sterilized with a 10% H2O2 
solution for 10 min. The seeds were sown into seedbeds filled with nutrient soil after 
rinsing with deionized water. The seedbeds were placed in a greenhouse, which the 
temperatures of the greenhouse were maintained at 25 °C/day and 18 °C/night. The 
relative humidity was about 75% with a 14 h photoperiod. We added deionized water to 
the soil to maintain the soil moisture content (about 50%). After the seeds had 
germinated, we selected seedlings 6–8 cm high and with 2–3 fronds for soil pot 
experiment 2. 

 
Pot experiment 

Pot experiment 1: The effect of Fe2O3, BC, and FMB on As and Cd mobility were 
studied in actual As/Cd-contaminated soil (soil 1). Fe2O3, BC, and FMB were mixed 
completely with the soil samples. The mixed soil was placed into 2 L polypropylene 
pots (1.5 kg soil). We added Fe2O3, BC, and FMB at concentrations of 0 (control), 



Jiang et al.: Simultaneous immobilization of soil arsenic and cadmium with reduced accumulation in cabbage (Brassica oleracea L.) 
using fe modified biochar 

- 4768 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4765-4780. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_47654780 
© 2021, ALÖKI Kft., Budapest, Hungary 

0.2%, 0.5%, and 1% (w/w). The pots were then incubated in the greenhouse (described 
in the plant preparation section). To maintain the soil moisture (70%) at field capacity, 
the soils were watered with As/Cd-free tap water. Then, the soil samples were collected 
and incubated for 5 d, 30 d, and 90 d. The soil pH and available As/Cd as well as 
residual As/Cd were analysis. 

Pot experiment 2: To study the accumulation of As and Cd in cabbages planted in 
the soil (soil 2), the soils were treated with Fe2O3, BC, and FMB. Based on the results 
of pot experiment 1, we selected 0.5% as the experimental concentration. After 10 
days of cultivation, the seedlings were transferred into 22-cm-diameter round plastic 
pots (5 kg soil). Each treatment had three replications, and the seedlings were in 
similar sizes. One group was replicated for three times as a control group without any 
soil amendment supplement. In total, there were 12 pots in the greenhouse (described 
in the plant preparation section). To maintain 50% soil moisture, the plants were 
sprayed with tap water daily. The plants were harvested after 30 d of cultivation. We 
determined the flesh weight (FW), dry weight (DW), and the contents of total Cd and 
total As. 

 
Chemical analysis of soil and plant samples 

All the chemicals were reagent grade in this study. The soil pH, ammonium N, 
available P, and available K of soil 1 and soil 2 were determined by using routine 
analytical methods (Liu et al., 2018). Soil samples (about 0.25 g) were digested with 12 
mL of HCl: HNO3 (4:1, v/v). The concentration of pseudo-total Cd was measured by 
using the atomic absorption spectrophotometry method (ICP, PE-AA700, USA). Soil 
pseudo-total (Aqua regia) As was determined by hydride generation-atomic 
fluorescence (SA-20). The concentrations of soil available Cd and available As were 
extracted with 0.005 M DTPA + 0.01 M CaCl2 + 0.1 M TEA) and 0.5 M NaHCO3 (pH 
8.5) + 0.5 M (NaH2PO4) + 0.1 M HCl, respectively. The soil homogenate of Cd was 
shaken at 5000 × g for 20 min, and then the supernatant was tested by ICP-OES (PE-
AA700). The suspension of As was shaken at 250 × g for 1 h, and then the supernatant 
was determined by hydride generation atomic fluorescence spectrometry (HG-AFS, SA-
20, China). 

The measured soil properties of soil 1 and soil 2 are summarized in Table 1. We 
extracted soil residual As and soil residual Cd in pot experiment 1 according to the five-
step sequential extraction scheme based on the procedures described by Wenzel et al. 
(2001) and Tessier et al. (1979). Then we determined the residual As and residual Cd by 
HG-AFS (SA-20) and ICP-OES (PE-AA700), respectively. The measurement methods 
of the other soil properties in pot experiment 1 and experiment 2 were the same as in 
soil 1 and soil 2. 

The harvested plants were washed with water. The moisture on the plant surface was 
absorbed by paper, and then we determined the fresh weight (FW). The plants were 
separated into roots, stems, and leaves and then dried (65 °C) until a constant weight to 
determine the dry weight (DW). The dry shoots were digested with a mixture of HNO3 
and HClO4 (9:1, v/v). We determined the Cd concentration by ICP-OES. The dry shoot 
was digested with HClO4:H2SO4:HNO3 (1:1.5:4, v/v) at 110–130 °C (Qiao et al., 
2018a). We measured the total As concentration by HG-AFS (SA-20). To ensure 
quality control, certified standard reference materials were addressed (soil Cd: 
GBW(E)07429, plant Cd: GBW(E)10023; soil As: GBW(E)070008, plant As: 
GBW(E)10014). 
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Table 1. The physicochemical properties of the tested soil 

 pH 
Ammonium 

nitrogen 
(mg•kg-1) 

Available P 
(mg•kg-1) 

Available K 
(mg•kg-1) 

Total Cd 
(mg•kg-1) 

Total As 
(mg•kg-1) 

Available 
Cd (mg•kg-1) 

Available As 
(mg•kg-1) 

Soil 1 6.46 12.4 8.53 3.10 19.54 332.91 5.41 9.2 
Soil 2 5.62 27.3 17.4 13.5 5.19 133.54 1.23 0.77 

 
 

Statistical analyses 

The mean and standard deviation (SD) of the experimental data were analyzed in 
Microsoft Office Excel 2010 (Microsoft Corporation, Redmond, WA, USA). Two-way 
analysis of variances (ANONA) were performed with SPSS 18.0 software (IBM 
Corporation, Armonk, USA). Duncan’s multiple range tests as a multiple compassion 
procedure at significant levels of P < 0.05. Figures were plotted using Origin 2020b 
(OriginLab, Northampton, Massachusetts, USA). 

Results 

Characterization of biochar and Fe-modified biochar 

XRD was used to characterize the crystalline structure of the BC and FMB. As 
shown in Figure 1, magnetite, hematite, and carbon were presented on the surfaces of 
the FMB. Only one carbon was on the surface of the BC. The location and intensity of 
the XRD peaks in the FMB matched the two reference peaks. The peaks at 2θ of 30.09°, 
35.44°, 43.07°, 56.96°, and 62.54° corresponded to Fe3O4 (reference code 01-089-
3854), and the peaks at 2θ of 24.13°, 33.14°, 35.63°, 49.52°, 54.06°, 57.66°, and 62.42° 
were identified as Fe2O3 (reference code 01-079-1741), respectively. The peaks of 
biochar at 2θ of 23.36° and 43.33° belonged to amorphous carbon. 

The SEM results showed that there was a hierarchical porous framework in the 
bamboo woods of the biochar (Fig. 2). The diameters of the parenchyma cells and fibres 
were about 10–40 μm and < 1 μm, respectively. The surfaces of the FMB were filled 
with particles, even in the pores. To determine the ingredients of the particles on the 
surfaces of the FMB, we performed an EDS analysis. The results illustrated that the Fe 
ion was associated with the FMB surface (Fig. 3). 
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Figure 1. XRD patterns of the BC and FMB 
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Figure 2. SEM images of BC and FMB: (a, b) SEM images of BC, and (c, d) SEM images of 
FMB 

 
 

   

Figure 3. EDS spectrum of BC and FMB: (a was the BC and b was the FMB) 
 
 

Electrochemical detection of BC and FMB 

We used the CV patterns in this study to analyze the electro-oxidation mechanism of 
the biochar and FMB. There were no oxidation peaks and reduction peaks in the CV of 
the BC (Fig. 4) at 100, 300, and 500 mV. The CV pattern of the FMB presented redox 
and oxidation peaks. Furthermore, the peak was more obvious at 500 mV than at 100 
and 300 mV. The redox peak and oxidation peak were positioned at -0.63 V and -1.11 
V, respectively. The EIS of the BC and FMB showed a semicircle line and an almost 
straight line in the high- and low-frequency range, respectively (Fig. 5). The EIS of 
Fe2O3, however, presented a line in all frequency ranges. In the high-frequency range, 
the data fitted from the semicircle indicated that the FMB electrode had a lower CD 
resistance of 15000 Ω than the BC. 
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Figure 4. Cyclic voltammeter curves after BC and FMB addition 
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Figure 5. EIS patterns of the electrodes in the different treatments 
 
 

Soil-column experiment at different treatment times 

The result of soil-column experiment showed that the pH of the Fe2O3 treatment was 
not significantly different from the control at the different treatment concentrations 
(Table 2). On the fifth day, the pH of the BC and FMB was significantly higher than the 
control at three addition concentrations. The pH reached the maximum in the two 
materials at a concentration of 1%, namely, 6.63 ± 0.01 (BC) and 6.70 ± 0.03 (FMB). On 
the 90th day, the pH in the three treatment concentrations of Fe2O3 was higher than that in 
the control group. There was no significant difference between the three BC treatment 
concentrations, but they were all higher than the control. The addition of different 
concentrations of FMB had enhanced the pH in comparison to the control group. 

The concentrations of available As and available Cd in the soil-column experiment 
were determined on the fifth, 30th, and 90th days, respectively. The data were presented 
using the ratio of the experimental group and the control group (Fig. 6). As shown in 
Figure 6, the ratios of As reached the lowest values on the 30th day in the different 
material treatments. In particular, the As ratio in the BC and FMB on the 30th day was 
significantly lower than under the other treatment durations. The As ratio decreased 
with increased concentrations of Fe2O3 and FMB, whereas the addition of BC showed 
the opposite trend. When the concentration was 0.2%, the As ratios in the Fe2O3, BC, 
and FMB were 78%, 44%, and 50%, respectively. When the addition concentration was 
0.5%, the corresponding values were 75%, 49%, and 46%, respectively. The addition of 
Fe2O3 and FMB had the lowest values at a concentration of 1%, which were 62% and 
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44%, respectively. The As ratio was 53% with 1% BC addition. The results illustrated 
that 0.5% and 1% concentrations had no significantly different effects on the As ratio, 
except under Fe2O3 addition. On the fifth day, the three materials showed differing 
trends with increased concentration addition. The lowest As ratios of Fe2O3, BC, and 
FMB were 76%, 75%, and 68%, respectively. On the 90th day, the trends in Fe2O3, BC, 
and FMB were similar to those on the 30th day. The lowest As ratios in the Fe2O3, BC, 
and FMB treatments were 72%, 75%, and 60%, respectively. 

 
Table 2. Soil pH at different treatment durations 

Time/d 
Addition 

concentration 
Fe2O3 BC FMB 

5 

0% 6.46 ± 0.05a 6.46 ± 0.05d 6.46 ± 0.05c 
0.2% 6.60 ± 0.04a 6.60 ± 0.01b 6.61 ± 0.01b 
0.5% 6.73 ± 0.01a 6.54 ± 0.03c 6.61 ± 0.02b 
1% 6.50 ± 0.01a 6.63 ± 0.01a 6.70 ± 0.03a 

30 

0% 6.46 ± 0.05a 6.46 ± 0.05a 6.46 ± 0.05a 
0.2% 6.51 ± 0.12a 6.47 ± 0.03a 6.50 ± 0.06a 
0.5% 6.48 ± 0.03a 6.53 ± 0.10a 6.51 ± 0.06a 
1% 6.56 ± 0.22a 6.53 ± 0.04a 6.54 ± 0.04a 

90 

0% 6.46 ± 0.05c 6.46 ± 0.05b 6.46 ± 0.05c 
0.2% 6.60 ± 0.07bc 6.69 ± 0.08a 6.76 ± 0.10a 
0.5% 6.65 ± 0.05ab 6.70 ± 0.10a 6.72 ± 0.12a 
1% 6.68 ± 0.03a 6.63 ± 0.03a 6.68 ± 0.02b 

Results are means ± SD (n = 3). Means within the same column are not significantly different according 
to the LSD test (p < 0.05) 

 
 

 

Figure 6. Reduction rates of available Cd/As in the different treatments 
 
 
The Cd ratios of Fe2O3, BC, and FMB on the 30th day were all lower than the other 

treatment durations at different concentrations (Fig. 6). The trends in Cd ratios in the 
biochar and FMB were similar and decreased with increased concentration. The 
addition of Fe2O3, however, showed the opposite trend. The lowest Cd ratio in the FMB 
was at a concentration of 1% (70%). It was only slightly lower than the concentration of 
0.5% (71%). Under 0.5% and 1% addition, the BC had the same Cd ratio (77%), which 
was lower than under 0.2% addition. The addition of Fe2O3 had the lowest Cd ratio 
(76%) at a concentration of 0.2%, which was slightly higher than the concentration of 
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0.5% (79%). On the fifth day, the lowest Cd ratios in the Fe2O3, BC, and FMB 
treatments were 89%, 91%, and 85%, respectively. On the 90th day, the corresponding 
values were 82%, 84%, and 82%, respectively. 

 
Chemical forms of soil As and Cd after harvesting 

Based on the results of the soil-column experiment, the concentrations of soil 
available As and available Cd exhibited the lowest values on the thirtieth day. When the 
treatment concentration was 1%, the BC and FMB had lower available As and available 
Cd concentrations compared with the other two concentrations. Fe2O3 had the lowest 
available As and available Cd concentrations at a concentration of 0.2%. However, 
three soil amendments all had better treatment effects on the soil Cd and As when the 
addition concentration was 0.5%. Therefore, we selected a concentration of 0.5% for 
further experiments according to the economy and efficiency. 

Soil available As concentrations in the Fe2O3, BC, and FMB treatments differed 
significantly (Fig. 7). The soil available As concentration in the BC treatment 
(0.92 ± 0.17 mg•kg-1) was higher than in the control group (0.81 ± 0.04 mg•kg-1). 
Conversely, the concentration in the FMB treatment (0.71 ± 0.01 mg•kg-1) was lower 
than in the control group. The addition of Fe2O3 resulted in the highest available Cd 
concentration (1.39 ± 0.16 mg•kg-1), followed by BC and FMB at 1.19 ± 0.07 mg•kg-1 
and 1.16 ± 0.08 mg•kg-1, respectively. 
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Figure 7. The chemical format of Cd/As after harvesting. Results are means ± SD (n = 3). 
Means within the same column are not significantly different according to the LSD test 

(p < 0.05) 
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Supplementation with FMB significantly increased the residual As concentration 
compared with the control group (Fig. 7). The addition of Fe2O3 and BC, however, 
presented an opposite trend. The concentrations of residual As in Fe2O3 and BC were 
102 ± 8.56 mg•kg-1 and 94.9 ± 2.00 mg•kg-1, respectively, which were lower than in the 
control group. The residual Cd concentrations in the three materials were significantly 
increased in comparison to the control group. The concentrations of residual Cd in the 
control, Fe2O3, BC, and FMB were 0.15 ± 0.08 mg•kg-1, 0.28 ± 0.10 mg•kg-1, 
0.55 ± 0.15 mg•kg-1, and 0.68 ± 0.02 mg•kg-1, respectively. 

 
Cabbage biomass and As/Cd accumulation under the different treatments 

BC and FMB increased the FW of cabbages compared to control and Fe2O3 (Fig. 8). 
The FW in the soil under BC addition had the highest value of 17.5 ± 0.85 mg•kg-1, 
followed by FMB (15.2 ± 1.58 mg•kg-1) and Fe2O3 (13.3 ± 1.15 mg•kg-1). Compared 
with the control group, the addition of different materials had no significant impact on 
the DW of the cabbages. The DWs of the cabbages in the control, Fe2O3, BC and FMB 
treatments were 0.27 ± 0.01 mg•kg-1, 0.24 ± 0.04 mg•kg-1, 0.30 ± 0.08 mg•kg-1 and 
0.24 ± 0.03 mg•kg-1, respectively. 
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Figure 8. Cabbage biomass of the different treatments. Results are means ± SD (n = 3). Means 
within the same column are not significantly different according to the LSD test (p < 0.05) 
 
 
The As concentrations of the cabbages were significantly lower than in the control 

group under treatment with the different materials (Fig. 9), being 3.14 ± 0.33 mg•kg-1, 
2.87 ± 0.33 mg•kg-1, 2.15 ± 0.20 mg•kg-1, and 2.28 ± 0.19 mg•kg-1 in the control, Fe2O3, 
BC, and FMB treatments, respectively. The Cd concentrations of the cabbages 
presented different trends as As. Only FMB significantly reduced the Cd concentrations 
in the cabbages. The Cd concentrations of the cabbages in the control, Fe2O3, BC, and 
FMB treatments were 15.9 ± 0.11 mg•kg-1, 14.6 ± 0.77 mg•kg-1, 13.7 ± 3.67 mg•kg-1, 
and 11.1 ± 1.23 mg•kg-1, respectively. 

Discussion 

The total concentrations of Cd in the cabbages decreased under the three soil 
amendment treatments compared with the control group (Fig. 9). BC increased the 
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residual Cd concentration, indicating that BC may have the ability to reduce the Cd 
mobility in the soil. Some studies indicated that the immobilization of Cd by biochar 
may be related to specific adsorption, which specifically occurs with organic matter 
(Zhang et al., 2020). The soil Cd was immobilized by forming ionic, covalent, or 
hydrogen bonds on the surface of the biochar (Bian et al., 2014). Compared with the 
BC, the FMB was better at reducing the soil Cd mobility (Fig. 7) and Cd accumulation 
in cabbages (Fig. 9). The FMB had the ability to adsorb Cd on its surface to form 
unlabile chemical forms, thus reducing the mobility of Cd. In addition, it indicated that 
the Fe could reduce the Cd uptake by plants. The rice cultured in Fe-deficient medium 
absorbed more Cd than rice cultured in Fe-sufficient medium (Nakanishi et al., 2006). 
Therefore, Cd and Fe may have the same uptake pathway in the plant. Supplementation 
with Fe could reduce the Cd uptake into the cabbage, as they may be in competition for 
the same heavy metal transporters. Yin et al. (2017) reported that Fe ions could inhibit 
the uptake and accumulation of Cd in plants. Therefore, FMB has the advantages of 
both biochar and Fe oxides, and it can promote the stabilization of soil Cd and thus 
reduce Cd accumulation in the cabbages. 
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Figure 9. Total content of Cd/As in cabbage. Results are means ± SD (n = 3). Means within the 
same column are not significantly different according to the LSD test (p < 0.05) 

 
 
FMB significantly decreased the soil As mobility (Fig. 7) and its accumulation in the 

cabbage (Fig. 9). Arsenic has been shown to have a high affinity for iron oxide surfaces 
(Wen et al., 2020). As and Fe can form the amorphous iron (III) arsenate (FeAsO4∙H2O) 
and scorodite (FeAsO4∙2H2O) to influence As immobilization and bioavailability in the 
soil (Mladenov et al., 2010; Pedersen et al., 2006). The surface of the FMB was covered 
with Fe2O3 and Fe3O4 (Figs. 1-3). Fe oxides such as goethite, hematite, and 
lepidocrocite are related to soil chemical stabilization, especially As stability. The 
adsorption of As by natural iron oxides (hematite, magnetite, and goethite) can be fitted 
with a noncompetitive Langmuir isotherm (Mladenov et al., 2010). In addition, previous 
studies showed that Fe contents of iron plaques increased with the addition of Fe 
compound in the soil and thus limited the As uptake into the plant roots (Wen et al., 
2020; Irshad et al., 2020; Yin et al., 2017). Therefore, FMB reduced the accumulation 
of As in the cabbages by reducing the As uptake. Fe2O3 reduced the total As 
accumulation in the cabbage compared with the control group (Fig. 9), but the 
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accumulation of As in the cabbages was significantly higher than in the BC and FMB 
treatments. The Cd accumulation in the cabbage showed the same trend as As. This 
indicated that Fe2O3 is not suitable for the treatment of As/Cd -contaminated soil. BC 
could promote the mobility of As in the soil (Fig. 7). This was proved by the results of 
Beesley et al. (2013), Wu et al. (2015) and Yin et al. (2017), they found that biochar 
increased the As desorption from the soil solid phased by ligand exchange. The transfer 
electrons of BC and FMB may be another important factor, as they influence the As 
bioavailability in the environment. Biochar contains a variety of functional groups, such 
as quinones, furans, and phenols, giving it the ability to store and transfer electrons. 
Qiao et al. (2018b) discovered that biochar at the cell surface of Fe(III)-/As(V)-reducing 
bacteria could serve as electron shuttles between the outer-membrane reductases from 
dissimilatory Fe(III)-/As(V)-reducing bacteria and the terminal electron acceptor 
Fe(III)/As(V). There are two steps between metal-reducing bacteria and As (V) when 
biochar serves as the electron shuttle: biochar reduction by the Fe(III)/As (V)-reducing 
bacteria, followed by the reduction of abiotic As (V) by the microbial reduced biochar 
(Qiao et al., 2018b). Therefore, biochar facilitates the release of As (V) into the soil. 
The CVs of the BC showed no obvious current peaks (Fig. 4) and were similar to 
natural organic matter. This indicated that the BC in this study had the slow electron 
transfer and low reduction potentials of redox-active moieties (Sun et al., 2017). Ryu et 
al. (2015) found no obvious redox peaks in the CV curves of biochar. FMB had an 
oxidation peak and reduction peak in the CV curves (Fig. 4), which indicated that the 
FMB had higher electron transfer ability than the BC. The result of EIS also showed 
that the FMB had better electrolyte infiltration and charge-transport capability than 
biochar (Fig. 5). In addition, the electron transfer from Fe (II) to goethite formed a 
reactive Fe (III) species as a reactive intermediate phase, which could interact with As 
(III) by ternary complex formation, leading to As (III) oxidation (Amstaetter et al., 
2010). The toxicity and mobility of As (V) species were less than those of As (III) in the 
soil (Xu et al., 2017), and the As (V) tended was more easily adsorbed by Fe-oxides 
(Wu et al., 2018). Therefore, the FMB could promote the oxidation of As (III) to As (V) 
by electron transfer and then reduce the As mobility in the soil. This is one of the main 
mechanisms by which FMB has a better effect on stabilizing soil As than BC. However, 
the total As content in the cabbage was reduced by the BC addition compared with the 
control group (Fig. 9). This may have been influenced by As soil-plant transfer 
coefficients. In Kloke et al. (1984), the As soil-plant transfer coefficients ranged 
between 0.01 and 0.1, whereas the results of Warren et al. (2003) reported that the 
transfer coefficients ranged between 0.0007 and 0.032. The transfer coefficient is 
influenced by soil texture. The content of sand in the soil increases the transfer 
coefficient, whereas the content of clay decreases the transfer coefficient (Warren et al., 
2003). Therefore, the uptake of As is relatively higher in sands and sandy loams than in 
clays. In this study, the soil collected from the farmlands was mainly composed of clay, 
and thus the As transfer coefficient of the soil to plant was lower. This may be the main 
reason for the low As accumulation in the cabbages under BC addition. 

Excepting the obvious effect of FMB in reducing the As and Cd accumulation in 
cabbage in comparison to BC and Fe2O3, we did not find a significant difference in the 
dry weight of the cabbages among the three amendments (Fig. 8). BC and FMB 
significantly increased the fresh weight of the cabbages. Dong et al. (2016) found that 
when the addition concentration of biochar was 20 g/kg, it could significantly enhance 
the biomass of cabbage. Biochar is rich in organic matter and nutrients (N, P, and K), 
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which could increase the contents of organic matter, available N, available P, and 
available K in the soil, thus promoting cabbage growth (Glaser et al., 2002). The effects 
of biochar on cabbage growth, however, are influenced by the soil physical and 
chemical properties. Thus, the effects of biochar on the biomass of plants may present 
different trends. Park et al. (2011) discovered that biochar would not increase the dry 
weight of plants. Fe oxides could alter the physiological functions of plants and cause 
iron poisoning, thus reducing the plant biomass (Xiao et al., 2012). This process is also 
controlled by the Fe concentration. Dong et al. (2016) found that the concentration of 
Fe-modified biochar addition could enhance the biomass of cabbages. In this study, 
however, the dry weight of the cabbage was not influenced by Fe-modified biochar 
supplementation. In addition, biochar contains a porous structure that can adsorb more 
water and prevent the loss of nutrients needed for plant growth in the soil (Dong et al., 
2016). This could explain why the fresh weight of the cabbages increased when they 
were treated with BC and FMB addition. In summary, FMB concentrations of 0.5% for 
the three amendments were suitable for cabbage growth in As/Cd-contaminated soil and 
did not cause iron poisoning. 

Conclusions 

The results of column experiment indicated that the addition concentration of 0.5% 
in the three soil amendments was most suitable for As and Cd co-contaminated soils 
based on characteristics of economy and efficiency. The total As and Cd concentrations 
in the cabbages were significantly lower under FMB addition than in the control group. 
Additionally, FMB significantly increased the residual As and Cd concentrations in the 
soil, indicating that the FMB had the best effect on the immobilization of As and Cd in 
the soil. Furthermore, FMB had no ill effect on cabbage growth under the experimental 
concentration. Therefore, 0.5% FMB demonstrated great potential application in the 
treatment of As/Cd-contaminated soil. FMB as a soil amendment is one of the 
development directions of soil remediation or soil stabilization, and its cost and process 
safety need to be further evaluated and studied. 
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Abstract. The extracts of Chara vulgaris (a green macroalgae) were tested to explore its algicidal 
potential on Microcystis aeruginosa growth. Firstly, the anticyanobacterial effect of both macroalgae 
aqueous (MAA) and macroalgae etyl acetate (MEA) extracts against M. aeruginosa was assessed using 
both the paper disc diffusion and microdilution methods. Minimum inhibitory concentrations (MIC) and 
minimum algicidal concentrations (MAC) were evaluated. Secondly, the growth of M. aeruginosa in 
response to the MEA extracts was investigated in an experimental bioassay. To reveal the potential 
allelochemicals, total phenols (TPs), total flavonoids (TFs), tannins (TTs) were analyzed in both MAA 
and MEA extracts. The identification of the phenolic compounds in MEA extracts was performed by 
high-performance liquid chromatography (HPLC). The results from the bioassay demonstrated that MEA 
extracts inhibit the growth of M. aeruginosa in a concentration dependent way. The highest inhibition rate 
(IR) exceeds 83% on day (d) 4 of experimentation, and achieved (97.98%) on 7-d. HPLC analysis 
revealed seven phenolic compounds known as effective allelochemicals. Overall, the obtained results 
demonstrate that MEA extracts might be proposed as a potential allelochemicals, and it can be considered 
as an ecofriendly alternative algaecide to control Microcystis blooms in the eutrophic water bodies. 
Keywords: Chara vulgaris, natural algaecides, allelochemicals, M. aeruginosa, inhibitory effect 

Introduction 

Harmful algal blooms (HABs) constitute a major human health risk and an 
environmental problem worldwide. Cyanobacterial blooms have occurred extensively in 
superficial eutrophic freshwater bodies used for recreational purposes and drinking 
water sources (De Figueiredo et al., 2004). Microcystis spp. are the most common 
bloom-forming cyanobacteria in eutrophic freshwaters (Douma et al., 2016). 
Microcystis blooms occurrences are frequently toxic and are able to produce 
hepatotoxins (Microcystins) which are responsible for the contamination of drinking 
water, and for the intoxication of many vegetal and animal organisms (Douma et al., 
2017). 
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In order to control the proliferation of toxic cyanobacteria, several solutions have 
been used. The classical approaches recommended to reduce algal proliferation were 
often chemical and physical methods (eg; algaecide addition, centrifugation, filtration, 
flocculation); however, these measures induce secondary pollution (Li et al., 2016). 
Biological control approaches using aquatic plants have emerged as economic and 
ecofriendly alternatives. Various aquatic macrophytes have been used to inhibit several 
kinds of cyanobacteria and green algae such as Myriophyllum spicatum ,Ceratophyllum 
demersum, Najas marina, Najas minor (Zhang et al., 2014), Elodea spp. Eichhornia 
crassipes, Nymphaea tetragona, Typha orientalis, Nelumbo nucifera, and Irris wilsonii 
(Chen et al., 2012), Sagittaria trifolia (Li et al., 2016). However, among the submerged 
aquatic macrophytes, freshwater and brackish water macrolagae are little studied 
(Zhang et al., 2009). 

Phytochemical characterization of macrophytes indicated that the revealed 
constituents are allelechemical products. The most important of these bioactive 
constituents are flavonoids, tannins, alkaloids, fatty acids and several phenolic 
compounds (Li and Hu, 2005; Chen et al., 2012; Zhang et al., 2014; Canton et al., 
2019). More specific allelochemicals on the inhibition of Microcystis spp. were 
previously identified and purified from aquatic plants. The most effective 
allelochemicals were Ethyl 2-Methyl Acetoacetate (EMA), N-phenyl-2-naphthylamine 
and Pyrogallol acid (Li and Hu, 2005; Pei et al., 2018). 

Hydrophyte flora is very common in Mediterranean area such as Morocco, which is 
known by high biodiversity. Several invasive and/or native aquatic plants proliferate 
intensively in several wetlands. Among these, freshwater and brakish water macroalgae 
that belongs to Characeae family. Chara vulgaris is a freshwater species, generally 
developing in very shallow waters, in temporary ponds, rivers, thermal springs or 
seepages of inundated meadows, with high resistance to eutrophication (Zouaïdia et al., 
2015; Muller et al., 2017). The Characeae family had known an important interest in 
many pharmacological uses, with antimicrobial activities (Cai et al., 2013). Also, some 
species belonging to this family have been recognized in algicidal activities against 
various microalgae including Microsytis spp (Kurashov et al., 2021; Zhu et al., 2021). 

Our hypothesis is that allelochemicals from Chara vulgaris var. vulgaris have 
antialgal potential and could inhibit the growth of M. aeruginosa. The aim of this study 
was to assess the algicidal effects of Chara vulgaris on M. aeruginosa; with regard to 
growth inhibition, photosynthetic comportment, and characterization of the potential 
allelochemicals. 

Materials and methods 

Biological materials 

M. aeruginosa was isolated from eutrophic Lalla Takerkoust reservoir, Morocco, 
(31°21'36" N; 8°7'48" W) in October 2015, and was grown in laboratory cultures at 
26 °C ± 2 °C under light intensity of 65 µE/m2/S, with a light/dark cycle of 15h/9h. 

Biological material of the macroalgae was collected in April 2016 from an urban 
pond in Marrakesh city, and identified as Chara vulgaris var. vulgaris. The whole plant 
was rinsed several times with distilled water to remove debris, and conserved for farther 
use. 
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Preparation of macroalgae Aqueous (MAA) and ethyl acetate (MEA) extracts 

20 g of fresh biomass was cut into small pieces in 300 mL of distilled water under 
agitation for 48h at room temperature. The solution was filtered through glass fiber 
papers (Whatman GF/C, 0.22 μm). The filtrate was collected as an aqueous extract for 
the biological test and for further fractionations. The aqueous extract was fractionated 
according to Wang et al. (2010) and Tazart et al. (2020a). Briefly, the filtrate was 
adjusted to pH 12 with 2M NaOH. The alkaline extract was centrifuged at 6000 rpm for 
10 min. The supernatant was transferred to a separating funnel and washed three times 
with 200 mL hexane. The aqueous fraction was acidified to pH 5 with 2 M HCl and 
then extracted three times with 100 mL ethyl acetate. The ethyl acetate extracts were 
first dried with anhydrous sodium sulfate and then evaporated to dryness by rotary 
evaporator at 39 ºC. The ethyl acetate extracts were stored at 4 ºC until used for 
biological assay. 

Total phenols (TPs), total flavonoids (TFs), tannins (TTs) concentrations 

determination in LA extracts 

TPs concentration was determined with the Folin–Ciocalteu method (Singleton et al., 
1965). Briefly, 0.5 ml of the extract was added to 0.5 ml of Folin-Ciocalteu reagent 
(Sigma-Aldrich) in water, and then 0.5 ml sodium carbonate solution (20% w/v) was 
added. The mixture was left for 1 h at room temperature and absorbance was measured 
at 760 nm. TFs content concentration was determined by the method described by Kim 
(2003). Briefly, 500 μl of aqueous extract was mixed with 500 μl distilled water. Then 
150 μl sodium nitrite solution (5%) was added, followed by 150 μl aluminum chloride 
solution (10%) after 5 min. Test tubes were incubated for 11 min at ambient 
temperature, and then 500 μl sodium hydroxide (1 M) was added. The mixture was 
vortexed and absorbance was determined at 510 nm. TTs content was determined with 
Folin-Denis test described by Salunkhe and Chavan (1989). Briefly, 1 ml of the aqueous 
extract was added to 75 ml distilled water, and then 5 ml Folin Denis reactif (Sigma-
Aldrich) solution and 10 ml sodium carbonate solution was added. The mixture was 
vortexed and absorbance was determined after 30 mn at 760 nm. 

Minimal inhibitory concentration (MIC) and minimal algicidal concentration (MAC) 

determinations 

The MIC preventing visible algal growth was measured by the broth dilution method 
developed by the Clinical and Laboratory Standards Institute (CLSI) using 96-well 
microplates (Hammer et al., 1996; Joshi et al., 2016). The MAA and MEA 
concentrations were ranged from 0.78 to 100 mg/L. The MEA were prepared by 
dissolution in 0.1% dimetyl sulfoxyde (DMSO). Subsequently in each well of 96 well 
plates, 100 µl of plant extracts concentrations were added to 100 µl of test microalgae of 
3.106 Cells/mL (exponential growth phase). Inoculated microplate were incubated after 
careful mixing under controlled conditions in a culture room at 26 ± 2 °C, illuminated in 
15h/9h light-dark cycle with fluorescent tubes (65 µE/m2/S). The MIC of each extract 
was defined as the lowest concentration which inhibited either microalgal growth. The 
MAC was determined by subculture on microplate under the same controlled conditions 
of clear wells, which did not show any visible growth after incubation during the test. 
Copper sulphate was used as algicidal positive controls with the concentrations ranged 
from 0.001 to 0.1 mg/L. 
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Disc diffusion assay 

M. aeruginosa was used for susceptibility-screening tests using the disc diffusion 
method (Kil et al., 2009). Sterilized filter paper discs of 9 mm were saturated with 20 μl 
of MAA or MEA extracts prepared in the Z8 medium with 0.1% of DMSO. Copper 
sulphate with a concentration of 10 μg were used as positive controls and (0.1%) of 
DMSO was used as negative control. Anticyanobacterial activity was measured by the 
formation of inhibition zones (in mm) around the discs where the extracts tested were 
applied. 

Algicidal activity bioassay 

The bioassay was conducted according to Tazart et al. (2019, 2020b), with some 
modifications. 6 groups of Erlenmeyer flasks (500 ml) containing Z8 medium (Kotai, 
1972) to a final volume (300 ml) were used. Each flask was inoculated by a volume of 
M. aeruginosa, in exponential growth phase, to make an initial density 
(11-12 x 105 cell/ml). The macrophyte ethyl acetate (MEA) extracts were dissolved in 
dimethyl sulfoxide (DMSO) 0.1% (v/v) and added to 300 ml of M. aeruginosa cultures 
to obtain final concentrations (0 (control), 25, 50, 75, 100; mg/l). An untreated equal 
volume of cyanobacterial culture with 0.1% of DMSO was used as negative control. 
Flasks were incubated under controlled conditions in a culture room at 26 ± 2 °C, 
illuminated in 15h/9h light-dark cycle with fluorescent tubes (65 µE/m2/S) within 7-d. 
All the experiments were conducted in triplicate. M. aeruginosa growth under different 
treatments was quantified daily using Malassez hemocytometer. Inhibitory rate (IR) of 
M. aeruginosa growth was determined according to the following Eq.1: 
 

 IR (%)=  x100 (Eq.1) 

 
where No and N are the cell density (cells/ml)in the treatment and control cultures, 
respectively. 

Pigments determination 

Chlorophyll-a and Carotenoids pigments were calculated according to Lichtenthaler 
and Wellburn (1983). They extracted with Ethanol 95% at 4 °C for 48 h, and then 
determined using a UV-Spectrophotometer (Carré 50 Scan) at 470, 649, 665 nm. The 
following formulas were used to calculate the concentrations as mentioned in the Eq.2 
and Eq.3: 
 

 [Chlorophylle a] =  (Eq.2) 

 

 [Caroténoïdes] =  (Eq.3) 

 
where Chla and Carot. represent the concentration of chlorophyll-a and Carotenoids 
(μg/ml) respectively; OD470, OD649 and OD665 are wavelengths absorbance (nm). 
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Identification and quantification of phenolic compounds by HPLC 

In order to identify the phenolic compounds in MEA extracts, the samples were 
filtered first through Whatman filter paper N°42 and then through 0.22 mm membrane 
filters (Millipore). Phenolic compounds were separated using HPLC with a 
250 mm x 4.6 mm, 5.0 µm reversed- phase (RP-18) column (Agilent Technologies) and 
a 10 mm× 4.6 mm RP-18 pre-column (Agilent Technologies). The two columns were 
placed into a column furnace at 25 °C. The HPLC system consists of an automated 
injector (Shimadu SCL-10A series pumping system, SIL-10AD) coupled to a SPD 10A 
UV-visible detector (set to start at 200 nm and end at 700 nm). Data collection and 
analysis were performed using the Shimadu LC Solution chromatography data station 
software. Two solvents were used in a constant flow rate of 0.1 ml/min, with an 
injection volume of 10 µl. Solvent A consisted of acetonitrile (5%) and water (95%), 
solvent B is a phosphate buffer solution in water (pH=2.6). All solvents employed were 
HPLC-grade. The following proportions of solvent B were used for the elution program. 
Standards were run on the machine first, followed by plant extracts and then samples. 
Phenolic compounds were identified by comparing their retention times to those of the 
standards. 

Statistical analysis 

Data with three replicates were statistically analyzed by two-way analysis of variance 
(ANOVA) with Tukey´s test to assess differences between exposure concentrations and 
those untreated (control) at different concentrations and over the time at p = 0.05. 
Correlation coefficients were calculated between cellular density and PTs, FTs, TTs 
concentrations in the end of experimentation. 

Results 

Anticyanobacterial activity assessment 

The anti-cyanobacterial activity of the extracts was evaluated qualitatively using the 
disk diffusion methods and quantitatively by the broth microdilution methods in 96 
wells. The results were presented in Figure 1 and Table 1. The results indicate that the 
MIC and MAC had equal concentrations values for each extract. For the macroalgae 
extracts, the most important activity against M. aeruginosa was observed under MEA 
extract with (31 ± 1 mm; MIC = MAC = 25 mg/l), followed by the MAA extract with 
(16.67 ± 0.58 mm; MIC = MAC = 50 mg/L). The Copper sulphate as a positive control 
showed the greatest effectiveness with the MIC and MAC = 3.12 mg/l. Thus, the tested 
MEA extracts appear to have a more pronounced anti-cyanobacterial activity (Table 1). 

Effects on M. aeruginosa growth 

Based on their relative stronger inhibitory effects, the MEA extracts were chosen to 
conduct a bioassay. As shown in Figure 2, it can be seen that MEA extracts may inhibit 
the growth of M. aeruginosa and exhibited a concentration dependent trend. In control 
group, the cell densities remained between 11.86 x 105 and 133.63 x 105 cell/mL over 
the test period. Conversely, the cell densities of M. aeruginosa at tested concentrations 
(25, 50, 75 and 100 mg/l) were reduced during the 7-d test period. The detailed data on 
the IRs through the test period was listed in Table 2. Indeed, Microcystis growths 
appeared significantly reduced (p<0.05) by the tested concentrations; with an overall 
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inhibition rates (IRs) exceeding globally 50% after 4-d at the 50 mg/l concentration 
(Fig. 2, Table 2). Under the highest concentration (100 mg/l) of MEA extracts, the 
inhibition rate (IR) exceeds 83% on 4-d of experimentation; and it was achieved 
(97.98%) on 7-d. 
 

Figure 1. Antialgal activity: aqueous (A) and (B) Ethyl acetate extracts; DMSO (C) and Copper 
sulphate (D) 

 
 

Table 1. Results of Anticyanobacterial activity assessment using the disk diffusion and 
microdilution methods 

 Test on solid media Microdilution methods 

 
Inhibition zone diameter on 

Microcystis aeruginosa (mm) 
Minimal inhibitory 

concentration (MIC) (mg/l) 
Minimal bactericidal 

concentration (MAC) (mg/l) 
Chara 

Extracts 
Aqueous Ethyl acetat Aqueous Ethyl acetat Aqueous Ethyl acetat 

Means 16.67±0,58 31.00±1 50 25 50 25 

Copper 
sulphate 

14.67 ± 1.15 3.12±1.15 

DMSO 0.00 

*: Similar values indicate here the standard deviation (n=3) 
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Figure 2. Effects of the different concentrations of MEA extracts on M. aeruginosa growth. 
Errors bars represent the standard deviation (n=3). *<0.05 indicate significant differences 

compared to the untreated culture (ANOVA tow-way) 
 
 

Table 2. The inhibitory effects expressed as inhibitory rate (%) of MEA extracts on 
M. aeruginosa growth 

Treatements 
(mg/L) 

0 1 2 3 4 5 6 7 

0.1 2.39 ± 0 -7.73 ± 1 4.86 ± 2 3.09 ± 3 27.85 ± 4 11.34 ± 5 15.39 ± 6 6.41 ± 7 

25 
1.97 ± 
2.54 

9.82 ± 
15.63 

15.42 ± 
2.32 

30.25 ± 
4.88 

33.27 ± 
0.07 

30.69 ± 
0.05 

26.71 ± 
0.29 

14.74 ± 
1.88 

50 
0.98 ± 
2.54 

16.5 ± 
7.78 

17.93 ± 
3.03 

33.34 ± 
18.98 

59.36 ± 
0.22 

60.38 ± 
0.36 

56.26 ± 
0.79 

39.86 ± 
2.94 

75 
1.12 ± 
1.99 

16.5 ± 
11.04 

25.13 ± 
4.03 

37.28 ± 
7.95 

65.37 ± 
1.23 

63.49 ± 
2.28 

64.08 ± 
0.29 

53.63 ± 
0.26 

100 
0.7 ± 
2.74 

22.77 ± 
11.04 

27.14 ± 
16.15 

43.14 ± 
4.52 

83.88 ± 
3.29 

92.43 ± 
1.09 

97.38 ± 
0.62 

97.98 ± 
1.1 

*: Similar values indicate here the standard deviation (n=3) 

 
 
Effects on photosynthetic pigments 

In order to assess the physiological modification, two photosynthetic pigments were 
measured (Chl-a and carotenoids). Under control treatment, the Chl-a and carotenoids 
concentrations increase as a function of tested concentrations (Fig. 3A,B). By contrast, 
in treatments they decrease negatively with the augmentation of extract concentrations. 
The content pigment concentrations are appearing to be strongly inhibited at the all 
treatments since 5-d. The significant differences between the concentration in treatment 
and controls groups were remarquably observed for Chl-a (p < 0.05) and carotenoids 
after 5-d and 7-d, respectively (Fig. 3A,B). 

* 
* 

* 
* 
* 
* 

* 

* 
* 

* 

* 

* 

* 

* 

* 

* 
* 

* 

* 

* 
* 
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Figure 3. Effects of Chara sp. ethyl acetate extract on Chl-a (A) and carotenoides (B) in M. 
aeruginosa cultures, respectively. Each value is the mean ± SD of three replicates, a indicate 

significant differences compared to the untreated culture (ANOVA tow-way) at p < 0.05 
 
 
Phytochemical characterization 

The results of the phytochemical characterization are shown in Table 3. MEA extract 
exhibited important values on TPs, TFs, and TTs. As well, a high significant correlation 
(0.97) have been well obtained between the IRs of the three high concentrations of TPs 
(50, 75, 100 mg/l) in the end of the experiment. 
 

Table 3. Total phenolic (TPs), Total flavonoids (TFs), Total tannins (TTs) amounts in MEA 
extracts; and correlations between all amounts and IRs of the three high after 7 days of 
exposure 

 TPs 1 TFs 2 TTs 3 

Concentrations 124.35 101.02 0,08 

Coefficient of correlation 0.97 0.75 0.93 

(1): µg Gallic acide quivalent /mL extract, (2): µg catechin equivalent/mL extract, (3): µg tannic acid 
equivalents /mL extract 
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HPLC technique was used to identify and quantify the major phenolic compounds in 
MEA extracts. From the HPLC chromatogram (Fig. 4 and Table 4), 7 different 
chemicals were identified from the three MEA extracts. Characterization of major 
phenolic components from MEA extract was dominated by p-coumaric acid (36.58%) 
of the total identified compounds, followed by caffeic acid (25.78%), Catechic acid 
(23.37%), tanic acid (21.03%), sorbic acid (6.06%) and rutic acid (4.47%), and furulic 
acid (1.36%). 
 

Figure 4. HPLC chromatogram recorded at 280 nm for the main phenolic compounds identified 
in the Chara sp. ethyl-acetate extracts: 1) catechic acid, 2) tanic acid, 3) cafféic acid, 4) ferrulic 

acid, 5) p-coumaric acid, 6) sorbic acid and 7) rutic Acid 
 
 

Table 4. Concentrations of the main phenolic compounds identified in the Chara sp. ethyl 
acetate extracts expressed in mg EGA/ g DM 

Compound Nº Retention 
Time [min] 

Area [mAU.s] Compound 
Concentrations 

(mg EGA /g 
DM) 

% of 
Compounds 

1 11.9 581.353 Catechic acid 23.37 20% 

2 13.7 522.861 Tanic acid 21.03 18% 

3 19.5 641.564 Cafféic acid 25.78 22% 

4 23.4 31.106 Ferrulic acid 1.36 1% 

5 24.9 911.536 p-coumaric acid 36.58 31% 

6 27.1 148.454 Sorbic acid 6.06 5% 

7 41.1 108.862 Rutic Acid 4.47 4% 

 
 
Discussion 

In search of an ecofriendly algaecide to control cyanoHABs, several bioactive 
compounds from macrophytes were screened and characterized which may be important 
sources of allelochemicals. In the present study, the antialgal activities of the MAA and 
MEA extracts were assessed qualitatively and quantitatively in both solid and liquid 
medium. Based on their relative stronger inhibitory effect, the MEA extracts were used 
to conduct an experimental bioassay. 
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The obtained results confirmed that the MEA extracts act negatively on the 
M. aeruginosa growth in a dose dependent manner. For the MEA extract, the highest 
inhibition rate (IR) exceeds 83% on day 4 of experimentation; and it was achieved 
(97.98%) on 7-d. These results remain globally similar to those observed in other 
previous works that studied macrophyte aqueous and etyl acetat extracts on 
Microcystis spp. Tazart et al. (2019, 2020a,b) showed that the growth of M. aeruginosa 
was effectively inhibited by macrophyte aqueous  and ethyl acetate extracts, with 
strongest inhibition rates (IR values between 95 and 100%) for Ranunculus aquatilis, 
Nasturtium officinale and Potamogeton natans. 

Similar results were observed with the use of other macrophytes aqueous extracts 
such as Spartina alterniflora with IR= 99.4% (Yuan et al., 2020), both Cyperus 
alternifolius and Canna generalis with more than IR= 99.6% (Zhou et al., 2019). These 
strong inhibitions demonstrated the relative high algicidal potential of macrophyte 
extracts compared to those of certain terrestrial plants: Ailanthus altissima (66.3-91.8%) 
on 5 d (Meng et al., 2015), S. trifolia (70%) after 6 d (Li et al., 2016), Thalia dealbata 
(92.7%) on 7-d (Zhang et al., 2011), N. tetragona, T. orientalis, N. nucifera and 
I. wilsonii (75-82%) during 19 d (Chen et al., 2012), Achillea ageratum, Origanum 
compactum (88-95) after 8 d (Tebaa et al., 2017; 2018). 

Although many aquatic and terrestrial plants, and marine algae have been tested to 
control Microcystis harmful blooms; freshwater macroalgae are very little studied. To 
our knowledge, the freshwater Chara genus is the most recognized in bioassays that 
have tested the algaecide effect on Microcystis spp (Berger and Schagerl, 2004). 

In our experimental study, the growth inhibition is well confirmed by the decrease of 
the two photosynthetic pigments (Chl-a and carotenoids) in treatments groups. The 
growth inhibition accompanied by photosynthetic pigments reduction and 
morphological changes of M. aeruginosa, were mainly indicators of physiological 
alterations under a stress environment in several works (Meng et al., 2015; Li et al., 
2016). Also, some studies showed specially the negative effect of the extracts on Chl-a 
content (Ni et al., 2012; Meng et al., 2015). Their decrease shows the disturbance of the 
photosynthesis affecting the growth and reproduction of M. aeruginosa (Li et al., 2016). 
Zhu et al. (2010) demonstrated that polyphenols, pyrogallic acid and gallic acid 
produced by M. spicatum decreased the photosynthetic activity of the cyanobacterium 
species by inhibiting the activity of PSII. 

This inhibitory effect might be related to potential allelochemicals released by Chara 
vulgaris. From the obtained results, it seems that TPs participate more in the inhibitory 
activity (Tables 3 and 4). These results agreed with previous works showing the effect 
of PTs, in the M. aeruginosa inhibition (Chen et al., 2012). In fact, the phytochemical 
investigation of extracts allowed the identification of several other compounds. They are 
mainly flavonoids, glycosides, terpenoids, saponins and several phenolic acids (Li and 
Hu, 2005; Chen et al., 2012; Li et al., 2016). However, plant-derived polyphenolics 
were the most common allelochemicals in HABs control (Zhu et al., 2021). 

In the only study devoted to the characterization of allelochemicals of Chara 
vulgaris, Zhang et al. (2009) reported three phenolic coumpounds (The (Z, Z)-9,12-
octadecadienoic, tetradecanoic and hexadecanoic acides) as the potent allelochemicals 
for Chara vulgaris L. against the toxic M. aeruginosa. In our study, the characterization 
of major phenolic components from MEA extracts of the Moroccan Chara vulgaris var. 
vulgaris, showed the dominance of p-coumaric acid (36.58%), caffeic acid (25.78%), 
Catechic acid (23.37%), tanic acid (21.03%) over the other identified compounds: 
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sorbic acid (6.06%) and rutic acid (4.47%), and furulic acid (1.36%) (Table 4). Among 
the 3 major phenolic compounds, p-coumaric acid is recognized as an effective 
allelochemical on M. aeruginosa (Wang et al., 2010). However, it is rarely identified 
from macrophytes (Agnihotri et al., 2008). In the other hand, caffeic acid and Catechic 
acid, are often repeated as effective allelochemicals (Gao and Xie, 2011; Gao et al., 
2015; Zhu et al., 2021). 

It is well known that the allelochemical compounds inhibited the growth of the cell 
through the perturbation of the cellular structure as and the physiological statute 
(Gigova and Ivanova, 2014). Phenolic acids exhibit cell-permeability features due to 
their amphiphilic and lipophilic nature (Lan et al., 2020). Wang et al. (2016) found that 
p-coumaric acid and ferulic acid disrupted the cell membrane integrity of 
M. aeruginosa. Furthermore, under stress conditions, the Reactive Oxygen Species 
(ROS) act on cell membranes through the degradation of unsaturated phospholipids 
(Meng et al., 2015), allowing to the increased of their permeability. Thus, the 
perturbations of antioxidant defense system leading to the inhibition of photosynthesis 
and oxygen evolution through interactions with components of photosystem II (PS II) 
(Einhellig, 1995), and finally to induce the cell death (Zhang et al., 2011). 

Conclusion 

This study demonstrates the inhibitory effect of the MEA extracts of Chara 
macroalgae on the M. aeruginosa growth. This effect is dose-dependent. TPs 
characterized might be the main responsible allelochemicals. MEA extracts might be 
recommend as a potential allechemicals, and it can be considered as an ecofriendly 
alternative algaecide to control Microcystis blooms. Other future approaches will be 
necessary to assess its potential effects in mesocosms and in field studies, and against 
non-target organisms. 
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Abstract. Food waste (FW) is the largest and most problematic organic waste component in the solid waste 
management system around the world including Malaysia. In promoting renewable energy production, FW 
has enormous potential and is one of the most promising sources as it can be converted into energy due to 
high organic matter content found in this source. Improper handling of FW has adverse effects on humans 
and the environment. FW that ends up in landfills is capable of producing greenhouse gases such as methane 
and carbon dioxide which can lead to increased atmospheric temperature, climate change, and global 
warming as well as causing serious health hazards. Compared to landfilling, incineration, and composting, 
anaerobic digestion (AD) is considered the best treatment alternative in FW management. This paper 
reviews the efficacy of using FW AD for energy production, focusing on the critical factors influencing the 
digestion process, the characteristics of the FW and their impact on the AD process, and the method of 
anaerobic conversion of FW (batch or continuous) to methane. To enhance the AD of FW, the co-digestion 
and pretreatment method will also be discussed further in this review paper. 
Keywords: anaerobic digestion, food waste, energy, methane, co-digestion, pretreatment, factors 
influencing anaerobic digestion process 

Introduction 

Food waste (FW), which is known as a complex heterogeneous organic material 
consisting of highly recalcitrant material up to extremely biodegradable compounds has 
become a major global problem. In the United States, the generation of FW has reached 
188 kg/capita per year with total losses reaching $165.6 billion at consumer and retail 
levels (Abd Ghafar, 2017). According to Liu et al. (2021), the annual food loss per capita 
in North America and Europe is 280–300 kg. Furthermore, approximately 33% of food is 
wasted in Southeast Asia (Yang et al., 2016). According to Kamaruddin et al. (2017), 
Malaysia presently produces around 1.1 kg/capita/day of municipal solid waste (MSW) 
where about 40% of MSW consists of FW. The remaining 60% is comprised of inorganic 
waste such as plastics, papers, diapers/napkins, textile, metal, glass, rubber and leather, 
garden or yard waste, and others (SWCorp, 2016). Approximately, 77% of the FW 
produced consists of cooked rice, noodles, bread, and pastries (carbohydrate group) 
produced by cafeterias, commercial restaurants, meat, and market industries (Tanimu et 
al., 2014). Most of the polymeric carbohydrates and proteins are present in solid form, 
for example, rice, bread, noodles, vegetables, and meat. The composition of FW discarded 
from the households and foodservice level comprising restaurants, canteens, and others 
can be varied. In countries like Europe and Asia, the largest composition of FW produced 
is vegetables and fruits with a percentage of 40% and 56%, respectively. The rest consists 
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of pasta and bread, rice, dairy products, meat, and fish. In general, the FW generated 
comprises 41-62% of degradable carbohydrate, 15-25% protein, and followed by 13-30% 
of lipids (Braguglia et al., 2018). In addition, for many countries in Southeast Asian 
continent such as Malaysia and Thailand, the largest composition of FW is dominated by 
carbohydrates groups such as cooked or uneaten rice, noodles, and bread. Meanwhile, 
proteins and lipids are typically derived from FW comprising meat, fish, eggs, and oily 
gravy. 

Ineffective FW disposal will contribute to severe environmental problems including 
odour emission, leachate production, greenhouse gas emissions (GHG), and groundwater 
pollution (Zhou et al., 2018). Landfilling, incineration, and aerobic composting are some 
of the traditional approaches that are often taken into consideration in FW management 
in Malaysia. Several factors make these three methods unfavourable to dispose of FW, 
namely the tendency to create environmental problems, space constraints, and 
characteristics of FW. In FW management, anaerobic digestion (AD) is considered the 
best alternative of treatment compared to landfilling, incineration, and composting. 
Limited environmental impacts and a high potential for energy recovery make this 
technology best suited for treating FW (Ariunbaatar et al., 2014) as well as having great 
potential in reaching 40 to 60% of waste reduction. Anaerobic digestion is a biological 
process that takes place in the absence of oxygen and results in the destruction and 
stabilization of organic waste (Negri et al., 2020), involving 4 stages of processes namely 
hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Zhou et al., 2018; Negri et 
al., 2020). This method offers several environmental benefits over other forms of 
treatment technology, for example, it reduces greenhouse gas emission (methane and 
carbon dioxide), reduces odors, and produces sanitized nutrient-rich fertilizer (Seruga, 
2021). 

This paper will discuss the anaerobic conversion of FW for energy production, 
particularly methane. The focus will be given to the critical factors influencing the 
digestion process, the characteristics of the FW, and their impact on the AD process. 
Further explanation will be given to the anaerobic conversion of FW into methane either 
by batch or continuous AD method. Methods to enhance the AD of FW such as co-
digestion and pretreatment will also be evaluated further. 

Anaerobic digestion 

Biogas is the most important product in the anaerobic digestion process. Biogas is a 
combustible gas, and the quality is defined by its composition. The main composition of 
biogas consists of CH4 and CO2. In addition, small quantities of other gas components are 
also present in the biogas produced through the anaerobic digestion process which 
includes nitrogen (N2), hydrogen (H2), hydrogen sulfide (H2S), ammonia (NH3), oxygen 
(O2), and water vapour (H2O). According to Bharathiraja et al. (2018), biogas is largely 
made up of methane (CH4) (40-75%) and carbon dioxide (CO2) (15-60%), with minor 
amounts of hydrogen (H2), nitrogen (N2) (0-5%), hydrogen sulfide (H2S) (0-5000 ppm), 
oxygen (O2) (2%), water (H2O) (1-5%), and saturated hydrocarbons (i.e. ethane, 
propane). Furthermore, the anaerobic digestion process is becoming popular nowadays 
because of its methane recovery potential, and the nutrient-rich solids produced following 
digestion (digestate) can be utilized as fertilizer. Waste stabilization is demonstrated by 
the generation of methane and carbon dioxide at the end of the anaerobic digestion 
process. 
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The anaerobic process begins with hydrolysis where complex organic materials will 
be hydrolyzed to a smaller size and soluble organic substrate. Meanwhile, in acidogenesis 
stage, amino acids, simple sugars, and long-chain fatty acids have been broken down into 
short-chain fatty acids. In the third stage (acetogenesis), the simple molecules from 
acidogenesis are further digested to produce carbon dioxide, hydrogen, and mainly acetic 
acid. Then, methanogenesis stage will take place in which the carbon dioxide and 
hydrogen are converted into methane gas. 

Critical factors influencing anaerobic digestion 

In order to ensure the operation of the anaerobic digestion process occurs in optimum 
conditions, there are a few parameters that should be taken into consideration and 
controlled. Therefore, any drastic changes in the parameters involved in the anaerobic 
digestion system will affect the chain reaction that ultimately inhibits the digestion 
process. Complete microbial metabolic processes, which entail intricate interactions of 
various types of bacteria, must be in continual equilibrium to ensure the digester remains 
stable. Physiology, nutritional needs, growth kinetics, and sensitivity to environmental 
conditions are the important characteristics that distinguish between the acid-forming and 
methane-forming microorganisms in the anaerobic digestion system. The instability of an 
anaerobic digester is caused by the failure to ensure a balance between these two groups 
of microorganisms (Li et al., 2018). Thus, parameters such as temperature, pH and 
alkalinity, volatile fatty acids (VFA), mixing, hydraulic retention time (HRT), and 
organic loading rate (OLR) must be observed and maintained within the permitted range 
to enhance microbial activity and thus boost the efficiency of the anaerobic 
decomposition of organic matter in the system. 

Temperature 

Anaerobic digestion (AD) can function over a large range of temperatures. 
Temperature is one of the important operating parameters in determining the performance 
of AD reactor to ensure the survival and optimum development of microbial consortium. 
Bacteria have two optimum temperature ranges known as mesophilic and thermophilic 
although they can survive in a wide range of temperatures. Anaerobic digesters are 
discovered to be operated at temperatures ranging from 20 oC to 60 oC. Mesophilic 
(20-40 oC) and thermophilic (50-65 oC) temperature ranges are responsible for methane 
generation, with optimum temperatures of 35 oC and 55 oC, respectively (Panigrahi and 
Dubey, 2019). The value of the optimum temperature for the anaerobic digestion process 
is different and it depends on the composition of the feedstock and type of digester used. 
Since the rate of digestion is greatly affected by temperature, it is considered a critical 
parameter that must be maintained in the desired range. Anaerobic bacteria can survive 
in a wide temperature range, from low temperatures (freezing point) until reaching a 
temperature of 70 °C. However, the most significant development is in the two ranges of 
temperature from 25 °C to 40 °C (mesophilic) and from 50 °C to 65 °C (thermophilic). 
The active microbial community structure is different at both optimum temperatures. The 
temperature range had a significant influence on the transition of the reactor's 
methanogenic activity from mesophilic to thermophilic, as evidenced by the sudden 
performance deterioration and complete cessation of methane recovery when the 
temperature range was increased from mesophilic to thermophilic (Kim and Lee, 2016). 

The optimum temperature setting (35 oC) during mesophilic anaerobic digestion of 
FW has successfully produced a high methane yield. This is evidenced through a study 
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conducted by Wang et al. (2014), Gou et al. (2014), Dai et al. (2013), Shen et al. (2013), 
Ratanatamskul and Manpetch (2016), Drennan and Di Stefano (2014), Wu et al. (2016) 
and Paudel et al. (2017). The range of methane yield recorded through their study was 
between 153-620 L CH4/kgVS. In addition, the setting of the optimum temperature 
(55 oC) during thermophilic anaerobic digestion of FW also produced a high methane 
yield. Some researchers such as Castrillon et al. (2013), Gou et al. (2014), Yang et al. 
(2015), Nagao et al. (2012), and Qiang et al. (2013) have recorded high methane yield 
production (178–475 L CH4 / kgVS). However, the increase in methane yield produced 
does not only depend on the setting of the optimum temperature during the process alone. 
Factors such as pH and co-digestion of the FW with other substrates also contributed to 
the increase in methane yield. 

In comparison to mesophilic digestion, thermophilic digestion results in a greater 
reduction of pathogens in the digested substrate, a higher specific growth rate of 
microorganisms, a shorter hydraulic retention time (HRT), and a faster rate of biogas 
production (Fernandez-Rodriguez et al., 2013; Cavinato et al., 2013). According to the 
Arrhenius equation, increasing the reaction temperature by 10 oC doubles the rate of many 
chemical processes (Panigrahi and Dubey, 2019). The specific gas production and gas 
production rate rose from 0.34 to 0.49 m3/kgVS and 0.53 - 0.78 m3/m3 day, respectively, 
as the temperature climbed from 37 to 55 oC (Cavinato et al., 2013). In the thermophilic 
process, on the other hand, the high rate of acidogenesis leads to an buildup of propionic 
acid in the digester, which may limit methanogen activity. Another issue with 
thermophilic AD is its greater energy demand and process instability, both of which can 
have a negative impact on energy balance and the entire digestion process (Beevi et al., 
2015). The benefits of thermophilic (increased hydrolysis and conversion rates) and 
mesophilic (elevated process stability, better effluent quality) conditions were combined 
to develop temperature phased AD (TPAD) (Fuess et al., 2018). TPAD consists of two 
stages: a shorter thermophilic pretreatment phase and a subsequent mesophilic phase with 
a longer retention duration. The thermophilic stage accelerates hydrolysis and 
acidogenesis, which seem to be the rate-limiting processes in anaerobic digestion whereas 
the mesophilic stage maintains constant conditions for syntrophic acetogenesis and 
methanogenesis owing to methanogens' superior resistance to inhibitory or toxic 
chemicals (Borowski, 2015). According to Borowski (2015) and Akgul et al. (2017), 
TPAD can improve volatile solids and total coliform degradation, enhance methane 
production and organic loading rates (OLR), increase operational stability and effluent 
quality in terms of volatile fatty acids (VFA) and soluble chemical oxygen demand 
(SCOD), and lowering hydraulic retention times (HRT) for total coliform degradation. It 
has the same potential as single-stage thermophilic anaerobic digestion, but it is much 
more efficient than single-stage mesophilic anaerobic digestion. The TPAD has been used 
to digest sewage sludge, FW, the organic fraction of municipal solid waste (OFMSW), as 
well as a solid residue from olive mills. The TPAD of FW is capable of producing high 
methane yields as reported by Ventura et al. (2014), Yeshanew et al. (2016), Wu et al. 
(2016), and Li et al. (2020). Ventura et al. (2014) have conducted TPAD of FW from a 
recycling company using a combination of mesophilic-thermophilic (10L: 30L) and 
thermophilic-mesophilic (10L: 30L) reactors. They found that the methane yields 
obtained were 440 and 370 L CH4/kg VSadded, respectively using a combination of 
mesophilic-thermophilic and thermophilic-mesophilic reactors. Yeshanew et al. (2016) 
reported that approximately 334.7 L CH4/kg CODremoved of methane yield was produced 
through the TPAD process of synthetic FW using a combination of continuously stirred 
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tank reactor (CSTR) and anaerobic baffled reactor (ABR) with recirculation. Wu et al. 
(2016) used a combination of the thermophilic-mesophilic reactor with a capacity of 10L 
to digest food waste with de-oiled grease trap waste and found that a total of 520 L CH4/kg 
VSadded of methane yield was produced. Li et al. (2020) reported that two temperature-
phased anaerobic digestion (TPAD) systems, non-recirculation temperature-phased 
anaerobic digestion (NR-TPAD) and recirculation temperature-phased anaerobic 
digestion (R-TPAD), were operated in parallel for the co-digestion of FW and paper waste 
(55 °C in the first reactor and 35 °C in the second reactor). The range of methane content 
obtained through these two systems is between 53.99-59.23% and 56.14-60.28% 
respectively, using NR-TPAD and R-TPAD. Recirculation had a big impact on the 
microbial population's composition and variations. Recirculation promotes phase 
separation in the R-TPAD system, converting lactic acid to hydrogen in the first reactor, 
and has been shown to enhance co-digestion of food waste and paper waste, resulting in 
methane production. However, the utilization of the TPAD system does not all produce 
the expected results. For example; Xiao et al. (2018) found methane yield produced 
through the TPAD system was lower (454 L CH4/kg VSadded) compared to single 
mesophilic AD (477 L CH4/kg VSadded) and single thermophilic AD system (461 L 
CH4/kg VSadded). The TPAD employed in the test resulted in a lower biogas and methane 
production rate and yield, but a greater biogas and methane recovery rate than the two 
single-stage anaerobic digestion systems. The methane recovery rate for TPAD, single 
mesophilic AD, and single thermophilic AD systems is 577, 574, and 564 L CH4/kg 
VSdegraded, respectively. 

pH and alkalinity 

For optimum growth, each group of anaerobic microorganisms involved in the 
anaerobic digestion process has a specific optimum pH, therefore AD is strongly 
dependent on the pH of the system. In order to ensure the success of the operation and 
stability of an anaerobic digester, this parameter must be monitored and maintained. 
According to Parawira (2004), the utilization of carbon and energy sources, efficiency of 
substrate dissimilation, synthesis of protein and various types of storage material, and 
release of metabolic products of cells are among a few aspects that are influenced by pH. 
Since fermentative microorganism is less sensitive to changes, then it can work in a wider 
pH range. The acetogenesis phase necessitates a pH of 6.5–7, which is near neutral to 
acidic. A slightly acidic and basic pH of 6 and 7.5 are essential for hydrolysis and 
methanogenesis, respectively (Leung and Wang, 2016). The literature has indicated a 
range of pH values (6.5-8.5) for anaerobic digestion, although the ideal pH for an efficient 
anaerobic digestion process is about 7 (Kumar and Samadder, 2020). A decline in pH 
(below 6) significantly reduces the activity of the methanogens more than that of the 
acidogens and causes volatile fatty acids (VFAs) formation (Panigrahi and Dubey, 2019), 
which could inhibit the whole process and contributed to digester instability (Kumar and 
Samadder, 2020). Alkalinity can be defined as a measurement of the chemical buffering 
capacity of an aqueous solution. Agbalakwe (2011) states that to ensure the operation of 
an anaerobic digester is in stable condition, the digester needs to provide adequate 
buffering capacity to maintain the pH of the system to be in the range of 6.7 to 7.4 by 
neutralizing the VFA which may present in the system. The presence and concentration 
of buffering compounds are influenced by the composition of the total organic load and 
substrate. Several compounds provide significant buffering capacity in the anaerobic 
digestion process such as hydrogen sulfide (H2S), ammonia (NH3), bicarbonate (H2CO3), 
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and di-hydrogen phosphate. An anaerobic treatment system has its buffering capacity 
against pH drop. Alkalinity in the form of CO2, NH3, and H2CO3 is produced by 
methanogenic bacteria. According to Appels et al. (2008), the concentration of CO2 in the 
gaseous state and bicarbonate (H2CO3) alkalinity in the liquid state play a huge role in 
controlling the pH system. The addition of bicarbonate alkalinity (in the liquid phase) will 
increase the pH if the concentration of CO2 (in the gas phase) is constant. 

According to Zamri et al. (2021), the optimum pH ranges for acidogenesis and 
methanogenesis are 5.5 to 6.5 and 6.5 to 8.2, respectively. Optimum pH values for high 
methane yield recovery in AD have been discovered in several studies. According to Liu 
et al. (2008), the optimum pH range for OFMSW biogas yield in AD is 6.5–7.5. The 
optimal pH range for methanogenesis utilizing Korean FW leachate was 6.5–8.2 (Lee et 
al., 2009). Meanwhile, when anaerobic digestion was performed on FW obtained from 
the hostel mess of the National Institute of Technology Calicut, Kerala, India, Jayaraj et 
al. (2014) discovered that biogas yield and degradation efficiency were significantly 
higher for the substrate of pH 7 compared to other pH values. The methane content of 
biogas produced at pH 7 was found to be 60.8% (v/v). The cumulative biogas production 
over a 30-day retention period at the same pH was measured at 5655 mL. The results, 
however, vary depending on the characteristics of the OFMSW and the acid conditions. 
Alkali-based chemicals such as sodium bicarbonate (NaHCO3), sodium carbonate 
(Na2CO3), calcium hydroxide (Ca(OH)2), and sodium hydroxide (NaOH) were added to 
the reactor during the start-up period to maintain the pH stability for the continuous 
process, and NaOH is most efficacious in enhancing the AD process (Kondusamy and 
Kalamdhad, 2014; Jain et al., 2015). Before the reactors are fed, neutralization is required 
if the anaerobic digestion feedstock has a very high or low pH (Kouzi et al., 2020; Zamri 
et al., 2021). According to Zhang et al. (2009), hydrolysis and pH have also been found 
to have a strong positive correlation (P= 0.01). Therefore, the hydrolysis rate constant is 
inferred to depend on the pH. Both methanogenic and acidogenic microorganisms have 
optimum pH levels, which should be highlighted. pH 6.5–8.2 is optimum for 
methanogenesis, while 7.0 is the most efficient pH (Lee et al., 2009). Methanogens' 
growth rate is considerably lowered at pH values below 6.6, and methanogenic bacteria's 
activity is inhibited at higher or lower pH levels (Mao et al., 2015). Because the optimal 
pH for acidogenesis was between 5.5 and 6.5, a two-stage AD process splitting the 
hydrolysis-acidification and acetogenesis-methanogenesis processes is the recommended 
mode of operation (Mao et al., 2015). 

The equilibrium of CO2 and bicarbonate ions is known as buffering capacity. Direct 
pH measurement is less reliable than buffering capacity in determining digester 
imbalance. VFAs are formed during the acidogenesis phase, and the pH inside the digester 
is decreased. Methanogens, which produce alkalinity in the form of CO2 and bicarbonate, 
counteract this pH drop. The concentration of CO2 in the gas phase and the bicarbonate 
in the liquid phase govern the pH inside the digester. Lowering the OLR, applying salts 
to turn CO2 to bicarbonate, or simply adding bicarbonate can all help with inadequate 
buffering capacity (Panigrahi and Dubey, 2019). The food/microorganism (F/M) ratio 
also can be altered to adjust for insufficient buffer capacity. It is typically recommended 
that alkalinity be kept around 1000 and 5000 mg CaCO3/L to maximize methane 
production (Tchobanoglous et al., 2003). 
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Volatile fatty acids (VFA) 

In an anaerobic digestion monitoring process, volatile fatty acids (VFA) concentration 
is one of the parameters that play an important role that causes toxicity and reactor failure. 
VFA consisting of acetic, propionic, butyric and valeric acid is an intermediate compound 
produced during the acidogenesis stage. The presence of VFA in the anaerobic digestion 
process can reduce the production of methane gas. The effect of fermentation digestion 
can be seen as a result of an increase in acid concentration in the system. In case of 
uncontrolled accumulation of acid, hydrogen exists in the anaerobic digestion process 
will play an important role in preventing the formation of methane gas. According to Mao 
et al. (2015) and Jin et al. (2021), methanogenesis inhibition can occur in anaerobic 
digestion if the VFA produced has a high concentration. The dissociated form of VFA is 
dominant at elevated pH, while at low pH the undissociated VFAs (free volatile fatty 
acids) are dominant (Forgacs, 2012). According to Deublein and Steinhauser (2008), the 
ability of undissociated VFAs to diffuse into cells and denatured the proteins can cause 
inhibiting effect. The best indicator of the most sensitive metabolic group of microbial 
groups in the anaerobic system usually refers to the concentration of acetic, propionic, 
and butyric acids (Lee et al., 2015). In anaerobic digestion, acetic acid normally presents 
in much higher concentrations than the other types of fatty acids (Lee et al., 2015). Sabri 
et al. (2018) explain that the conversion rate of VFA to methane varies according to the 
sequence of acetic acid > ethanol> butyric acid> propionic acid. Lactic acid is an 
undesirable terminal fermentation product and this acid has the potential to be converted 
into propionic acid. Propionic acid which accumulates during anaerobic digestion will 
lead to failure in the production of methane gas (Mamimin et al., 2017). 

VFAs regulate pH, which is one of the most critical factors in AD. Fermentative 
bacteria require a pH range of 4.0–8.5, whereas methanogens prefer a limiting pH range 
of 6.5–7.2 (Zhang et al., 2014). Previous studies have shown that the pH of anaerobic 
digesters has a substantial impact on VFAs: at low pH, acetic and butyric acids are the 
predominant VFAs, but at pH 8.0, acetic and propionic acids play a prominent role 
(Appels et al., 2011). Furthermore, pH control can influence both the type and amount of 
acid-producing bacteria (Horiuchi et al., 2002). The generation and accumulation of 
volatile fatty acids (VFAs) have been found to impede and harm the digestion process, 
resulting in delayed biogas production (Labatut et al., 2011; Vijayaraghavan et al., 2012). 
According to Paritosh et al. (2017), the inhibition of VFAs on methanogen activity is 
produced by a pH drop, which may result in acid-sensitive enzyme activity loss. 
Macromolecules can be destroyed by large amounts of undissociated acids that can 
penetrate cellular membranes. Solid-state food waste anaerobic digestion might produce 
VFA concentrations of up to 20,000 mg/L, which is significantly greater than a 
wastewater anaerobic process. VFAs vary from 2000 to 3000 mg/L in the optimal 
conditions for metabolic activity (Paritosh et al., 2017). According to Lee et al. (2015), 
VFA concentrations in field anaerobic digestion facilities processing FW leachate should 
be kept below 4,000 mg/L to achieve the Korean guideline of 65% VS removal rate. The 
concentrations of VFA should be employed as a key operational parameter for controlling 
and managing the anaerobic digestion process. To ensure the success of anaerobic 
digestion processes in which high methane yields can be produced as well as prevent 
inhibition from occurring, the VFA content must be controlled to be within the optimal 
range. The pH control needs to be done throughout the digestion process. 
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Mixing strategy 

Mixing is one of the important factors in the production of biogas during the AD 
process. Increasing the contact between substrate and microorganisms is the main 
objective to carry out the mixing process in the digester. Mixing will uniformly distribute 
heat and bacteria in the digester to prevent the formation of scum and the occurrence of 
temperature gradients in the digester. In addition to maintaining a more uniform 
temperature in the digester, mixing can also help to release the resulting biogas during 
the AD process. Substrates that have been introduced into the digester should be mixed 
at regular intervals to prevent settling as well as maintaining contact between bacteria and 
substrate. Mixing aids in achieving substrate homogeneity and uniform distribution of 
nutrients, pH, and temperature in the digester, as well as assisting in the release of trapped 
biogas in the digestate (Singh et al., 2020). 

A slow or minimal mixing process is preferable rather than vigorous and excessive 
mixing. Vigorous continuous mixing process will disrupt the structure of microbial flocs, 
which consequently interfere with the syntrophic relationships between microorganisms 
in the digester which will ultimately affect the reactor performance (Singh et al., 2020). 
When compared to vigorous continuous mixing, Lindmark et al. (2014) found that 
minimal mixing intensities boosted biogas production rate and overall volume produced. 
Kariyama et al. (2018) reported that excellent performance is achieved (high biogas 
production rates and specific gas production) when minimal mixing is used in the 
digestion of livestock manure. Mechanical mixers, recirculation of digester contents, or 
recirculation of the produced biogas to the bottom of the digester using pumps are a few 
methods used to mix the organic material in the digester during the AD process (Mao et 
al., 2019). To ensure that the solids are in suspension, mechanical or gas mixers can be 
used for mixing the organic material in the digester. One of the inexpensive methods to 
enhance the movement of organic materials in the digester is by bubbling the biogas 
through the chamber. Recirculation of waste is another mixing method in which the 
digestate produced at the end of the AD process will be removed and only certain 
percentages will be fed into the digester along with the fresh substrate. This action aims 
to inoculate the fresh substrate fed into the digester with the bacteria and thus increase 
the movement in the digester and avoid the formation of the scum layer. 

Mixing is a major difficulty in attaining good digestion performance, especially in dry 
AD (TS>10%), because a thick slurry like food waste slurry requires more energy input 
to homogenize the feedstock. Mechanical mixing outperforms gas circulation and 
pumped circulation, according to a comparison of the three mixing methods (Panigrahi 
and Dubey, 2019). During startup and shock loads in combination with higher mixing 
intensities, instabilities in the anaerobic digestion process, the buildup of volatile fatty 
acids (VFAs), and decreased gas generation were detected (Lindmark et al., 2014). Shear 
stress is caused by high mixing intensity, which can decrease and disintegrate flock 
formations, as well as reduce biogas generation. Higher mixing intensities also impact the 
microbial community's composition by boosting VFA concentrations during startup and 
shock loads, hence increasing the relative competitiveness of certain acetate-degrading 
bacteria (Lindmark et al., 2014). Lowering the mixing intensity can aid in digester 
stabilization. Biogas yield has been demonstrated to increase during mixing in contrast to 
unmixed digesters for greater organic loadings and TS concentrations, whereas mixing is 
less significant at lower loadings (Karim et al., 2005). Changing from a continuous to an 
intermittent mixing regime can also help enhance biogas production (Kaparaju et al., 
2008). 
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Lindmark et al. (2014) compared three different mixing intensities for a fresh substrate 
of the organic fraction of municipal solid waste (OFMSW), i.e. 150 rpm and 25 rpm 
continuous mixing and minimally intermittent mixing, to the effect of mixing intensity 
on biogas production and energy efficiency of the biogas plant (OFMSW). The results 
show that a lower mixing intensity leads to a higher biogas production rate and higher 
total biogas production in both cases. After process stability, 25 rpm continuous mixing 
and minimally intermittent mixing produced equivalent amounts of biogas, however, 
150 rpm continuous mixing produced lesser biogas throughout the trial. During digestion, 
cumulative biogas generation was 295±2.9, 317±1.9, and 304±2.8 NmL/g VSadded until 
day 31. In addition to improving gas generation, optimal mixing can increase the 
anaerobic digestion process' energy efficiency. 

Hydraulic retention time (HRT) 

One of the most important design parameters that affect the economics of anaerobic 
digestion is hydraulic retention time (HRT) (Ta et al., 2020). A shorter HRT reduces the 
size of the digester for a given waste volume, thus reducing the capital cost. Depending 
on the substrate types and process parameters, the HRT of a digester can range from a 
few days to months. A longer retention duration typically results in higher cumulative 
methane production as well as a lower total VS reduction. Microbes can adapt to toxic 
compositions by having a lengthy retention duration. For a longer HRT, a large digester 
volume would be required, as a short retention period could result in the microbial 
washout, leading to a low methane yield (Panigrahi and Dubey, 2019). The rate of 
microbe loss may outweigh the rate of bacterial growth in the case of a short HRT, causing 
the anaerobic digestion process to fail. A short HRT also caused VFAs to build up in the 
digester (Pan et al., 2021). HRT measures the time taken by the substrate or feedstock to 
stay in the digester. HRT can be calculated using Equation 1. 
 

 HRT = 
𝑉𝑄 (Eq.1) 

 
where, HRT denotes the hydraulic retention time (days), V  denotes the working volume 
(m3), and Q denotes the flow rate (m3/day). 

Several researchers agree that the HRT for mesophilic digesters is longer (15-30 days) 
(Mao et al., 2015) compared to the thermophilic digesters with a shorter HRT range 
between 12-14 days (Arsova, 2010). Though, some AD process requires longer HRT. For 
example, as reported by Owamah and Izinyon (2015) and Bhatia et al. (2021), the HRT 
between 50-100 days was required to decompose the solid waste generated from the 
feedstock from fibers and lignocellulose-containing plants. Owamah and Izinyon (2015) 
reported that the HRT for anaerobic digestion process of food waste and maize husk is 68 
days and produces cumulative methane production of about 400 LCH4/kgVS. Meanwhile, 
Bhatia et al. (2021) recorded an HRT of 120 days to decompose a lignin-rich plant 
(Ludwigia grandiflora) and produced an average biogas yield of 265 LCH4/kgVS. 
Meanwhile, Arsova (2010) points out that longer HRT can be observed in AD processes 
using high solid content systems or dry digestion compared to low solid content systems 
or also known as wet digestion. Normally, the HRT range for dry digestion is between 
14-30 days, while the HRT range is as low as 3 days for wet digestion. The decomposition 
of organic material inside the digester will become more complete if the substrate is 
allowed to have a longer HRT. The substrate in the reactor that has uniform HRT can be 
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observed in a continuously mixed digester. Different microbial communities that grow in 
the digesters function according to their respective HRT. In a continuously mixed 
digester, the minimum HRT is determined by the growth rate of the slowest growing, an 
important microorganism in the anaerobic bacterial community. Nevertheless, the 
reaction rate will decrease with HRT. This suggests that there is an optimum retention 
time that will allow the AD process to completely occur while reducing operational costs. 
The HRT has been identified as a significant parameter that may influence bacteriological 
ecology (Siddique et al., 2016). The HRT must be optimized for each waste mixture 
introduced into the system (Anggarini et al., 2015). 

There are several examples of studies involving the influence of HRT on biogas 
production during anaerobic digestion of food waste as conducted by Kim et al. (2006), 
and Liu et al. (2018). The effects of temperature and hydraulic retention time (HRT) on 
methanogenesis were investigated by Kim et al. (2006). The operating temperature was 
varied between 30 °C and 55 °C, with HRTs ranging from 8 to 12 days. Thermophilic 
digesters were shown to remove more sCOD from liquid food waste than mesophilic 
digesters. Regardless of HRT, the rates of biogas and methane production in thermophilic 
digesters were higher than those in mesophilic digesters. Although a 10-day HRT 
produced the most biogas, a 12-day HRT yielded the most methane (223 LCH4/kg 
sCODdegraded) in the reactor. This suggests that longer HRTs can produce more biogas. 
Nevertheless, when 8-day HRT was used, digestion stability showed a decrease. By 
varying process parameters such as hydraulic retention time (HRT) and organic loading 
rate (OLR), Liu et al. (2018) observed the biogasification performance of food waste. 
Using a continuously stirred tank reactor (CSTR), they experimented with two operating 
conditions: R1 (fixed HRT and OLR) and R2 (varying HRT and OLR) for 116 and 
92 days, respectively. They discovered that food waste was anaerobically digested with 
CSTR under two distinct circumstances, producing the highest biogas generation of 
787 mL/g.day achieved at 2.25 g/L.day with a fixed HRT of 30 days. OFMSW (including 
food waste) comprises a high concentration of carbohydrate, cellulose, protein, lipid, and 
fat components, necessitating a longer HRT (Zamri et al., 2021). Longer HRTs can result 
in higher biogas production. The shorter HRT is advantageous because it directly 
corresponds to production costs and process efficiency improvements (Shi et al., 2017). 

Organic loading rate (OLR) 

Organic loading rate (OLR) can be defined as the quantity of organic matter fed per 
unit volume of reactor per unit of time. This parameter plays a significant role in the AD 
process that serves to evaluate the performance of a reactor (Panigrahi and Dubey, 2019). 
The OLR values are usually associated with the HRT. If the concentration of the organic 
matter in the substrate is relatively constant, high OLR will be attained from short HRT. 
Instead, the OLR will vary at the same HRT if there are variations in the concentration of 
organic matter in the substrate. Generally, OLR of liquid substrates or slurry refers to 
organic matter expressed as kg COD/m3.day, while the OLR of solid feedstock refers to 
volatile solids denoted as kg VS/m3.day. OLR can be computed by using Equation 2. 
 

 OLR (kg COD/m3.day) = 
𝑄 𝑥 𝑆𝑜𝑉  (Eq.2) 

 
where Q denotes the flow rate (m3/day), So denotes COD or VS concentration (kg 
COD/m3 or kg VS/m3), and V denotes the working volume (m3). 
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The overloading system (high OLR) tends to result in the accumulation of inhibiting 
substances such as VFAs which will cause low biogas production and thereby causing a 
process termination or reactor failure. Meanwhile, reactors operating on low OLR are 
uneconomical because they are not fully utilized (Forgacs, 2012). Optimum OLR to 
dispersed growth digesters have been reported to be 1-4 kg VS/m3.day and 1-6 kg 
COD/m3.day, 1-15 kgCOD/m3.day for attached growth digesters, and 5-30 kg 
COD/m3.day for anaerobic filters and upflow sludge blanket digesters, respectively 
(Polprasert, 2007). In a biological system, OLR can be added to a degree of starvation of 
microorganisms where too low OLR leads to starvation, whereas high OLR leads to 
intoxication (subjected to fast microbial growth). The system will fail if it is not prepared 
because high OLR will require more bacterial to decompose the organic material found 
in the reactor. Acidogenic bacteria, which act early in the degradation process and 
multiply rapidly if given sufficient substrates, will reproduce and be able to generate acids 
quickly. This is one of the issues of OLR if it is not monitored since the beginning of the 
AD process. On the other hand, methanogenic bacteria that take a longer time to escalate 
their population will not be able to utilize acid at the same rate. As a result, the pH of the 
system will drop and this will kill more methanogenic bacteria, stop the digestion process 
and ultimately lead to reactor failure. Low biogas production is an indication that the 
system has experienced a drop in pH (Charalambous and Vyrides, 2021). 

The OLR ranges from 1.2 to 12 kg VS/m3/day or 2.2-33.7 kG COD/m3/day in organic 
digestion (Qiao et al., 2013; Guo et al., 2014). Nonetheless, the OLR behavior is 
influenced by substrate features, temperature conditions, and the HRT of the AD 
operation (Zamri et al., 2021). According to Panigrahi and Dubey (2019), many anaerobic 
digesters treating actual OFMSW operated at an OLR of 4.4-22 kgVS/m3/day. There are 
several examples of studies involving the influence of OLR on biogas production during 
the anaerobic digestion of food waste. Nagao et al. (2012) found that as OLR climbed to 
3.7, 5.5, 7.4, and 9.2 kgVS/m3/day, the volumetric biogas production rate has risen to 
roughly 2.7, 4.2, 5.8, and 6.6 L/L/day, respectively, and remained constant. The 
volumetric gas production rate fell below the gas production rate at OLR of 
7.4 kgVS/m3/day at the greatest OLR (12.9 kgVS/m3/day). Tampio et al. (2014) 
investigated autoclaved and untreated food waste and discovered that the maximum 
methane yield was produced for untreated food waste at an organic loading rate of 
3 kgVS/m3/day and for autoclaved food waste at a rate of 4 kgVS/m3/day. The experiment 
was carried out at 2, 3, 4, and 6 kgVS/ m3/day. Agyeman and Tao (2014) co-digested 
food waste with dairy manure anaerobically at various OLRs and found that when OLR 
was increased from 1 to 2 gVS/L/day, biogas generation rate rose by 101-116%, but only 
by 25-38% when OLR was increased from 2 to 3 gVS/L/day. In the digesters using fine 
and medium-sized food waste, specific methane yield reached an OLR of 2 gVS/L/day. 
In an experiment conducted by Dhar et al. (2016), 3 distinct OLRs were introduced into 
a lab-scale batch anaerobic digester processing OFMSW. At OLRs of 5.1, 10.4, and 
15.2 g/L COD, methane yields of 84.3, 101.0, and 168.4 mg/gVSremoved were recorded; 
the optimum OLR was discovered to be 15.2 g/L COD for a HRT of 27 days and 
temperature of 38 oC. Furthermore, OLR affects bacterial populations. Firmicutes are the 
most common bacteria at low OLR, while Gammaproteobacteria, Actinobacteria, 
Bacteroidetes, and Deferribacteria have been found at high OLR (Mao et al., 2015). 
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Anaerobic digestion of food waste 

As reported by the Food and Agriculture Organization of the United Nation in 2011, 
about one-third of all food produced for human consumption is wasted as much as 
1.3 billion tonnes per year (Kondusamy and Kalamdhad, 2014). Of this amount, the rest 
of the food produced will be distributed equally between industrialized countries and 
developing countries. Approximately, 40% of FW is produced at retail and consumer 
levels of consumption in industrialized countries (Kondusamy and Kalamdhad, 2014). 
Some amount of energy can be recovered when FW is anaerobically digested. This 
method has a great potential to generate 367 m3 of biogas per dry tone of FW at about 
65% of CH4 with an energy content of 6.025 x 10-9 TWh/m3 (Kondusamy and 
Kalamdhad, 2014). Sen et al. (2016) agree that the selection of FW as a feedstock to run 
the AD process is a well-established process for the production of sustainable energy. The 
method is capable to produce carrier materials for biofertilizers (Kuruti et al., 2017), 
producing restricted environmental tracks (Capson-Tojo et al., 2016), and has a great 
prospective for energy recovery (Zhang et al., 2014; Zamanzadeh et al., 2016; Kuruti et 
al., 2017). Therefore, AD has been selected as one of the alternative methods that are 
environmentally friendly to treat the FW generated daily. 

The composition and characteristics of FW 

The results from the previous studies conducted worldwide by several researchers 
found that the composition of FW generated greatly influences the physicochemical 
characteristics of the FW. According to Fisgativa et al. (2016a), the value of moisture 
content, volatile solid fraction, and pH that are commonly reported worldwide are 
74-90%, 85 ± 5%, and 5.1 ± 0.7, respectively, are the general characteristics of FW. The 
characteristics of FW which include moisture content (MC), total solids (TS), volatile 
solids (VS), VS/TS ratio, pH, and C: N are summarized in Table 1. Previous studies 
conducted in the countries in Southeast Asian continent (Malaysia and Thailand) on FW 
have shown that the value of moisture content varies from 70-98% (Ibrahim et al., 2010; 
Cheerawit et al., 2012; Tanimu et al., 2014). Since it has a relatively high moisture 
content, thus the FW contained sufficient moisture for AD. Moreover, Zhang et al. (2011, 
2015, 2017, 2018, 2020), Tanimu et al. (2014), Nguyen et al. (2017), Hegde and Trabold 
(2019), and Chuenchart et al. (2020) found that the TS of FW sample obtained in their 
characterization work was in the range between 15-33%. Meanwhile, the VS recorded 
was between 13-31% in the FW sample tested. High VS indicates that the FW is rich in 
organic solid content which can be converted to biogas during the anaerobic digestion 
process. The volatile fraction of total solids of the FW (VS/TS ratio) was greater than 
0.90, indicating that the FW contained more digestible organic matters which favours 
anaerobic conversion (Zhang et al., 2011). In anaerobic digestion of FW, the pH value of 
the feedstock or substrate is considered a pivotal factor as the methanogenic bacteria are 
very sensitive to acidic conditions. An acidic environment may impede methane 
production and retard the growth of bacteria. Table 1 shows that the pH value of the FW 
produced is within the acidic pH range between 4.06-6.50 (Ibrahim et al., 2010; Zhang et 
al., 2011, 2015, 2017, 2018, 2020; Cheerawit et al., 2012; Tanimu et al., 2014; Nguyen 
et al., 2017; Hegde and Trabold, 2019; Chuenchart et al., 2020). In the anaerobic digestion 
process, constant pH is important in the start-up stage because the fresh FW to be fed into 
the digester has to go through the hydrolysis and acidogenesis stage before methane 
formation (methanogenesis stage), which will lower the pH. To maintain the value of pH 
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in equilibrium, a buffer such as sodium hydroxide, calcium carbonate or lime, has to be 
added into the digester. As shown in Table 1, FW is reported to have a C: N ratio of 
13.2-28.2 (Ibrahim et al., 2010; Zhang et al., 2011, 2015, 2017, 2020; Cheerawit et al., 
2012; Tanimu et al., 2014; Nguyen et al., 2017; Hegde and Trabold, 2019; Chuenchart et 
al., 2020).The optimum C: N ratio is 20-30:1, which is a suitable range used in the AD 
process as reported in many pieces of literature (Esposito et al., 2012). In the AD process, 
carbon is generally used 20-35 times faster than nitrogen by the bacteria. Thus, at 
optimum C: N ratio, the digester is anticipated to function at an optimum level to produce 
methane. Nitrogen is transformed to ammonium at a faster rate than can be assimilated 
by methanogenic bacteria at a minimum C: N ratio. Meanwhile, a high C: N ratio will 
inhibit methane production due to the increase in acid formation in the digester. 
 

Table 1. The characteristics of FW as reported in the literatures 

Parameter 
Ibrahim 

et al. 
(2010) 

Zhang 
et al. 

(2011) 

Cheerawit 
et al. 

(2012) 

Tanimu 
et al. 

(2014) 

Zhang 
et al. 

(2015) 

Nguyen 
et al. 

(2017) 

Zhang 
et al. 

(2017) 

Zhang 
et al. 

(2018) 

Hedge 
and 

Trabold 
(2019) 

Chuenchart 
et al. 

(2020) 

Zhang 
et al. 

(2020) 

Moisture 
(%) 

70.88-
74.68 

- 72.31 97.43 - - - - - 85.11 - 

TS (%) - 18.1 - 29.57 18.9 23.02 22.1 32.70 23.8 14.89 30.57 

VS (%) - - - - 17.5 20.55 20.4 30.99 22.9 13.89 29.10 

VS/TS - 0.94 - - 0.93 0.92 0.92 0.95 0.91 0.93 0.95 

pH 
4.59-
4.90 

6.5 5.5 4.25 5.2 4.91 5.92 - 4.2 4.06 - 

C:N - 13.2 20.24 16.5 21.3 
14.58-
22.00 

28.2 
16.46-
17.67 

15.8 21.20 16.07 

 
 

There are various types of macronutrients and micronutrients (Ni, Zn, Cu, Pb, Fe, Mn, 
Cd, Al, M, P, and K) present in the FW with varying concentrations. These nutrients are 
required by methanogenic bacteria for robust growth which plays an important role in the 
production of methane gas. To ensure proper bacterial metabolism and a stable AD 
process, these nutrients must be present in the feedstock in correct ratios and 
concentrations. According to Zhang et al. (2013b) and Fisgativa et al. (2016a), the 
characteristics of the feedstock or substrate will greatly affect the performances of the AD 
process. The basic features such as high carbohydrate content, extensive obtainability, 
and extremely decomposable organic fractions causing FW to be a very attractive source 
for AD substrates as well as economical for energy production. 

The implementation of batch or continuous method in the AD of FW 

There are two methods or systems to be described in this section, namely the batch and 
continuous systems. In a batch system, the feedstock will be fed into the digester and 
completed until the methane gas production ceases. There are several advantages of the 
batch system which include minimum operating costs, shorter digestion time and less 
complicated technical problems to be solved. Meanwhile, in the continuous system, the 
feedstock will be fed continuously into the digester until the steady-state condition is 
achieved with a constant methane yield. Compared to a batch system, continuous reactors 
are capable to maintain and allow the microorganisms to adapt to the system and thus 
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avoiding lag time accompanied by the growth of microorganisms. However, the methane 
yield generated from the anaerobic conversion of organic feedstock in the continuous 
digester is highly dependent on the OLR and HRT. 

In the batch method, Biochemical Methane Potential (BMP) test is a popular method 
that is often used to determine the feasibility of a substrate or feedstock in the AD process. 
In this BMP test, the organic materials that have been mixed with anaerobic bacteria will 
be incubated in the incubator under controlled conditions (e.g. temperature, mixing), and 
monitoring is performed on the production of methane gas. A comprehensive protocol for 
BMP determination has been suggested as the BMP for organic matter is extremely vital 
in the design, fitting, and conducting of an anaerobic reactor (Holliger et al., 2016). 

Table 2 summarizes the generation of methane yield from batch anaerobic digestion 
of FW as reported in the literatures. Several researchers have reported that the BMP value 
recorded was between 400-530 L CH4/kgVSadded when the AD process of FW was 
conducted at mesophilic temperature (35-37 oC) (Izumi et al., 2010; Lu et al., 2012; 
Browne and Murphy, 2013; Facchin et al., 2013; Zhang et al., 2013a; Kawai et al., 2014; 
Ariunbaatar et al., 2014). Meanwhile, Nathao et al. (2013) and Yang et al. (2015) reported 
that a relatively low methane yield between 90-180 L CH4/kg VSadded was recorded when 
the batch AD process was performed at both temperatures. Low methane yield is usually 
associated with the acidification process that occurs during digestion. 

The substrate to inoculum ratio (S/I) is a significant aspect influencing the performance 
of batch reactors. In order to prevent the accumulation of VFAs in inoculum particles 
beyond their assimilative methanogenic ability, batch reactors play a significant role. 
According to Kawai et al. (2014), to overcome the irreversible acidification during the 
start-up stage, the amount of inoculum fed into the digester has been increased to prevent 
the accumulation of VFAs. Based on previous studies, it is found that acidification can 
be prevented when the AD process is conducted at S/I ratio below 1.0. Table 2 shows that 
the values of methane yield between 417-529 L CH4/kg VSadded can be achieved from a 
single mesophilic batch-test performed using the S/I ratio of ≤ 0.5 (Browne and Murphy, 
2013; Facchin et al., 2013; Kawai et al., 2014; Ariunbaatar et al., 2015a). This indicates 
that the stability of the process has been achieved in the AD process. Nathao et al. (2013) 
has conducted the AD process on synthetic FW and found that methane yield less than 
100 L CH4/kg VSadded was obtained when the high S/I ratio (greater than 1.0) was used 
and the AD process was performed within a shorter time (100 hours). Instead, Lu et al. 
(2012) obtained methane yield exceeding 400 L CH4/kg VSadded although using a S/I ratio 
≥ 1.0 (18.9). This may be due to the application of double-stage batch reactors that can 
separate acidogenic and methanogenic phases and a longer digestion period (55 days). 

The production of methane yield in the batch AD system is also influenced by other 
factors such as the impact of process temperature, addition of micronutrients or trace 
elements, and inoculum acclimatization. The effect of temperature (mesophilic or 
thermophilic) on the batch AD system plays a significant role in the production of 
methane. However, only a couple of studies, such as those carried out by Algapani et al. 
(2017), Jiang et al. (2018) and Yang et al. (2015) have concentrated on thermophilic AD. 
High risk of ammonia inhibition and a greater degree of imbalance are two important 
things that need to be considered in the implementation of thermophilic AD. At 
thermophilic temperature, Algapani et al. (2017) and Jiang et al. (2018) obtained higher 
methane yields between 531-591 L CH4/ kgVSadded, but a lower methane yield value 
(178 L CH4/ kgVSadded) was achieved by Yang et al. (2015). It is due to the S/I ratio > 1.0 
used and the difference in the characteristics of the FW based on the source of the FW. 
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Table 2. Methane yield from batch anaerobic digestion of FW 

Substrate 
Anaerobic digestion 

conditions 
S/I 

Methane yield 
L CH4/kg VSadded 

References 

Disposer ground 
standard FW 

Volume = 1L 
Temperature = Mesophilic 
Digestion period = 16 days 

N.R 417 Izumi et al. (2010) 

Standard FW 
Volume = 2L 

Temperature = Mesophilic 
Digestion period = 45 days 

0.33 435 Kawai et.al (2014) 

Canteen FW 
Volume = 1L 

Temperature = Mesophilic 
Digestion period = 28 days 

8g VS/L 410 Zhang et al. (2013a) 

Synthetic FW 
Volume = 1L 

Temperature = Mesophilic 
Digestion period = 25 days 

0.5 469 ± 6.8 
Ariunbaatar et al. 

(2015a) 

Canteen FW 
Volume = 0.5L 

Temperature = Thermophilic 
Digestion period = 29 days 

20.12 g 
VS/L 

591± 30 Jiang et al. (2018) 

Synthetic FW 

Volume = 0.5 L each (Double 
stage) 

Temperature = Mesophilic 
Digestion period = 100 hours 

7.5 94 Nathao et al. (2013) 

Canteen FW 
Volume = 0.5L 

Temperature = Thermophilic 
Digestion period = 28 days 

1.5 178 Yang et al. (2015) 

Canteen FW 
Volume = 0.12L 

Temperature = Thermophilic 
Digestion period = 55 days 

N.R 531 
Algapani et al. 

(2017) 

Vegetable waste 
from the 

supermarket 

Volume = 1L (Double stage) 
Temperature = Mesophilic 
Digestion period = 55 days 

18.9 445 Lu et al. (2012) 

Canteen FW 
Volume = 0.5L 

Temperature = Mesophilic 
Digestion period = 25 days 

0.33 529 
Browne and Murphy 

(2013) 

Source segregated 
FW 

Volume = N.R 
Temperature = Mesophilic 
Digestion period = 40 days 

0.3-0.4 

434±40 (inoculum 
A) 

338 ±30 
(inoculum B) 

Facchin et al. (2013) 

Batch anaerobic digestion was carried out using 0.12-2.0 L screw cap bottles and glass reactors, N.R= 
not reported 

 
 

Several studies on the addition of micronutrients were conducted during AD of FW. 
Micronutrients such as Na, Ni, Co, Fe, Zn, Mg, Ca, K, W, and Mo help the methanogens 
to grow. High methane yields (45-65%) have been achieved when micronutrients such as 
Co, Mo, Ni, Se, and W were added to the FW during the digestion process (Facchin et 
al., 2013). The addition of Se and Mo with a concentration of 10 mg/kg and 3-12 mg/kg 
dry matter, respectively, will enhance the production of methane up to 30-40%. The study 
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on the effects of the use of an acclimatized inoculum in the BMP test to promote the 
production of methane was conducted by some previous researchers. Browne and Murphy 
(2013) emphasize that for precise BMP evaluation, inoculums must be obtained from the 
AD process that has achieved stability and is acclimatized to their substrate. However, 
Holliger et al. (2016) argue that the inoculum to be used in the AD process does not need 
to be acclimatized first with the feedstock to be tested. This is based on the comparisons 
of the latest methodologies used in different laboratories. Facchin et al. (2013) also 
studied the effect of inoculum source and found that high methane yield (434 L CH4/kg 
VSadded) was produced in the AD process when the inoculum from anaerobic digester co-
digesting FW and waste activated sludge was used rather than consuming the inoculum 
obtained from anaerobic digester handling only FW (338 L CH4/kg VSadded). 

Two limits influence the effectiveness of methane gas production from a semi-
continuous digester that processes FW, i.e solubilization of organic matters and 
acidogenesis stage. According to Capson-Tojo et al. (2016), to ensure the success of 
biogas production, two critical factors should be given special attention which is 
microbial communities and the quality of inoculum to be applied in the digester start-up 
process. Long acclimatization duration and operational changes that occur gradually in 
the semi-continuous digester are caused by slower growth of methanogens than 
acidogens. The semi-continuous test requires a longer period. The digestion process is 
considered to have reached stability when parameters such as pH, VS content, and 
specific methane production recorded an average value of around 10% consistently for a 
minimum duration of one HRT. 

The performance for a single and two-stage for the semi-continuous AD system that 
has been reported by some previous researchers is shown in Table 3. In the semi-
continuous AD system, parameters such as OLR and HRT greatly affect the stability of 
the digester and methane gas production. It can be inferred from Table 3 that equilibrium 
has been achieved in the AD of FW when OLR is less than 4.5 gVS/L.day and HRT range 
between 16-40 days. The range of methane yield obtained is between 316-544 LCH4/kg 
VSadded (Shen et al., 2013; Ventura et al., 2014; Grimberg et al., 2015; Zhang et al., 2015; 
Voelklein et al., 2016; Zamanzadeh et al., 2016). According to Ariunbaatar et al. (2015a), 
the AD can operate at high OLR and subsequently produces high methane yield without 
decreasing the pH when the AD system has high buffering capacity due to the production 
of total ammoniacal nitrogen (TAN). The literature has indicated a wide range of 
inhibitory (TAN) concentrations (1700–14000 mg/L). Unacclimated microorganisms are 
hazardous at TAN concentrations of 1700–2000 mg/L, whereas acclimated methanogens 
can be inhibited at concentrations of 12,000–14,000 mg/L (Ariunbaatar et al., 2015a). 
However, this depends on the operating parameters, source of inoculum, and feedstock 
applied. The addition of micronutrients in a small quantity in the FW plays a significant 
role in the AD process. According to Yirong et al. (2015), the addition of micronutrients 
such as selenium (Se) into the digester can restore the digester that experiences propionic 
acid accumulation due to the increase in the concentrations of ammonia. The addition of 
cobalt is required in the digester which operates at high OLR. 

The two-stage AD system separates between acidogenesis and methanogenesis phases 
that optimize the reactor condition for different microbes performing their functions. In 
the acidogenesis (first stage), lower pH and shorter HRT (2-3 days) lead to the washout 
of acidogenic bacteria. Meanwhile, methanogenesis (second stage) which occurs in the 
pH range of 6-8 and HRT of 20-30 days provides a suitable environment for the 
development of slow-growing methanogens. Grimberg et al. (2015) have made 
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comparisons in methane yields between single-stage and two-stage anaerobic digesters 
processing kitchen waste with a capacity of 5 m3 in mesophilic conditions. Two-stage 
digesters produced higher methane yield (446 LCH4/kg VSadded) compared to single-stage 
digester (380 LCH4/kg VSadded). It is found that OLR used for the single-stage digester 
was much higher than the two-stage digester. At the same time, the fermentation reactor 
can maintain stability with pH 5.2 despite operating under very low OLR 
(0.78 kg COD/m3d). Ventura et al. (2014) treated FW from an FW recycling company 
using an alternating mesophilic and thermophilic two-stage AD process involving three 
different temperature combinations (mesophilic: mesophilic, mesophilic: thermophilic, 
thermophilic: mesophilic) and found that the highest methane yield was recorded 
(440 L CH4/kgVSadded) when the FW was treated using a combination of mesophilic: 
thermophilic two-stage AD process. Due to higher temperatures in the second digester, 
the process was found to be less stable than the first digester. The use of higher OLR and 
the combination of thermophilic: thermophilic two-stage AD by Micolucci et al. (2014) 
produced higher methane yields of 476 L CH4/kg VSadded. By optimizing OLRs and HRTs 
using methanogenic sludge recirculation, this combination will prevent inhibition from 
happening in the digesters. Additionally, Chu et al. (2012) used the same combination of 
two-stage AD to treat the same waste without sludge recirculation and thereby achieved 
low methane yield (364 L CH4/kg VSadded) with low TS content in the feedstock. Shen et 
al. (2013) conducted a study on the FW mixed with vegetable and fruit waste using a two-
stage anaerobic digester. They found that this digester was able to produce a higher 
methane yield (546 L CH4/ kg VSadded) because it is less susceptible to overloading 
systems due to the increase in methanogenic activity. 

During the AD process in a single-stage digester, all four AD stages in the biochemical 
pathway including hydrolysis, acidogenesis, acetogenesis, and methanogenesis occur in 
the same digester in which polymeric organic compounds converted to CH4, H2S, NH3, 
and CO2 are also taken place in the same digester (Kondusamy and Kalamdhad, 2014). 
The use of a single-stage digester to treat complex FW has been proposed by Shen et al. 
(2013), Zhang et al. (2014), and Tran (2017). Up to 38% more methane is obtained when 
the AD process is performed in a single-stage digester than a two-stage digester (Nagao 
et al., 2012). The use of a single-stage digester in AD of FW also exhibits an increase in 
methane yield as shown in Table 3. Tampio et al. (2014) reported that about 
483 ± 13 LCH4/kg VSadded of methane yield was obtained when treating source 
segregated domestic FW using 1 L single-stage digester at the mesophilic condition with 
an OLR of 3 g VS/L.d, where the VS removal obtained was 77.7%. A comparison has 
been made by Zamanzadeh et al. (2016) in methane yield produced by two 10 L 
single-stage digesters operating at two different conditions, i.e. mesophilic and 
thermophilic, but at the same OLR and HRT (3 gVS/L.day, 20 days) with digestate 
recirculation. The resulting methane yield was higher (480 ± 33 LCH4/kg VSadded) in the 
mesophilic single-stage digester than thermophilic single-stage digester 
(448 ± 44 LCH4/kg VSadded). It also shows that the recirculation of digestate worked very 
well under mesophilic conditions. Zhang et al. (2015a) have investigated the effect of 
micronutrients on the anaerobic digestion of campus restaurant FW in a single-stage 
digester operating at OLRs ranging from 1.0 to 5.5 g VS/L.d in mesophilic conditions. A 
high methane yield (465.4 L CH4/kgVSadded) was obtained. In the digester containing 
micronutrients, there was no substantial buildup of VFA. These data suggest that 
introducing micronutrients to the AD of FW has a significant influence on its stability. 
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Table 3. The performance of semi-continuous AD involving single and double stage digesters 

Type of 
FW/source 

Single/double 
stage 

digesters/type 
of reactor 
(volume) 

Process 
temperature 

/ 
condition 

HRT 
(days) 

Digestion 
period 

OLR 
(g VS/L.d; 

kg 
VS/m3.day) 

Methane 
yield 

(LCH4/kg 
VSadded) 

References 

FW + fruit and 
vegetable 

waste 

Single (8L) 
Double 
(5L: 8L) 
CSTR 

Mesophilic 
Mesophilic: 
Mesophilic 

30 days 
10 days:10 

days 

210 days 
210 days 

1-3.5 
First stage: 

2.0-10 
Second stage 

: 1.0-5.0 

328-544 
 
 

198-546 

Shen et al. 
(2013) 

Local waste 
management 

company 

Double 
(5L:5L) 

Single (5 L) 
CSTR 

Mesophilic: 
Mesophilic 
Mesophilic 

 

4 days: 12 
days 

16 days 

N.R 
 

N.R 
 

15:5 
 

4 

389.2 ± 31.8 
 

316.4 ± 17.9 

Voelklein et 
al. (2016) 

Source 
segregated FW 

(with 
micronutrients) 

Single (5L) 
CSTR 

Thermophilic N.R 50 days 2 400 
Yirong et al. 

(2015) 

Pasteurized 
FW 

Single (10L) 
Single (10L) 

CSTR 

Mesophilic 
Thermophilic 

20 days 
20 days 

152 days 
152 days 

3 
3 

480±33 
448±44 

Zamanzadeh 
et al. (2016) 

Campus 
restaurant 
(with TEs) 

Single (6L) 
Semi continuous 

fed digester 
Mesophilic 40 days - 4.5 465.4 

Zhang et al. 
(2015a) 

Source 
segregated 

domestic FW 

Single (11 L) 
SCSTR 

Mesophilic 78 days 100 days 3 483±13 
Tampio et 
al. (2014) 

Kitchen 

Single (5m3) 
Double 

(5m3: 5m3) 
CSTR 

Mesophilic 
Mesophilic: 
Mesophilic 

N.R 
 

N.R 

6 months 
 

400 days 

3.79 
 

0.78 

380 
 

446 

Grimberg et 
al. (2015) 

Incoming FW 
at the WWTP 

Double 
(200 L : 380L) 

CSTR 

Thermophilic 
: 

Thermophilic 

3.3 days : 
12.6 days 

140 days 18.4 : 4.8 476 
Micolucci et 

al. (2014) 

Kitchen 
garbage 

Double 
(1L : 5 L) 

CSTR 

Thermophilic 
: 

Thermophilic 

2 days : 10 
days 

60 days N.R 364 
Chu et al. 

(2012) 

Food waste 
recycling 
company 

Double 
(10L : 30L) 

Double 
(10L : 30L) 

Double 
(10L : 30L) 

CSTR 

Mesophilic: 
Mesophilic 
Mesophilic: 

Thermophilic 
Thermophilic 
: Mesophilic 

5 days: 15 
days 

5 days: 15 
days 

5 days: 15 
days 

195 days 
 

109 days 
 

43 days 

3.2 
 

4.4 
 

4.0 

380 
 

440 
 

370 

Ventura et 
al. (2014) 

 
 
Methods for improving the AD of FW 

Food waste (FW) is a complex organic material that consists of highly recalcitrant 
substances up to biodegradable compounds. Therefore, to enhance the performance of 
AD of FW, two main strategies can be utilized: 1) co-digestion the FW with the different 
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substrate to stabilize the entire process and 2) conducting the pretreatment on the 
feedstock to increase the solubilization of organic matter in the AD process. 

a, Co-digestion of FW with other substrates 

Siddique and Wahid (2018) have considered co-digestion as the instantaneous 
digestion of two or more substrate and co-substrate mixtures. Co-digestion of FW with 
organic substrates is getting more attention from researchers who have conducted 
researches related to the AD of FW. The ability to increase the number of major nutrients, 
stabilize the digestate produced, dilute toxic chemicals, balance the nutrients, and take 
full advantage of the synergistic effect of microorganisms to enhance biogas and methane 
production for an efficient AD process are all advantages of the co-digestion strategy 
(Nghiem et al., 2017; Chen et al., 2020). According to Mata-Alvarez et al. (2014), green 
waste and agricultural waste, sewage sludge and animal dungs are among the organic 
wastes that are often used to co-digest with the FW to increase the biogas and methane 
yields. Table 4 shows a summary of anaerobic digestion of FW with different co-
substrates involving green/agricultural waste, sewage sludge, and animal dungs obtained 
from the previous literatures. 

Due to a very low cost associated with their collection, agricultural waste and green 
waste can be considered as the potential co-substrate to be mixed with FW besides animal 
dungs and sewage sludge (Chen et al., 2014). According to Gianico et al. (2013), 
conducting AD processes on agricultural waste and green waste will face various 
challenges. Besides having high lignin and cellulose content, these wastes are not suitable 
for single digestion because of several reasons such as low nutrient content, long retention 
time, and have a great potential to produce inhibitory compounds. The biodegradable rate 
of FW can be reduced when co-digesting the FW with agricultural waste or green waste 
to prevent the accumulation of VFAs in the digester. Yong et al. (2015) reported that an 
increase in methane yields from 171 to 313 LCH4/kg VSadded were observed when the FW 
ratio was increased during mesophilic batch co-digestion (35 oC with the initial loading 
of 5 gVS/L.d) with straw. Owamah and Izinyon (2015) achieved an increase in methane 
yields of up to 482 L CH4/kg VSadded with the removal of approximately 74.3-80.7% of 
VS when co-digesting FW with maize husk (MH). Ratanatamskul and Manpetch (2016) 
have attempted to co-digest the FW with rain tree leaf using a pilot-scale single-stage 
(2500 L) and two-stage (1000 L: 2500 L) digesters and found that the VS removal was 
higher than 80%, but the resulting methane yield was lower:153 L CH4/kg VSadded (single-
stage) and 283 L CH4/kg VSadded (two-stage). Jabeen et al. (2015) co-digested FW with 
rice husk (RH) with C: N ratio of 28 using an 80 L pilot-scale plug flow reactor at 37 oC. 
When the OLR was raised from 5 gVS/L.d to 9 gVS/L.d, it was found that there was a 
reduction in the reactor stability, VS removal efficiency (a decline from 82.4% to 35.4%), 
and biogas production (from 446 L biogas/kg VS to 215 L biogas/kg VS). Tanimu et al. 
(2014) co-digested FW mixture (C: N ratio 17) with meat, fruits, and vegetable wastes to 
achieve a C: N ratio of 26 and 30. From their work, it can be seen that the increase in 
methane yield is 48.2% from 0.352 to 0.679 L/gVSadded and at the same time recording 
the methane composition by 85%. COD removal showed an increase from 69% to 85% 
at C: N ratio of 30. While at C:N ratio of 26, the increase in methane yield is 21.3% from 
0.352 to 0.447 L/gVSadded and recorded 54% and 74% of VS and COD removal, 
respectively. Panigrahi et al. (2020) used mesophilic conditions to co-digest FW (rice, 
cooked vegetables, bread, meat) with pretreated YW (grass-33% w/w; dry leaves-65% 
w/w; wood chips-2% w/w). They discovered that anaerobic co-digestion of FW with 
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pretreated YW at F/M ratio of 1.5 improved biogas generation to 431 mL/g VSadded, with 
VS removal of 62%. Tayyab et al. (2019) have conducted anaerobic co-digestion of 
catering food waste (CFW) and pretreated parthenium weed (PPW) to assess the potential 
of these plants for biogas production. The investigation involved different mixing ratios 
(0: 100, 20:80, 60:40, 40:60, 80:20, and 100: 0 TS basis) using laboratory-scale 
bioreactors under mesophilic conditions (30 ± 1 °C). The results showed that in the co-
digestion reactor, where 60% CFW and 40% PPW were employed, the maximum biogas 
production rate (559 mL/L.day) and accumulative biogas (5532 mL/L) were attained. 

Sewage sludge is another co-substrate for FW which is often used by researchers in 
studies related to anaerobic co-digestion. Sewage sludge has a low C: N ratio and organic 
content. These two characteristics can help to balance C: N ratio, reduce the intermediate 
accumulation such as ammonia and increase the microbial activity (Liu et al., 2013). Dai 
et al. (2013) co-digested the FW with dewatered sludge and found that the stability has 
been achieved and produced high methane yield (258-380 LCH4/kgVSadded) with VS 
removal of 46-67%. Meanwhile, Gou et al. (2014) conducted anaerobic co-digestion of 
FW and WAS using a mixing ratio of 33: 67 with increased temperature and increased 
HRT using 2 L CSTR. The increased process temperature up to the thermophilic 
condition was found to result in higher methane yields from 250 LCH4/kg VS to 
370 LCH4/kg VS, but the VS removal decreased from 62-58%. The co-digestion between 
FW and WAS resulted in a significant reduction in volatile solids in a single-stage and 
two-stage CSTR up to 48% and a significant increase in biogas yields, i.e. 960 L 
biogas/kg VS (single-stage) and 440 L biogas/kg VS (two-stage) (Zhang et al., 2013b). 

The use of biochar to AD processes improves the removal of COD and lowers the lag 
phase of methanogenesis, resulting in increased methane generation (Kumar et al., 2021). 
Li et al. (2018) utilized biochar in batch tests to increase stable and efficient methane 
generation from thermophilic co-digestion of food waste (FW) and waste activated sludge 
(WAS) at F/S ratios of 0.25, 0.75, 1.5, 2.25, and 3. The addition of biochar significantly 
reduced the lag time of methane production and enhanced the rate of methane production 
with increased organic loading, according to the findings. Microorganism growth and 
adaptation to VFA accumulation were aided by biochar's increased buffer capacity and 
large specific surface area. 

Features such as the low C: N ratio and a wide range of macronutrients and 
micronutrients needed by anaerobic bacteria have resulted in the combination of animal 
waste with FW to encourage higher methane yields through the AD process as an 
excellent co-substrate. The results from the co-digestion of fine and coarse ground FW 
particle and dairy manure showed that the highest specific methane yield (630 LCH4/kg 
VSadded) was obtained in the fine ground FW while the lowest methane yield 
(470 LCH4/ kg VSadded) was obtained in the coarse ground food co-digested with dairy 
manure (Agyeman and Tao, 2014). Wang et al. (2014) used chicken manure as a co-
substrate to study the possibility of increasing methane yield from the co-digestion of FW 
with chicken manure in CSTR using alternate feeding mode (FW and chicken manure 
were fed into the reactor alternately) at OLR 2.50 gVS/L.day. A higher methane yield of 
508 mL/gVS was obtained from the co-digestion process. Zhang et al. (2012) conducted 
a study using a continuously stirred tank reactor (CSTR) with the capacity of 75 L to 
co-digest FW with cattle slurry (CS) with a ratio of 20:80 (FW: CS). Greater stability was 
achieved when operating at OLR 2 kgVS/m3.day with the methane yield of 220 L 
CH4/kgVSadded. According to Naran et al. (2016), when mono-digestion was conducted 
on the FW, it produces a lot of VFAs together with substances containing ammonium, 
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which impede microbial activity and digestion rate. When FW is digested at organic 
loadings of more than 2.5 g VS/L/d and at predominantly thermophilic conditions, the 
AD process can become more extreme and even fail completely (Oladejo et al., 2020). 
To address this issue, FW is frequently co-digested with animal dung, lignocelluloses, 
and sewage sludge, which assist to dilute harmful chemicals, improve nutritional balance, 
and accelerate microbial activities (Zhang et al., 2014). In the production of biogas, cow 
dung (CD) is a significant organic feedstock (Franco et al., 2018). Due to its poor biogas 
output, it is frequently co-digested with other biodegradable organic feedstock in order to 
boost biogas yield (Ormaechea et al., 2018). According to Dhamodharan et al. (2015), 
although co-digested of FW with the CD is revealed to generate the highest methane 
compared to other livestock manure, Gaur and Suthar (2017) noted that the combination 
of a few types of animal manure in anaerobic co-digestion with FW will increase biogas 
production. As a result, Oladejo et al. (2020) have used automated batch anaerobic 
reactors to examine the production of biogas from co-digestion of FW with 2 types of 
animal manure namely cow dung (CD) and piggery dung (PD). The major goal of their 
research is to see how substrate mixing affects the overall reactor and biogas production. 
Although biogas was generated by mono-digesting each of the substrates, nutritional 
balance and gas output were severely limited. From the observation, after 30 days, the 
digestion of FW + CD + PD produced the maximum cumulative biogas yield of 0.67 L. 
The digestion of FW + PD yielded the highest methane level of 64.6%, while digestion 
of FW alone yielded the lowest (54.0%). Overall, the four digestion regimes of 
cumulative biogas production can be stated in the following order: FW + CD + PD, FW 
+ PD, FW + CD, and FW only. 

Apart from the utilization of agricultural waste or green waste, sewage sludge, and 
animal manures as co-substrate in the AD of FW, researchers have carried out extensive 
research on other co-substrates such as fresh leachate (Zhang et al., 2015b), brown 
wastewater (Paudel et al., 2017) and grease trap waste (Wu et al., 2016) which can help 
to increase higher methane production and reactor stability. In conclusion, anaerobic co-
digestion has been identified as an efficient, low-cost, and adaptable method for 
minimizing process constraints and improving digestion and biodegradation rates, the 
quantity of biogas, and methane yield. There are various types of co-substrates commonly 
used in the anaerobic co-digestion of organic waste including the organic fraction of 
MSW, fat, oil, and grease (FOG), lipid-rich industrial effluent, agricultural waste 
(including animal manure), sewage sludge, and wood waste. Agricultural waste/green 
waste, sewage sludge, and animal manure are among the potential co-substrate that are 
often used in anaerobic co-digestion of FW. The agricultural plant residues consist of rice 
husks, sugar cane fiber, coconut husks and shells, groundnut shells, wheat straws, and 
other crop residues. Animal manures usually comprise cattle, chicken, and pig manure. 
HRT, OLR, operating temperature (mesophilic and thermophilic), C: N ratio, particle 
size, and feeding method can all affect co-digestion with different substrates. Although 
co-digestion can offer essential nutrients, the features and components of the substrates 
must be thoroughly examined to guarantee that the anaerobic co-digestion process 
produces good outcomes. To prevent the inhibition and optimize the production of 
methane gas, the mixture ratio between FW and selected co-substrate should provide 
positive interactions based on proper nutrient selection and moisture balance. If the 
selection of the combination between FW and the co-substrate is not appropriate, negative 
results will be achieved such as low methane yield and digester instability. 
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Table 4. Anaerobic co-digestion of FW with other substrates 

Types of co-
substrate 

Types of co-
digestion 

Types of 
reactor 

Process 
temperature/ 

condition 

HRT 
 

OLR or S/I 
Duration 

(days) 

VS 
removal 

(%) 

CH4 yield 
(LCH4/kg VS) 

References 

Agricultural 
waste / green 

waste 

FW + pretreated 
yard waste 

(PYW) 
Batch Mesophilic (30 oC) NR 

1.0 
1.5 
2.0 
2.5 

30 
30 
30 
30 

 
62 ± 0.4 

 

394 
431 
419 
338 

Panigrahi et al. 
(2020) 

Catering FW + 
pretreated 

parthenium 
weed (PPW) 

Batch 
(2.5 L) 

Mesophilic (30 ± 1 
oC) 

NR NR 60 62.2 
559 mL/L.d 

(maximum biogas 
production rate) 

Tayyab et al. 
(2019) 

FW + maize 
husk (MH) 

(w/w) 
75:25 

CSTR 
(5L) 

Mesophilic (37 oC) 

68 
27 
19 
15 

1 gVS/L.d 
2.5 gVS/L.d 
3.5 gVS/L.d 
4.5 gVS/L.d 

120 
120 
120 
120 

80.7 % 
76.5 % 
74.3 % 
78.3 % 

400 
408 
447 
482 

Owamah and 
Izinyon (2015) 

FW + straw 
(w/w) 
20:80 
60:40 
80:20 

Batch 
(1L) 

Mesophilic 
(35 oC) 

- 
Initial loading 

= 5g VS/L 
NR NR 

 
 

171 
299 
313 

Yong et al., 
(2015) 

FW + fruit and 
vegetable waste 

+meat 
 

C:N ratio = 17, 
26, 30 

Batch 
(1L) 

Mesophilic 
(35 oC) 

N.R 
Initial loading 
= 3.5gVS/L 

30 
38% 
54% 
71% 

0.352 
0.447 
0.679 

Tanimu et al.,  
(2014) 

FW + rain tree 
leaf (RTL) 

(w/w) 
95:5 

Pilot scale one 
stage 

(2500L) 
Pilot scale 
two stage 
(1000 L + 

2500L) 

Mesophilic 
(35 oC) 

30 
 
 

30 

6.8 g VS/L.d 
 
 

9.5 gVS/L.d 

112 

80.4 % 
 
 

89.2 % 

153 
 
 

283 

Ratanatamskul 
and Manptech 

(2016) 
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Types of co-
substrate 

Types of co-
digestion 

Types of 
reactor 

Process 
temperature/ 

condition 

HRT 
 

OLR or S/I 
Duration 

(days) 

VS 
removal 

(%) 

CH4 yield 
(LCH4/kg VS) 

References 

FW + rice husk 
(RH) Mixed to 
obtain a C:N = 

28 

Pilot scale plug 
flow (80L) 

Mesophilic 
(37 oC) 

26 
25 
14 

5 gVS/L.d 
6 gVS/L.d 
9 gVS/L.d 

27 
52 
30 

82.4 % 
73.1 % 
35.4 % 

446 Lbiogas/kg VS 
399 Lbiogas/kg VS 
215 Lbiogas/kg VS 

 

Jabeen et al., 
(2015) 

Sewage  sludge 

FW + dewatered 
sludge (DS) 

FW : DS 
(VS ratio) 

30:70 
50:50 
70:30 

CSTR (6L) 
Mesophilic 

(35 oC) 
20 days 

6.3 gVS/L.d 
7.2 gVS/L.d 
7.6 gVS/L.d 

NR 
46 % 
58 % 
67% 

258 
332 
380 

Dai et al., 
(2013) 

FW + WAS 
(TS ratio) 
33.3:66.6 
33.3:66.6 
33.3:66.6 

CSTR 
(2L) 

 
 

35 
45 
55 

16.7 days 2 gVS/L.d 

 
 

160 
178 
188 

 
 

62 % 
60 % 
58% 

 
 

250 
290 
370 

Gou et al., 
(2014) 

FW + WAS 
(VS ratio) 
16.5 : 83.5 

FW + WAS 
(VS ratio) 
16.5 : 83.5 

 

Single stage 
pilot CSTR (20 

tonnes) 
Two stage pilot 

CSTR (4.5 + 
15.5 tonnes) 

Mesophilic 
(35 oC) 

 
Mesophilic 

(35 oC) 

20 
 
 

NR 

0.85 g VS/L.d 
 

NR 

350 
 
 

350 

46 % 
 
 

48 % 

960 Lbiogas/kg VS 
 
 

440 Lbiogas/kg VS 
 

Zhang et al., 
(2013b) 

 

Synthetic FW + 
waste activated 
sludge (WAS) 

 
(addition of 

biochar) 

Batch 
(0.12 L) 

Thermophilic 
(55 oC) 

 
NR 

0.25 
0.75 
1.5 

2.25 
3.0 

20 NR 

20 
50 
90 

150 
200 

(cumulative methane 
production, mL) 

Li et al. (2018) 
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Types of co-
substrate 

Types of co-
digestion 

Types of 
reactor 

Process 
temperature/ 

condition 

HRT 
 

OLR or S/I 
Duration 

(days) 

VS 
removal 

(%) 

CH4 yield 
(LCH4/kg VS) 

References 

Animal 
manures/dung 

FW + cattle 
slurry (CS) 
(VS ratio = 

20:80) 

CSTR 
(75 L) 

Mesophilic 
(36oC) 

30 days 2 gVS/L.day 308 NR 220 
Zhang et al., 

(2012) 

FW + dairy 
manure (DM) 

(VS ratio = 
50:50) 

CSTR 
(2 L) 

Mesophilic 
(36oC) 

80 days 2 gVS/L.day 180 NR 
630 (fine), 560 
(medium), 470 

(coarse) 

Agyeman and 
Tao (2014) 

FW + chicken 
manure 

CSTR 
(3.5 L) 

 

Mesophilic 
(35oC) 

35 days 2.5 gVS/L.day 225 NR 508 
Wang et al., 

(2014) 

 

FW + cow dung 
(CD) + piggery 

dung (PD) 
(1:2:2) 

CSTR 
(10 L) 

Mesophilic 
 

NR NR 30 NR 

FW+CD+PD : 0.67 L 
FW+CD: 0.62L 
FW+PD : 0.58L 
FW only : 0.49L 

Oladejo et al. 
(2020) 

NR = not reported 
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b, FW pretreatment 

Pretreatment and other in-situ procedures (such as co-digestion and addition of 
additives) are two methods that have been studied to enhance the hydrolysis rate 
(Panigrahi and Dubey, 2019). Pretreatment is required to convert complex structures such 
as cellulose, hemicellulose, and lignin, which are difficult for microbes to degrade, into 
biodegradable substances that can be digested by microbes (Siddique and Wahid, 2018). 
This method is used to boost methane production by increasing chemical oxygen demand 
and releasing the substrates' intracellular nutrients (Neshat et al., 2017). As a pretreatment 
stage happens early in the digestion process, it can minimize the level of difficulty in the 
hydrolysis stage, resulting in a more efficient digestion process. An effective pretreatment 
should be able to: (i) maintain organic components in biomass; ii) promote hydrolysis 
progress; iii) prevent the development of hazardous and/or inhibitory compounds; iv) be 
environmentally friendly, and v) be economically feasible (Derman et al., 2018; Choi et 
al., 2019). There are various effective pretreatment methods to increase biogas production 
especially methane through the anaerobic digestion process. These include physical, 
chemical, biological, and combination of these methods. 

Mechanical, freezing/thawing, ultrasonic, microwave, and thermal/hydrothermal 
treatment are examples of physical pretreatment procedures. The purpose of physical 
treatments is to alter the morphological structure of substances in order to improve the 
solubilization and hydrolysis of solid organic materials (Ma et al., 2018). The application 
of the mechanical pretreatment method can help to boost the effectiveness of the 
anaerobic digestion process and increase biogas production especially methane. This 
method has the potential to reduce the size of the substrate particles and increase the 
surface area of the substrate to be exposed to anaerobic bacterial activity. As reported by 
Panigrahi and Dubey (2019), Braguglia et al. (2018), and Ariunbaatar et al. (2014), 
several mechanical methods are often used to pretreat the substrate before introduction 
into the anaerobic digester. These include grinding, bead milling, high-pressure 
homogenizer (HPH), stirred ball mills, ultrasonic, and the jetting and colliding method. 
The mechanical pretreatment method is a physical process that does not involve the 
addition of chemical substances. Mechanical pretreatment improves the kinetics of 
biological processes by altering the chemical composition, reducing particle size, 
crystallinity, polymerization, the release of dissolved organic matter (Panigrahi and 
Dubey, 2019), as well as improving the substrate's surface area to volume ratio and pore 
volume (Jain et al., 2015). A larger surface area allows for better contact between the 
substrate and the anaerobic bacteria, which improves the AD process. Ultrasonic 
(Rasapoor et al., 2016; Menon et al., 2016; Deepanraj et al., 2017), mechanical grinding 
(Izumi et al., 2010; Agyeman and Tao, 2014), and freezing/thawing are some of the 
physical pretreatment procedures employed on FW (Stabnikova et al., 2008). 

Thermal pretreatment enhances the AD process by disinfecting by sterilization (Li and 
Jin, 2015), deflocculating macromolecules, and enhancing dewaterability (Jin et al., 
2016), solubilizing refractory particles (Ariunbaatar et al., 2015b), and lowering 
exogenous pollution, but it also inactivates methanogenic bacteria in the raw material. 
Thermal pretreatment is often evaluated in terms of soluble COD, VFA, and biogas 
generation. The existence of oil in OFMSW, on the other hand, necessitates the 
examination of both physical and chemical properties following thermal pretreatment (Jin 
et al., 2016) The primary affecting parameters in the thermal pretreatment method are 
treatment temperature, treatment time, and heat transfer mode, but treatment temperature 
is more essential than the duration of treatment (Panigrahi and Dubey, 2019). Thermal 
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pretreatment (the only temperature is regulated, for example in a hot air oven, microwave, 
or hot water bath) and hydrothermal pretreatment (both temperature and pressure are 
regulated such as autoclave pretreatment) are the two types of thermal pretreatment 
methods. Microwave pretreatment for organic solid waste is more successful than 
autoclave pretreatment in terms of methane production (Tampio et al., 2014; Pecorini et 
al., 2016). Various studies related to thermal pretreatment have been carried out at 
temperatures ranging from 50 to 250 oC. According to Ariunbaatar et al. (2014), the 
effects of thermal pretreatment are dependent on the kind of substrate or feedstock used 
and the temperature range involved. Although the degree of solubilization shows a 
significant effect when higher temperatures (>110 oC) and longer retention times are 
applied to the substrate during thermal pretreatment, it cannot be directly attributed to the 
final energy yield (Braguglia et al., 2018). In some cases, higher solubilization can also 
be achieved at a low temperature (<110 oC) but requires a longer retention time. 
According to Ariunbaatar et al. (2014), many studies related to thermal pretreatment 
performed at low temperatures (<110 oC) i.e 70 oC. This is based on EU Regulation 
EC1772/2002 which requires organic solid waste to be pretreated at 70 oC at least 1 hour. 
Thermal pretreatment on FW has been carried out by several previous researchers such 
as Gnaoui et al. (2020), Li et al. (2017), Li and Jin (2015), and Tampio et al. (2014). 

In chemical pretreatment, chemicals such as strong acids, alkalis, or oxidants have 
been used as pretreatment methods to break down the organic constituents by hydrolyzing 
the cell walls and membranes resulting in higher solubility of organic matter in the cells. 
To solve problems related to sludge solubilization efficiently with little or no energy 
demand, acid and alkali pretreatment become the appropriate option in addition to 
producing pathogen-free digestate. According to Sarto et al. (2019), acid pretreatment 
aims to weaken covalent hydrogen bonds and van der Waals forces in order to solubilize 
hemicellulose, break down cellulose, and hydrolyze hemicellulose into monosaccharides. 
Dilute acid was chosen for this pretreatment because it is less poisonous, less corrosive, 
and less costly, as well as requiring fewer neutralizing reagents and involving cheaper 
reactor construction material costs. The lignocellulosic substrates such as agricultural 
wastes, wood chips, crop waste, and paper waste have all been subjected to the dilute acid 
pretreatment approach. Various types of lignocellulosic fractions of MSW have been 
treated with dilute sulfuric acid (H2SO4), dilute nitric acid (HNO3), dilute hydrochloric 
acid (HCl), dilute phosphoric acid (H3PO4), dilute glycolic acid (C2H4O3), and dilute 
oxalic acid (C2H2O4), however, because of its inexpensive cost, dilute H2SO4 is the most 
often used (Panigrahi and Dubey, 2019). During alkaline pretreatment, acetyl groups are 
removed and uronic acid is substituted, making cellulose and hemicellulose more 
accessible to hydrolytic enzymes. Pretreatment with alkaline improves the internal 
surface area, degrades lignin, and destroys the lignin-carbohydrate bond. Alkaline 
reagents such as NaOH, KOH, Mg(OH)2, Ca(OH)2, and NH4OH have been employed in 
previous investigations (Bazargan et al., 2015). In terms of COD solubilization, NaOH is 
the most effective of these chemicals, followed by KOH, Mg(OH)2, and Ca(OH)2 
(Panigrahi and Dubey, 2019). By increasing the internal surface area of biomass, NaOH 
has the maximum ability to reduce crystallinity and degree of polymerization, as well as 
boost biomass degradability. Because part of the chemicals is used by the biomass during 
alkaline pretreatment, a larger chemical dosage is required. However, it has been noted 
that using NaOH can raise the cost of pretreatment and that a high concentration of Na+ 
can impede the AD process. When comparing NaOH to Ca(OH)2, Ca(OH)2 is preferable 
since it is less expensive, safer, and easier to extract from aqueous solutions using CO2. 
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Apart from acid and alkaline pretreatment, the oxidation process is one of the 
pretreatment methods found in chemical pretreatment. This method includes ozonation, 
peroxidation, and peracetic acid. Ozonation and peroxidation pretreatment methods are 
very useful in sludge stabilization. The use of ozone will cause cellular disruption, flocs 
disintegration, and high COD solubilization (Salihu and Alam, 2016). There are some 
disadvantages of this pretreatment method which require high capital. In addition, higher 
ozonation will cause the formation of soluble compounds that will have a damaging effect 
when released into the environment. The use of the peroxidation method is also limited 
due to the factors such as low pH, requiring proper handling, and special equipment and 
corrosion problems (Salihu and Alam, 2016). Therefore, most researchers prefer acid and 
alkaline pretreatment methods to treat organic waste that will be used as a feedstock for 
the anaerobic digestion process because both methods are easier with little or no energy 
demand. There are several researchers such as Junoh et al. (2015), Naran et al. (2016), 
Jang et al. (2015), and Yue et al. (2020) who used chemical methods (acid, alkaline, and 
ozonation) to perform FW pretreatment to increase biogas production during AD process 
(refer Table 5). 

According to Panigrahi and Dubey (2019), the major objective of biological 
pretreatment is to improve the digestibility of complex waste by eliminating covalent 
cross-linkages and non-covalent interactions between hemicelluloses and lignin, as well 
as increasing particle surface area. Various types of feedstocks such as wood and grass, 
waste office paper, lignocellulosic substrate, agricultural residues, hardwood, FW, and 
MSW are suitable for biological pretreatment before the AD process. Biological 
pretreatment is an environmentally friendly process but time-consuming and that requires 
a longer retention time. During the pretreatment process, the microbes utilize free and 
easily accessible carbohydrates as their primary carbon source. Because the microbes 
compete with the native microorganisms during the pretreatment process, maintaining a 
pure culture of bacteria and optimizing their growth conditions for an FW pretreatment 
can be difficult (Banu et al., 2020). In biological pretreatment, the primary affecting 
parameters are incubation temperature and time, moisture content, type of biological 
pretreatment, pH of the medium, and substrate particle size. Aeration of FW is another 
biological pretreatment option that can boost hydrolysis rates. Aeration changes the 
biomass community in the FW and slows the build-up of volatile fatty acids, as well as 
hydrolyzing resistant substrates by mobilizing enzymes. Not limited to microbial systems 
alone, the biological pretreatment also involves enzymes such as amylase, lipase, 
protease, and cellulase which works to accelerate hydrolysis through enzymatic catalysis 
and further promote methane production through an anaerobic digestion process. The 
utilization of enzymes in biological pretreatment promotes the solubilization process that 
occurs earlier within the system than in the microbial process which requires an 
acclimatization period. Enzymatic pretreatment is one of the most promising biological 
pretreatment methods in which the rate of hydrolysis for organic residues can be improved 
further before anaerobic digestion. Before the digestion process, enzymes may be 
introduced to the substrate as a pretreatment or directly added to the digester. According 
to Carrere et al. (2016), the addition of enzymes directly into the digester is a common 
procedure in the full-scale scenario. Although enzymatic pretreatment requires less input 
energy than mechanical and thermal pretreatment methods without involving the addition 
of chemicals, other factors as the main issues would be the price, enzyme selection (lipase 
or glucoamylase), and process efficiency. 
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Table 5. Summary for some of the pretreatment studies involving mechanical, chemical, thermal, biological and combination of various pretreatment 
methods reported on FW 

Type of 
organic waste 

Pretreatment 
conditions 

Type of AD 
system 

Impact of pretreatment Anaerobic digestion performance References 

Food waste 
(FW) 

MECHANICAL 
 

Grinding 

Mesophilic (semi-
continuous) 

• reduction in the average size of FW 
particles to 2.5, 4 and 8 mm 

• the range of methane yield 
produced for particle sizes of 2.5, 4, and 8 
mm is in the range between 510-630, 470-

560 and 460-470 mL CH4 /g VS. 

Agyeman and 
Tao (2014) 

Food waste 
(FW) 

MECHANICAL 
 

Bead milling (1000 rpm) 

Mesophilic 
(batch) 

• the mean particle size of the FW 
decreased from 0.843 to 0.391 mm. 
• substrate solubilization has 
increased by 40 % of the total COD. 

• methane yield has increased by 28 
% 

Izumi et al., 
(2010) 

Food waste 
(FW) 

MECHANICAL 
 

High voltage pulse 
discharge (HVPD) 

 
Voltage = 40 kV 

Electrode distance = 5 
mm 

Pulse frequency = 400 
Hz 

Duration = 30 min 

Mesophilic 
(batch) 

• the COD removal rate of FW 
pretreated with HVPD was over 100%, 
significantly greater than the control. 

• more VFAs would be neutralized 
due to the greater ammonia content in the 

reactor after HVPD pretreatment. 

• the methane yield increased by 
34.6% from 234 mL CH4/gCODremoved to 

315 mL CH4/gCODremoved. 
Zou et al. (2016) 

Food waste 
(FW) 

MECHANICAL 
 

Microwave 
Temperature = 100 oC 

Power = 600W 

Mesophilic 
(batch) 

• Proteins and polysaccharides were 
degraded by Proteiniborus and 
Parabacteroides, respectively. 

• Bacteroides was the only bacteria 
that dominated in the co-digestion system. 
• At the active methane generation 
phase, Methanosphaera predominated in 

microwave pretreated FW. 

• There was an increase in methane 
yield from 297 mL CH4/g VSadded to 316 mL 

CH4/g VSadded. 

Zhang et al. 
(2016) 

FW from the 
campus 
cafeteria 

MECHANICAL 
 

Ultrasonic 

Mesophilic 
(batch) 

• There was an increase of 7 % in 
SCOD. 

• Produce 149 mL H2/gVSadded 
(sonicated) and 85 mL H2/gVSadded (non-

sonicated) 

Gadhe et al., 
(2014) 
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Type of 
organic waste 

Pretreatment 
conditions 

Type of AD 
system 

Impact of pretreatment Anaerobic digestion performance References 

(rice, 
vegetables, 
fruit peels, 

other residues) 
 
 

Power = 1200 W 
Ultrasonic density = 1.5 

W/mL 
SE = varied depends on 
sonication duration and 

TS 
Frequency = 20 kHz 

Sonication duration = 15 
min 

• The biogas production has been 
enhanced with a 75.3 % increase in 

hydrogen content. 
 

FW 
co-digested 
with poultry 

manure 
 
 

MECHANICAL 
 

Ultrasonic 
Power = 130 W 

SE = N.R 
Frequency = 20kHz 

Sonication duration = 30 
min 

Thermophilic 
(batch) 

• TS, VS and COD removal 
efficiency recorded 61.83%, 65.21% and 

54.66%, respectively. 
 
 

• Produce maximum cumulative 
biogas of 9926 mL with methane 

composition of 62.47 % 

Deepanraj et al., 
(2017) 

Kitchen waste 
 
 

MECHANICAL 
 

Ultrasonic 
UD =0.2-0.6 W/L 

SE = 5000-10000 kJ/kg 
TS 

Frequency = 20kHz 
Sonication duration = 

10-30 min 
Power = N.R 

Mesophilic 
(batch) 

 

• There was an increase about 93%, 
83% and 37% in TVFA when the kitchen 
waste with TS of 6%, 8% and 10% was 

sonicated for 30 min, respectively. 

The maximum biogas yield produced  after 
72 h of digestion ranged between 220-440 
mL/gVS at this condition :5000 kJ/kg TS-

10,000 kJ/kg TS, 6 % TS. 

Rasapoor et al. 
(2016) 

Canteen FW 
 
 

MECHANICAL 
 

Ultrasonic 
Power = 100 W 

SE = N.R 
Frequency = 20kHz 

Thermophilic 
(batch) 

• Reduction of processing time to 38h 
from the 60-80h needed in normal operation. 
• No significant improvement in 

either SCOD or VFA production 

• There was an increase in total 
biogas production with 52 % H2 and 47 % 

CO2. 

Menon et al. 
(2016) 
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Type of 
organic waste 

Pretreatment 
conditions 

Type of AD 
system 

Impact of pretreatment Anaerobic digestion performance References 

Sonication duration = 15 
-45min 

Food waste 
(FW) 

CHEMICAL 
 

Alkaline pretreatment 
(40-190 meq/L Ca(OH)2, 

1-6 hours) 

Mesophilic 
(batch) 

• COD solubilization was optimum at 
166.98 meq/L (equivalent to 6.1 g 

Ca(OH)2/L) for 1 hour. 
 

• the methane production of 864.19 
mL/g VSdestructed was obtained with an 

increase of 20% compared to untreated FW. 

Junoh et al. 
(2016) 

Food waste 

CHEMICAL 
 

Alkaline pretreatment 
Alkali concentration= 

0.4N NaOH 
pH = 12.7 

Duration= 1 hour 

Mesophilic 
(batch) 

• better VS and COD solubilization 
was obtained, which increased CH4 

recovery. 

• there was an increase in methane 
yield (25%) from 271.7 to 339.2 mL 

CH4/gVSremoved when alkaline pretreatment 
was performed on FW. 

Naran et al. 
(2016) 

Food waste 
(FW) 

CHEMICAL 
 

Alkaline pretreatment 
Alkali concentration = 

0.4N NaOH 
pH = 12.0 

Duration= 30 hours 

Mesophilic 
(batch) 

• the VS reduction recorded after 
alkaline pretreatment was 51 ± 4.0 %. 

• the resulting hydrogen yield was 
162 mL H2/g VSadded. 

Jang et al. 
(2016) 

Food waste 
(FW) 

CHEMICAL 
 

Ozone pretreatment 
Flow rate = 30 mL/min 
Ozone concentrations = 
0, 0.02, 0.05, 0.2 and 0.8 

g-O3/g-TVS. 
Pretreatment time = 0, 
1.5, 3.75, 15, 60 min 

Mesophilic 
(batch) 

• When the ozone content in the 
pretreatment was increased to 0.8 g-O3/g-
TVS, the decomposition rate of glycerol 

trioleate into hexadecanoic acid and 
tetradecanoic acid increased to 78.6%. 
• After ozonation pretreatment, the 

coating of methanogens by lipids during the 
anaerobic digestion process was significantly 

reduced. 
• When food waste (carbohydrate 
45.7 %, protein 21.4 %, lipid 28.1%) and 

• At a concentration of 0.8 g-O3/g-
TVS, the methane yield from glycerol 

trioleate increased by 81.9 % to 946.5 mL/g 
TVS after dark hydrogen fermentation. 
• Because ozone oxidization 

damaged most small-molecular 
carbohydrates and a portion of proteins, 

excessive ozone pretreatment (0.05 g-O3/g-
TVS) lowered not only hydrogen yield but 

also methane yield. 

Yue et al. 
(2020) 
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Type of 
organic waste 

Pretreatment 
conditions 

Type of AD 
system 

Impact of pretreatment Anaerobic digestion performance References 

glycerol trioleate were combined with a total 
volatile solids (TVS) ratio of 1:1, an 

ozonation pretreatment of 0.02 g-O3/g-TVS 
resulted in the maximum energy conversion 
efficiency of 78.7% through two-stage dark 

hydrogen fermentation and anaerobic 
digestion. 

Food waste 
(FW) 

THERMAL 
 

Autoclave at 160 oC, 6.2 
bar 

Mesophilic (semi-
continuous) 

• increase soluble COD by 16.4 % 
• slight increase in pH from 4.96 to 

5.01 
• most parameters show a decline 

after the autoclave pretreatment such as TS, 
VS, VFA, and density. 

• the methane yields at all OLR for 
autoclaved FW were lower than untreated 

FW. 
• lower ammonium and hydrogen 
sulphide concentrations, due to reduced 

protein hydrolysis as a result of the 
formation of Maillard compounds where 

the substrate cannot be biodegraded. 

Tampio et al. 
(2014) 

Kitchen waste 
(KW) 

THERMAL 
 

Pretreatment condition = 
70 min at 55-90 oC and 
50 min at 120-160 oC. 

Mesophilic 
(batch) 

• improve the breakdown efficiency 
of crude protein (CP), fat, oil and grease 

(FOG), volatile solid (VS), and volatile fatty 
acids (VFA), according to the kinetics 

results. 
• had no effect on the ultimate protein 

content, but it did reduce the FOG 
degradation potential (7-36%) and 

lengthened the lag phase for protein and FOG 
degradation by 35-65 % and 11-82 %, 

respectively, as compared to untreated KW. 
• the reduction in CP rose 

tremendously with the efficiency of FOG 
removal. 

• The removal efficiency of VS and 
other organics (CP and FOG) enhanced 
cumulative biogas yield in a linear and 

exponential way. 

Li et al. (2017) 

Food waste 
(FW) 

THERMAL 
 

Temperatures = 60, 80, 
and 100 ◦C 

Mesophilic 
(semi-continuous) 

• Soluble COD was raised as a result 
of temperature and time treatment, reaching 
68.54 ± 2.4 mg/L at (100 oC, 30 min), which 

was 43.41 % greater than the control. 

• Anaerobic (AD) digestion of 
thermally pretreated FW at 100 oC for 30 

min produced 382.82 mL STP CH4/g VS of 

Gnaoui et al. 
(2020) 
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Type of 
organic waste 

Pretreatment 
conditions 

Type of AD 
system 

Impact of pretreatment Anaerobic digestion performance References 

Duration = 15, 30 and 45 
min 

• Thermal pretreatment reduced the 
percentage of VS as compared to raw FW. 

methane which was 23.68 % higher than 
untreated FW. 

• Biodegradability was improved by 
9.8% from 83.23% to 91.44%. 

Kitchen waste 
(KW) 

THERMAL 
 

Temperature = 55, 70, 
90, 120, 140 and 160 oC 

Mesophilic 
(batch) 

• the increase in TS and VS 
solubilization rate at 55-120 oC (26.63% and 
49.21%, respectively) but decreased when 
the temperature increased to 140-160 oC 

during acidification. 
 

• reduce the retention time required 
for anaerobic acidification by 5 days. 

• at temperatures ranging from 50-
70 oC and 140-160 oC, the organic removal 
rate and biogas production for subsequent 

anaerobic digestion showed a slight 
reduction. 

• at a temperature of  90 and 120 oC, 
a better result was achieved. 

Li and Jin 
(2015) 

 
Food waste 

(FW) 
 

BIOLOGICAL 
 

Aeration 
 

Aeration in 10 L reactor 
Temperature = 40 °C 
Flow rate = 50 L/h 

Oxygen concentration = 
21% O2 

Duration = 2, 4 days 

Mesophilic 
(batch) 

• After 4 days of aeration, there were 
up to 10% VS losses, as well as a reduction 

in VFA, simple sugars, and low-weight 
organic molecules. 

• The bacterial community became 
more diverse as a result of the aerobic 

circumstances. 
• Because of the high excretion of 

exoenzymes, the Proteobacteria phylum may 
have a superior capacity to hydrolyze less 

easily biodegradable compounds. 

• The methane potential of 
pretreatment waste was maintained (500 

NLCH4/kg VS), but after a long period of 
aeration, the methane potential was reduced 

to the starting amount of waste. 

Fisgativa et al. 
(2016b) 

Food waste 
(FW) 

BIOLOGICAL 
 

Enzymatic pretreatment 
 

Mesophilic (semi-
continuous) 

• COD removal rates were 96.7 ± 
1.5%, 92.1 ± 3.4%, 88 ± 2.3%, 84.1 ± 2.3%, 
88.4 ± 3.2% when OLRs of 12, 14, 16, 18, 

and 20 g COD/Ld were utilized, respectively. 
• The COD removal rate declined 

slightly as the OLR increased. 

• The biogas production rate had 
increased to 5.2 ± 0.3, 5.7 ± 0.3, 6.4 ± 0.2, 

6.9 ± 0.2 and 7.8 ± 0.1 L/L.d when the OLR 
was increased from 12 mgCOD/Ld to 14, 
16, 18 and 20 mgCOD/L.d, respectively. 
• The resulting methane yields were 

0.30, 0.28, 0.28, 0.26, 0.27 m3 CH4/ kg 
CODremoved, respectively. 

Zhang et al. 
(2020) 

 



Sabiani - Tajarudin: Biogas harvesting from anaerobically digested food waste 
- 4827 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4795-4847. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_47954847 
© 2021, ALÖKI Kft., Budapest, Hungary 

Type of 
organic waste 

Pretreatment 
conditions 

Type of AD 
system 

Impact of pretreatment Anaerobic digestion performance References 

• Methane concentrations were 
typically between 60 – 64 %, showing that 

the digestion process was stable. 

Food waste 
(FW) 

BIOLOGICAL 
 

Fungal mass 
 

Mesophilic 
(batch) 

• about 89.1 g/L glucose, 2.4 g/L free 
amino nitrogen and 165 g/L SCOD were 

produced 
• 64% reduction in VS within 24 

hours. 

• the methane yield and methane 
production rate were 2.3 and 3.5 times 

higher than untreated FW. 
• The percentage of VS of about 

80.4 ± 3.5% was achieved. 

Kiran et al., 
(2015) 

Food waste 
(FW) 

BIOLOGICAL 
 

Fungal mash 
(concentration: 2 g/L) 

Mesophilic 
(batch) 

• a total of 19.1% reduction in VS 
was achieved. 

• the SCOD concentrations increased 
to 6853.8 ± 223.7 mg/L after 24 h of 

hydrolysis with the fungal mash, higher than 
untreated FW. 

• the FAN concentration increased to 
74.1 ± 13.9 mg/L after 24 hours pretreatment 
• The glucose concentration increased 

to 3598.8 ± 128.3 mg/L after 24 hours 
pretreatment. 

• the methane yield increased from 
610.3 to 817.0 mL CH4/gVS (25.3%). 

Yin et al., 
(2016) 

Kitchen waste 
(KW) 

COMBINATION 
PRETREATMENT 

 
Combined mechanical-
ultrasonic pretreatment 

(CMUP) 
Mechanical pretreatment 

(MP): Size reduction  
using kitchen blender 

 
Ultrasonic pretreatment 

(UP): 
Frequency= 40 kHz 

Time = 24 min 

Mesophilic 
(batch) 

• The biodegradability of MP 
(control) and CMUP is 72 % and 86 %, 

respectively, in both trials. 

• The control (MP) and CMUP 
experiments produced 382 mL CH4/gVS 

and 493 mL CH4/gVS of methane, 
respectively. 

• This clearly reveals that the CMUP 
improves methane generation and 
biodegradability, implying that the 

hydrolysis and methanogenesis phases of 
the process are improved by this combined 

pretreatment. 

Karouach et al. 
(2020) 
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Type of 
organic waste 

Pretreatment 
conditions 

Type of AD 
system 

Impact of pretreatment Anaerobic digestion performance References 

 

Kitchen waste 
(KW) 

COMBINATION 
PRETREATMENT 

 
Microwave-hydrogen 
peroxide pretreatment 

 
H2O2 added = 0.38 g/gTS 

at 30% (v/v); 
Contact time = 1 h; 

Microwave 
frequency = 2450 MHz 

Tmax = 85 oC; 
Ramp time = 40 min 

Retention 
time = 1 min 

Mesophilic 
(batch) 

• Pretreatment of kitchen waste (KW) 
(from Canadian OFMSW) at 115°C and 

145°C improved biogas production by 4–7% 
compared to untreated KW (control). 
• Biogas production was reduced 

when pretreated at 175 oC due to the 
development of refractory chemicals, which 

inhibited digestion. 
• The effect of pretreatment on 

cumulative biogas production (CBP) for the 
liquid component of KW was more obvious 

for SWA20 at 145 oC, with a 26% increase in 
biogas production after 8 days of digestion 

compared to the control. 
• The enhanced substrate availability 

in the liquid fraction following MW 
pretreatment resulted in a 78 % increase in 
biogas generation compared to the control. 

• The combination of MW and H2O2 
modalities had no effect on KW 

stabilization or increased biogas generation. 
• All H2O2-pretreated samples had a 

considerable lag phase, and the CBP was 
typically lower than MW irradiated only 

samples. 

Shahriari et al. 
(2012) 

Food waste 
(FW) 

COMBINATION 
PRETREATMENT 

 
Ultrasonic with acid 

(UA) 
(SE= 79 kJ/kg TS, pH 3 

with 1N HCl, 24 h). 
 

Ultrasonic with base 
(UB) 

SE= 79 kJ/kg TS, pH 11 
with NaOH , 24 h). 

Mesophilic 
(batch) 

• UB preatreatment showed the 
highest increase in soluble COD and soluble 

protein by 33% and 40%, respectively. 
• the highest increase in soluble 

carbohydrate by 31% was indicated by UA 
pretreatment. 

 

• UA pretreatment achieved the 
highest hydrogen yield of 118 mL/g VSinitial. 
• UB pretreatment produced a 

hydrogen yield of 67 mL/g VSinitial which 
was slightly higher than that was observed 

in untreated FW (42 mL/g VSinitial). 

Elbeshbishy et 
al., (2011) 
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Type of 
organic waste 

Pretreatment 
conditions 

Type of AD 
system 

Impact of pretreatment Anaerobic digestion performance References 

Kitchen waste 
(from 

OFMSW) 

COMBINATION 
PRETREATMENT 

 
Thermo-acid 
pretreatment 

 
1.12% HCl for 94 min or 
1017% HCl for 86 min 
Temperature = 100 °C 

 

 
 
 

• Chemical pretreatment of KW using 
either 1.12 % HCl for 94 minutes or 1.17 % 

HCl for 86 minutes (at 100 oC) raised soluble 
sugars concentration by 120 % compared to 

untreated KW. 

• The mono-sugars glucose and 
fructose were primarily responsible for the 

rise in soluble sugars. 

Vavouraki et al. 
(2013) 
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In addition, longer contact time requirements (at least 24 hours) cause this pretreatment 
method is not appropriate to be performed on a full scale even though the batch test 
indicates high methane production (Braguglia et al., 2018). In addition to numerous 
modes of action depending on distinct FW components, Ma et al. (2018) showed that 
enzymatic pretreatment may be used quickly and effectively in FW hydrolysis. Amylase, 
protease, and lipase are enzymes that may break down macromolecular starches, proteins, 
and lipids into glucose, free amino acids (FAN), and long-chain fatty acids (LCFA), 
correspondingly. Despite the fact that enzymatic pretreatment of FW resulted in high-
efficiency hydrolysis with a VSS removal rate of 60% and a methane yield and generation 
rate roughly double that of the control, it is still not extensively used in AD processes due 
to the high cost of commercial enzymes. Biological pretreatment methods of food waste 
consisting of microbial reactions, enzyme reactions, and aeration have been investigated 
by several researchers such as Kiran et al. (2015), Yin et al. (2016), Fisgativa et al. 
(2016b), and Zhang et al. (2020). 

The combination of various pretreatment methods involves the utilization of more than 
one pretreatment method in which the combined effect produces better substrate 
solubilization which in turn produces higher biogas production and faster AD kinetic 
processes (Ariunbaatar et al., 2014; Salihu and Alam, 2016). Combination pretreatment 
can reduce inhibition, formation of recalcitrant products, long retention time, enzyme 
specialization as well as energy costs. Combination pretreatment is also used when a 
single pretreatment is insufficient to achieve the desired outcome due to its unique 
mechanism of action (Braguglia et al., 2018). There are two major combinations of 
pretreatment methods, namely thermo-chemical pretreatment and thermo-mechanical 
pretreatment. Thermo-chemical pretreatment is a combination of two methods, namely 
thermal pretreatment and chemical pretreatment. The chemicals that are commonly added 
to these pretreatment combinations are sodium hydroxide (NaOH), calcium oxide (CaO), 
or lime and hydrogen peroxide (H2O2). Several studies have been conducted and reported 
regarding the thermo-chemical pretreatment method to improve the anaerobic 
biodegradability of organic wastes such as sludge (Tong et al., 2018), animal manure 
(Khan and Ahring, 2021), organic fraction of municipal solid waste (OFMSW) (Bala et 
al., 2019), and FW (Junoh et al., 2015). Thermo-mechanical pretreatment is a 
combination of two methods: thermal and mechanical pretreatment. Combination of 
microwave-ultrasonic and thermo-pressure pretreatment are the two methods that are 
available under the thermo-mechanical pretreatment. Most studies involving thermo-
mechanical pretreatment are performed on sludge. In addition, there is a combination of 
other pretreatment methods that are also used to pretreat the organic waste i.e physical-
chemical pretreatment (ultrasonic-alkaline, ultrasonic-acid) and electro-chemical 
pretreatment. Table 5 demonstrates the summary for some of the pretreatment studies 
involving mechanical, chemical, thermal, biological, and combination of various 
pretreatment methods reported on FW. 

Inoculum and microbial communities in AD of FW 

The AD of FW is a complicated process. Numerous inhibitors, such as ammonia 
buildup and VFAs, cause poor performance and then even system malfunction (Dai et al., 
2013; Agyeman and Tao, 2014; Owamah and Izinyon, 2015). The digesters are typically 
run at a low organic loading rate (OLR) to ensure a steady operation (Tampio et al., 2014). 
The majority of prior studies focused on process monitoring and control to increase 
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process stability and efficiency (Li et al., 2014). AD is a multi-stage biochemical process 
that involves complex organic molecules going through hydrolysis, acidogenesis, 
acetogenesis, and methanogenesis in order. In the process of producing methane by AD 
of FW, the microbial communities differ at different stages of hydrolysis and 
acidification, hydrogen synthesis, and methane production (Wang et al., 2018). Because 
AD is a biochemical process involving a wide range of microbial groups, microorganisms 
form the foundation of the digesters. Bacteria and archaea are the two types of 
microorganisms that participate in anaerobic digestion. Bacteria degrade complicated 
substrates to produce VFA, CO2, and H2, while archaea produce methane (Ren et al., 
2018). Seon et al. (2014) and Yamada et al. (2006) pointed out that Clostridium, 
Bacteroides, Bifidobacterium, Butyrivibrio, Proteobacteria, Pseudomonas, Bacillus, 
Streptococcus, Eubacterium, and other bacteria are involved in the hydrolysis and 
acidogenesis processes. Methanogens are archaea, and there have been 65 species 
discovered so far, divided into 3 orders, 7 families, and 19 genera. Imachi et al. (2007), 
Nielsen et al. (2007), and Sousa et al. (2007) reveal that the primary bacteria that produce 
methane include Methanobacterium, Methanococcus, Methanobrevibacter, 
Methanomicrobium, Methanosarcina, and Methanosaeta. 

To enhance the AD of organic waste, inoculum has been employed as a microbial 
booster. Fresh manure and anaerobically digested sludge from numerous wastewater 
treatment plants (WTPs) and manure treatment AD plants are typical inoculum sources, 
as the bacteria are more acclimated to anaerobic environments (Bong et al., 2017). 
According to Gu et al. (2014), some organic waste cannot be digested on its own, 
necessitating the use of additional methane-producing bacteria to commence the digestion 
process. Active microbial communities are required for anaerobic digestion, and 
inoculums should contain these communities. A good inoculum can speed up digestion, 
boost biogas production, reduce startup time, and make the digestion process more stable 
(Gu et al, 2014). Many trace elements could be found in the inoculum, which could aid 
in the activity of anaerobic microbes. Sufficient trace elements in the seeded inoculum, 
such as Ni and Mo, could have a good impact on the AD of FW, enhancing methane 
production and hydrolysis rate while also decreasing the lag phase (Sawatdeenarunat et 
al., 2021). The majority of studies examining the impacts of different inoculums in 
biomass digestion have concentrated on substrate breakdown and biogas production, 
rather than the inoculums themselves, such as enzyme activity and nutrient content. 
Inoculum micronutrients can boost enzyme activity and biogas output (Zhang et al., 
2011). 

The use of inoculum from various sources in the mono-digestion of FW has been 
practiced by several researchers such as Lim et al. (2020), Zhang et al. (2017), Wu et al. 
(2016), Li et al. (2015), Jang et al. (2015) and many more. Lim et al. (2020) compared 
two techniques of converting mesophilic to thermophilic consortia and evaluated the 
effect of inoculum on the start-up of thermophilic anaerobic digestion (AD) of FW. The 
use of inoculum was crucial during the start-up process, and a one-step temperature 
increase was the favored method. The inoculum employed in their investigation came 
from two places: anaerobic sludge obtained from a digester treating activated sludge from 
a wastewater reclamation plant in Singapore and anaerobic sludge taken from a laboratory 
pilot-scale 1000 L digester treating FW for more than three months at 35 oC. When the 
temperature approached 50 oC, there were symptoms of instability and failure, according 
to observations made during the investigation. For step-wise temperature increase 
reactors, a large increase in absolute abundance of bacteria but a decrease in archaea likely 
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resulted in an excess of AD intermediates that were not digested by methanogens in time, 
generating reactor sourness. At this point, there will be an accumulation of VFA as well 
as an initial decrease in biogas. However, the one-step temperature increase reactor 
recovered from VFA accumulation and poor biogas generation after 10 days attributed to 
the successful adaptation of thermophilic bacteria such as Thermotogae, 
Thermoanaerobacterales, and Thermoanaerobacterium, as well as Methanosarcina. 
Microbial consortia for thermophilic AD were successfully generated using the one-step 
temperature increase technique and a suitable inoculum, which assisted the start-up of 
thermophilic AD of FW. Zhang et al. (2017) evaluated the efficacy of a three-stage 
anaerobic digester (TSAD) in treating FW, as well as the synergistic effect of 
microorganisms in the TSAD. The inoculum employed in this investigation was waste-
activated sludge (WAS) from a large-scale anaerobic digester at Singapore's Ulu Pandan 
Water Reclamation Plant (UPWRP). TSAD exhibited a 24-54% higher methane yield at 
a high organic loading rate of 10 g VS/L when compared to standard one-stage and two-
stage anaerobic digesters. TSAD also obtained a greater volatile solid reduction rate of 
83.5 ± 1.3%. When the one-stage and two-stage digesters had already soured and failed, 
TSAD showed a strong buffering ability even at high organic loading. According to the 
pyrosequencing study, the bacterial community in TSAD is more diversified than in 
control digesters. Multi-function methanogens like Methanosarcina, as well as some 
dominant populations with acetogenesis, amino-acid consumption, and symbiotic 
functions, have been discovered to selectively enrich TSAD. Wu et al. (2016) used high-
throughput sequencing of 16S rRNA genes to investigate the microbial community during 
the start-up stage of a thermophilic AD treating FW with sludge sourced from secondary 
sedimentation basin from the Jinhai Municipal Wastewater Treatment Plant in Chengdu. 
They discovered that thermophilic AD that treated FW could be started up fast and 
successfully. At the end of the start-up, bacterial groups involved in hydrolysis, 
fermentation, acetogenesis, and syntrophic oxidation were dominating, and a steady 
hydrogenotrophic/acetoclastic methanogen ratio was critical for methanogenesis. These 
modifications represented microbial communities' adaptation to AD environments in 
enhancing AD performance. The fast start-up of the AD process was likely aided by the 
cooperation of bacterial and methanogenic populations, as well as the thermophilic 
environment. During the start-up phase of this study, many thermophilic Firmicutes, 
Bacteroidetes, and Thermotogae with hydrolytic, acidogenic, and acetogenic activities 
became predominant. Li et al. (2015) utilized organic loading rate (OLR) disturbances in 
a mesophilic anaerobic digester to produce stable and deteriorative phases in FW 
inoculated with anaerobic sludge collected from a rural household biogas digester 
operated at ambient temperature. 454-pyrosequencing was used to look at the microbial 
community of each phase. At the deteriorative phase, the relative abundance of acid-
producing bacteria and syntrophic volatile fatty acid (VFA) oxidizers grew considerably, 
but the dominant methanogens (Methanosaeta) remained acetoclastic. The mismatch 
between bacteria and methanogens could be contributing to the deterioration of the 
process. 

One of the most important drivers of anaerobic bioconversion of various feedstocks in 
AD processes is the AD microbial community. As various microorganisms are regularly 
introduced through co-feedstocks, co-digestion systems tend to support microbial 
communities with greater variety than mono-digestion systems (Karki et al., 2021). Co-
digestion of FW with other organic substrates is gaining popularity because it improves 
AD efficiency, increases biogas generation, and enhances microorganism synergy 
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(Braguglia et al., 2018). Firmicutes, Chloroflexi, Bacteroidetes, Proteobacteria, and 
Actinobacteria are the most common bacteria found in traditional AD (Dai et al., 2016; 
Zamanzadeh et al., 2017). The type of feedstock has a significant impact on the structure 
of microbial communities. Animal dungs and sewage sludge are the most common 
organic waste streams explored for co-digesting FW for biogas production. Firmicutes 
(40.8%), Bacteroidetes (23.9%), Proteobacteria (5.9%), and Chloroflexi (1.1%) 
constitute the composition of bacterial communities found in sewage sludge-fed AD 
systems, while the percentage of bacterial communities consisting of Chloroflexi 
(52.9%), Firmicutes (20.6%), Bacteroidetes (6.6%), and Proteobacteria (6.3%) are found 
in manure-fed reactor systems (Dai et al., 2016). The microbial community structure is 
also influenced by the ratio of different feedstocks and their biodegradability (Karki et 
al., 2021). 

Co-digestion of FW with other substrates such as animal manure and sewage sludge 
has been practiced by several researchers such as Muratcobanoglu et al. (2020), Chan et 
al. (2019), Kim et al. (2019), Wang et al. (2020), Lim et al. (2013) and many more. 
Muratcobanoglu et al. (2020) used batch tests in mesophilic conditions to explore the 
effects of graphite on the anaerobic digestion of food waste (FW), cow dung (CM), and 
their mixture (FW/CM). Graphite was employed as a conductive material in the anaerobic 
digestion of CW, FW, and the mixture of FW+CW in their investigation. Carbon allotrope 
graphite has a huge surface area and a strong conductivity. The maximum biogas 
generation with graphite addition is 1128.46, 829.6, and 1471.1 mL/gVS for FW + 1 g/L, 
CM + 1.5 g/L, and FW/CM + 0.75 g/L, respectively. Muratcobanoglu and his co-workers 
also studied the relationship between microbial community structure and biogas 
production when graphite is added. They found that Aminiphilus (13–14%), 
Actinobaculum (13–15%), and Clostridium (12–18%) were the most common bacterial 
genera in graphite-added FW, CM, and FW/CM reactors, according to 16S rRNA gene 
amplicon sequencing results. In this anaerobic digestion configuration, abundances of 
Clostridium along with co-digestion impact FW/CM biogas generation synergistically. In 
the graphite-added digesters, Methanosaeta was the most common methanogen; 
however, the relative abundance of these groups differed. Chan et al. (2019) 
supplemented copper (such as CuSO4 and CuCl2) at 10, 30, and 50 mg/L Cu2+ to boost 
anaerobic co-digestion of food waste and domestic wastewater. They reported that copper 
supplementation enhanced high methane production (0.260 – 0.325 L CH4/g CODremoved) 
compared to control (0.175 L CH4/g CODremoved), in addition to a COD removal efficiency 
of more than 90%. When 10 mg/L of Cu2+ was added to the mixture, the cumulative 
methane production increased by 94.1%. They also found that copper as a cofactor of 
several microbial enzymes and coenzymes involved in methane synthesis enhanced 
methane production as well as COD removal efficiency. However, microbial community 
analysis confirmed that copper supplementation had a considerable impact on bacterial 
populations, but only a little impact on archaea diversity. When compared to the control, 
there was a significant change in the microbial populations following copper 
supplementation. Bacteroidetes (37.2%) were the most common phylum followed by 
Firmicutes (20.7%), Thermotogae (17.3%), and Synergistetes (6.9%) after copper 
supplementation. Kim et al. (2019) investigated the impact of food waste (FW) co-
digestion with wastewater biosolids (WWB) on microbial communities by running 
thirteen lab-scale digesters for 100 days under various operational conditions, including 
OLR (2 and 4 kg COD/m3.day), feed types (WWB and FW), and FW content (10%, 90%, 
100%). FW co-digestion increased biogas generation by 13% and COD degradation rates 
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by up to 101% when compared to mono-digestion of WWB. From the microbial analysis, 
Syntrophomonas was the dominating genus among fermentative bacteria/acetogens in 
FW digesters, whereas Clostridium was prominent in WWB digesters. Methanosarcina 
and Methanosaeta are the dominant methanogens in FW digesters and WWB digesters, 
respectively. The Bacteroidetes population was shown to be highly associated with COD 
breakdown rates and methane production. Clostridium was shown to be highly associated 
with methane production rate in FW digesters, syntrophs in WWB digesters, and 
acetoclastic methanogens in both digesters. Wang et al. (2020) investigated the methane 
output from the digesters that co-digest pig manure (PM) and food waste (FW) at various 
TS concentrations (R1, TS 5%; R2, TS 10%; R3, TS 15%; and R4, TS 20%). They 
reported that the increase in TS concentrations from 5% to 15% did not have a significant 
effect on specific methane yield (278.8-291.7 NmL/g VSadded) and even decreased 
(259.8 NmL/g VSadded) when TS concentration was increased to 20% TS. There was a 
general shifting from the acetoclastic pathway to the mixotrophic pathway and 
hydrogenotrophic pathway in dry AD (20% TS), with mixotrophic and hydrogenotrophic 
methanogens predominant. Firmicutes, Proteobacteria, and Chloroflexi were the most 
prevalent bacteria in the samples. Firmicutes, Proteobacteria, and Chloroflexi all had 
relative abundances of 33.9%, 19.5%, and 11.4%, respectively, within the mixture. Lim 
et al. (2013) examined the microbial community and reactor performance in single and 
two-phase continuously stirred tank reactors (CSTRs) for the anaerobic co-digestion of 
brown water and food waste. After 150 days of reactor operation, the bacterial and 
archaeal populations were investigated. Methane generation in two-phase CSTR was 
found to be 23% greater than in single-phase CSTR. The abundance of Firmicutes and 
increased bacterial variety in two-phase CSTR, and the scarcity of Firmicutes in single-
phase CSTR, might explain these observations. Both CSTRs had high amounts of 
Methanosaeta, which was associated with low acetate levels in their effluent. 

Conclusions 

To be known as substrate containing high organic matter and high moisture content as 
well as the highest contributor in the MSW composition, FW has enormous potential and 
is one of the most promising substrates to produce biogas and methane using biological 
treatment method, i.e. anaerobic digestion (AD). The concept of waste recovery is 
important in the present context in order to reduce waste and produce renewable energy 
due to the abundance of FW. This review shows the progress and changes in the field of 
research related to FW conversion to energy. From the reviews conducted, FW is a 
complicated substrate with different degrees of decomposability. The success of the 
biodegradation process also depends on several parameters such as temperature, pH and 
alkalinity, mixing strategy, hydraulic retention time (HRT) and organic loading rate 
(OLR). As a result, the biogas produced through the AD process can vary significantly 
when FW is processed either by batch, continuous or semi-continuous method. In FW-
related research studies, pretreatment and co-digestion are among the issues that have 
been frequently highlighted over the last 20 years. The implementation of pretreatment 
can improve the degree of anaerobic biodegradability of FW which in turn increases the 
production of biogas and methane yield. Pretreatment technology is introduced in AD of 
FW aims to improve the solubilization of organic matter and reduces the size of organic 
compounds before decomposed by anaerobic bacteria, enhance the hydrolysis rate and 
improve the biodegradability of organic matter to support a more efficient hydrolysis 
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process. However, adverse effects such as VFA accumulation during the hydrolysis stage 
may interfere in the AD process due to excessive pretreatment. Co-digestion of FW with 
organic substrates such as green waste or agricultural waste, sewage sludge and animal 
manures is getting more attention in the research field related to AD of FW. This strategy 
succeeded in increasing the number of major nutrients, stabilizing the digestate produced 
and increasing the biogas and methane production. Although many studies on AD of FW 
produced encouraging findings regarding the advances in the design and optimization 
process, but further studies related to cost savings in the construction of bioreactor and 
monitoring processes still need to be implemented. 
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Abstract. Evapotranspiration calculations are essential in quantifying available water, hydrological 
modelling, monitoring, and planning for drought occurrence and predicting its indices. Where observations 
are sparse and data quality is questionable; the need for simplified algorithm is urged. Thirteen models were 
used to calculate potential evapotranspiration (ETp) on daily and monthly time series meteorological data 
in Central Jordan-Amman City. Temperature-based, Class A-Pan evaporation (1970-2013), and solar 
radiation-based methods (1986-1999) were elaborated to estimate the reference ET. Evaluation and 
benchmarking were performed based on regression algorithm of linearity assumption against the climate 
models ETs projections of CMIP5-RCP 2.6, CLM-ERAi, Penman Monteith ERA Interim, and Priestley 
Taylor ERA-CLM. All methods to estimate ET ratify significant trends to the state of local climate. The 
analysis showed asymmetry between both CMIP5-RCP 2.6 and CLM-ERAi outputs and calculated ETs but 
inconsistent with Penman Monteith ERA Interim and Priestley Taylor ERA-CLM. Penman Monteith ERA-
Interim demonstrates the literature values that vary from 51 to 280 mm/month. Blaney Criddle and 
Hargreaves temperature and solar based formulas prototyped the potential evapotranspiration 
(R2 = 0.99-0.97) followed by Makkink and Jensen-Haise radiation-based formulas (R2 = 0.97-0.96). The 
remaining models need to be calibrated under the local conditions due to its limitation in the current 
constants. 
Keywords: temperature-based, solar radiation-based ET, Pan evaporation, Amman - Jordan, CMIP5, 
ECMWF reanalysis 

Introduction 

Evapotranspiration is a main grouping of water balance since it includes the plant 
water uptake and evaporation and direct evaporation from soil. It can be defined as the 
maximum rate of evaporation and transpiration from fully covered crops with enough 
water applied to a field (Xu and Singh, 2001). Hence, many equations have developed 
over years to estimate the potential evapotranspiration based on the dependent variables 
that is mostly climatological quantities. Potential evapotranspiration is usually calculated 
as main input to hydrological models and simulated by climate models. Generally, 
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temperature-based methods, solar radiation methods, class A-pan evaporation equation 
and aerodynamic and mass transfer-based methods are used. 

The occurrence of climate extremes has increased as indices of climate change and 
variability which cause less available water to all sectors (Dingre and Gorantiwar, 2020). 
The most consumptive uses go to municipal and agricultural sectors (Al-Shibli et al., 
2017) which urge to manage use in watering crops by unbiased evapotranspiration 
calculations. The importance of evapotranspiration calculations reflects the available 
water content after each precipitation event. The difference of rainfall and ET reflects the 
available water (Comair et al., 2012) diagnoses the drought, flood events and the trends 
of each rate. Particularly in limited water resources lands, ET calculations are essential 
for predicting drought and its indices. 

Many studies use Penman method to calculate crop water requirement under semi-arid 
conditions (Dingre and Gorantiwar, 2020). Shahin (2007) has reported Jordan Rift 
evaporation by using three methods: Penman, Wartena and Neumann formulas. The 
yearly evaporation found by the three methods were; 2042 mm, 1685 mm, 1708 mm, 
respectively (Wartena, 1959). Another study by Al-Mahamid (2005) demonstrated long-
term seasonal ET values which vary from 65 to 170 mm/month during winter months and 
vary from 129 to 250 mm/month during summer over Amman-Zarqa Basin using 
Penman-Monteith method. According to the same study, ET reaches 640-680 mm/month 
in some parts of the basin. Human induced-climate change and natural climate variability 
have contributed to drier dry seasons globally according to recent reconstruction studies 
(Padrón et al., 2020). The study reanalyzed the climate models to show the effects of 
climate change on the available water. It revealed the reason behind this dryness was the 
increasing of evapotranspiration inconsistently with the decreasing in precipitation over 
decades (Padrón et al., 2020). Regarding actual evapotranspiration, a new algorithm was 
developed by Guerschman et al. (2009) based on MODIS-Terra data images and 
calibrated using actual reading from seven stations across Australia then compared to 
average yearly difference between precipitation and runoff. The model showed promising 
approach since the actual ET values were fit with the runoff outputs especially in dry 
lands of study sites. The study elaborated a list of methods from each dependent variable-
based equation excluding micrometeorological variables estimating the potential 
evapotranspiration. 

Due to scarce data recordings and being as raw measures, it is required to specify the 
best method to calculate ET for hydro-meteorological modelling use and to quantify the 
available water remaining after each precipitation event. The study has investigated the 
trends of each based method with respect to climate models. The study compares the 
different potential evapotranspiration models in the middle of Jordan for the period from 
1970 to 2013 using temperature-based, solar-based and pan evaporation methods. The 
comparison concluded the resemble trends in calculated methods’ quality to represent the 
variations in weather and climates. 

Data and Methods 

Study area 

Due to the scarce data, the study has focused on the most informative weather stations 
that have recorded most climate variables needed for the aim of the study sourced from 
Jordan Meteorological Department (JMD). The highest quality available observations are 
recorded in Amman Civil Airport Station. Missing data were filled from the neighbouring 
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weather stations: Madaba, Salt and Queen Alia International Airport which distributed 
across the study area across the centre of Jordan-Amman as shown in (Fig. 1). 
 

 

  

Figure 1. Study area in the center of Jordan. Digital Elevation Model (DEM) is retrieved from 
SRTM Data – CGIAR-CSI SRTM and modified for cropping purposes 

 
 
ET Calculations 

Thirteen formulas were used to calculate potential evapotranspiration on daily and 
monthly time series of meteorological data in Central Jordan-Amman. Temperature-, 
solar radiation-based methods and Class A-Pan evaporation were elaborated to estimate 
the potential evapotranspiration. Pre-whitening of observations datasets were avoided 
since the slope of trend is high and the sample size is large (Bayazit and Önöz, 2007). 

Temperature-based and Pan methods calculated ETp from Jan 1979 to Dec 2013 since 
the available ERA reanalysis data is only during this period. The analysis emphasized on 
(Jan 1979-Jan 1999) time slice comparing with Penman Monteith-ERA Interim, and 
(Jan 1979-Dec 2013) time slice comparing with Priestley Taylor ERA-CLM. 

Solar radiation-based methods calculated ETp from April 1986 to Dec 1999 since the 
available radiation readings are only during this period. Therefore, the analysis 
emphasized on (April 1986-Jan 1999) time slice comparing with Penman Monteith-ERA 
Interim, and (April 1986-Dec 1999) time slice with Priestley Taylor ERA-CLM. 

Air Temperature-based Potential Evapotranspiration 

By availability of air maximum and minimum temperatures as daily recorded, 
temperatures-based equations can be used to calculate potential evapotranspiration. The 
following methods are discussed and used in this study. 
• Hargreaves Method 

https://srtm.csi.cgiar.org/srtmdata/
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Hargreaves’ first equation is written as in Eq. 1 (Hargreaves et al., 1985): 
 

 𝐸𝑇° = 0.0023 𝑅𝑎√𝑇𝐷 (𝑇𝑎 + 17.8) (Eq.1) 
 
where; 𝐸𝑇° 

is the potential Evapotranspiration in mm/day; 𝑇𝐷 is the temperature 
difference (°C); 𝑇𝑎 is mean air temperature (°C); and 𝑅𝑎 is the water equivalent of extra-
terrestrial radiation (mm/day). The equation has been modified many times (like: Allen 
et al., 1998; Trajkovic and Kolakovic, 2009) under different climate conditions where 
Talaee (2014) found that the best performance of the original Hargreaves method was in 
humid climate. A simple modification to Hargreaves equation in semi-arid and windy 
regions might require only precipitation daily measures (Talaee, 2014). 
• Kharrufa Method 

 
 𝐸𝑇° = 0.34 𝑝 𝑇𝑎1.3 (Eq.2) 
 

This method is used in arid and semi-arid climates by using another variable which is 
the mean daily percentage of annual daytime hours (𝑝) (Kharrufa, 1985); where 𝐸𝑇° is 
Kharrufa potential evapotranspiration. A study for Xu and Singh (2001) found that 
Kharrufa Eq. 2 has seasonal bias especially in humid climate. 
• Blaney-Criddle Method 
Blaney and Criddle method (Blaney, 1952) and its modified formula below (Eq. 3) 

estimated the reference evapotranspiration 𝐸𝑇 from a reference crop since it included the 
monthly consumptive use coefficient 𝑘 which depends on vegetation type, location and 
season (Blaney and Criddle, 1962). For the study, the study has estimated 𝐸𝑇/𝑘 avoiding 
crop specification. 
 
 𝐸𝑇/𝑘 = 𝑝 ∗ (0.46𝑇𝑎 + 8.13) (Eq.3) 
 
where; 𝑝 is the percentage of total daytime hours for the period used out of total daytime 
hours of the year (Xu and Singh, 2001) and can be calculated using site information for 
latitude and Julian day (Rahimikhoob and Hosseinzadeh, 2014) and 𝑇𝑎 as mentioned 
earlier. This method has been used as alternative equation to NOAA images for irrigated 
agriculture in a semi-arid region estimating 𝐸𝑇°. 
• Romanenko Method 
Romanenko method is derived from the relation between monthly evapotranspiration 

and both variables mean air temperature 𝑇𝑎 and mean monthly relative humidity 𝑅ℎ 
(Romanenko, 1961). 
 
 𝐸𝑇 = 0.0018(25 + 𝑇𝑎)2(100 − 𝑅ℎ) (Eq.4) 
 

Romanenko original constants were recalibrated by many studies and concluded that 
the constant (0.002) might be used to estimate evapotranspiration in the Romanenko 
(Eq. 4) for many areas such as Sasireka and Xu studies (Xu and Singh, 2001; Sasireka et 
al., 2017) since the calculated ET by Romanenko was the most consistent results. 
• Thornthwaite Method 
It is an empirical method to estimate potential ET based on climate data such as 

radiation where this method works better in rainy seasons (Bautista et al., 2009). To 
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calculate potential evapotranspiration 𝐸𝑇′ (Eq. 5), it requires (Thornthwaite, 1948) the 
average daily or monthly temperature 𝑇𝑎 in °C, the annual heat index 𝐼 which is the 
summation Eq. 6 of 12 monthly indices 𝑖 which can be estimated again by 𝑇𝑎 (Eq. 7), 
then to the power (𝑎) of cubic phrase (written below in Eq. 8) of annual heat index 𝐼 and 
the constant 16 (Xu and Singh, 2001). 
 

 𝐸𝑇′ = 16 (10𝑇𝑎𝐼 )𝑎
 (Eq.5) 

 
 𝐼 =  ∑ 𝑖𝑗12𝑗=1  (Eq.6) 

 

 𝑖 =  (𝑇𝑎5 )1.51
 (Eq.7) 

 
 𝑎 = 67.5 ∗ 10−8 ∗ 𝐼3 − 77.1 ∗ 10−6 ∗ 𝐼2 + 0.0179 ∗ 𝐼 + 0.492 (Eq.8) 
 

Although using the original constants in Thornthwaite method could result large error 
as in Sasireka and Xu (Xu and Singh, 2001; Sasireka et al., 2017) used 25.69 instead of 
16, it did not provide the best performance among temperature-based ET methods in 
semiarid climates (Akhavan et al., 2019). Since each month differs in average daylight 
hours 𝑑 and number of days in the month 𝑁, the adjusted evapotranspiration 𝐸𝑇 as 
obtained in (Eq. 9) is calculated according to site latitude and season. 
 

 𝐸𝑇 = 𝐸𝑇′ ( 𝑑12) ∗ ( 𝑁30) (Eq.9) 

 
Despite Thornthwaite, as temperature decisive method, is suitable to assess drought 

(Ogunrinde et al., 2020), it worsens the results in arid regions (Zhou et al., 2020) due to 
rapid warming up recently (Duffy et al., 2021). 
• Hamon Method 
Hamon potential ET formula (Eq. 10) depends on daylight hours for a given day 𝐷2, 

and basically on determining the saturated water vapor density 𝑃𝑡 which calculated 
through exponential formula (Eq. 11) of air temperature 𝑇𝑎 (Hamon, 1963). 
 
 𝐸𝑇 = 0.55 𝐷2

 ∗ 𝑃𝑡 (Eq.10) 
 

 𝑃𝑡 = 4.95 ∗  𝑒(0.062 𝑇𝑎)/100 (Eq.11) 
 

The use of original constants in the algorithm underestimated ET (Xu and Singh, 2001) 
whereas Zhou et al. (2020) found increasing dryness trend of PET in arid regions with 
least correlation but estimated severe drought in semi-arid and semi humid land. 

Solar radiation-based potential evapotranspiration 

• Jensen-Haise Method 
Jensen-Haise estimated evapotranspiration in semi-arid and arid climate by recorded 

mean temperature Ta which required to calculate latent heat of vaporization λ in cal/cm3 

as in Eq. 12 (Jensen and Haise, 1963). 
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 𝜆 (𝑐𝑎𝑙/𝑔) =  595 − (0.51 ∗ 𝑇𝑎) (Eq.12) 
 

The main algorithm (Eq. 13) uses daily total solar radiation Rs (cal/cm2) that suitable 
for light to moderate windy Mediterranean climates where daily maximum temperature 
is not available (Samaras et al., 2014). Radiation based methods work better than the 
temperature-based methods especially for rainfall-runoff modelling studies (Bormann, 
2011). 
 
 𝐸𝑇 =  0.025 (𝑇𝑎 −  (−3))  ∗  𝑅𝑠/ 𝜆 (Eq.13) 
 
• Hargreaves method 
The same inputs parameters that used in Jensen-Haise method are the same as in 

Hargreaves radiation formula shown in Eq. 14 (Hargreaves, 1994; Hargreaves and Allen, 
2003) where 𝐶𝑡 is empirical coefficient equals 17.8 (Hargreaves, 1994). 
 
 𝐸𝑇 = 0.0135(𝑇𝑎 + 𝐶𝑡)𝑅𝑠/λ (Eq.14) 
 

Since complex calibration of Hargreaves formula by using the real 𝑅𝑠 and large 
number of variables led to less accuracy, the simplest (Allen, 1995) linear regression 
approach produced higher accuracy instead (Gomariz-Castillo et al., 2018). 
• Abtew Method 
This method (Eq. 16) is better used in warm humid to semi-humid climates with given 

solar radiation  𝑅𝑠 in MJ/m2/day and λ is in MJ/Kg (Abtew, 1996; Xu, 2002) and can be 
calculated as in Eq. 16, further to some studies, Abtew formula performed better in 
semiarid area (Akhavan et al., 2019). 
 
 𝜆 = 2.501 −  (2.361 ∗ 10−3) 𝑇𝑎 (Eq.15) 
 𝐾 is the linear regression dimensionless coefficient equals 0.15. In regard to winds, 
the conditions should not exceed moderate conditions (Samaras et al., 2014). 
 
 𝐸𝑇 = 𝐾 ∗  𝑅𝑠/λ (Eq.16) 
 
• Makkink Method 
The method (Makkink, 1957) performed better in cool humid and light-windy 

conditions (Samaras et al., 2014). The Eq. 17 requires (Hansen, 1984) the slope of 
saturation vapor pressure curve ∆ by temperature showing in Eq. 18: 
 

 𝐸𝑇 = 0.61 
∆∆+ 𝜸 𝑅𝑠58.5 − 0.012 (Eq.17) 

 
 ∆= 33.8639[0.05904 ∗  (0.00738𝑇𝑎 + 0.8072)^7) −  0.0000342] (Eq.18) 
 𝑃 is an atmospheric pressure in mbar at elevation above sea level in metres where 
assumed the average of Amman with maximum 1100 m and minimum 700 m elevation 
equals 900 m, so 𝑃 is around 918.05 mbar calculated by Eq. 19. 𝛾 is the psychometric 
constant (in mbar/°C) can be calculated by Eq. 20 from the pressure and humidity 
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dependent variable 𝐶𝑝  which ranging from (0.2397 to 0.26 cal/g/°C), and assumed here 
in the study as 0.242 (Xu, 2002). 
 

 𝛾 =  
𝐶𝑝 ∗𝑃0.622λ

 (Eq.19) 

 
 𝑃 = 1013 − 0.1055 ∗  𝐸𝐿 (Eq.20) 
 

The latent heat λ is calculated by temperature °C as mentioned earlier, and then ET 
estimates by the Eq. 17. Sabziparvar and Tabari (2010) reported that Hargreaves method 
was the best performed radiation-based ET among other methods in arid and semi-arid 
climates. 
• Doorenbos and Pruitt Method 
Another recommended radiation method which used different climate parameteres is 

Doorenbos and Pruitt method Eq. 21 (Doorenbos, 1977). It required data of wind speed 𝑈𝑑 (m/sec), relative humidity 𝑅𝐻 (%) to calculate adjustment coefficient 𝑎 as in Eq. 22: 
 

 𝐸𝑇 = 𝑎 [ ∆∆+𝛾 𝑅𝑠] + 𝑏 (Eq.21) 

 

 
𝑎 = 1.066 − 0.13 ∗ 10−2𝑅𝐻 + 0.045𝑈𝑑 − 0.20 ∗ 10−3𝑅𝐻 ∗ 𝑈𝑑 − 0.315 ∗ 10−4𝑅𝐻2 − 0.11 ∗ 10−2𝑈𝑑2 

(Eq.22) 

 
In Doorenbos and Pruitt method, 𝑅𝑠 is in mm/day, 𝑏 equals (-0.3) (Xu, 2002) and the 

remaining notations are all as same as in Makkink method. Fernández et al. (2010) found 
that Doorenbos and Pruitt calibrated radiation method was one of the most suitable 
approaches to estimate ET under standard conditions in Mediterranean climates. 

Pan Evaporation Method 

The evaporation 𝐸𝑝 from a Pan with specific dimensions is an uncomplicated tool to 
estimate reference evapotranspiration (Eq. 23) under different climate conditions by 
determining pan coefficient 𝐾𝑝. 
 
 𝐸𝑇 = 𝐸𝑝 ∗ 𝐾𝑝 (Eq.23) 
 

Different algorithms are used to calculate pan coefficient. In this study, two methods 
were applied to estimate the coefficient by given data (Tabari et al., 2013) of wind speed 
at 2.0 m height 𝑈2, relative humidity, and the natural logarithm of fetch upwind distance 𝐹 (100 m acquiring for the maximum ET estimates) which are: 
• Orange Kpan 
Orang (1998) has concluded the linear logarithm (Eq. 24) of fetch upwind distance 

with wind speed and relative humidity. 
 

 
𝐾𝑝𝑎𝑛 = 0.51206 − (0.000321 ∗ 𝑈2) + (0.002889 ∗ 𝑅𝐻)+ (0.03188 ∗ 𝑙𝑛(𝐹)) − (0.000107 ∗ 𝑅𝐻 ∗ ln (𝐹)) 

(Eq.24) 
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• Allen Kpan 
Allen et al. (1998) has computed the coefficient (Eq. 25) by the quadratic natural log 

of 𝐹 comparing the evaporation from the pan with values of reference ET from different 
crops under different growth stages. 
 

 
𝐾𝑝𝑎𝑛 = 0.108 −  (0.0286 ∗ 𝑈2) + 0.0422 ∗ 𝑙𝑛(𝐹) + 0.1434 ∗ln(𝑅𝐻) −0.000631 ∗  [ln(𝐹)]2 ∗ ln(𝑅𝐻) 

(Eq.25) 

 
 
Climate models 

There are wide range of climate simulations that illustrate the history and future 
climate using wide range of systematic algorithms and theories called climate models 
projections. Each model represents range of possible future scenarios of climate 
parameters and range of carbon emission scenarios (RCPs) based on historical baselines 
vary with time and place. Coupled Model Intercomparison Project Phase 5 (CMIP5) is an 
ensemble representing of 34 models, which predict 1.8 ± 0.6 °C the increase of transient 
climate response in temperature (Flato et al., 2013; Nahar et al., 2020; Dosio et al., 2021). 
If the carbon emission concentration releases 2.2 watt/m2 of effective radiative forcing 
(this scenario which represents RCP 2.6 (shortened to RCP26)), the peak emission years 
will be around (2010-2020) and the increasing of global surface temperature will be 
0.4-1.6 ± 0.4°C to 0.3-1.7 ± 0.3°C during the period (2046-2065) and (2081-2100) 
respectively (Flato et al., 2013; Stocker et al., 2013). The projections outputs of CMIP5-
RCP26 are evaluated in this study. All climate models datasets retrieved from 
(http://climexp.knmi.nl), according to the instructions of Trouet (Trouet and Van 
Oldenborgh, 2013). The climate models’ datasets details are illustrated in Table 1. 
 

Table 1. List of climate models conducted in the study, its grid box coordinates, and the data 
time series period used in the analysis 

Model experiment 
Horizontal 
Resolution 

(Long x Lat) 

Interpolating points Time scale 

Long extent in 
degrees (E) 

Lat extent in 
degrees (N) 

Start End 

multi-model mean 
CMIP5 ET - rcp26 

2.5° x 2.5° 33.750      36.250 31.250     33.750 Jan 1970 Dec 2013 

Mean ET-CLM-ERAi 1.0° x 0.9° 35.000     36.000 31.571     32.513 Jan 1979 Dec 2013 

Penman Monteith ETp - 
ERA-Interim 

0.7° x 0.7° 35.859     36.563 32.632     31.930 Jan 1979 Jan 1999 

Priestley Taylor ETp-
ERA-CLM 

1.25° x 0.9° 35.625     36.875 31.099     32.042 Jan 1979 Dec 2013 

Weather Station - 35.985 (X) 31.968056 (Y) Jan 1970 Dec 2013 

 
 

Another product from the European Centre for Medium Range Weather Forecast 
(ECMWF) Interim Reanalysis (ERA-Interim) data are used in this study. The product 
improved model physics of climate parameters including evaporation. Also, it varied 
satellite radiance data with faster radiative transfer model particularly a new humidity 
analysis and better representation of atmospheric physics (de Lima and Alcântara, 2019). 
The reanalysis of Interim gridded datasets quality were validated to observations and 
fitted to systematic hydrologic measures globally (Uppala et al., 2008). Most studies have 
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analyzed one variable on specific region to validate the ERA datasets with observations 
such as Wang et al. (2015) and Simmons et al. (2004) and concluded the ERA capability 
to perform better in the region of interest despite some errors that may be adjusted using 
best algorithms (de Lima and Alcântara, 2019). Hence it provides robust improvement in 
temporal consistency datasets and more sensible representation of observations (Dee et 
al., 2011), this study has selected the ERA-Interim as benchmark to validate the calculated 
reference evapotranspiration. The study has elaborated the monthly frequency ERA-
interim where the horizontal grid spacing is around 83 km (0.75° x 0.75°) and the grid 
boundaries have interpolated points. 

Penman Monteith ETp - ERA-Interim input data obtained from the Pre-Processor for 
LISFLOOD model estimated by Penman-Monteith combined approach (Monteith, 1965) 
using Angot radiation to calculate net-longwave radiation (Burek et al., 2013). Penman-
Monteith equation is widely used in literature, and shortly, it calculates land surface 
evaporation by combining the sensible heat and latent heat with energy balance giving 
the Eq. 26. 
 

 λ𝐸𝑇 = 𝜀𝐴+( 
𝜌𝐶𝑝 𝛾  )𝐷𝑎𝐺𝑎𝜀+1+𝐺𝑎𝐺𝑠  (Eq.26) 

 
where λ is measured in (MJ/kg), the 𝛾 psychometric constant is measured here in 
(kPa/°C), 𝜀 is (s/ 𝛾), the available energy 𝐴 estimated from net radiation and 𝐺 soil heat 
flux density (MJ/m2/d), 𝐺𝑎 and 𝐺𝑠 are aerodynamic and surface conductances (m/sec), 𝐷𝑎 is vapor pressure deficit of air (kPa), air density 𝜌 in g/m3, and 𝐶𝑝 is the specific heat 
of air at constant pressure (J/g/°C). Penman-Monteith model proved its reliability to 
estimate, at catchmnet scale, the short-term and long-term evaporation (Zhang et al., 
2008). 

Priestley Taylor ETp-ERA-CLM (Szilagyi et al., 2014; Philip et al., 2020) that 
obtained from the ERA-Interim reanalysis data calculates potential ET using Priestley 
Taylor equation (Priestley and Taylor, 1972) that depend on ECMWF heat fluxes. All 
variables in Priestly-Taylor Equation have the same meanings and units as those in 
Penman-Monteith method. Priestly Taylor used a calibration constant 𝛼 = 1.26; ∆ is the 
slope of saturation vapor pressure-temperature curve (kPa/°C); 𝑅𝑛 the net radiation in 
(MJ/m2/day) which can be derived from solar radiation and extraterrestrial radiation; and 𝐺 is the heat flux density to the ground (MJ/m2/day), see Eq. 27 (Lu et al., 2005). 
 

 λ𝐸𝑇 = 𝛼 ∆∆+𝛾 (𝑅𝑛 − 𝐺) (Eq.27) 

 
ERA-Interim assimilation methodology, model, and observations are detailed in Dee’s 

research (Dee et al., 2011) and evaluated by Kunz’s article (Kunz et al., 2014) using high 
quality airborne water vapor measurements dataset rather than the satellite data that 
unable to accurately track down gas distributions. 

Models evaluation 

In order to choose the best fit calculated ETp among all based meteorological variables 
and equations, the study used regression model evaluation represented in Eq. 28 to 
describe the relationship between the benchmark climate models ET projections for the 
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baseline period and the different calculation methods. The analysis conducted RStudio 
coding to summarize linear regression test and graphing. 
 
 γ = β1 + β2x + ε (Eq.28) 
 
where; β1 is the intercept, β2 is the slope and ε is the error term. The metrics used for 
model’s evaluation are in the following Eqs. 29 to 34 (Ahmad, 2013; Wickham and 
Grolemund, 2016): 
 

 𝑡 − 𝑆𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐 = 𝛽 – 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠 𝑆𝑡𝑑.𝐸𝑟𝑟𝑜𝑟  (Eq.29) 

 

 Multiple R-squared = 𝑅2  = 1 −  ∑ (у𝑖−ŷ𝑖)2𝑛𝑖∑ (у𝑖−ȳ𝑖)2𝑛𝑖  (Eq.30) 

 

 Adjusted R-squared = 𝑅𝑎𝑑𝑗2 = 1 − ((1−𝑅2)(𝑛−1)𝑛−𝑞 ) (Eq.31) 

 

 𝑆𝑡𝑑. 𝐸𝑟𝑟𝑜𝑟 =  √𝑀𝑆𝐸 =  √𝑆𝑆𝐸𝑛−𝑞 (Eq.32) 

 

 𝐹 − 𝑆𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐 = 𝑀𝑆𝑅𝑀𝑆𝐸 (Eq.33) 

 

 𝑀𝑆𝑅 = ∑ (ŷ−ȳ)2𝑛𝑖 𝑞−1  (Eq.34) 

 
where; ŷ𝑖 is the fitted value for observations, ȳ𝑖 is the mean of у, 𝑛 is the number of 
observations, 𝑞 is the number of coefficients in the model, 𝑆𝑆𝐸 is the summation of 
squared errors, 𝑀𝑆𝐸 is a mean squared error, and 𝑀𝑆𝑅 is the mean squared regression. 

Results 

Running RStudio for evaluating the model between calculated ETs and climate models 
projections ETs, illustrated through plots and descriptive statics. Here the study divided 
the analysis into daily and monthly statistics. The resemblance methods were analysed 
with regression algorithm to measure the quality of the evapotranspiration methods as 
surrogates of modelled ETs. It evaluates the fitted model in order to be elaborated later in 
future water availability studies. 

The results showed how changes in climatic conditions will change evapotranspiration 
estimates. The ET trends showed the sensitivity of evapotranspiration to temperature and 
radiation through the year. Through the temporal comparison with long-term ETp values, 
CMIP5-RCP26 and CLM-ERAi showed a performance in the projections that might 
change as a function of the state of climate. Fig. 2 illustrated the trends of ET that are 
lower in winter months and higher during warm month matching with Penman Monteith- 
ERA-Interim and Priestley Taylor-ERA-CLM ETp, whereas, CMIP5-RCP26 and CLM-
ERAi ETs are the opposite of such trends. Therefore, CMIP5-RCP26 and CLM-ERAi are 
excluded from models evaluations analysis. 
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Figure 2. Temporal change of ETp through climate models projections comparing with long-
term values in Amman 

 
 
Regression analysis 

Calculated temperature-based daily ET methods 

The aggregate plots (Fig. 3) instantly show the relationship of all variables; the 
calculated temp-based daily ET methods, Hargreaves, Karrufa and Blaney-Criddle 
equations, are correlated positively as strongly linear, wherein the RCP26-CMIP5 mean 
daily evaporation is negatively correlated to all calculated temperature-based daily ET 
methods. Mean daily ET-CLM-ERAi is positively correlated with CMIP5 and vector 
negatively with temperature-based daily ETp methods. By looking merely at the 
scatterplots, Penman Monteith- ERA-Interim daily ETp and Priestley Taylor-ERA-CLM 
daily ETp are in positive relation with temperature-based daily ETp methods but stronger 
linear relation to Penman ETp. On the contrary, Penman ETp is moderately inverse 
proportional to mean monthly CLM-ERAi and ensemble RCP26-CMIP5 evaporation 
estimations whereas the latter is clustering negative correlation with Priestly daily ETp. 

The descriptive analysis (Table 2) detected statistically the variant range of potential 
evapotranspiration calculating by observations of daily climatic data. Hargreaves method 
ranged from 1.2 mm to 6.6 mm maximum while Blaney-Criddle from 2.4 mm to 6.7 mm. 
Karrufa exceeded the maximum values over all methods as it reached 8.3 mm during the 
528 months. Penman Monteith is more closely to Blaney-Criddle values. The daily temp-
based ETp means and 3rd quartiles are nearly the same, in comparison to the approximate 
1st quartile Penman and maximum Priestly values, further to the 5.7 mm 3rd quartiles of 
temp-based ETp’s equal the mean of Penman ETp through the study period. 
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Figure 3. Plotting Hargreaves, Karrufa and Blaney-Criddle daily ETs against RCP26-CMIP5, ET-CLM-ERAi, Penman Monteith- ERA-Interim daily 
ETp and Priestley Taylor-ERA-CLM daily ETp, where ETs in mm 
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Table 2. Descriptive stats: Temperature-based Daily ETp methods covering 528 months of 
observations in comparison to Climate Models and projections (ET in mm) 

Method 
 

Metrics 

Hargreaves 
Method 

Karrufa 
Method 

Blaney-
Criddle 
Method 

CMIP5-
RCP26 

CLM-
ERAi 

Penman 
Monteith ERA-

Interim 

Priestley 
Taylor ERA-

CLM 

Min. 1.186 0.5661 2.415 0.6257 0.1406 1.926 0.4863 

1st Qu. 2.257 1.8635 3.237 0.7373 0.2601 3.483 1.0231 

Median 3.915 3.9396 4.448 0.9881 0.489 5.782 2.1195 

Mean 3.858 3.9502 4.437 0.9467 0.554 5.6 2.0525 

3rd Qu. 5.499 5.9028 5.598 1.1234 0.7823 7.812 3.1381 

Max. 6.614 8.2653 6.685 1.2532 1.7394 9.39 3.5407 

 
 
Calculated temperature-based monthly ET methods 

The analysis in Table 3 detected statistically the variant range of potential 
evapotranspiration calculating by observations of monthly climatic data. Romanenko 
method ranged from 25.3 mm to 290.5 mm maximum while Thornthwaite from 2.09 mm 
to 150 mm. Hamon exceeded the maximum values over all methods as it reached 540 mm 
during the study period. Penman Monteith is more closely to Romanenko values whereas 
Priestly Taylor ERA-CLM is approximate to Thornthwaite in third quartile. 
 

Table 3. Descriptive stats: Temperature-based monthly ETp methods covering 528 months of 
observations in comparison to Climate Models and projections (ET in mm) 

Method 
 

Metrics 

Romanenko 
Method 

Thornthwaite 
Method 

Hamon 
Method 

CMIP5. 
RCP26 

CLM. 
ERAi 

PenmanMonteith
-ERA.Interim 

PriestleyTaylor-
ERA.CLM 

Min. 25.27 2.086 6.954 19.40 4.219 51.4 15.07 

1st Qu 76.71 16.132 66.283 22.19 8.028 101.3 29.58 

Median 144.85 52.269 165.589 30.00 14.884 177.3 64.54 

Mean 143.14 56.891 204.539 28.76 16.761 170.6 62.59 

3rd Qu 204.04 94.651 328.721 33.94 23.824 242.2 97.28 

Max. 290.54 150.139 539.844 38.10 53.921 280.2 109.76 

NA’s Nil Nil Nil Nil 108 287 108 

 
 

The plots in Fig. 4 instantly show the relationship of all variables; the calculated ET 
methods are correlated positively wherein the RCP26-CMIP5 mean monthly evaporation 
is negatively correlated to all calculated temperature-based monthly ET methods. Mean 
monthly ET-CLM-ERAi is positively correlated with CMIP5 and vector negatively with 
temperature-based monthly ETp methods. By looking merely at the scatterplots, Penman 
Monteith- ERA-Interim monthly sum of ETp and Priestley Taylor-ERA-CLM monthly 
ETp are in positive relation with temperature-based monthly ETp methods, on the 
contrary, both are inversely proportional to Mean monthly CLM-ERAi and ensemble 
RCP26-CMIP5 evaporation estimations. 
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Figure 4. Plotting Romanenko, Thornthwaite and Hamon monthly ETs against RCP26-CMIP5, ET-CLM-ERAi, Penman Monteith- ERA-Interim 
monthly ETp and Priestley Taylor-ERA-CLM monthly ETp, where ETs in mm 
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Class A-Pan method 

The plots instantly showed in Fig. 5 the strong positive linear correlation between both 
Class A-Pan methods of, Orange Kp and Allen Kp, and moderate correlation with Penman 
Monteith- ERA-Interim monthly sum of ETp detecting continuous dots. On the other 
hand, Priestley Taylor-ERA-CLM monthly ETp correlated positively in clusters (closed 
sets of points) within wider range versus Orange Kp and Allen Kp ET values. On the 
contrary, Priestley Taylor-ERA-CLM monthly ETp scatter plot formed distinct clusters 
but narrow range against Penman Monteith- ERA-Interim ETp. 
 

Figure 5. Correlation between Class A-Pan methods of, Orange Kp and Allen Kp with Penman 
Monteith- ERA-Interim monthly ETp and Priestley Taylor-ERA-CLM monthly ETp 

 
 

Evapotranspiration calculated values by using Orange Kp and Allen Kp resembled to 
Penman Monteith- ERA-Interim ETp in median, mean, 1st and 3rd quartiles; whereas 
Priestley Taylor-ERA-CLM monthly ETp minimum value has a unique approximate to 
Orange Kp and Allen Kp evapotranspiration, stats are detailed in Table 4. 
 

Table 4. Descriptive stats: Class A-Pan monthly ET methods covering 528 months of 
observations in comparison with ERA projections (ET in mm) 

Method 
 

Metrics 
Orange Kp Method Allen Kp Method 

Penman Monteith-
Monthly ERA Interim 

Priestley Taylor-
Monthly ERA.CLM 

Min. 13.64 14.99 51.4 15.07 

1st Qu 78.02 83.94 101.3 29.58 

Median 145.87 154.74 177.3 64.54 

Mean 148.41 158.16 170.6 62.59 

3rd Qu 211.4 225.83 242.2 97.28 

Max. 507.78 515.37 280.2 109.76 

NA’s Nil Nil 287 108 
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Solar-based monthly evapotranspiration 

The plots (in Fig. 6a) instantly showed the roughly to moderate positive linear 
correlation between Doorenbos & Pruitt Method and Penman-Monteith-Monthly Sum-
ERA-Interim. A positive clustering with Priestley Taylor Monthly ETp-ERA-CLM is 
detecting ascending dots and smoothing fit-line curve (see the plots in Fig. 6b). On the 
contrary, Priestley Taylor-ERA-CLM monthly ETp scatter plot formed distinct clusters 
but narrow range against Penman Monteith- ERA-Interim ETp. 
 

  
(a)  (b) 

Figure 6. (a) Doorenbos & Pruitt Method against Penman-Monteith-Monthly Sum-ERA-
Interim; and (b) ascending fit-line with Priestley Taylor Monthly ETp-ERA-CLM 

 
 

Despite the correlation between Doorenbos & Pruitt ETp solar-based method and the 
climate projection month-long methods, the values are varied. The maximum values of 
Priestly ETp is approximate to 1st quartile Penman ETp whereas the maximum Penman 
ETp is about the 1st quartile of Doorenbos ETp, the latter exceeded 470.0 mm monthly 
evapotranspiration (see Table 5). 
 

Table 5. Descriptive stats: Solar-Based Monthly Doorenbos & Pruitt ETp Method covering 
165 months of observations in comparison to Penman-Monteith ERA-Interim and Priestley-
Taylor ERA-CLM monthly sum projections (ET in mm) 

Method 
 

Metrics 
Doorenbos &Pruitt Method 

Penman-Monteith-
Monthly Sum-ERA-

Interim 

Priestley Taylor Monthly ETp -
ERA-CLM 

Min. 230.8 51.4 15.96 

1st Qu 306.1 101.3 29.8 

Median 390.8 179.6 69.99 

Mean 369.7 171.6 62.93 

3rd Qu 426.2 244.4 96.35 

Max. 472.5 280.2 109.76 

NA’s Nil 11 Nil 
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Solar-based daily ETp methods 

Looking at the plots as representing in Fig. 7, simply it showed the strong and linear 
pattern between Jensen-Haise, Hargreaves and Makkink evapotranspiration values over 165 
months. Abtew ET values were interpreted as positive strong correlation against Makkink, 
and Hargreaves methods but moderately linear. Wherein versus Jensen-Haise 
evapotranspiration values, Abtew ETs associate strongly in positive non-linear over-plotting 
data. While CLM-ERAi and ensemble RCP26-CMIP5 evaporation estimations have 
negative relationship with calculated ET methods, it shows clusters vs RCP26-CMIP5 and 
outliers vs CLM.ERAi at the end of the study period. 

Solar-based ETp values correlated moderately with Penman Monteith- ERA-Interim 
monthly sum of ETp detecting continuous dots. On the other hand, Priestley Taylor-ERA-
CLM monthly ETp correlated positively in clusters (closed sets of points) within wider range 
versus Orange Kp and Allen Kp ET values. On the contrary, Priestley Taylor-ERA-CLM 
monthly ETp scatter plot formed distinct clusters but narrow range against Penman 
Monteith- ERA-Interim ETp. No relations were shown between CLM.ERAi and both 
Penman Monteith- ERA-Interim and Priestley Taylor-ERA-CLM monthly ETp estimations. 
Clusters with gaps were vector the negative correlation between CMIP5 and both Penman 
Monteith- ERA-Interim and Priestley Taylor-ERA-CLM monthly ETp values. 

The metrics in descriptive stat in Table 6 showed the narrow range of daily 
evapotranspiration values between calculated solar-based equations and climate projections. 
Priestley-Taylor ERA-CLM projections are more similar to Jensen-Haise Method and 
Hargreaves Method while Abtew Method is more analogous to Penman-Monteith-ERA-
Interim. One of the calculated methods, Makkink equation, ranged out of the distributions 
of other variables from 4.6 to 24.0 mm per day. 

Models’ evaluation 

The previous scatter plots show the linear regression between variables varied from 
strong to weak relation and meet the assumption for performing the regression analysis to 
linearity.  

Calculated temperature-based Methods 

The residuals between Hargreaves, Karrufa and Blaney Criddle equations with both 
Penman Monteith and Priestley Taylor daily ET are mostly approximate but not completely 
exact. The coefficients of linear relations showed, for example, the value of Y intercept 0.533 
and the estimated effect of Penman relation on Hargreaves ET (1.32). All calculated methods 
meet the null hypothesis (here it is less than 2e-16, or almost zero and indicate that the model 
fits the data well). 

From Table 7 results, we can say that there is strong significant positive relationship 
between daily Penman Monteith and daily Hargreaves equation (R2=0.99) and with Blaney-
Criddle equation (R2=0.97) followed by Priestly Taylor and Hargreaves (R2=0.96) and with 
Blaney Criddle (R2=0.93). Furthermore, p-Value consider a linear model to be statistically 
significance level when both the model p-Value and of the variables less than 0.05 which all 
met here in the summary statistics of daily calculated Temp-based methods. Karrufa 
equation performed better with Penman Monteith (R2=0.92) rather than with Priestley 
Taylor (R2=0.85). As expected, t-value is the highest among Temp-based calculation 
methods for Hargreaves method. Pr(>|t|) for all methods are low, therefore, the coefficients 
are significant, and our model is statistically significant. 
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Figure 7. Jensen-Haise, Hargreaves, Makkink and Abtew evapotranspiration values over 165 months are plotted against RCP26-CMIP5, ET-CLM-
ERAi, Penman Monteith- ERA-Interim daily ETp and Priestley Taylor-ERA-CLM daily ETp, where ETs in mm 
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Table 6. Descriptive stats: Solar-Based Daily ETp Methods covering 165 months of 
observations in comparison to RCP26-CMIP5, CLM-ERAi, Penman-Monteith ERA-Interim 
and Priestley-Taylor ERA-CLM projections (ET in mm) 

Method 
 

Metrics 

Jensen-
Haise 

Method 

Hargreaves 
Method 

Abtew 
Method 

Makkink 
Method 

CMIP5. 
RCP26 

CLM 
ERAi 

PenmanMonteith 
ERA.Interim 

PriestleyTaylor 
ERA.CLM 

Min. 0.3167 0.4783 2.133 4.681 0.6257 0.1518 1.926 0.515 

1st Qu 0.7591 0.8858 3.405 8.213 0.7462 0.2939 3.484 1.031 

Median 1.7908 1.6677 5.109 14.638 0.9542 0.5408 5.977 2.333 

Mean 1.8926 1.7081 5.136 14.370 0.9408 0.5979 5.635 2.064 

3rd Qu 2.9441 2.5375 6.899 20.732 1.1156 0.8370 7.892 3.18 

Max. 3.6240 3.0134 7.978 24.034 1.2475 1.7394 9.039 3.541 

NA’s Nil Nil Nil Nil Nil Nil 11 Nil 

 
 

Table 7. Regression evaluation and validation: Calculated Temperature-Based Daily ET 
Methods vs. Climate Projections Daily ET 

Climate Model Projections 
Penman Monteith-ERA Interim 
Daily ET (Jan 1979-Jan 1999) 

PriestleyTaylor.ERA.CLM (Jan 
1979-Dec 2013) 

      Calculated Methods 
 

Metrics 

Hargreaves 
Method 

Karrufa 
Method 

Blaney-
Criddle 
Method 

Hargreaves 
Method 

Karrufa 
Method 

Blaney-
Criddle 
Method 

Min -0.77551 -1.277 -0.86892 -0.7162 -1.06247 -0.84988 

1Q -0.15005 -0.4846 -0.25141 -0.132 -0.3045 -0.19236 

Median 0.00624 -0.1831 -0.05159 0.0024 0.01292 0.02027 

3Q 0.15916 0.5081 0.22534 0.1541 0.29793 0.20047 

Max 0.78705 1.4569 1.17636 0.4891 0.94618 0.64411 

Coefficients 

Intercept 

Estimate 0.533191 1.65984 -2.2124 -0.30481 0.265235 -1.51964 

Std. 
Error 

0.037633 0.0834 0.09066 0.026747 0.041306 0.05072 

t value 14.17 19.9 -24.4 -11.4 6.421 -29.96 

Pr(>|t|) <2e-16 <2e-16 <2e-16 <2e-16 3.68e-10 < 2e-16 

Method 

Estimate 1.323232 1.00954 1.77034 0.61551 0.444624 0.79973 

Std. 
Error 

0.009008 0.01878 0.01978 0.006418 0.009065 0.01094 

t value 146.9 53.74 89.5 95.9 49.05 73.11 

Pr(>|t|) <2e-16 <2e-16 <2e-16 <2e-16 < 2e-16 < 2e-16 

Degree of Freedom (months) 239 239 239 418 418 418 

Residual standard error 0.2337 0.6174 0.3801 0.2161 0.3987 0.2791 

Multiple R-squared 0.989 0.9236 0.971 0.9565 0.852 0.9275 

Adjusted R-squared 0.989 0.9233 0.9709 0.9564 0.8516 0.9273 

F-statistic 2.158e+04 2888 8010 9197 2406 5345 

p-value (of the linear model) < 2.2e-16 < 2.2e-16 < 2.2e-16 < 2.2e-16 < 2.2e-16 < 2.2e-16 
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On monthly basis, the temp-based monthly methods showed that the residuals between 
Hamon, Remanenko and Thornthwaite equations with Priestley Taylor monthly ET are 
close in values, whereas against Penman Monteith monthly ET, the residuals have wider 
range. All calculated methods meet the null hypothesis (here it is less than 2e-16 
indicating that the model fits the data well. The highest significant positive relationship 
between monthly Penman Monteith were against monthly Romanenko equation 
(R2=0.90) and Thornthwaite equation (R2=0.86) followed by Hamon method (R2=0.84). 
Despite p-Values are considered in statistically significance level (less than 0.05), all 
monthly calculated Temp-based methods were (R2≤0.80) against Priestley & Taylor 
ERA-CLM monthly ET. t-values are greater than the standard level (1.96), furthermore, 
the standard error for all equations is close to zero. The best performance was for 
Romanenko method and Penman Monteith monthly ETs over 239 months with the 
highest F-statistic (see Table 8). 
 

Table 8. Models Evaluation: Calculated Temperature-Based Monthly ET Methods vs. Climate 
Projections monthly ET 

Climate Model Projections 
Penman Monteith-ERA Interim 
Monthly ET (Jan 1979-Jan 1999) 

PriestleyTaylor.ERA.CLM (Jan 
1979-Dec 2013) 

     Calculated Methods 
 

Metrics 

Romanenko 
Method 

Thornthwaite 
Method 

Hamon 
Method 

Romanenko 
Method 

Thornthwaite 
Method 

Hamon 
Method 

Min -62.417 -49.524 -55.447 -67.177 -42.998 -30.978 

1Q -12.699 -18.934 -20.701 -9.113 -10.594 -10.211 

Median -0.618 -9.913 -7.642 1.105 -2.515 -3.981 

3Q 14.193 16.74 12.241 10.2 11.41 9.489 

Max 57.836 68.51 90.839 36.991 34.318 37.919 

Coefficients 

Intercept 

Estimate 40.62229 84.78962 86.57268 5.38105 24.38735 24.741960 

Std. 
Error 

3.06934 2.76806 2.94851 1.71361 1.180 1.127674 

t value 13.23 30.63 29.36 3.14 20.66 21.94 

Pr(>|t|) <2e-16 <2e-16 <2e-16 0.00181 <2e-16 < 2e-16 

Method 

Estimate 0.94796 1.53454 0.41632 0.40016 0.66487 0.184507 

Std. 
Error 

0.01999 0.03969 0.01168 0.01077 0.016 0.004382 

t value 47.41 38.66 35.66 37.15 40.35 42.11 

Pr(>|t|) <2e-16 <2e-16 <2e-16 <2e-16 < 2e-16 < 2e-16 

Degree of Freedom 239 239 239 418 418 418 

Residual standard error 21.44 25.68 27.52 15.41 14.44 13.96 

Multiple R-squared 0.9039 0.8621 0.8418 0.7675 0.7957 0.8092 

Adjusted R-squared 0.9035 0.8616 0.8411 0.767 0.7952 0.8088 

F-statistic 2248 1495 1271 1380 1628 1773 

Model p-value < 2.2e-16 < 2.2e-16 < 2.2e-16 < 2.2e-16 < 2.2e-16 < 2.2e-16 
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Calculated class-A Pan methods 

There is a stronger significant relationship between both Orange and Allen Kp methods 
ET against Penman Monteith ERA-Interim ET than against Priestley Taylor ERA-CLM 
ET values (R2= 0.88 ± 0.01997, 0.87 ± 0.0217, 0.84 ± 0.00879 and 0.84 ± 0.00797, 
respectively), see Table 9. All calculated class-A Pan methods’ t-Values and p-values met 
the standard levels, further to standard error are close to zero as illustrated in Table 9. The 
residuals metrics are approximate between both Orange and Allen Kp methods against 
Penman and Priestely ET’s. 
 

Table 9. Models Evaluation: Calculated Class A Pan ET Methods vs Climate Projections 
monthly ET 

 
 
Calculated solar ET methods 

Although disparity changing over time among the solar ET methods, the regression 
model met the significant linearity correlation between Doorenbos method and both 
Penman Monteith and Priestley Taylor ERA evapotranspiration (Table 10); 
R2= 0.89 ± 0.028 and 0.75 ± 0.019, respectively. The t-values are greater than the 

Climate Model Projections 
Penman Monteith-ERA 

Interim ET (Jan 1979-Jan 
1999) 

PriestleyTaylor.ERA.CLM (Jan 
1979-Dec 2013) 

     Calculated Methods 
 

Metrics 

Allen Kp. 
Method 

Orange Kp 
Method 

Allen Kp Method 
Orange Kp 

Method 

Min -72.677 -76 -39.496 -40.08 

1Q -16.506 -16.6 -7.68 -7.455 

Median -0.767 -0.4 0.016 0.248 

3Q 14.285 15.11 8.344 8.178 

Max 58.481 59.6 31.673 29.231 

Coeffecients 

Intercept 

Estimate 37.27940 37.74438 3.363588 3.454618 

Std. Error 3.64443 3.59304 1.428525 1.384011 

t value 10.23 10.51 2.355 2.496 

Pr(>|t|) 0.00181 <2e-16 0.019 0.0129 

Method 

Estimate 0.88115 0.82066 0.406294 0.380216 

Std. Error 0.02169 0.01997 0.008793 0.007974 

t value 40.62 41.10 46.208 47.682 

Pr(>|t|) <2e-16 < 2e-16 <2e-16 <2e-16 

Degree of Freedom 239 239 418 418 

Residual standard error 24.6 24.35 12.93 12.59 

Multiple R-squared 0.8735 0.876 0.8363 0.8447 

Adjusted R-squared 0.873 0.8755 0.8359 0.8443 

F-statistic 1650 1689 2135 2274 

p-value < 2.2e-16 < 2.2e-16 < 2.2e-16 < 2.2e-16 
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standard level furthermore to the lowest p-value < 2.2e-16. The best performance was for 
Doorenbos method with Penman Monteith ETs over 163 months with the highest F-
statistic. 
 

Table 10. Model Evaluation: Doorenbos Monthly ET vs Climate Models Projections ET 

 
 

On daily basis, the solar-based ET methods showed in Table 11 the best performance 
of overall calculated methods (R2 ≥ 0.94). Jensen-Haise, Hargreaves and Makkink 
equations with Penman Monteith ET are close in minimum residual values, whereas 
against daily Priestley Taylor ET, the minimum and 1st quartile residuals were 
approximately the same. All calculated methods meet the null hypothesis (here it is less 
than 2e-16 indicating that the model fits the data well. The highest significant positive 
relationship between daily climate projections were against Makkink equation (R2=0.97) 
and Hargreaves equation (R2 ≥ 0.96) followed by Abtew and Jensen-Haise methods 
(R2 ≥ 0.94). Further to p-Values are considered in statistically significance level (less than 
0.05), all daily solar calculated ETs had the lower standard errors (≤ 0.03) but the lowest 
with Makkink and Abtew methods against Priestley Taylor (≤ 0.008). The best 
performance was for Makkink method and Penman Monteith and Priestly Taylor ETs 
over 152 months with the highest F-statistic (> 5100). 

Climate Model Projections 
Penman Monteith-ERA 
Interim ET (April 1986-

Jan 1999) 

Priestley Taylor ERA.CLM 
(April 1986-Dec 1999) 

Calculated Methods 
 

Metrics 

Doorenbos & Pruitt 
Method 

Doorenbos & Pruitt Method 

Min -64.74 -44.496 

1Q -10.191 -8.319 

Median 2.798 2.155 

3Q 14.707 10.777 

Max 52.889 39.654 

Coefficients 

Intercept 

Estimate -190.2695 -90.30525 

Std. Error 10.4452 7.01201 

t value -18.22 -12.88 

Pr(>|t|) <2e-16 <2e-16 

Method 

Estimate 0.9862 0.41446 

Std. Error 0.0280 0.01866 

t value 35.21 22.21 

Pr(>|t|) <2e-16 < 2e-16 

Degree of Freedom 152 163 

Residual standard error 23.28 16.01 

Multiple R-squared 0.8908 0.7516 

Adjusted R-squared 0.8901 0.7501 

F-statistic 1240 493.2 

p-value < 2.2e-16 < 2.2e-16 
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Table 11. Models Evaluation: Solar-Based Daily ET Methods vs Penman Monteith-ERA Interim and Priestley Taylor.ERA.CLM evapotranspiration 
values 

 

Climate Model Projections 
Penman Monteith-ERA Interim Monthly ET (April 

1986-Jan 1999) 
PriestleyTaylor.ERA.CLM (April 1986-Dec 1999) 

      Calculated Methods 
 

Metrics 

Jensen-Haise 
Method 

Hargreaves 
Method 

Abtew 
Method 

Makkink 
Method 

Jensen-Haise 
Method 

Hargreaves 
Method 

Abtew Method 
Makkink 
Method 

Min -0.8635 -0.85795 -1.2626 -0.79449 -0.52263 -0.44514 -0.50917 -0.3997 

1Q -0.3493 -0.25148 -0.33113 -0.24999 -0.18776 -0.12476 -0.13366 -0.10961 

Median -0.0758 -0.06105 -0.00107 -0.07696 -0.04631 -0.02944 -0.02323 -0.00655 

3Q 0.3219 0.23482 0.29344 0.19681 0.15095 0.11441 0.10599 0.08775 

Max 0.994 0.96988 1.65621 1.20678 0.64032 0.61355 0.74275 0.59853 

Coefficients 

Intercept 

Estimate 1.88334 1.1398 -0.40943 0.613019 0.34135 -0.01519 -0.78236 -0.27023 

Std. Error 0.0694 0.07016 0.12937 0.076557 0.04019 0.03658 0.043747 0.03507 

t value 27.14 16.25 -3.165 8.007 8.494 -0.415 -17.88 -7.705 

Pr(>|t|) <2e-16 <2e-16 0.00187 2.83e13 1.19E-14 0.678 <2e-16 1.2e-12 

Method 

Estimate 1.98913 2.63713 1.17675 0.349923 0.90995 1.217 0.55408 0.162403 

Std. Error 0.03169 0.03689 0.02368 0.004878 0.01835 0.01924 0.008019 0.002236 

t value 62.76 71.48 49.692 71.738 49.591 63.245 69.09 72.625 

Pr(>|t|) <2e-16 <2e-16 < 2e-16 < 2e-16 <2e-16 <2e-16 <2e-16 <2e-16 

Degree of Freedom 152 152 152 152 163 163 163 163 

Residual standard error 0.4378 0.3861 0.547 0.3847 0.2598 0.2062 0.1893 0.1804 

Multiple R-squared 0.9628 0.9711 0.942 0.9713 0.9378 0.9608 0.967 0.97 

Adjusted R-squared 0.9626 0.9709 0.9416 0.9711 0.9375 0.9606 0.9668 0.9698 

F-statistic 3939 5109 2469 5146 2459 4000 4774 5274 

p-value < 2.2e-16 < 2.2e-16 < 2.2e-16 < 2.2e-16 < 2.2e-16 < 2.2e-16 < 2.2e-16 < 2.2e-16 
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Data Distribution 

To compare the distributions of data groups, daily and monthly boxplots are 
representing in Fig. 8 and showed the most common data values and change over time 
among models. Regarding comparison, the solar-based ET, the ends of the daily boxplots 
outlined the similarity between Penman Monteith and Abtew methods as well as between 
Jensen-Haise and Hargreaves ETs, in addition to the central 50% of the data are almost 
the same for these models whereas the spread of data for Makkink was different. Jensen-
Haise and Hargreaves vs Priestley Taylor ET values showed the approximate ends of 
daily boxplot, however, the same central 50% of its data. The ends of the daily boxplots, 
as well as the central 50% of the data, outlined the difference between Makkink and 
Abtew methods against Priestley Taylor ERA projections (see Fig. 8a). 
 

 
(a) 

 
(b) 

Figure 8. (a) Boxplot’s data distribution over time for temperature-based, solar-based and 
Class-A Pan methods on monthly basis with respect to Penman Monteith and Priestley Taylor 
climate models projections of Ets. (b) Boxplot’s data distribution over time for temperature-

based, and solar-based methods on daily basis with respect to Penman Monteith and Priestley 
Taylor climate models projections of ETs 
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On monthly basis in Fig. 8b, the ends of the monthly box outlined the similarity 
between Penman Monteith and Romanenko methods but shorter maximum ending for 
Thornthwaite method. The central 50% of the data are almost the same for Romanenko, 
Hamon and Penman Monteith methods. Whereas the spread of data for Priestly Taylor 
and Thornthwaite showed the approximate ends of monthly boxplot, however, the same 
central 50% of Romanenko and Hamon data with different maximum ends. The results 
characterized the difference in range and the central 50% of the data between Doorenbos 
and Pruitt method against climate models ET values during more than 150 months. 

The ends of the Kp Pan methods box outlined the similarity between Orange Kp and 
Allen Kp evapotranspiration methods but shorter maximum and minimum endings for 
Penman method. The central 50% of the data are almost the same for Orange Kp, Allen 
Kp and Penman Monteith methods, whereas very narrower spread of data for Priestly 
Taylor, as shown in Fig. 8b. 

Discussion 

Since ETp is difficult to estimate accurately, rigorous calculations should be 
considered because of its importance for estimating actual water loss from natural systems 
as well in hydrological studies. This study gave wide range of values and suggested the 
ETp variations among 13 calculation models across the study area in the middle of Jordan-
Amman. The study adopted four climate models projections as benchmark due to 
unavailable actual ET values. 

ERA-Interim data are used for 20 years of measurements flights which extended 
regionally and covered the study area (Kunz et al., 2014; Philip et al., 2020). The selection 
of ERA-Interim as benchmark data was based on previous studies and its emphasis on 
terrestrial ET. Bai and Liu (2018), for example, concluded the best performance of ERA-
interim with observations as one of the most consistent global high-resolution ET 
products. This was due to the effect of soil water stress on ET depend on soil moisture 
balance model (Martens et al., 2016) which made ERA-Interim ET product is an asset to 
benefit regional water users (Baik et al., 2018; Wang et al., 2019). Not to mention the 
good agreement between ERA-Interim and the high quality water vapor dataset is 
evaluated by Kunz’s experiment (Kunz et al., 2014). 

This study showed how changes in climatic conditions will change evapotranspiration. 
Through all the scatter plots and descriptive stats, CMIP5-RCP26 and CLM-ERAi 
showed a performance in the projections that might change as a function of the state of 
climate. Climate models CMIP5-RCP26 (Al-Shibli, 2018) and CLM-ERAi did not weight 
the evaporation in proportion to the season, as ET estimates are overestimated in winter 
and underestimated in summer months. This can be justified by the combined effect of 
soil moisture content and evapotranspiration on temperature and cloud cover. The latent 
heat flux incorporated with evaporation causes decreasing of land net radiation. Simply 
put, while ET decreases, the temperature rises (Mueller and Seneviratne, 2014; Dosio et 
al., 2021). Another explanation to the reversal effect of greenhouse gases concentrations 
that boost the changes in hydrological cycle, it decreases the precipitation and 
evapotranspiration due to the increasing weight of aerosols (Roeckner et al., 1999; 
Calanca et al., 2006). 

Calculation methods showed that benchmarking ETp of Penman-Monteith ERA 
Interim come close to previous studies. Al Mahamid (2005) calculated the long-term 
average of ETp for the period from 1970 to 2001 Amman-Zarqa Basin, according to 
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Penman-Monteith equation, between (65-170) mm/month during winter 
(173.00 mm/month for ERA Interim) and (129-250) mm/month during summer 
(264.5 mm/month for ERA Interim). As Doorenbos (1977) and Al Mahamid (2005) found 
the high correlation between actual ET and class A-pan evaporation ET, this study proved 
75 percentile of Allen and Orange potential pan ET pan values are approximate to 
Doorenbos & Pruitt minimum ETs while the latter maximum ETs are similar to maximum 
Allen ETp. Since Penman-Monteith equation was adopted even under missing data 
conditions, the reliability of Penman-Monteith method was verified at site and catchment 
scales in humid and semi-humid conditions but showed less reliable in semi-arid region 
as it is overly controlled by precipitation (Zhang et al., 2008). Alternative methods such 
as Hargreaves, Abtew, and Jensen-Haise could be used in semi-arid dry land as being 
reported by Djaman et al. (2019) and Hargreaves ET results under aridity conditions are 
better across Mediterranean region (Todorovic et al., 2013). The ET sharing component 
in water balance, however, was calculated also by using Shuttleworth-Wallace equation 
for the lower part of Jordan river basin, it was 72% of the rain as 269 mm/year during 
2002-2003 (Gunkel and Lange, 2012). The minimum values of ETp in Priestley Taylor 
ERA-CLM projections during short period from April 1986 to Dec 1999 showed higher 
ET than the values during the longer time slice from Jan 1979 to Dec 2013 as the lowest 
value is not overlapping within the short time slice comparison. 

In our study, ET exceeds the total precipitation since no water body available in the 
study area except small dams and streams. Thornthwaite and Mather method was used to 
estimate potential ET in the northern parts of Jordan (Almagbile et al., 2019), where the 
study found the correlation that the higher ET the lower observed soil moisture. The solar 
radiation methods to calculate ET showed the best performance, among others. This 
analysis recommended as same as Valle Júnior’s research (Valle Júnior et al., 2020) 
which recommended investing in radiation research for ET estimation simpler than using 
more data inputs for Penman-Monteith formula. 

Conclusion and Recommendations 

Clearly, some models to estimate ETp evidence significant trends to climate parameters 
aligned with the direction of the change whether changing in temperature degrees or 
radiation energy. The study showed that ETp estimation method’ accurecy and 
applicability is likely to be site-specific. 

Linear regression analysis between the standard ETs of climate models’ outputs and 
the modelled potential ETs were performed. The analysis showed asymmetry between 
both CMIP5-RCP 2.6 and CLM-ERAi outputs and calculated ETs but inconsistent with 
Penman Monteith ERA Interim and Priestley Taylor ERA-CLM. Climate models CMIP5-
RCP26 and CLM-ERAi did not weight the evapotranspiration in proportion to the season 
and showing inverse proportional to the trend of ETs which might be because of the 
combined effects of soil moisture content and ET on temperature and heat fluxes. 

Penman Monteith ERA-Interim demonstrates the literature values that vary from 51 to 
280 mm/month. Blaney Criddle and Hargreaves temperature-based and solar based 
methods prototyped the potential evapotranspiration (R2 = 0.99-0.97) followed by 
Makkink and Jensen-Haise radiation-based formulas (R2 = 0.97-0.96) which showed the 
best fitted with ERA climate models evapotranspiration. The remaining models need to 
be calibrated under the local conditions due to its limitation in the current constants. These 
results help to decide which method to estimate ETp depending on the availability of data 
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required per each equation. Radiation-based methods like Hargreaves, Makkink and 
Jensen-Haise equations are recommended if temperature and radiation data is available. 
Otherwise, temperature-based methods like Blaney Criddle and Hargreaves are 
recommended if temperature data is the only available observations. ERA-reanalysis 
proved capability to perform better in the study area with temporal consistency since it 
relies on ECMWF heat fluxes. Therefore, Penman Monteith- ERA-Interim and Priestley 
Taylor-ERA-CLM ETp, however, could be used instead for ETp estimation in hydro-
meteorological modelling and actual water loss studies. 

The ET trends showed the sensitivity of evapotranspiration to temperature and 
radiation more than the remaining meteorological parameters. Further work is needed for 
GCM/RCM models which cropped large grids and transferable coupling of its projections 
to a particular site should be considered and tested in the absence of reference values of 
models’ parameters in sub-grid studies. 
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Abstract. The attempt of ensuring that economic growth is becoming greener with additional efficient 
use of natural capital which is captured in green growth has gained the interest of researchers, but studies 
in this regard on MENAT countries are scant. Thus, this study attempted to model the determinant factors 
of green growth in the MENAT countries using data from 1990 to 2019 and employed the Westerlund 
and Edgerton (2008) panel cointegration test to examine the cointegration among the variables of interest, 
and employed DCCE-MG technique to establish the significance of the determinant factors, while 
FMOLS and DOLS were utilized for robustness check. The result from the panel cointegration test 
revealed an existence of cointegration relationship between the variables in cases of “cross-sectional 
dependency” and structural breaks, which suggests that the variables move together in the long-run. 
Moreover, the findings from DCCE-MG estimates revealed that foreign direct investment, economic 
growth, renewable energy and institutional quality drives sustainable green growth in the MENAT 
countries, while population was found to exert negative impact on sustainable green growth. The study 
provides some information that will assist the policymakers in the MENAT countries to balance 
sustainable green growth, economic growth, internationalization, institutional quality, environmental cost, 
and population. 
Keywords: sustainable development, environmental quality, economic development, environmental 
regulation, energy use 

Introduction 

Middle Eastern and North African countries including Turkey (MENAT) constitute 
heterogeneous traits in natural resources, geography, income levels, political and social 
structures (FAO, 2015; UNICEF, 2021), as well as common context of environmental 
challenges and trans-boundary conflicts (Abumoghli and Goncalves, 2021). According 
to Abumoghli and Goncalves (2021), environmental stresses have been one of the 
notable features in the history of the region and have shown an increasing trend in 
relation to development patterns in the present time. The environmental stresses among 
which environmental pollution is expected to exacerbate owing to developments could 
possibly heighten the climate change (Abumoghli and Goncalves, 2021; De Châtel, 
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2014; Hungate and Koch, 2015), especially given that the region is one with high 
vulnerability to its impacts (IPCC, 2013). Meanwhile, this challenge of rising 
temperature and its attendant implication on livelihoods around the globe have put 
“sustainable development” (SD) as the top priority in international discourse (IPCC, 
2018). The search for ways to tackle this challenge has been on the priority list of most 
countries and regions and stakeholders which became evident in the renewed actions 
towards a better environment by the Paris Agreement and 2030 Sustainable 
Development Agenda (OECD, 2020), with the suggestion that the agenda is for all 
nations. Meanwhile, even though almost all nations are committed to the agenda, 
significant variations are observed in the level at which nations are going in the 
direction of sustainable green growth. For instance, Australia and Belgium are the 
countries among OECD members that are experiencing a significant increase, while 
Portugal and Turkey are not showing significant efforts in this regard. 

The consideration of the significant role of green growth in the preamble of 
sustainable development has been of interest to various stakeholders. The green growth 
in scope is more than the environment as it concerns the development of the economy. 
A substantial amount of importance in the economic growth paradigm is captured in the 
“green growth” phenomenon. Samad and Manzoor (2015) described green growth “as a 
process of greening the conventional economic system and as a strategy to arrive at 
green economy” (p. 2). This definition is congruent with the position of OECD (2011) 
which defines green growth as “fostering economic growth and development while 
ensuring that natural assets continue to provide resources and environmental services on 
which the intergenerational well-being of humankind relies”. Given the multi-
dimensional characteristic of environmental issues and the fact that these issues cannot 
be addressed with “one size fit all” strategy in this time of increasing economic 
activities, this present study investigates different set of factors that could drive green 
growth in the MENAT region. According to OECD (2020), green growth is about 
ensuring that economic growth is becoming greener with additional efficient use of 
natural capital. The indicator for green growth monitors progress towards a sustainable 
greener economy, and achievement of this implies the utilization of natural assets for 
economic growth in a sustainable manner, with the aim of moving in the direction of an 
economy that results in human well-being and decrease inequalities among people in 
the long-run without the exposure of unborn generations to environmental risk (OECD, 
2018). 

Despite the significant role of green growth towards green economy, its determinant 
factors have not been exhaustively investigated, especially within the MENAT region. 
Hence, the questions remain that: (i) what are the factors that could drive the sustainable 
green growth within the MENAT region? (ii) is there cointegration among these 
variables? These are the questions to be answered in this present study which constitute 
the study objectives. The MENAT region is one of the regions in the world that has 
experienced one of the fastest population growths (Lange, 2019). The region in 2019 
accounted for a total population of 540 million (World Bank, 2021), with US$9,200 
average GDP per capita, which was though below the global average of US$10,900 it is 
projected to reach about US$22,900 by 2050. These are indications that the region is 
experiencing development which could possibly increase their energy demand. Energy 
consumption is noted in the literature as one of the significant contributors to carbon 
emissions which results to greenhouse gas emissions (Adebayo et al., 2021; Odugbesan 
& Aghazadeh, 2021; Rjoub et al., 2021a, b, c). The MENAT countries are noted for 
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accommodating 60% of the world oil reserves and 45% of natural resources which are 
used for production resulting to carbon emissions (Muhammad, 2019). In addition, 
according to IEA (2019), the energy-related CO2 emissions per capita in 2018 were 5.7 t 
CO2/capita which is projected to reach 5.97 t CO2/capita by 2050. This current study 
would be helpful to make appropriate policy direction for the achievement of 
sustainable green growth which will ensure the economic growth and reduction in 
carbon emission shifting the MENAT countries towards green economy. 

To the best knowledge of the authors, no comprehensive study has been conducted 
within the context of the MENAT region to address the determinant factors of 
sustainable green growth in the long-run, therefore this study will address the gap and 
thus constitute the motivation of this study. This study will address this gap by 
modeling carbon productivity (the ration between GDP and the quantity of CO2 
emissions) as dependent variable, and variables like economic factor, 
internationalization factor, energy-related factor, and institutional quality in reference to 
previous studies were employed as independent variables (Cosbey, 2011; OECD, 2011, 
2012; Tawiah et al., 2021) with the use of “Dynamic Common Correlated Effects-Mean 
Group” (DCCE-MG). This technique has several advantages among which are: the 
ability to account for both heterogeneous and homogeneous coefficients; it supports 
instrumental variable regressions; it controls for “cross-sectional dependence”; 
appropriate in case of unbalanced panels; utilized “Jack-knife correction method” and 
“recursive mean adjustment”; and, has the potential of correcting for small sample bias. 
In order to ensure the robustness of our findings, “Dynamic Ordinary Least Square” 
(DOLS) regression and “Modified Ordinary Least Square” techniques were employed. 
The main contribution of this study lies in the novelty of the subject, the choice of 
estimation techniques and the area of study (MENAT region). Therefore, this present 
study is aimed at filling the gap in the environmental sustainability literature by 
investigating the significance of foreign direct investment, economic growth, renewable 
energy, institutional quality and population as a determinant of sustainable green growth 
in the MENAT countries with the aid of a novel dynamic panel data estimator which 
has the capability of addressing the cross-dependency issue in panel data estimation. 
The remainder of the paper is structured as follows: The “Literature Review” section 
presents the review of relevant studies capturing green growth determinants. The 
“Materials and Methods” section presents data description, sources and econometric 
model, while the estimation methods and findings are presented in the “Estimation 
Procedures” and “Results” sections, respectively, with important recommendations 
suggested in the “Conclusion” section. 

Literature review 

This study aims to empirically investigate the significance of economic development, 
foreign direct investment, renewable energy, and the institutional quality as a 
determinant factor for sustainable green growth in the context of the MENAT region, 
where population was utilized as the control variable. The pairwise nexus among the 
main study variables will be discussed on the basis of the following strands. 

 
Economic growth and environment 

The causal link between the environment and economic development was addressed 
with the “Environment Kuznet Curve” (EKC) developed by Grossman and Krueger 
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(1995) which considered it to be an “inverted hum-shaped curve”. The study posited 
that the increase of the environmental deterioration is proportional to income, while it 
starts decreasing when the curve gets to a plateau of the income threshold. This claim 
was sustained in some studies who argued that economic growth below the turning 
point has effect on CO2 emissions, but when the turning point is crossed by economic 
growth, the environment quality is improved (Ardakani and Seyedaliakbar, 2019; Chen 
et al., 2019; Odugbesan & Aghazadeh, 2021; Xie and Liu, 2019). Another study by 
Wang (2011) examined the causal implication of economic growth on CO2 emissions 
for 138 nations using a data from 1971 to 2007 and employed “error correction model”, 
and a “feedback hypothesis” is supported in the study. This finding was similar to 
another panel study involving 25 OECD countries to examine long-run two-way 
causalities between per capita CO2 emissions and GDP between the period from 1980 to 
2010 (Jebli et al., 2016). Similar study by Peng et al. (2016) used a sample data from 16 
Chinese provinces across three regions between the periods from 1985 to 2012 to 
examine the impact of GDP on CO2 emissions. The study revealed that GDP granger 
cause CO2 emissions in 15 of the 16 provinces studies, as well as finding a feedback 
relationship between GDP and CO2 emissions for one of the provinces. In addition, the 
evidence of the devastating impact of economic growth on the environment was 
demonstrated in some previous studies (Adebayo et al., 2021; Adedoyin et al., 2020; 
Cai et al., 2018; Odugbesan et al., 2020; Pata, 2018; Shahbaz et al., 2013). Meanwhile, 
some studies demonstrated that increase in economic growth sustains the environment 
by decreasing CO2 emissions (Alam and Kabir, 2013; Rahman et al., 2020). For 
instance, a joint contribution of investment and economic growth on environmental 
quality was demonstrated in the study of Wang et al. (2019), and the study opined that 
“emission mitigation policies that encompass the efficient use of energy, clean 
technology investment, and promotion of labor standard will cut down the rising 
emissions”. Similar study by Mikayilov et al. (2018) showed a significant positive 
relationship between economic growth and a sustainable environment in Azerbaijan, 
which corroborates the position of Chang and Hao (2017) who found a positive 
interaction between environmental performance and economic growth in OECD and 
non-OECD countries. Though, the empirical studies on green growth is scant, a recent 
study by Tawiah et al. (2021) that investigated the determinants of green growth in 
developed and developing countries demonstrated a significant positive impact of 
economic growth on green growth and concluded that the result differs between 
developed and developing countries. Besides, literature suggests that several studies 
which are country-specific and panel studies presents support and opposing evidences 
on the EKC hypotheses. 

 
Foreign direct investment and environment 

From the literature, the impact of “foreign direct investment” (FDI) on environment 
seems to be heterogeneous, and the impact sometimes could be indirect. For instance, 
the study of Li et al. (2019) opined that “market-seeking FDI” reacts to market size, 
while the “efficiency-seeking FDI” reacts to technical endowment. This position was 
evident in the study of Pao and Tsai (2011) who demonstrated that FDI has a positive 
effect on productivity while exerts negative influence on the environment. The impact 
of FDI on the environment is mainly dualistic. For instance, the study of Asghari (2013) 
and Al-Mulali and Tang (2013) opined that the entrance of FDI into a country comes 
with consequence like environmental pollution to the host countries; while on the other 
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hand, the entrance can bring cleaner technologies, stimulate productivity, transfer of 
technologies and appropriate management practices that will contribute to the 
environmental quality improvement of the host countries (Abdouli and Hammami, 
2018; Al-Mulali and Tang, 2013; Hettige et al., 1996; Omri, 2014). From another 
perspective, the impact of FDI on environment may be different between developed and 
developing countries, owing to the fact that advanced level of technology evolution has 
already being achieved in developed countries. In addition, the stringent environmental 
regulations in developed countries typically enable the utilization of cleaner 
technologies, as well as advanced “environmental-management systems” for the 
optimization of their FDI activities. Meanwhile, this stage is yet to be achieved in the 
developing countries. The introduction of FDI into some developing countries is often 
accompanied with environmental pollution owing to the relaxed environmental 
regulations, which is congruent with the “pollution haven hypothesis” (Baek, 2016; 
Seker et al. 2015; Shahbaz et al., 2015). Meanwhile, some studies that validates 
“pollution halo hypothesis” believes that FDI exerts positive effect on environment 
through the introduction of eco-friendly techniques of production (Al-Mulali and Tang, 
2013; Seker et al., 2015), and substantial environmental performance is possible for 
developing countries as suggested by Cole (2008) through the entrance of FDI with 
more advanced technologies and development of “environmental-management 
systems”. Moreover, while Ayamba et al. (2019), Li et al. (2019), and Tawiah et al. 
(2021) found no significant effect of FDI on environmental performance in their 
respective studies, the study of Awodumi (2020) demonstrated that FDI inflows into 
West African countries hampers environmental efficiency. 

 
Renewable energy and environment 

Studies abound on the relationship between renewable energy and environment. While 
some studies demonstrate a positive influence of renewable energy on the environment 
(Akella et al., 2009; Apergis et al., 2010; Farhani and Shahbaz, 2014; Jebli and Youssef, 
2017; Majeed and Luni, 2019), as well as ensuring sustainability (Prandecki, 2014), some 
studies argued that renewable energy exerts negative impact on the environment (Al-
Mulali et al., 2016; Belaid and Youseef, 2017; Bilgili et al., 2016; Dogan and Ozturk, 
2017; Ito, 2017; Jebli and Youssef, 2017; Kahia et al., 2019; Sharif et al., 2019; Sulaiman 
et al., 2013; Zoundi, 2017). Meanwhile, insignificance impact of renewable energy on 
emissions was reported in the study of Al-Mulali et al. (2015), as well as its significant 
positive effect on green growth was reported by Tawiah, Zakari, Adedoyin (2021). The 
argument of the studies that believes in the positive influence of renewable energy on the 
environment is that renewable energy does not emit pollutants; has a “substitution effect”; 
not prone to depletion unlike fossil fuel; and, with renewable energy, thermal pollution 
which is caused by conventional sources of energy production can be avoided. In spite of 
the significant positive effects of renewable energy on the environment, some studies 
argued that it has a potential of exerting negative effect on the environment. Among the 
concerns of studies in this category is that combustible renewables and waste for instance 
are not clean energy use. Jebli and Youssef (2017) opined that if these types of energy use 
constitute major share in the sources of renewable energy, then there could be increase in 
emissions. In addition, biofuels, solar, wind geothermal energy for instance require large 
expanse of land and water, and with the limited land and water availability, the ecological 
footprint will increase as a result of the renewable energy resources which will in turn 
contribute to environmental degradation (Al-Mulali et al., 2016). The review of studies on 
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the relationship between renewable energy and environmental quality showed mixed 
results and were inconclusive. Meanwhile, renewable energy as a determinant of 
sustainable green growth is less explored in the literature. 

 
Institutional quality and environment 

The institutional quality according to Odugbesan and Rjoub (2019) and Rjoub et al. 
(2021c) includes rule of law, control of corruption, regulatory quality, political stability, 
government effectiveness, and voice and accountability have the potential of promoting or 
retarding green growth. According to Salman et al. (2019), an economic activity will be 
promoted with a well-established institutional quality while it can as well reduce CO2 
emissions (Sarkodie and Adams, 2018). Similarly, Ibrahim and Law (2016) opined that 
“high institutional quality is more beneficial in improving a sustainable environment 
through the effect of trade than in low institutional quality”. In addition, the compliance of 
firms with environmental laws is possible with quality institutions. However, some 
studies argued that growth of firms could be hindered with stringent environmental 
regulations enforcement. For instance, Nguyen et al. (2018) observed that a strong 
enforcement could result to a less innovation and creativity towards environmental 
improvement. Similarly, some studies opined that environmental protection regulations 
could be counterproductive to economic growth and development (De Angelis et al., 
2019; Wolde-Rufael and Weldemeskel, 2020). Meanwhile, the evidence in this regard is 
fragile. For instance, the study of Abid (2017) demonstrates the significant negative 
effects of government effectiveness and democracy on the environment and argued that 
“democratic institution paves way for foreign investment at the expense of the 
environment”. This position corroborates the study of Kinda (2011) who observed that 
environmental regulations are being avoided by foreign investors, which motivates them 
to invest in a country where such policies are not in place and thus increase the pollution. 
Meanwhile, an insignificant effect of institutional quality on green growth was 
demonstrated in the study of Tawiah et al. (2021). 

Materials and methods 

Data 

This study employed data from 1990 to 2019 in Middle East and North African 
countries including Turkey. This study started with the 21 countries mostly recognized 
under this category (FAO, 2015; UNICEF, 2021). Meanwhile, 8 countries were dropped 
owing data unavailability, as well as having variables with more than three years 
consecutive missing values. The final sample of this study covers 13 countries which are: 
Algeria, Egypt, Iran, Iraq, Jordan, Lebanon, Libya, Morocco, Saudi Arabia, Tunisia, 
Turkey, United Arab Emirate and Yemen. This study utilized carbon productivity as a 
proxy for green growth which is the dependent variable and in congruent with the 
literature (Cigu et al., 2020; Hu and Liu, 2016; Tawiah et al., 2021). Carbon productivity 
according to OECD (2020) is established as an inclusion in the assessment of economic 
growth of environment “consumption”, being the “ratio between GDP and the quantity of 
CO2 emissions”. The GDP per capita was included as a determinant factor and a proxy for 
measuring the effect of economic development on green growth. FDI was used as a proxy 
to measure how the international activities drives green growth and it measured by the 
“net inflow of foreign direct investment as a percentage of GDP”. Moreover, renewable 
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energy was used to determine the type of energy consumption effect on the green growth, 
while institutional quality index was developed using principal component analysis 
method to examine the effect of institutional quality effect on sustainable green growth. 
The six institutional quality indicators (rule of law, control of corruption, regulatory 
quality, political stability, government effectiveness, and voice and accountability) 
developed by Kaufmann and Kraay (2018) is the most widely used proxy for measuring 
institutional quality (Odugbesan and Rjoub, 2019; Tawiah et al., 2021; Tunyi et al., 
2020). As for the control variable, population was used to control the effect of human 
activities on green growth in line with the position of Aller et al. (2015) who opined that 
large population exerts significant impact on the environment. The data for green growth 
was sourced from OECD database, while the data for FDI, GDP per capita, renewable 
energy and total population were sourced from World Development Indicators, and 
institutional quality data were sourced from World Governance Indicator. 

From the descriptive statistics presented in Table 1, maximum carbon productivity is 6.37 
USD/kg, with the minimum of 0.687 USD/kg, while the mean value of 3.413 USD/kg with a 
standard deviation of 1.213 does not suggest a wide dispersion from the mean by the 
countries in the sample. Statistics on FDI shows a mean value of 2.654% of GDP, the highest 
and lowest values among the country being 23.537% and -4.337% of GDP respectively with 
a standard deviation of 3.606 which indicate a moderate dispersion from the mean by the 
countries in the sample. The standard deviation of 6.067 indicates a wide dispersion from the 
sample mean which is 5.078, while the highest and lowest renewable energy are 23.05% and 
0.006% of the total final energy consumption of the sampled countries. On average, the 
intuitional quality index of the sampled countries is -0.019, where the maximum and 
minimum values are 1.960 and -2.329 respectively with a standard deviation of 0.972 which 
indicate no wide dispersion from the sample mean. The group statistic for per capita GDP of 
the sampled countries revealed a mean value of US$9386.55, with a US$64864.72 and 
US$785 maximum and minimum, respectively with a standard deviation of 13234.96 which 
suggest a wide dispersion from the sample mean. Finally, the group statistic for population 
shows an average value of 29 million, while the maximum and minimum population was 
around 92 million and 25 million with a standard deviation value of 25 million which indicate 
a wide dispersion from the mean value. The variations in the number of observations as 
presented in Table 1 shows the unbalanced nature of the sample data. 

 
Table 1. Descriptive statistic 

Variable Mean Max. Min. Std. dev. Obs 

Carbon productivity 3.413 6.37 0.687 1.213 383 

Foreign direct investment 2.654 23.537 -4.337 3.606 389 

Renewable energy 5.078 23.505 0.006 6.067 338 

Institutional quality index -0.019 1.960 -2.329 0.972 312 

GDP per capita 9386.547 64864.72 785.34 13234.96 381 

Total population 29931641 92442547 2539126 25455447 390 

 
 

Model specification 

The modeling of determinant factors of sustainable green growth within the context 
of 13 selected MENAT countries was performed in this present study from 1990 to 
2019, and the empirical model is stated as follows: 
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 Green growth = f(Determinantsit  + Control variableit) (Eq.1) 
 

where green growth is the carbon productivity (CO2_Prod); determinants are GDP per 
capita (GDP_PC), foreign direct investment (FDI), renewable energy (RE), institutional 
quality index (IQI); and control variable is total population (TP). In its explicit form, 
Equation 1 is expressed in Equation 2 with the conversion of variable that could create 
bias due to outliers to natural logarithm. Thus, Equation 2 is expressed as: 

 
  (Eq.2) 
 

where α represent intercept, natural logarithm is denoted with ln, i and t denotes the 
number of countries and time dimension, while represent the parameters to be estimated 
and ε is the error term. 

Estimation procedures 

In order to address the study objectives as expressed in Equation 2, series of 
procedures were followed and blend of analytical techniques which has been used in 
previous studies (Pala, 2020; Rahman, 2020) were deployed to ensure consistency of 
the estimates. 

 
Cross-sectional dependency (CSD) test 

First, the CSD test was applied to determine the appropriate method to be applied. 
According to Ditzen (2016) and Odugbesan and Rjoub (2020), panel data analysis has 
some advantages that range from suitable degree of freedom, high efficiency of 
estimates, and the low occurrence of multicollinearity among the variables. But, owing 
to the close proximities of the countries and given the likelihood of sharing common 
characteristics, the risk of “cross-sectionally dependent” panel is very high. Pesaran 
(2004) opined that biased results and inferences could happen where the data has 
“cross-sectional dependence” (CSD). This issue can be addressed with the use of 
Pesaran (2004, 2007) test for “cross-sectional dependency” which is applicable to both 
small and large panels. In reference to Pesaran (2004, 2007), the H0 of no CSD which 
can be rejected at 1%, 5%, and 10% levels is stated as: 

 

  (Eq.3) 

 
Slope homogeneity test 

Moreover, the validity of con-constancy of slope homogeneity in the parameters 
among the units which according to Gunduz (2017) instigates the significance of “slope 
heterogeneity” was performed using “slope homogeneity test” developed by Pesaran 
and Yamagata (2008). This test is an extension of the  test (Swamy, 1970) which is 
applicable to “a cross-section that is relatively small to the time dimension”, while the 
one by Pesaran and Yamagata (2008) is applicable to “panels with relatively large/small 
cross-section (N) to the time dimension (T). Meanwhile, the test can be applied to both 
unbalanced and balanced data, and the standardized statistics is given as: 
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  (Eq.4) 

 
The test is asymptotically Δ~N (0,1) with a H0 of slope homogeneity, d1 denotes 

difference between N estimator and the pooled estimator 

, and the test can be expressed in terms of 

normally distributed errors utilizing “mean-variance bias-adjusted  (Bersvendsen and 
Ditzen, 2020) as: 

 

  (Eq.5) 

 

where . 

 
Panel unit root tests 

The “cross-sectional augmented Im, Pesaran, and Shin (CIPS)” (Im et al., 2003) and 
“cross-sectional augmented Dickey–Fuller (CADF)” tests developed by Pesaran (2007) 
were applied in this study, owing to the presence of “cross-sectional dependence”, hence, 
the data is subjected to second-generation unit root test. In reference to Pesaran (2007), 
these tests are capable of accounting for “cross-sectional dependence” among the units in 
the panel, and the equation for CADF is expressed as follows: 

 

  (Eq.6) 
 

where the variable being tested is denoted with zit. 
The augmented variant of Im et al. (2003) unit root test (CIPS) is stated as: 
 

  (Eq.7) 

 
where the numbers of units and years are represented with N and T respectively. The 
unit root test for heterogeneous panels is presented at the left-hand side of Equation 7, 
while term ti is the “Ordinary least squares (OLS)”, t-ratios employed in cross-sectional 
averaged “augmented Dickey-Fuller (ADF) regression is presented in the right-hand 
side of Equation 7. 

 
Panel cointegration tests 

This present study employed panel cointegration test developed by Westerlund and 
Edgerton (2008) which allowed for cross-sectional dependence, serially correlated 
errors, and structural breaks in both intercept and slope. The test was developed based 
on the study of Gregory and Hansen (1996). Hence two LM based statistics are defined 
by Westerlund and Edgerton (2008) which are stated as follows: 
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 (Eq.8) 

 

  (Eq.9) 

 
where the least square estimate of  with  as its estimated standard error is denoted 

with , while the estimated long-run variance of Δvit is denoted with , and the 
estimated standard error of  is represented with . 

 
Dynamic common correlated effects-mean group (DCCE-MG) 

This study employed DCCE-MG proposed by Ditzen (2016, 2018) to test for the 
long-run relationship among the variables in this study. According to Ditzen, DCCE-
MG has several advantages among which are: the ability to account for both 
heterogeneous and homogeneous coefficients; it supports instrumental variable 
regressions; it controls for “cross-sectional dependence”; appropriate in case of 
unbalanced panels; utilized “Jack-knife correction method” and “recursive mean 
adjustment”; and, has the potential of correcting for small sample bias. The equation for 
DCCE-MG is stated as: 

 

  (Eq.10) 

 

where . Therefore, the MG estimates are: . 

 
Dynamic OLS and fully modified OLS 

The DOLS and FMOLS techniques were employed in the study to test for the 
robustness of our estimates. The former is “parametric approach in which lags and leads 
are introduced to cope with the challenges of cross-sectional dependence irrespective of 
the order of integration and the existence or absence of cointegration,” while the latter is 
“a non-parametric approach that is utilized to deal with serial correlation”. The extension 
of DOLS techniques to panel data analysis is in line with the study of Kao and Chiang 
(2001), and the model specification is expressed as: 

 

  (Eq.11) 

 
where q represents the lags, number chosen using a suitable information criterion. This 
study finds this technique suitable owing to its potential of providing a robust correction 
of endogeneity in the independent variables. Similar to DOLS, the use of FMOLS is in 
reference to Pedroni (2001) which opined that the technique gives consistent estimates of 
the parameters in small sample data, and it also controls for possible endogeneity of the 
independent variables and serial autocorrelation. Hence, FMOLS for the i-th units is 
expressed as: 
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  (Eq.12) 
 

where y* represent the transformed endogenous variables, the parameter for 
autocorrelation adjustment is denoted with  while T represent the years. 

Results 

CSD test result 

The results presented in Table 2 reveal the rejection of H0 of no cross-sectional 
dependency at less than 1% for carbon productivity, FDI, renewable energy, GDP per 
capita, and total population, while it was rejected at less than 10% for institutional 
quality index. This outcome implies that any shock in one of the 13 selected MENAT 
countries may be transmitted to other countries in the panel. 

 
Table 2. CD test 

Variable CD-test p-value 

Carbon productivity 31.79 .0000 

Foreign direct investment 18.33 .0000 

Renewable energy 7.07 .0000 

Institutional quality index 1.85 .064 

GDP per capita, log 14.17 .0000 

Total population, log 47.89 .0000 

 
 

Slope homogeneity test result 

The results from the slope homogeneity test presented in Table 3 shows that the H0 
of homogeneity slope is rejected at less than 1%. This indicates the existence of 
heterogeneity across the sample countries and as such a heterogeneous panel technique 
like DCCE-MG is appropriate. 

 
Table 3. Pesaran and Yamagata (2008) slope homogeneity test 

 Delta p-value 

 

10.72* 0.0000 

 

12.81* 0.0000 

 
 

Panel unit root tests results 

The results from both the CADF and CIPS are presented in Table 4 which shows that 
the null hypothesis of unit root is rejected for almost all the variables at first difference 
except GDP_PC that is failed to reject the null hypothesis of unit root for CADF. In 
summary, all the variables are integrated of order 1. 
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Table 4. Panel unit root test 

 Level 1st Difference 

Variables CADF CIPS CADF CIPS 

Carbon_Prod 0.450 -1.409 -4.323** -6.962** 

FDI 1.421 -1.605 -2.410* -8.303** 

RE 1..210 -1.350 -3.260** -7.906** 

IQI 0.210 -0.903 -4.308** -7.109** 

lnGDP_pc -3.210** -1.768 - -4.321** 

lnPOP 2.001 -1.382 -3.337* -8.021** 

Carbon_Prod = carbon productivity, FDI = foreign direct investment, RE = renewable energy, 
IQI = institutional quality index, lnGDP_PC = logarithm of gross domestic product per capita, 
lnPOP = logarithm of total population. *, ** denotes 10% and 5% significance level. 

 
 

Panel cointegration result 

The results from Westerlund and Edgerton (2008) panel cointegration test as 
presented in Table 5 shows that the test statistics are significant at 5% significance level 
which indicate rejection of H0 of no cointegration, except Zt(N) statistic for level shift. 
The outcomes imply the existence of cointegration relationship between the variables in 
cases of “cross-sectional dependency” and structural breaks, which suggests that the 
variables move together in the long-run. 

 
Table 5. Westerlund and Edgerton (2008) cointegration test 

Model 
 

 

No break -4.520** -10.112** 

Level shift -3.048** -0.789 

Regime shift -3.522** -3.445** 

**5% significance level 

 
 

DCCE-MG result 

From the estimates of DCCE-MG presented in Table 6, the main determinants 
without control variable is presented in column 1 and 2, while the full results that 
includes control variable is presented in column 3 and 4. The FDI is positive and 
significant at 5% confidence level, indicating a positive effect of FDI on green growth 
in the long-run. The coefficient and sign for FDI remain unchanged in column 3 when 
population is added as control variable. This implies that increase in FDI in MENAT 
countries promotes green growth in the long-run. The finding is congruent with the 
assumption of “pollution halo hypothesis” which believes that entrance of FDI into a 
country can bring cleaner technologies, stimulate productivity, transfer of technologies 
and appropriate management practices that will contribute to the environmental quality 
improvement of the host countries. In addition, the finding is congruent with the 
positions of some studies that demonstrated similar finding in their studies (Abdouli and 
Hammami, 2018; Al-Mulali and Tang, 2013; Omri, 2014; Seker et al., 2015). 
Meanwhile, the finding contrasts the finding of Baek (2016), Seker et al. (2015), and 
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Shahbaz et al. (2015); as well as those studies that showed an insignificant effect of FDI 
on the environmental quality (Ayamba et al., 2019; Tawiah et al., 2021). 

The result from the estimation of renewable energy as a determinant of green growth 
as presented in Table 6 shows renewable energy as a significant determinant of green 
growth at 5% confidence level. Meanwhile, the variable becomes insignificant when 
population is added to the model. The result implies that an increase in renewable 
energy in MENAT countries with regulated population will promote green growth in 
the long run. This finding is consistent with previous studies (Jebli and Youssef, 2017; 
Majeed and Luni, 2019; Tawiah et al., 2021) who argued that renewable energy is more 
beneficial to the environment. Meanwhile, the finding is in contrast with some studies 
(Al-Mulali et al., 2016; Belaid and Youssef, 2017; Kahia et al., 2019; Sharif et al., 
2019) who argued that renewable energy has potential of exerting negative influence on 
environmental quality because it requires large expanse of resources like land and water 
that are limited in supply, and this can increase ecological footprint with attendant effect 
on the environment. 

 
Table 6. DCCE-MG results 

 (1) (2) 

Variables Coefficient t-statistics Coefficient t-statistics 

FDI 0.079 2.770** 0.060*** 8.357 

RE 0.271 2.948** -0.019 -0.583 

IQI 0.026 0.367 0.827*** 7.017 

lnGDP_pc 2.558 5.923** 5.409*** 9.501 

lnPOP   -0.019*** 5.29 

Carbon_Prod = carbon productivity, FDI = foreign direct investment, RE = renewable energy, 
IQI = institutional quality index, lnGDP_PC = logarithm of gross domestic product per capita, 
lnPOP = logarithm of total population. ** and *** denote 5% and 1% significance level 

 
 
The output from the investigation of institutional quality as a determinant of green 

growth reveals non-significance of the coefficient, but when the control variable is 
added, it becomes positive and significant at 1% confidence level. This finding indicates 
that institutional quality promotes green growth in MENAT countries in the long run 
when population is controlled. This is consistent with the study of Ibrahim and Law 
(2016) and Sarkodie and Adams (2018) who argued in their respective study that a well-
established institutional quality can reduce CO2 emissions, but in contrast to the studies 
of De Angeli et al. (2019), Nguyen et al. (2018), and Wolde-Rufael and Weldemesle 
(2020), who suggest strong environmental regulations could result to less innovation 
and creativity towards environmental improvement, which can as well be 
counterproductive to development; as well as the study of Tawiah et al. (2021) who 
showed insignificant relationship between institutional quality and green growth. 

As expected, the finding from the estimation of GDP per capita as a determinant of 
green growth as presented in Table 6 reveal to be positive and significant. This is an 
indication that GDP per capita promotes green growth in MENAT countries in the long 
run at 5% confidence level. The sign of the parameter remains unchanged in column 3 
when population is controlled. The finding is congruent with some previous studies 
(Ardakani and Seyedaliakbar, 2019; Chen et al., 2019; Mikayilov et al., 2018; Rahman 
et al., 2020; Wang et al., 2019; Xie and Liu, 2019), but contrasts to some studies 
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(Adebayo et al., 2021; Adedoyin et al., 2020; Cai et al., 2018; Pata, 2018; Tawiah et al., 
2018) who opined that increase in economic development has a devastating effect on 
the environment. Finally, the estimates for the control variable as presented in Table 6 
shows that population is a significant determinant of green growth. The negative and 
significant coefficient of the variable indicates that a percentage change in population 
will reduce the green growth of MENAT countries by 0.019% at less than 1% 
confidence level. This finding supports the position of Aller et al. (2015) who opined 
that large population exerts significant impact on environment, as well as the study of 
Tawiah et al. (2021) who established similar finding in their study. 

 
Robustness check 

The results from the FMOLS and DOLS techniques as presented in Table 7 indicate 
that foreign direct investment, renewable energy, economic development promotes 
green growth in MENAT countries in the long run, while population exerts negative 
impact on the green growth of the sample countries in the long run. Generally, the 
estimates from FMOLS and DOLS estimations are in tandem with those of DCCE-MG, 
except for institutional quality that is not significant. The insignificance of the variable 
in the estimations of FMOLS and DOLS could be because the dependence among the 
sample countries has been controlled by the DCCE-MG technique. Thus, solely reliance 
on estimates from FMOLS and DOLS techniques could lead to a flawed outcome and 
bias inference. 

 
Table 7. FMOLS and DOLS results 

 FMOLS DOLS 

Variables (1) (2) (1) (2) 

FDI 0.067* 0.049** 0.190** 0.273** 

RE 0.096* 0.065* 0.149*** 0.225** 

IQI 0.077 0.109 -0.084 0.078 

lnGDP_pc 1.744** 1.881*** 1.252** 9.795** 

lnPOP  -1.368***  -3.803*** 

NCarbon_Prod = carbon productivity, FDI = foreign direct investment, RE = renewable energy, 
IQI = institutional quality index, lnGDP_PC = logarithm of gross domestic product per capita, 
lnPOP = logarithm of total population. *, ** and *** denotes 10%, 5% and 1% significance level 
respectively 

Conclusion 

This study investigates the significance of foreign direct investment, economic 
development, institutional quality, and renewable energy as determinant factor for green 
growth using an unbalanced panel data of 13 selected MENAT countries over the period 
1990-2019. We used an innovative panel data estimator (DCCE-MG) that addresses 
cross-sectional dependency issue among the sample countries, as well as FMOLS and 
DOLS to ensure robustness of our estimates. Our findings provide sufficient evidence to 
address the study objectives which are: (i) to determine the significance of determinant 
factor for green growth in MENAT countries, and (ii) to examine the cointegration 
among the variables. The results from the Westerlund and Edgerton (2008) test show a 
cointegration relationship between green growth, foreign direct investment, economic 
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development, renewable energy, institutional quality and population in cases of cross-
sectional dependency and structural breaks. These findings address second objective of 
this study, and then conclude that the variables have potential of moving together in the 
long run. Moreover, the estimate from DCCE-MG addresses the first objective of this 
study which intends to examine the determinants factors of green growth in MENAT 
countries. The findings show that foreign direct investment, renewable energy, 
institutional quality, and GDP per capita promotes green growth, while population 
exerts a devastating effect on green growth in MENAT countries. This suggests that 
foreign direct investment, GDP per capita, renewable energy, institutional quality, and 
population are significant determinants of green growth in MENAT countries. In view 
of these, it becomes imperative for the countries in the region to pay more attention to 
inflow of foreign direct investment into their countries, implementation of institutional 
quality, the economic growth, as well the control of population, because of the 
heterogeneous nature of the countries (FAO, 2015; UNICEF, 2021); but as a region, 
owing to their common context of environmental challenges and trans-boundary 
conflicts (Abumoghli and Goncalves, 2021), especially as noted by Odugbesan and 
Rjoub (2019, 2020) sustainable development goes beyond a boundary. 

An important policy implication in line with the findings from this study is that the 
results above do not provide concerted information for policy makers in these countries 
alone, but also individual details for each country’s stakeholders since the result of 
heterogeneity implies that each countries country in the panel of the MENAT region 
may develop its green growth policies. Moreover, the government of the sample 
countries and policymakers should tread carefully in choosing international business 
policies towards green growth by ensuring that the entrance of such investment into 
their country is beneficial and not detrimental to the host country environment which 
could create pollution. Against this backdrop, employment of minimal foreign 
investment with stringent supervision is suggested, so as not to give room for foreign 
investors’ exploitation. In reference to the finding on GDP per capital as a significant 
determinant, the sample countries should maintain high level of GDP per capita as this 
will drive the sustainability of green growth in the respective country through the 
purchase of eco-friendly products. Another policy implication on the renewable energy 
as a determinant factor is that policy makers should promote renewable energy through 
grant offers and loans to investors in this industry, as well as tax holiday which would 
give leverage to the investors and thus contribute to the reduction of emissions, and 
consequently achieve sustainable green growth. In reference to the institutional quality, 
policy makers should ensure that a well-established institutional quality is in place but 
not too strict to avoid the trap of being counterproductive to economic growth and 
development (De Angelis et al., 2019; Wolde-Rufael and Weldemeskel, 2020). Finally, 
the policy makers should put in place a policy that will address the geometrical growth 
of population in the MENAT countries which showed in this study to have a devastating 
effect on achieving green growth. Therefore, we encourage the government and 
policymakers to ensure that the population is checked in order to achieve sustainable 
green growth in the region. 

Though, this study contributes significantly to the debates on investigating the 
determinants of green growth, meanwhile it is not devoid of limitation. The limitation 
lies in the number of determinant variables and control variable. Future studies can 
expand the model and add more variables, and also disaggregate the institutional quality 
to ascertain which of the six dimensions actually contribute to sustainable green growth. 
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The investigation of more possible determinants of sustainable green growth is to avoid 
the omitted variable bias that could arise from the limited number of variables used in 
this study. Nevertheless, this study can help policy makers to balance sustainable green 
growth, economic growth, internationalization, institutional quality, environmental cost, 
and population. 
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Abstract. Determining the bird assemblages is utmost important to identify the adequacy and efficiency of 
habitats. The line transect method was used to determine patterns of bird relative abundance, diversity 
indices, and conservation status in Sheikh Badin National Park from November 2017 to December 2019. 
In total, 7,919 individuals (2,592 migrants and 5,327 inhabitants) representing 42 species and 25 families 
were enlisted. Of 42 species, 27 were native (i.e., 67.26%) utilizing the study area throughout the year, 
while the remaining 15 species were migrant (e.g., 32.73%) that used the study area during the winter. 
Passer domesticus (0.06%), Merops persicus (0.05%), Tachymarptis melba, and Ploceus philippinus (each 
0.04%) were the overwhelming bird species. In contrast, Francolinus francolinus (0.02%), Falco 
tinnunculus (0.008%), and Alectoris chukar (0.005%) were the rarest bird species. All species were 
identified as “Least Concern” based on IUCN RedList. Diversity results showed birds were assorted a 
diverse, i.e. H’ = 3.608 (resident birds; H’ = 3.608 and migratory birds; H’ = 2.543), rich; i.e. D = 0.031 
(resident birds; D = 0.046 and migratory birds D = 0.093) and evenly distributed J = 0.965 (resident birds, 
J = 0.967 and migratory birds, J = 0.939). The perceptions of local inhabitants and personnel observation 
shown that bird species are facing confronting threats due to human endeavor, such as illegal hunting, 
habitat loss due deforestation, and uncontrolled grazing. 
Keywords: bird, diversity, richness, conservation status, Sheikh Badin, distribution 

Introduction 

Birds are vital components of the biosphere (Abbas et al., 2019), i.e. they provide 
ample services for the well beings and survival of human beings (Lepczyk and Warren, 
2012) and are bioindicators of dwelling habitats (Drever et al., 2008; Fraixedas et al., 
2020; Nelson et al., 2020). The occurrence and distribution of the bird species within a 
specific zone reflects the local biodiversity resources. Birds are of critical importance to 
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the ecological functions and fundamental components of biodiversity that play a critical 
role in ecosystem functions. Birds are closely associated with vegetation structure (Cueto 
and Casenave, 1999; Lomolino, 2001) and habitat productivity (food resources, 
especially amphibians, reptiles, small mammals and invertebrates). They are an integral 
part of the food chain and food web, and this balances the ecosystem through dispersing 
seeds (Gracia et al., 2010; Martinez-Lopenz et al., 2019), pollinating plants (Mistry et al., 
2008), bioindicator of the human footprint and climate change (Sharma, 1982; Amano et 
al., 2010) and environmental pollution (Gole, 1984; Talukdar, 1997; Radhouani et al., 
2012; Pollack et al., 2017). 

In an ecosystem, bird species plays a critical role in sustaining its health (Briggs, 2017; 
Law, 2019). Birds occupy a wonderful place among other species, since they are much 
appreciated by humans. They play a vital role in contributing to the consideration of the 
public with respect to natural habitats (Gascon et al., 2015; Donazar et al., 2016). Avian 
species are considered barometers of an ecosystem. Recent studies have shown that many 
bird populations are declining worldwide, while some are locally extinct due to 
degradation and fragmentation (Hewson et al., 2007). 

Sibley and Monroe (1990) indicated that there are approximately 9702 avian species 
belonging to 1800 genera worldwide, including 1300 bird species in the Indian region 
(Manakadan and Pittie. 2001). Pakistan hosts 742 bird species that belongs to three 
zoogeographic areas, namely, Ethiopian, Palaeartic and Asian (Mirza and Wasiq, 2007; 
Lepage, 2014). The Indus (Green Migration Route) of which Pakistan is a part supports 
millions of migratory birds from northern latitudes in winter and from southern altitudes 
to breeding (summer visitors). The Indus flyway (green migratory route) of which 
Pakistan is a part supports millions of migratory birds from northern altitudes to 
overwinter and from southern altitudes to breed (summer visitors). 

The population of bird species in Pakistan has declined as a result of the loss and 
degradation of habitat, illegal hunting and trapping, water pollution, food scarcity, inter–
specific interactions and global warming (Kushlan, 1993; Hetrick and Sieving, 2012). 
Some of them have become threatened, vulnerable, endangered, critically endangered, or 
even extinct (Birdlife International, 2004; Yasué and Dearden, 2006). As such, 
information on the bird population structure (diversity, density, and conservation status) 
is essential to improve the future conservation and management of Sheikh Badin National 
Park. Thus, determining bird diversity, distribution, and conservation status is of critical 
importance to understanding productivity, threats. Therefore, important measures should 
be taken to protect and conserve the biodiversity especially bird population. As a result, 
this study looked at bird populations and habitat structure in Sheikh Badin National Park 
in Dera Ismail Khan, Pakistan. 

Materials and methods 

Study area 

The Sheikh Badin National Park (NP) Dera Ismail Khan is located within 
32.297534°N, 70.805227°E in the southern part of Khyber Pakhtunkhwa (KP), Pakistan 
(Fig. 1). The National Park is surrounded by Sheikh Badin Hills, an eastern extension of 
Sulaimon Mountains at an elevation of 1400 m above mean sea level and ranged from 
300 m to 1400 m. The NP covers an area of 15,540 ha. The vegetation of Shaikh Badin 
national park is comprised of trees (Phulai – Acacia modesta, Indian olive – Olea 
ferruginea, Gum Arabic tree – Vachellia nilotiea, Athel tamarisk – Tamarix aphylla, Ghaf 
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– Prosopis cineraria, Tree of heaven – Ailanthus altissima, Rohida – Tecomella undulata 
and Indian jujube – Ziziphus mauritiana), shrubs (Karira – Capparis decidua, Apple of 
sodom – Calotropis procera, Mazari palm – Nannorrhops ritchiana, Kannada – 
Periploca aphylla, Dwarf shrub – Rhazya stricta, Royle’s spike thorn – Maytenus 
royleana) bushes and grasses (Kapok bush – Aerva javanica, Slender amaranth – 
Amaranthus viridis, wild sunflower – Carthamus oxyacantha, European milkvetch – 
Astragalus hamosus, red hogweed – Boerhavia procumbens and needle grass – Aristida 
adscensionis). 

 

 

Figure 1. A GIS-based map showing the location of the study area 
 
 
Precipitation at Sheikh Badin National Park ranged from 200 mm to 280 mm/year. The 

rainy season has a duration of 3.9 months. Most rainfall occurs during the monsoon 
season between June and September (Fig. 2). The winter is severe cold (a certain freezing 
weather) and the summer is warm 44.6 °C. The winter season lasts 2.9 months (December 
to February) and hottest season lasts 4.4 months (April to September). The average 
temperature may vary between 6.1 °C and 40.6 °C (Fig. 3). Its topography is hilly, hilly 
and mountainous. 

 
Bird survey 

Distance sampling line transect method was used for the detection of avian species for 
26 consecutive months, from November 2017 to December 2019. The birds were 
recorded from 07:00–09:00 and 17:00–19:00 when they were most active in multiple 
activities. The birds were observed using binoculars (42 × 10 mm) to confirm the identity 
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of the species and occasionally photographed with the Nikon D7200 (Sigma lens 150–
600 mm). Overall, 100 point count stations were established randomly to avoide the 
double counting of the same bird individuals The methodology was followed according 
to Buckland et al. (2004). 

 

 

Figure 2. Precipitation pattern throughout the year. (Source: 
https://weatherspark.com/y/148960/Average-Weather-at-Dera-Ismail-Khan-Year-Round) 
 
 

 

Figure 3. Average low and high temperature throughout the year. (Source: 
https://weatherspark.com/y/148960/Average-Weather-at-Dera-Ismail-Khan-Year-Round) 
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Vegetation survey 

The vegetation of the Sheikh Badin National Park was surveyed employing quadrant 
method (10 × 10 m for trees, 5 × 5 m for shrubs and 1 × 1 m for grasses) to identify the 
existing native flora to understand the habitat suitability, food resources and foraging sites for 
wide range of bird species. In total, 100 sampling sites were selected randomly at the 
simultaneously at same locations where bird species were documented. During vegetation 
inventory, the flora was divided into trees, shrubs and grasses. These sampling sites 
represented the entire area of the national park. The methodology was followed as described 
by Gandiwa and Kativu (2009), Zeh et al. (2019), Luna-Kamyshev et al. (2020). 

Data analysis 

Relative abundance 

Relative abundance of bird species of the area was determined using Equation 1: 
 
 R.A = n/N (Eq.1) 
 

where: R.A: Relative Abundance, n = total number of individuals of a bird species and 
N = total number of individuals sighted of all bird species recorded during the surveys. 

 
Diversity indices 

Diversity reflects the heterogeneity of bird species in Sheikh Badin National Park. 
Diversity is an index that integrates the number of bird species found within a given 
habitat and the relative abundance that provides information on the scarcity and triviality 
of bird species. The Community Analysis Package Version 4.0 (Henderson and Seaby, 
2007) has been used to determine diversity indices, i.e. species diversity, wealth and 
homogeneity in Sheikh Badin National Park. 

 
Bird diversity 

Shannon-Weiner Index (H′) was calculated in order to know the species diversity 
based on species abundance using Equation 2 as given below: 

 
 H’ = ∑[(pi) × ln(pi)] (Eq.2) 
 

where: H’ designates diversity, S indicates the number of species, i specifies the 
abundance of species, N is the total number of all individuals, pi is the relative abundance 
of each species, and ln is the natural logarithm. 

In this study, the Simpson Diversity Index is a measure of bird diversity that takes into 
account the number of species occupied the national park, as well as the relative 
abundance of each particular species. The Simpson Diversity Index was calculated using 
Equation 3 given below: 

 
 D = Σn(n – 1) / N(N – 1) (Eq.3) 
 

where: n = the total number of individuals of a particular bird species and N = the total 
number of bird individuals detected in the national park of all species. 
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Bird species evenness 

Evenness is the distribution aspect of bird species in a Sheikh Badin National Park. 
How bird species have occupied the National Park was calculated using Equation 4: 

 
 J = H′ / Hmax (Eq.4) 
 

where: H′ = diversity index and Hmax = natural log of the total number of all bird species. 
 

Comparison of feeding guilds among bird species 

All enlisted bird species were divided into different feeding groups based on similar 
foraging behavior, food consumptions and habitat preferences. The methodology was 
followed as described (Lopez de Casenave et al., 2008; Liordos, 2010; Zakaria and 
Rajpar, 2010; Parajapati and Parajapati, 2013; Ding et al., 2019). 

Results 

Bird species composition and relative abundance 

In total, 7,919 individuals representing 42 species encompassing 15 migratory species 
(2,574 individuals; 32.504%) and 27 resident species (5,345 individuals; 67.496%) of 10 
orders and 23 families were detected between November 2017 to December 2019 within 
the National Park (Table 1; Fig. 4a and b).  

 

 

Figure 4a. Bird relative abundance from 2017–2019 
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Muscicapidae (11.087%) and Meropidae (9.092%) were the leading families with five 
and two species respectively. By contrast, Cisticolidae (1.111%) and Falconidae 
(0.818%) were the rarest families to be found. Blue-cheeked flycatchers (5.695%) and 
Alpine Swifts (4.748%) were the two most abundant migratory bird species. House 
sparrow (6.794%) and Baya’s weaver (4.672%) were the most plentiful resident bird 
species. The Chukor (0.581%) was the rarest residing bird. All bird species have been 
classified as Least Concern (Table 1). 

 
Table 1. Relative abundance of bird species detected in the Sheikh Badin National Park 

Family Scientific name Common name National status Total detections % IUCN status 

Meropidae Merops persicus Blue-cheeked Bee-eater M 451 5.695 LC 

Apodidae Tachymarptis melba Alpine Swift M 376 4.748 LC 

Passeridae Passer hispaniolensis Spanish Sparrow M 247 3.119 LC 

Phasianidae Coturnix coturnix Common Quail M 244 3.081 LC 

Laniidae Lanius vittatus Bay-backed Shrike M 167 2.109 LC 

Cuculidae Clamator jacobinus Pied Cuckoo M 152 1.919 LC 

Hirundinidae Ptyonoprogne fuligula Rock Martin M 129 1.629 LC 

Oriolidae Oriolus oriolus Eurasian Golden Oriole M 128 1.616 LC 

Laniidae Lanius collurio Red-backed Shrike M 120 1.515 LC 

Muscicapidae Oenanthe isabellina Isabelline Wheatear M 109 1.376 LC 

Accipitridae Buteo buteo Common Buzzard M 104 1.313 LC 

Sylviidae Sylvia hortensis Orphean Warbler M 103 1.301 LC 

Cisticolidae Prinia buchanani Rufous-fronted Prinia M 92 1.162 LC 

Accipitridae Accipiter badius Shikra M 88 1.111 LC 

Falconidae Falco tinnunculus Common Kestrel M 64 0.808 LC 

Passeridae Passer domesticus House Sparrow R 538 6.794 LC 

Ploceidae Ploceus philippinus Baya Weaver R 370 4.672 LC 

Corvidae Orvus splendens House Crow R 304 3.839 LC 

Sturnidae Acridotheres tristis Common Myna R 281 3.548 LC 

Meropidae Merops orientalis Green Bee-eater R 269 3.397 LC 

Ploceidae Ploceus benghalensis Black-breasted Weaver R 258 3.260 LC 

Muscicapidae Copsychus fulicatus Indian Robin R 252 3.182 LC 

Pycnonotidae Pycnonotus cafer Red-vented Bulbul R 228 3.637 LC 

Muscicapidae Saxicola ferreus Grey Bush Chat R 218 2.753 LC 

Apodidae Apus pacificus Fork-tailed Swift R 212 2.677 LC 

Charadriidae Vanellus indicus Red-wattled Lapwing R 207 2.614 LC 

Columbidae Streptopelia decaocto Eurasian Collared Dove R 192 2.425 LC 

Muscicapidae Cercotrichas galactotes Rufous-tailed Scrub Robin R 188 2.374 LC 

Phasianidae Francolinus pondicerianus Grey Francolin R 185 2.336 LC 

Columbidae Spilopelia chinensis Spotted Dove R 167 2.109 LC 

Dicruridae Dicrurus macrocercus Black Drongo R 153 1.932 LC 

Nectariniidae Cinnyris asiaticus Purple Sunbird R 148 1.869 LC 

Columbidae Columba livia Rock Pigeon R 148 1.869 LC 

Coraciidae Coracias benghalensis Indian Roller R 146 1.845 LC 

Columbidae Streptopelia tranquebarica Red-collared Dove R 142 1.793 LC 

Upupidae Upupa epops Common Hoopoe R 136 1.717 LC 

Cuculidae Eudynamys scolopacea Asian Koel R 128 1.616 LC 

Cuculidae Centropus sinensis Greater Coucal R 120 1.515 LC 

Phasianidae Ammoperdix griseogularis See-see Partridge R 112 1.414 LC 

Muscicapidae Saxicola rubicola Common Stone Chat R 111 1.402 LC 

Phasianidae Francolinus francolinus Black Francolin R 86 1.086 LC 

Phasianidae Alectoris chukar Chukor R 46 0.581 LC 

  TOTAL  7919   

R = Resident, M = Migrant, LC = Least concerned 
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The results of Wards Method indicated that branch lengths and topological changes of 
dendrogram revealed that bird diversity overall, resident and migrant species may vary in 
Sheikh Badin National Park (Fig. 4b; A, B, C). 

 

 

 

Figure 4b. Dendrogram reflecting (A) the overall bird diversity, (B) resident bird diversity and 
(C) migrant bird diversity in Sheikh Badin National Park 

 
 

Bird species diversity indices 

The overall Shannon Diversity Index (H’ = 3.608) and Simpsons abundance 
(D = 0.031) have been recorded. Additionally, the Shannon Diversity Index (H’ = 3.186) 
and Simpsons Diversity Index (D = 0.031) were related to resident birds and (H’ = 2.543 
and (D = 0.093) to migratory birds. Overall, the homogeneity of the species (H/In 
S = 0.965) was found in the study area. The species’ homogeneity was found in resident 

 

Linkage distance 
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birds E = 0.967 and E = 0.940 in migratory birds (Tables 2 and 3). In Figure 5 (A) 
graphically has shown richness S, in 2 (B) Shannon diversity index, 2 (C) Lambda 
(Simpsons index, l) and in 2 (D) Evenness. 

 
Table 2. Comparison of resident and migratory bird diversity indices from 2017 to 2019 
detected in the Sheikh Badin National Park 

Diversity Year Resident birds Migratory birds Total 

Shannon index = H’ 

2017 3.1915 2.5803 3.6236 

2018 3.1580 2.4866 3.5712 

2019 3.1886 2.5566 3.6138 

2017 – 2019 3.1859 2.5426 3.6076 

Simpsons diversity index = D  

2017 0.0446 0.0843 0.0292 

2018 0.082 0.1021 0.0327 

2019 0.0458 0.0901 0.03041 

2017 – 2019 0.04614 0.09262 0.03080 

Evenness index = J 

2017 0.9683 0.9528 0.9695 

2018 0.958 0.9182 0.9555 

2019 0.9675 0.9441 0.9669 

2017 – 2019 0.9666 0.9389 0.9652 

 
 
Table 3. Comparison of species composition, relative abundance, and diversity indices of 
resident and migratory birds from 2017 to 2019 

Year Status 
No of bird 

species 
Total detection of bird 

individuals 
Shannon diversity 

index 
t-value P-value 

2017 
Resident species 27  471 3.1915 

16.72** 0.0000 
Migratory species 15  229 2.5803 

2018 
Resident species 27 2368 3.1589 

30.36** 0.0000 
Migratory species 15 1162 2.4866 

2019 
Resident species 27 2488 3.1886 

34.27** 0.0000 
Migratory species 15 1201 2.5566 

2017-19 
Resident species 27 5327 3.1859 

49.09** 0.0000 
Migratory species 15 2592 2.5426 

**Highly significant (P < 0.01) 

 
 

Scatter plots of the bird species encountered 

The purpose of the dispersion diagram is to show the distribution of different species 
according to their frequency and variance covariance matrices. The dispersal diagram of 
the bird species observed showed that most of the bird species were grouped, which 
clearly distinguishes them from others. Nine different bird species that distinguished 
themselves during the study were Domestic Sparrow (HSp), Baya’s Weaver (BWe), Grey 
Brush Cat (GBu) and Partridge (Spa). Additionally, (BBe) Blue-cheeked Bee Feeder, 
(ASw) Alpine Swift, (SSp) Spanish Sparrow, (CQu) Common Quail and (OWa) Orpheus 
Warbler of Migratory Birds (Fig. 6A-I). 
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a b 
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Figure 5. Graphically showing (a) richness S, (b) Shannon variety index, (c) Lambda (Simpsons 
index, ) and (d) regularity of birds 
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Figure 6. Scatter plots of the bird species encountered in the study area (A-I) 
 
 

Vegetation structure and avian species composition in Sheikh Badin National Park 

Vegetation of Sheikh Badin National Park is diverse and encompasses trees, shrubs, 
herbs, grasses, bushes and climbers. A total of 20 tree species (13 families), 21 shrub 
species (17 families), 36 herb species (21 families), 3 species of bushes (3 families) and 
3 species of climbers (3 families) (Table 4). 

 
Feeding guilds 

The bird species were divided into nine feedings guilds. Insectivore (44.879%) was 
the most abundant guild based on number of detections and Frugivore (1.616%) was 
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the rarest guild in the study area. In comparison between resident and migrant bird 
species, it was observed that Insectivore (24.801%) and Granivore/Insectivore 
(23.020%) were two most dominant resident bird species and Insectivore (20.078%) 
was the foremost abundant migrant bird species. However, no feeding guilds of resident 
carnivore and four guilds, namely; Carnivore/Insectivore, Frugivore, 
Nectarivore/Insectivore and Omnivore of migrant bird species were did not detected in 
the national park (Table 5). 

 
Table 4. Vegetation structure and composition of study area 

Family name Scientific name Common name 

Trees   

Anacardiaceae  Pistacia chinensis  Chinese Pistachio  

Arecaceae  Phoenix dactylifera  Date Palm  

Bignoniaceae  Tecomella undulata  Roheda  

Boragingaceae  Cordia myxa  Assyrian Plum  

Fabaceae  

Prosopis juliflora  Mesquite  

Acacia modesta  Phulai  

Vachella nilotica  Gum Arabic Tree  

Dalbergia sissoo  Shisham  

Prosopis cineraria  Jand or Ghaf  

Meliaceae  Melia azedarach  Chinaberry  

Moraceae  

Ficus carica  Common Fig  

Ficus palmata  Wild Himalayan Fig  

Morus alba  White Mulberry  

Morus nigra  Black Mulberry  

Myrtaceae  Eucalyptus lanceolatus  River Red Gum  

Oleaceae  Olea ferruginea  Kahu  

Rhamnaceae  Ziziphus mauritiana  Indian Jujube  

Salvadoraceae  Salvadora oleoides  Vann, Peelu  

Simaroubaceae  Ailanthus altissima  Tree of Heaven  

Tamaricaceae  Tamarix aphylla  Ghaz, Athel Tamarisk  

Shrubs   

Apocynaceae 

Calotropis procera  Aak, Apple of Sodom  

Nerium oleander  Oleander  

Periploca aphylla  Kannada  

Rhazya stricta  Rhazya  

Arecaceae  Nannorrhops ritchiana  Mazari Palm  

Asparagaceae  Agave sisalana  Sisal  

Boragingaceae  Ehretia obtusifolia  Stamper wood  

Capparaceae  Capparis decidua  Karira  

Celastraceae  Maytenus royleana  Royle’s Spike Thorn  

Euphorbiaceae  Ricinus communis  Caster Bean  

Fabaceae  Sophora mollis  Soft Sophora  

Lamiaceae  Isodon rugosus  Codd  

  Otostegia limbata  Koi Booi  

Lythraceae  Punica granatum  Pomegranate  

Malvaceae  Grewia optiva  Bhimal or Bihul  

Rhamnaceae  Ziziphus nummularia  Jhar Beri  

Rosaceae  Cotoneaster nummularius  Coinwort Cotoneaster  
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Sapindaceae  Dodonaea viscoa  Sanatha  

Sapotaceae  Monotheca buxifolia  Gurguri  

Solanaceae  Datura metel  Devil’s Trumpet  

Zygophyllaceae  Tribulus terrestris  Harmal Bindii  

Herbs   

Amaranthaceae 
Amaranthus viridis  Selender Amarantha  

Chenopodium album  Pig Weed  

Amaryllidaceae  Allium griffithianum  Wild Onion  

Asparagaceae  Asparagus capitatus  Blue Dicks  

Asphodelaceae  Aloe vera  Indian Aloe  

Asteraceae 

Carthamus oxyacantha  Wild Safflower  

Conyza stricta  Horse Weed  

Echinops echinatus  Indian Globe Thistle  

Filago hurdwarica  Cud Weed  

Launaea procumbens  Creeping Launaea  

Saussurea heteromalla  Saw wort Kaliziri  

Boragingaceae  Heliotropium strigosum  Bristly Heliotrope  

Brassicaceae  Eruca sativa  Argula plant  

Convolvulaceae  Convolvulus arvensis  Field Bindweed  

Euphorbiaceae 
Euphorbia helioscopia  Sun Spurge  

Euphorbia prostrata  Prostate Sandmat  

Fabaceae  Trigonella monantha  Medick  

Geraniaceae  Erodium cicutarium  Red Stem Filaree  

Lamiaceae 

Mentha sylvestris  Wild Mint  

Phlomis stewartii  Jerusalem Sage  

Withania coagulans  Paneer  

Withania somnifera  Winter Cherry  

Zygophyllaceae  Fagonia indica  Indian Fagona  

Grasses   

Asphodelaceae  Asphodelus tenuifolius  White Asphodel  

Brassica 
Farsetia jacquemontii  Boan  

Sisymbrium irio  London Rocket  

Cannabaceae  Cannabis sativa  Hemp  

Cyperaceae  Cyperus rotundus  Nut Grass  

Fabaceae  Astragalus hamosus  European Milkvetch  

Lamiaceae  Lallemantia royleana  Balangu  

Poaceae 

Aristida adsensionsis  Common Needle Grass  

Bromus japonicus  Japanese Brome  

Cenchrus ciliaris  Buffel-grass  

Cymbopogon jwarancusa  Khawi Oil Grass  

Cynodon dactylon  Khabbal Scuth Grass  

Eragrostis minor  Lesser Love Grass  

Saccharum bengalense  Kana Munj or Sweet cane  

Bushes   

Amaranthaceae  Aerva javanica  Kapok Bush  

Apocynaceae  Caralluma edulis  Pimpa  

Fabaceae  Alhagi maurorum  Camel Thorn  

Climbers   

Cucurbitaceae  Citrullus colocynthis  Bitter Apple  

Fabaceae  Vicia hirsuta  Tiny Vetch  

Solanaceae  Solanum surattense  Yellow-fruit Nightshade  
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Table 5. Comparison of feeding guilds of bird species recorded in Sheikh Badin National Park 

Guild name 
Overall Resident bird species migrant bird species 

N % N % N % 

Carnivore 256 3.232 0 0 256 3.232 

Carnivore/insectivore 327 4.129 327 4.129 0 0 

Frugivore 128 1.616 128 1.616 0 0 

Frugivore/insectivore 356 4.495 228 2.879 128 1.616 

Granivore 581 7.336 142 1.793 247 3.119 

Granivore/insectivore 1984 25.053 1823 23.020 353 4.457 

Insectivore 3554 44.879 1964 24.801 1590 20.078 

Nectarnivore/insectivore 448 5.657 148 1.868 0 0 

Omnivore 585 7.387 585 7.387 0 0 

Grand total 7919 5,345 2,574 

N = total number of bird individuals 

Discussion 

It is of the utmost important to determine and understand the habitat avian community 
parameters in habitat relevance and productivity that a better plan can be made to enhance 
population and conserve their habitat. As habitat loss and degradation is a major 
anthropogenic factor, the bird population has decreased. The detection of 42 species 
representing 25 families reveals that Sheikh Badin National Park is a suitable and 
productive habitat for wide range of bird species. The indicated that vegetation structure 
and composition significantly attracted a wide array of bird species to utilize this 
productive habitat in order perform multiple activities. 

Notably, 83 floral species, including 20 tree species, 21 shrub species, 36 grass species, 
and b climber species were recorded from Sheikh Badin National Park. This demonstrated 
that national park is rich and diverse in vegetation structure and composition. Previously, 
107 plant species (26 trees, 20 shrubs, 53 herbs and 8 grasses) were also enlisted by Ullah 
et al. (2016). We recorded little bit less flora as compared to previous study. The reason 
might be application of different survey method or higher number of sample plots. The 
diversity of flora has created multilayered vegetation strata that established heterogeneous 
habitats and make this national park as a productive habitat (rich in food resources). 
Mengesha and Bekele (2008) stated that floral diversity and richness of food resources are 
the primary drivers that harbored a wide array of avian species. Likewise, Hanzelka and 
Reif (2016) reported that vegetation heterogeneity significantly enhances bird diversity. 
Furthermore, Kiros et al. (2018) also illustrated that vegetation composition is the key factor 
affecting chick survival, distribution of food sources and providing shelter from weather 
and predators. In the end, has an impact on feeding behavior, habitat preference, predation 
rate and population structure. 

Strikingly, recording of migrant bird species revealed that the Sheikh Badin National 
Park is not only suitable habitat for resident birds, but also for migrant visitors. The reason 
is that, this national park fulfills the basic needs (i.e. living place, food, shlter, and breeding 
grounds) of avian species. The migrant bird species used this national park as refuge until 
weather conditions in northern/southern latitudes become favorable for them. 

The feeding guild results showed that insect eating bird, i.e. bee-eater, swiftlets, shrikes, 
hoopoes, rollers, drongos, bushchats, robins, prinias, etc had densely occupied the national 
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park. The occupation of higher number of insect eating bird could be richness and diversity 
of insect species. The occurring of wide range insect could be due to availability of wide 
array of floral species that bears flowers and fruits that had attracted them to utilize this 
habitat. However, the feeding guilds of resident and migrant species varied. It has been 
reported that environmental factors and land use changes significantly effects on vegetation 
characteristics that may influence on bird food selection (Tharme et al., 2001; Pearce-
Higgins and Grant. 2006). Previously, such types of findings also have been reported by 
De Bonilla et al. (2012) and Panda et al. (2021). 

Diversity indices suggest that bird species in Sheikh Badin National Park are diversified, 
rich and uniformly distributed. The results of this study are nearly identical to those of (Ali 
et al., 2011) at the Taunsa Dam, a wildlife sanctuary in Punjab, Pakistan. They stated that 
the Shannon Weiner Diversity Index values are typically between 1.5 and 3.5; however, 
under rare circumstances, it may exceed 4.5. The presence of a variety of avian species 
could be richness and diversity of food resources (insects, fruits, flowers, amphibians, 
reptiles, and small passerine birds for raptors) and heterogeneous vegetation layers that 
constituted multiple microhabitats. Thus, proving an ideal, productive and less disturb 
habitat that provides shelter from harsh weather and predators, offer suitable foraging and 
breeding grounds for a wide array of avian species. 

 
Threats to avian species 

Identifying the human footprint of wildlife and its habitat can provide a strong 
foundation for a better understanding of ecological models and processes. The results of 
this study identified the following major threats in Sheikh Buddin National Park to 
avifauna (Fig. 7). 

 
Illegal hunting and trapping 

Illegal hunting is the key factor that can cause bird species to decline or disperse. Bird 
species in the study area are illegally hunted by rifles and trapped by nets, resulting in a 
declining bird population every day. In addition, the breeding areas has also been 
disturbed by intensive livestock grazing on key breeding areas. Similar findings were also 
reported by Khan and Ali (2015). 

 
Habitat loss and degradation 

The second most serious threat identified was habitat loss and degradation as a result 
of land-use change. Habitat loss and degradation can cause the removal of vegetation and 
make it less productive and suitable for avian use. As a result of habitat loss and 
degradation, bird species migrate to less productive areas in the vicinity. e.g., agricultural 
fields for food, shelter and reproduction, where they are hunted by local people and easily 
preyed by predators due visibility. In addition, some bird species become victim of 
pesticides, die or become less productive. In addition, some bird species become victim 
of pesticides, die or become less productive. 

 
Uncontrolled grazing 

Livestock grazing is a major issue in this area, i.e. destruction of eggs and nesting sites 
by cattle hooves. Livestock roaming in basic habitat poses a major threat to bird breeding 
and the survival of avian species Khan and Ali (2015). 
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Figure 7. Threats to avifauna at Sheikh Badin National Park 

Conclusion 

Sheikh Badin National Park is an attractive habitat for a broad range of avian species. 
However, low management, altered land use, illegal hunting, trapping, and grazing pose 
a serious threat to bird species. Based on the results, it is highly recommended that the 
relevant concerned department take immediate action to control illegal activities in the 
study area and strictly enforce the legislation. We also recommend that detailed future 
research be undertaken to explore biodiversity resources to improve future conservation 
and management measures. The Wildlife Department should coordinate with universities 
for research and training purposes. Local community awareness campaigns should also 
be conducted to highlight the importance of natural resource conservation. 
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Abstract. The impact of soil application (control (C), molasses (M) and humic acid (HA)) and foliar 
applicllation treatments (C, HA, M and lithovit Boron (LB)) on sugar beet (Beta vulgaris L.) growth, 
yield, and quality under saline conditions were studied. A field experiment was conducted in Oct. 2017 
and 2018 at Tamrfayah village (31°22’ N, 31°12’ E), Kafr El-Shiekh Governorate, Egypt. Soil or foliar 
application treatments increased leaf area index (LAI), dry weight plant-1, root weight, length and 
diameter, root yield (t/ha), gross sugar%, extractable white sugar%, juice purity%, and sugar yield (t/ha) 
of sugar beet compared to C. The inverse was true in K, Na, K + Na, α-amino nitrogen (meq/100 g), loss 
sugar (%), and quality for root juice. Adding M to soil along with foliar spraying with LB produced the 
maximum average increase of two season at about leaf area 53.67%, dry weight 18.56%, root diameter 
7.88%, root weight (g plant-1) 23.89%, root yield (t/ha) 29.8%, gross sugar (%) 9.29%, extractable white 
sugar (%) 14.97%, Juice purity (%) 4.93%, sugar yield (t/ha) 47.55 compared to C (Soil application) × C 
(Foliar application) treatment. The highest values of K 6.84 and 7.33, Na 2.47 and 2.53, and K + Na 9.32 
and 9.85 meg/100 g of sugar beet were obtained with the C (Soil application) × C (Foliar application) 
treatment. 
Keywords: biofertilizer, lithovit, fulvic, salinity, Nano fertilizer, 

Introduction 

Sugar beet (Beta vulgaris L) has become a prospective crop for sugar production in 
Egypt. The annual output reaches 11 million tons from a cultivated area 219 thousand 
hectares (FAO, 2018). 

Abiotic stress, such as salinity, can be considered a limit factor for increasing crop 
yield. The alleviated adverse effect of salt stress on crop physiology and growth through 
nano-fertilizer (Sassine et al., 2020), molasses (El-Tokhy et al., 2018), and humic acid 
(Khaled and Fawy, 2011) are practical approaches. 

The industrial process of sugar production results in by-products like molasses, a 
dark brown viscous liquid. Molasses contains varying humic, fulvic, and amino acids, 
which promote nutrient uptake efficiency and soil biological activity (Samavat and 
Samavat, 2014). Srivastava et al. (2012) found that beet molasses is high in mineral 
elements such as N, P, K, Ca, and micronutrients. It increases the abundance of 
nutrients and organic matter in the soil (Li et al., 2020). Soil and foliar applications of 
molasses increased beet root yield and sugar content (%) (Şanli et al., 2015). (Li et al., 
2020) indicated that foliar application of molasses soluble increased the seed of 
rapeseed yields up to 20% compared to chemical fertilizer only treatment. 

Humic substances, including humate potassium and fulvic acid, have a stimulating 
effect on plant growth and microbial activities (Canellas and Olivares, 2014). The 
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humic soil application (12% of humic acids, 3% of fulvic acids) induced more intensive 
growth and a positive influence on beetroot and sugar content yield than the control 
(Wilczewski et al., 2017). The humic treatment application exceeded the control 
treatment in sucrose, refined sugar, root yield, and sugar yield (Rassam et al., 2015). 

Nano-fertilizers, such as Lithovit® (Boron 05), contain nano-CaCO3, a carbonate 
that decomposes in the leaf stomata to calcium oxide (CaO) and carbon dioxide (CO2), 
increasing photosynthesis rate (Beinșan et al., 2014). The product contains boron, which 
is necessary for plant development through the structural integrity of the cell wall, sugar 
translocation, physiological functions such as carbohydrates and nitrogen metabolism, 
the formation of amino acid, and plant hormones (Marschner, 2012; Nyomora et al., 
2000; Rawashdeh and Sala, 2013). Besides, iron is essential for electron transport 
systems of mitochondria and chloroplasts (Rochaix, 2011) and many vital enzymes in 
the photosynthetic system (Rout and Sahoo, 2015). Lithovit® contains magnesium, the 
central core of the chlorophyll molecule (Nawaz et al., 2020); silica plays a vital role in 
increased tolerance in plants against abiotic stress like deficit and salinity stresses 
balancing nutrients uptake (Alsaeedi et al., 2019). Lithovit foliar application improves 
the growth and yield of cotton (Attia et al., 2016), maize (Gigel and Florin, 2017), 
barley (Szczepanek, 2017), and stevia (Soliman et al., 2018). 

The study aimed to evaluate the effect of soil application (control, molasses, and 
humic acid) and foliar application (humic, molasses and lithovit) treatments in 
combinations on sugar beet growth, yield, and quality under salinity soil and water 
conditions. 

Material and methods 

An experiment was established on 6 Oct. 2017 and 10 Oct. 2018 at the field of 
Qaryah No. 1 at Tarfayah village (31°22’ N, 31°12’ E), Kafr El-Shiekh Governorate, in 
Northern Egypt. Rice was the previous crop. 

Table 1 shows the chemical study of the experimental soil (0-30 cm) using (Black et 
al., 1965). Clay was the soil texture. The soil salinity level was mild to high (Abrol et 
al., 1988). 

 
Table 1. Chemical analysis of the experimental soil (0-30 cm) in 2017/18 and 2018/19 
seasons 

Seasons 
PH 

(2.5:1) 
EC 

(dS.m-1) 
OM 
(%) 

(meq. L-1) Available (ppm) 

Ca++ Mg++ K+ Na+ HCO3 CL- SO4- Fe Zn Mn 

2017/18 8.6 8.8 1.1 6.5 6.4 0.4 68 8.7 69.3 6.33 5.4 0.68 3.9 

2018/19 8.2 7.9 0.98 6.2 7.3 0.6 79 8.2 65.3 5.33 4.9 0.76 3.2 

*pH determined in soil suspension 1:2.5 
**Ec determined in soil paste extract 

 
 
The water source was drainage effluent mixed with canal water before application. 

The irrigation water was EC 2.01 dS m−1, and SAR 5.5 (mmol L–1)1/2, whereas the 
classification of degree of restriction on use was slight to moderate (Ayers and Westcot, 
1985). 

The trial was a split-plot arrangement with three soil application substances as main 
plots, 0 (control), humic acid (12 kg ha-1) and beet molasses (60 kg ha-1), and four foliar 
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application substances in sub-plot 0 (control), humic, molasses and Nano-boron. The 
experimental units were in three replications. As a foliar application, humic acid in 
1 g/l, molasses 20 cm3/l, and lithovit in 0.4 g/l were sprayed twice at 45 and 60 days 
after sowing (DAS). 

Molasses level of the soil and foliar applications was determined as Şanli et al. 
(2015). Lithovit and humic acid levels were used as company products recommend. 

A humic substance contains 85% humate potassium, 10% soluble potassium, and 
5% fulvic acids. The source of molasses was Daqahlia Sugar & Refining Company 
Kalabshou – Zayan – Belkas/Daqahlia Governorate, Egypt. Chemical and physical 
analysis of sugar beet molasses was Brix 81%, Total sugar 47%, purity 58%, 
unfermentable sugar 0.43%, specific gravity 1.42 gm/cm3, pH 8.2, and Ash 10.56% 
(Analyzed by Daqahlia Manufacturing Co.). Some mineral analysis for molasses 
was N 1.3%, P 0.25%, K 3.2%, Ca 0.6%, Mg 0.19%, Na 1.3% and S 0.4%. 
Lithovit® (Boron 05) is a natural fertilizer; dolomite is tribodynamically activated 
and micronized to levels of 10-20 microns. Lithovit® (Boron 05) contains 50% 
(CaCO3) calcium carbonate, 28% (CaO) calcium oxide, 9% SiO2 silicon dioxide, 
15.0% B boron, 1.8% MgO magnesia, 1.0% Fe iron and 0.02% Mn manganese. The 
source is Agrolink Agricultural Co., Egypt, manufactured in Germany by (Tribodyn, 
2020). 

Nitrogen fertilizer with a rate of 214 N ha -1 in the form of Urea (46% N) was top-
dressed in two equal splits at 35 and 70 days after sowing (DAS). 

Supplying water to experiments was furrow irrigation. Light irrigation was given 
after ten days from sowing to ensure high seed emergence. Then, irrigation was carried 
out when 50 to 60% of the available soil moisture was depleted at 0-30 cm soil depth 
and was done at intervals of approximately 15 to 21 days depending on weather 
conditions and the amount of the effective rainfall. The seasonal water applied 
(irrigation water and effective rain) from sowing to harvesting were 5426 m3 and 
5595 m3 in the first and second seasons. 

The plot was 18 m2 (3 × 6 m). Each plot had six ridges that were 50 cm apart and 
6 m long. Seeds of the multigerm sugar beet cultivar “Cleopatra” were sown at 2-
3 seeds per hill in hills 20 cm apart on one side of the ridge. Plants were hand thinned 
35 days after sowing to one stable plant hill-1. Plants were thinned by hand after thirty-
five days from sowing to one healthy plant hill-1. All plots received 119 Kg. ha-1 super 
phosphate triple (46% P2o5) before second ploughing and sulfate potassium (48% K2O) 
after thinning in one dose at 60 Kg. ha-1. 

Beto 27.4% EC (a.i. Phenmedipham + ethofumesate + desmedipham) was applied at 
the rate of 1L/fed applied after 21 DAS for annual broad-leaved weed control. Select 
super 12.5% EC (a.i. Clethodim) was used at 1.19 L ha−1 on 24 DAS for annual grassy 
weed control. 

At 180 DAS, five guarded plants were selected randomly from each plot to 
determine leaf area and dry weight of root and top plant-1. The different plant fractions 
(leaf blade, petiole, and bulb) were oven-dried to a constant weight at 60 ° C. Leaf area 
(blades area) was measured by Portable Area Meter (Model LI-3000A). Leaf area of 
sample plants divided into a ground area of the sample to calculate the Leaf area index 
(LAI). 

At harvest (210 DAS), the central area of three rows 9.5 m2 avoids the border effect 
for top and root yield (Ton ha-1). Ten guarded plants were taken randomly and screened 
for root and top yields/plant, root diameter (cm), and root length (cm). 
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Gross sugar (total Sugar content%), K, Na, and -amino-N in roots were analyzed 
using Daqahlia Sugar Co laboratory methods. Determination of the sugar content% 
(Pol%) in the juice was determined using an automatic saccharimeter on lead acetate, 
according to Le Docte (1927). A flame photometer measured the soluble non-sugar 
content, K and Na, in meq/100 g of beet according to Brown and Lilleland (1946). -
amino-N according was estimated by a spectrophotometer according to Cooke and Scott 
(1993). 

 

 Alkalinity coefficient =   (Reinfeld et al., 1974)  

 
 Extractable white sugar = ZB = Pol – [0.343 (K + Na) + 0.094 NBI + 0.29]  
 

according to Harvey and Dutton (1993), where: ZB = corrected sugar content (white 
sugar%), Pol = Gross sugar (total Sugar content%) and NBI = -amino-N determined by 
the “blue number” method. Loss sugar% = (Gross sugar – Extractable white sugar). 
Juice purity% was calculated by (ZB/Pol). 

Results 

Leaf area, dry weight, root length, and root diameter of sugar beet were affected 
significantly by soil, foliar, and soil × foliar application interaction (Table 2). M (Soil 
application) treatment had the highest leaf area for 2017 and 2018 at about 3.56 and 
5.35, respectively. The differences between M and HA treatments are not significant for 
LAI in 2017 (Table 2). 

In terms of dry weight (g plant-1), root length (Cm), and root diameter (Cm), M (Soil 
application) treatment had the highest values with insignificant differences with HA 
(Soil application) treatment compared to control (Table 2). 

Data in Table 2 show the foliar application of LB can significantly increase leaf area 
for first and second seasons at about 3.85 and 5.56, Dry weight 353.8 and 353.8 (g 
plant-1), root length 30.03 and 31.24 cm, and root diameter 13.72 and 13.81 cm, 
respectively to the highest value compare with other treatments. In contrast, the control 
gave the lowest values. 

LB (Foliar application) with M (Soil application) treatments gave the highest leaf 
area (Fig. 1A), dry weight (Fig. 1B), and root diameter (Fig. 1D) with an increase (50 
and 57.34, 19.22 and 18.09 and 8.14 and 7.62%) in 2017 and 2018 seasons compared to 
C (Soil application) × C (Foliar application) treatment, respectively. HA (Soil 
application) and HA (Foliar application) combination caused the highest increase in root 
length of 24.39% in the first year and LB (Foliar application) with M (Soil application) 
treatments an increase of 16.54% in the second season in comparison with control C 
(Soil application) × C (Foliar application) treatment. 

Similarly, Şanli et al. (2015) and Priyadarshani (2019) reported molasses increased 
leaf area, fresh plant weight, and root diameter and root weight of sugar beet. The 
results are in harmony with Badawi et al. (2013) and Nemeat-Alla et al. (2021), who 
reported that humic acid increased leaf area, root dry weight, length, and diameter of 
sugar beet. 

A positive effect of lithovit on leaf area, chlorophyll, dry matter of tomato were 
reported by Sajyan et al. (2019). 
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Table 2. Leaf area index (LAI), dry weight, root length, and root diameter of sugar beet as 
affected by soil and foliar substances application in 2017 and 2018 seasons 

Treatments 
LAI 

Dry weight  
(g plant-1) 

Root length 
(cm) 

Root diameter 
(cm) 

2017 2018 2017 2018 2017 2018 2017 2018 

Soil application 0.005** 0.00** 0.044* 0.004** 0.00** 0.001 ** 0.03* 0.02* 

Molasses (M) 3.56 a 5.35 a 360 a 365.3 a 30.19 a 31.65 a 13.72 a 13.85 a 

Humic (HA) 3.50 a 4.82 b 350.6 a 355.2 a 28.88 a 31.44 a 13.58 a 13.7 a 

Control (C) 3.27 b 4.61 c 309.2 b 321.2 b 27.8 b 28.54 b 13.28 b 13.18 b 

Foliar application 0.000** 0.00** 0.00** 0.00** 0.00** 0.00** 0.00** 0.00** 

Control (C) 2.86 d 4.19 c 319.4 b 331.8 c 27.36 b 29.73 c 13.14 c 13.27 c 

Humic (HA) 3.45 c 4.61 b 342.3 a 357 a 30.01 a 30.68 b 13.59 b 13.53 b 

Molasses (M) 3.63 b 5.34 a 344.2 a 346 b 29.75 a 30.53 b 13.68 ab 13.71 a 

Lithovit (LB) 3.85 a 5.56 a 353.8 a 354.3 a 30.03 a 31.24 a 13.72 a 13.81 a 

Interaction 0.018* 0.001* 0.049* 0.04 * 0.03 * 0.047 * 0.033* 0.049* 

*, ** and NS indicate P < 0.05, P < 0.01, and not significant, respectively. Means of each factor 
designated by the same letter are not significantly different at the 5% level using Duncan’s Multiple 
Range Test 

 
 

  

  

of 

 

Figure 1. Leaf area index (A), dry weight (g plant-1) (B), root length (cm) (C), and root 
diameter (D) of sugar beet as affected by the interaction between soil and foliar application 

treatments in the 2017 and 2018 seasons 
 
 
As observed in Table 3, the soil application of M or HA increased the root weight 

(g plant-1) significantly, top weight (g plant-1), root yield (t/ha), and top yield (t/ha) 
of sugar beet compared to control. The maximum increase in root weight and root 
weight (T/ha) treated M (Soil application). There was an insignificant effect between 
M (Soil application) and HA (Soil application) in top weight (g plant-1) and Top 
yield (T/ha). 
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Data in Table 3 showed that foliar application treatments had a significant effect on 
the root weight (g plant-1), top weight (g plant-1), root yield (t/ha), and top yield (t/ha). 
The root yield (t/ha) and top yield (t/ha) were higher on LB (Foliar application) 
treatment in both years. LB (Foliar application) gave the maximum root weight (g plant-1) 
in 2018 and top weight (g plant-1) in 2017. At the same time, there were insignificant 
differences between HA, LB, and M treatments for root weight in 2017 and top weight 
in 2018. 

Under M (Soil application) treatment, LB (Foliar application) produced a maximum 
increase at about root weight (g plant-1) (21.34 and 26.45%), top weight (g plant-1) 
(28.89 and 17.06%), root yield (t/ha) (28.36 and 31.25%) and top yield (t/ha) (28 and 
25.15%) in 2017 and 2018, respectively more than C (Soil application) with C (Foliar 
application) (Fig. 2A, B, C and D). 

 

 

   

Figure 2. Root weight (g plant-1) (A), top weight (g plant-1) (B), root yield (T/ha) (C), and top 
yield (T/ha) (D) of sugar beet as affected by the interaction between soil and foliar application 

treatments in the 2017 and 2018 seasons 
 
 
Such findings had also been pointed out by Priyadarshani (2019); Şanli et al. (2015) 

for molasses application in sugar beet. Similarly, Rehab et al. (2019) and Nemeat-Alla 
et al. (2021) for the effect of humic in sugar beet yield. These results are in coincidence 
with that reported by Artyszak et al. (2014) nano-caco3 in sugar beet, Farouk (2015) 
lithovit in potato, and Sajyan et al. (2020) in pepper. 

Gross sugar (%), Potassium (K) (meq/100 g), sodium (Na) (meq/100 g), K + Na 
(meg/100 g), α-amino nitrogen (meq/100 g), Alkalinity coefficient were significantly 
were affected by soil and foliar application in 2017 and 2018 (Table 4), except gross 
sugar (%) in 2017. 

M (Soil application) gave the highest gross sugar (%) at 19.84 and 19.2% in the 2017 
and 2018 seasons, respectively, which insignificant difference with HA (Soil 
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application) treatment. The control (Soil application) treatment had the minimum gross 
sugar (%) of 18.42 in 2017 (Table 4). The control was 18.42% in 2018, with an 
insignificant difference with HA treatment. 

 
Table 3. Root weight (g plant-1), top weight (g plant-1), root yield (t/ha), and top yield (t/ha) 
of sugar beet as affected by soil and foliar substances application in 2017 and 2018 seasons 

Treatments 

Root weight  
(g plant-1) 

Top weight  
(g plant-1) 

Root yield 
(T/ha) 

Top yield 
(T/ha) 

2017 2018 2017 2018 2017 2018 2017 2018 

Soil application 0.00 ** 0.00 ** 0.00** 0.00** 0.00** 0.00** 0.00** 0.00** 

Molasses (M) 1.43 a 1.56 a 0.552a 0.588a 82.56a 84.7a 24.18a 25.85a 

Humic (HA) 1.38 b 1.50 b 0.563a 0.582a 80.42b 80.16b 24.44a 25.82a 

Control (C) 1.32 c 1.39 c 0.483b 0.524b 72.57c 73.21c 21.97b 23.66b 

Foliar application 0.00 * 0.00 ** 0.01* 0.00** 0.00** 0.00** 0.00** 0.00** 

Control (C) 1.30 b 1.41 c 0.498d 0.549b 72.78d 73.19d 21.52c 23.94d 

Humic (HA) 1.40 a 1.48 b  0.529c 0.574a 78.54c 79.02c 23.54b 24.75c 

Molasses (M) 1.41 a 1.49 b 0.546b 0.571a 80.35b 80.42b 23.54b 25.39b 

Lithovit (LB) 1.42 a 1.54 a 0.557a 0.564a 82.42a 84.8a 25.54a 26.37a 

Interaction 0.018 * 0.00 ** 0.00 ** 0.03* 0.04* 0.00** 0.00** 0.00** 

*, ** and NS indicate P < 0.05, P < 0.01, and not significant, respectively. Means of each factor designated by the same letter are 
not significantly different at the 5% level using Duncan’s Multiple Range Test 

 
 
Table 4. Gross sugar (%), Potassium (K) (meq/100 g), sodium (Na) (meq/100 g), K + Na 
(meg/100 g), α-amino nitrogen (meq/100 g), Alkalinity coefficient of sugar beet as affected 
by soil and foliar substances application in 2017 and 2018 seasons 

Treatments 

Gross sugar 
(%) 

K 
(meq/100 g) 

Na 
(meq/100 g) 

K + Na 
(meg/100 g) 

α-amino 
nitrogen 

(meq/100 g) 

Alkalinity 
coefficient 

2017 2018 2017 2018 2017 2018 2017 2018 2017 2018 2017 2018 

Soil application 0.00 ** 0.00 ** 0.00** 0.00** 0.00** 0.00** 0.00** 0.00** 0.00 ** 0.00 ** 0.00** 0.00** 

Molasses (M) 19.84a 19.2a 6.59b 6.9b 2.16b 1.94b 8.75b 8.83b 2.82b 2.08b 3.11b 4.31a 

Humic (HA) 19.63a 18.92ab 6.45c 6.93b 2.14b 1.55c 8.59b 8.48b 2.7b 2.08b 3.18a 4.13b 

Control (C) 19.1b 18.42b 6.73a 7.02a 2.43a 2.43a 9.2a 9.46a 3.21a 2.33a 2.86c 4.12b 

Foliar application 0.00 * 0.00 ** 0.01* 0.00** 0.00** 0.00** 0.00** 0.00** 0.00 * 0.00 ** 0.01* 0.00** 

Control (C) 19.11c 18.58c 6.7a 7.26a 2.31a 2.08a 9.02a 9.32a 2.99a 2.56a 3.03bc 3.65c 

Humic (HA) 19.61b 18.72b 6.68a 6.75c 2.21c 1.97b 8.89b 8.75c 2.9b 2.22b 3.07ab 3.94b 

Molasses (M) 19.46b 18.75b 6.45b 7.04b 2.18c 1.94bc 8.64c 8.99b 2.88bc 1.96c 3.01c 4.6a 

Lithovit (LB) 19.91a 19.33a 6.52b 6.75c 2.26b 1.9c 8.84b 8.63d 2.86c 1.91c 3.08a 4.55a 

Interaction 0.17 NS 0.00 ** 0.00** 0.00** 0.00** 0.00** 0.00** 0.00** 0.00 * 0.01* 0.00** 0.00** 

*, ** and NS. Indicate P < 0.05, P < 0.01, and not significant, respectively. Means of each factor designated by the same letter are 
not significantly different at the 5% level using Duncan’s Multiple Range Test 

 
 
The control (Soil application) treatment accounted for the highest potassium (k) 

(meq/100 g), sodium (Na) (meq/100 g) and K + Na (meg/100 g) of sugar beet among 
soil application for 2017 and 2018 at about 6.73 and 7.02 (meq/100 g), 2.43 and 2.43 
(meq/100 g) and 9.2 and 9.46 (meg/100 g), respectively. C (Soil application) treatment 
obtained the highest α-amino nitrogen in 2017 and 2018 with (3.21 and 2.33 meq/100 g, 
respectively). In contrast, C (Soil application) treatments recorded the lowest alkalinity 
of 2.86 and 4.12 in the first and second seasons, while the difference between C and HA 
was non-significant in 2018 (Table 4). 
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Data in Table 4 showed that the highest gross sugar (%) among the foliar treatments 
for 2017 and 2018 was recorded in the M (Foliar application) with 19.91 and 19.33%, 
respectively. C (Foliar application) treatment significantly exceeded other spray 
treatments in 2017 and 2018 at potassium (k) 6.7 and 7.26 meq/100 g, sodium (Na) 2.31 
and 2.08 meq/100 g, and K + Na 9.02 and 9.32 meg/100 g of sugar beet. 

C (Soil application) treatment obtained the highest α-amino nitrogen in 2017 and 
2018 with 2.99 and 2.56 meq/100 g, respectively. In contrast, C (Soil application) 
treatments recorded the lowest alkalinity of 3.03 and 3.65 in the first and second 
seasons. 

The Alkalinity coefficient was higher in LB (Foliar application) treatment 3.08 in 
2017 and M (Foliar application) 4.55 in 2018. 

The data in Figure 3A show that the Foliar application and Soil application 
treatments’ interaction was insignificant on gross sugar (%) in 2017. The highest gross 
sugar (%) values, 19.86%, were obtained with M (Soil application) × LB (Foliar 
application) treatment in 2018. In Figure 3B, C, D, the maximum values of potassium 
(k) 6.84 and 7.33 meq/100 g, sodium (Na) 2.47 and 2.53 meq/100 g, and K + Na 9.32 
and 9.85 meg/100 g of sugar beet in 2017 and 2018 were obtained with the C (soil 
application) × C (Foliar application) treatment. 

 

 

  

   

Figure 3. Gross sugar (%) (A), K (meq/100 g) (B), Na (meq/100 g) (C) and K + Na 
(meg/100 g) (D), α-amino nitrogen (meq/100 g) (E), Alkalinity coefficient (F) of sugar beet as 

affected by the interaction between soil and foliar application treatments in the 2017 and 
2018 seasons 
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Figure 3E shows the highest values of α-amino nitrogen was obtained by C (soil 
application) × C (Foliar application) in 2017 and 2018. HA (Soil application) × M 
(Foliar application) treatment gave the lowest values of α-amino nitrogen in 2017, while 
M (Soil application) × LB (Foliar application) for α-amino nitrogen in 2018 gave the 
minimum values. 

Under HA (Soil application) with LB (Foliar application) in Figure 3F, the alkalinity 
coefficient had the highest values in 2017, while M (Soil application) × M (Foliar 
application) treatments gave the maximum value in 2018. C (Soil application) × C 
(Foliar application) showed the lowest value of alkalinity coefficient in 2017 and HA 
(Soil application) × C (Foliar application) in 2018. At M (Soil application) × LB (Foliar 
application) treatment gave the maximum value of extractable white sugar in 2017 and 
2018. 

The results also agree with (Rahimi et al., 2020; Rassam et al., 2015); Rehab et al. 
(2019), who use humic acid in sugar beet. Also, molasses improve the chemical and 
quality of tomato (El-Tokhy et al., 2018); and onion (Mahmoud et al., 2020). Similar 
results for nano caco3 in sugar beet (Artyszak et al., 2014). 

Loss sugar (%), Extractable white sugar (%) and Juice purity (%), and Sugar yield 
(t/ha) were significantly were affected by soil and foliar application in 2017 and 2018 
(Table 5). 

Data in Table 5 showed that C (Soil application) treatment obtained the highest sugar 
loss (%) in 2017 and 2018 with 3.73%. In contrast, C (Soil application) treatments 
recorded the lowest extractable white sugar (%), 80.45 and 79.82%, Juice purity (%) 
15.36 and 14.85%, and Sugar yield (t/ha) 11.43 and 10.91 in the first and second seasons. 

 
Table 5. Loss sugar (%), extractable white sugar (%) and juice purity (%) and Sugar yield 
(t/ha) of sugar beet as affected by soil and foliar substances application in 2017 and 2018 
seasons 

Treatments 
Loss sugar (%) 

Extractable 
white sugar (%) 

Juice purity (%) Sugar yield (t/ha) 

2017 2018 2017 2018 2017 2018 2017 2018 

Soil application 0.00** 0.00** 0.00 ** 0.00 ** 0.00** 0.00** 0.00** 0.00** 

Molasses (M) 3.56b 3.52b 82.12a 81.67 a 16.36a 15.68a 13.59a 13.24a 

Humic (HA) 3.49c 3.39b 82.23a 82.09 a 16.15a 15.54a 13.45a 12.86a 

Control © 3.73a 3.73a 80.45b 79.82 b 15.36b 14.85b 11.43b 10.91b 

Foliar application 0.00** 0.00** 0.00 * 0.00 ** 0.00** 0.00** 0.01* 0.00** 

Control (C) 3.67a 3.74a 80.81d 80.02 d 15.44c 14.91c 11.56c 11.05d 

Humic (HA) 3.61b 3.49b 81.56c 81.36 b 16b 15.31b 13.08b 12.73b 

Molasses (M) 3.52d 3.52b 81.89b 81.05 c 15.94b 15.25b 13.16b 12.47c 

Lithovit (LB) 3.57c 3.44c 82.15a 82.34 a 16.45a 15.96a 13.5a 13.11a 

Interaction 0.00** 0.00** 0.00 ** 0.00 ** 0.00** 0.00** 0.02* 0.00** 

*, ** and NS. Indicate P < 0.05, P < 0.01, and not significant, respectively. Means of each factor 
designated by the same letter are not significantly different at the 5% level using Duncan’s Multiple 
Range Test 

 
 
Extractable white sugar (%) was the highest with HA (Soil application) treatment, 

while M (Soil application) gave the highest Juice purity (%) and Sugar yield (t/ha). The 
M and HA treatments were static par in Extractable white sugar (%), Juice purity (%) 
and Sugar yield (t/ha). 



Sorour et al.: Alleviation of salt-stress on sugar beet (Beta vulgaris L.) using molasses, humic, and nano-caco3 
- 4932 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4923-4939. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_49234939 
© 2021, ALÖKI Kft., Budapest, Hungary 

The loss of sugar% was higher in values of 3.67 and 3.74% in C (Foliar application) 
in 2017 and 2018. LB (Foliar application) treatment gave the maximum value of 
extractable white sugar (%) 82.15 and 82.34%, Juice purity (%) 16.45 and 15.96%, and 
Sugar yield (t/ha) 13.5 and 13.11% in the first and second seasons (Table 5). 

As shown in Figure 4A, the highest loss sugar values were obtained by C (Soil 
application × C (Foliar application) in 2017 and 2018. HA (Soil application) × M (Foliar 
application) treatment gave the lowest values of loss sugar in 2017, while HA (Soil 
application) × LB (Foliar application) for loss sugar in 2018 gave the minimum values. 

Data in Figure 4B showed that at M (Soil application) × LB (Foliar application) 
treatment gave the maximum value of extractable white sugar in 2017 and 2018. LB 
(Foliar application) with M (Soil application) treatments gave the highest Juice purity 
(%) and Sugar yield (t/ha) in the 2017 and 2018 seasons (Fig. 4C and D). C (Soil 
application) × C (Foliar application)) the combination caused the lowest Juice purity 
(%) and Sugar yield (t/ha) in the 2017 and 2018 seasons. 

These results are in agreement with Şanli et al. (2015) for molasses application in 
sugar beet. Similar, humic acid treatment in sugar beet (Rahimi et al., 2020; Rassam et 
al., 2015); Rehab et al. (2019. 

 

 

         

   

Figure 4. Loss sugar (%) (A), Extractable white sugar (%) (B), Juice purity (%) (C), and Sugar 
yield (t/ha) (D) of sugar beet as affected by the interaction between soil and foliar application 

treatments in the 2017 and 2018 seasons 

Discussion 

High salt stress showed an inhibitory effect on the growth and yield of sugar beet 
(Khorshid et al., 2018; Tahjib-UI-Arif et al., 2019). In the field experiments conducted 
to observe the soil application treatments (C, M, and HA) in combination with the foliar 
application (C, HA, M, and LB) for improving growth and yield of sugar beet and 
alleviate the harmful effects of saline water irrigation and soil. 
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LAI, dry weight (g plant-1), root length (Cm), and root diameter (Cm) were 
enormously improved by M foliar or soil application compared to C treatment. 
Molasses contains large amounts of mineral elements K, N, P, Ca, Mg, Na, and S 
necessary for plant growth and development from the chemical composition of M in 
material and methods. Molasses include humic, fulvic, and amino acids, enhancing 
physical and chemical properties, biological activity, and soil fertility (Samavat and 
Samavat, 2014). Şanli et al. (2015) reported that molasses increased by 25% average 
root weight than control. Molasses soil application was higher than foliar application. 
Priyadarshani (2019) indicated that leaf area, fresh plant weight, and root diameter were 
increased in treatment contain molasses amended by soil. (Ramana et al., 2002) found 
that molasses increased total chlorophyll content, crop growth rate, total dry matter of 
groundnut. Li et al. (2020) concluded that molasses could encourage the root system, 
vigor, and nutrient usage in rapeseed planting. The increased weight and yield of the top 
and root plants was linked with improved LAI plant parameters, dry weight (g plant-1), 
root length and root diameter. Şanli et al. (2015) recorded a noticeable improvement in 
root weight, root yield, and biological yield for foliar molasses. 

In sugar beet, humic acid applied to the soil or foliar had a significant impact on LAI, 
dry weight (g plant-1), root length (Cm), and root diameter (Cm) as compared to the 
control treatment. The humic compound contains organic matter and fulvic acid 
increase soil physicochemical properties and biological structure (Alsaeedi et al., 2019), 
enhances nutrients uptake (Gharib et al., 2011), improves cell membrane permeability 
of plants (Khaleda et al., 2017). Humic has the hormone-like activity response that may 
stimulate cell division and differentiation that enhance growth under salinity stress 
(Ouni et al., 2014), regulate the photosynthetic rate and cell elongation, and improve the 
water use efficiency (Zhang et al., 2013). Ali et al. (2020) indicated that HA increased 
root length, total dry weight, shoot length of sorghum in salinity soil. The HA foliar 
applications enhanced chlorophyll content and leaf area index (Khodadadi et al., 2020). 
Exogeneous fulvic acid on sugar beet gave the most outstanding root length values, root 
diameter, and root weight (Kandil et al., 2020). Kandil et al. (2020) in sugar beet that 
fluvic acid gave the maximum root weight (g)/plant, root yield (t/fed), and Top yield 
(t/fed), and Khodadadi et al. (2020) indicate that humic increased root yield (T/ha) of 
sugar beet. Rehab et al. (2019) found that humic acid foliar application gave the highest 
root and top yield (T/ha) of sugar beet. In past studies, foliar application of humic 
increased root yield (T/ha) of sugar beet (Rassam et al., 2015). 

The foliar application of lithovit improved the growth and yield of sugar beet. 
Lithovit increases CO2 level inside the leaf intercellular, thereby improving 
photosynthesis (Bilal, 2010). It contains Mg, Ca, Fe, and Si, promoting effect through 
increased chlorophyll and carotenoid pigments. This compound improved weight and 
water content of plant parts cause better water movements in plants under salinity stress 
(Issa et al., 2020). In the previous study, nano-calcium had the promoting effect on plant 
growth, such as leaf area and plant dry weight of green bean plants and Ca and Si, 
mitigated salinity’s negative impact (Gomaa et al., 2017). Lithovit enhanced chlorophyll 
content, leaf area, and dry matter of tomato in saline soil (Sajyan et al., 2019). 

Lithovit@B is rich in boron. B foliar significantly increased the leaf area, root 
weight, length, and diameter of sugar beet (Kandil et al., 2020; Pirzad et al., 2019). The 
foliar application treatments with LB effectively enhanced root weight (g plant-1), root 
yield (t/ha), and top yield (t/ha) because of improving growth parameters like LAI, dry 
weight (g plant-1), root length, and root diameter. The positive effects of LB foliar 
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application on root and shoot dry weight and pepper yield inform Sajyan et al. (2020). 
The mean yield of tomato is superior under the LB foliar application (Becherescu et al., 
2017). The micronized marine calcite (CaCO3) compound increases the leaves and root 
yield of sugar beet (Artyszak et al., 2014). 

Excessive Na in the salinity soil has detrimental effects on plant growth and 
physiology. Low gross sugar in control compared to other soil and foliar application 
treatments in saline soil may be ascribed to the dilution of sucrose in root through 
increased water content and also, gave low quality (high K meq/100 g, Na meq/100 g, 
and K + Na meg/100 g cause the high Na concentration (Tsialtas and Maslaris, 2009). 
The high a-amino-N compounds may be found as impurities in plants’ storage roots 
under saline conditions, resulting from osmotic adjustment (Brown et al., 1987). The 
lowest value in control treatment may be due to the more significant amounts of a-
amino-nitrogen than other treatments. 

The highest value of loss sugar and the lowest means Extractable white sugar (%) and 
Juice purity (%) and Sugar yield (t/ha) for control compared to other soil application or 
foliar application treatments. It might be due to increasing K, Na, and α-amino nitrogen in 
juice roots, which causes troubles during juice purification and crystallization and, in turn, 
decreased purity and decreased extraction of white sugar (%). 

Molasses has elements like K, P, S, Ca, and Mg. Molasses also contains different 
amounts of humic and fulvic acids and amino acids exhibiting hormone-like activity 
(Samavat and Samavat, 2014). molasses containing glycine betaine material are 
compatible solutes in osmotic adjustment and increased the net photosynthesis of water-
stressed tomato plants (El-Tokhy et al., 2018). Şanli et al. (2015) concluded that foliar 
or soil application of molasses increased sugar content (%). Molasses treatments 
increased sugar yield by 2.9 t/ha compared to control (Şanli et al., 2015). 

HA increased the uptake of P, K, Mg, Na, Cu, and Zn, so mitigate the saline’s 
negative effect (Khaled and Fawy, 2011). (Rahimi et al., 2020; Rassam et al., 2015); 
Rehab et al. (2019) reported that humic application gave greater white sugar (%) than 
control while humic treatment was lower in α-amino nitrogen% and sodium% than 
control. (Rehab et al., 2019). El-Hassanin et al. (2016) reported that foliar application of 
humic acid increased extractable white sugar, purity, and sugar beet yield. Applying 
humic acid improved the percentage of sucrose and refined sugar compared with the 
control (Rassam et al., 2015). Fulvic foliar application increased the sugar yield and the 
portions of sucrose, TSS, and purity of the sugar beet plants (Kandil et al., 2020). 

Lithovit® (Boron 05) contains nano-CaCO3, 15.0% B boron, 9% SiO2, and other 
nutrients like Fe, Mg, and Mn. In a past study, the positive effects of marine calcite 
(containing CaCO3 and silicon mainly) foliar fertilization in lower Na and K, on the 
other hand, gave higher sugar beet content (Artyszak et al., 2014). Lithovit treatments 
gave the lowest sodium contents and recorded the highest sugar content (%) in the 
tomato fruits compared to control (Sajyan et al., 2018; Tantawy et al., 2014). (Rehab et 
al., 2019) indicated that foliar application of boron improved sugar and reduced Na and 
K. Lithovit improved the total soluble solids and soluble sugar concentrations compared 
to control in potato tubers (Farouk, 2015). The marine calcite (containing CaCO3 and 
silicon mainly) foliar resulted in increased content of refined sugar (%) and 
technological sugar yield (t/ha) (Artyszak et al., 2014). (Shallan et al., 2016) indicated 
that lithovit increased the total Soluble Sugars in leaves of cotton. 

The integration of M (Soil application) treatment with LB (Foliar application) 
produced a maximum increase at LAI, root weight (g plant-1), top weight (g plant-1), 
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root yield (t/ha) and top yield (t/ha). Jiang et al. (2012) indicated that increased tillering, 
chlorophyll and yield relative to traditional fertilization through the amendment of 
condensed molasses soluble (CMS) in sugarcane resulted in enhanced physical and 
chemical soil characteristics. CMS application benefits crop productivity and physical 
soil structure enhancement and a rise in the biological activity of beneficial 
microorganisms (Wynne and Meyer, 2002). The CMS enhanced plant biomass, root 
vigour, and the superoxide dismutase function of the rapeseed shoot (Li et al., 2020). 
Molasses are rich in mineral elements and used as K sources due to their elevated 
levels. It also has critical other advantages, such as soil organic growth and nitrification-
related microbial behaviour (Turner et al., 2002). According to Pujar (1995), foliar 
application of molasses improved Zn, Cu, Fe, and Mn uptake in corn and wheat. 

LITHOVIT® or nano-CaCO3 is a carbon foliar fertilizer (Bilal, 2010), which 
increases CO2 concentration and stimulates light-saturated photosynthesis in C3 plants 
(Ainsworth and Rogers, 2007). Maswada and Abd El-Rahman (2014) demonstrated that 
using lithovit on wheat under natural or salinity stress significantly increased growth 
parameters, photosynthetic pigments, ion contents, yield, and components. Under 
salinity stress, Lithovit increased leaf area, dry matter, and total chlorophyll content of 
tomato (Sajyan et al., 2019). Lithovit foliar application greatly improved potato growth 
parameters (i.e. plant height, branch number per plant, shot fresh and dry weights, and 
leaf area per plant), potato tuber number and overall tuber yield per plant (Farouk, 
2015). 

Lithovit product contains B, silica, and Fe. Compared to the control treatment, foliar 
fertilization with marine calcite (Calcium carbonate (CaCO3) and silicon) improved 
root yield, leaf yield, and biological sugar output of sugar beet. Simultaneously, a 
beneficial influence on the technical quality of the roots was discovered. It resulted in a 
substantial decrease in alpha-amino-nitrogen content, as well as a reduction of 
potassium and sodium content (Artyszak et al., 2014). Pirzad et al. (2019) found that 
boron foliar application resulted in the highest yield of the root, sugar, and white sugar 
contents but decreased impurities (Na, K, and -amino-N) and molasses sugar 
percentage. 

Conclusions 

M could enhance the growth, yield, and quality of sugar beet under saline water and 
soil. Lithovit demonstrated the most significant advantages for biological and technical 
sugar yields. As a result, LB may be used as an agricultural fertilizer in the cultivation 
of sugar beet. In summary, the findings indicated that using an environmentally friendly 
Nano Caco3 foliar fertilizer (lithovit) and molasses soil fertilizer (by-products industrial 
process of sugar production) is beneficial for sugar beet development in saline soil and 
water. A long-term study for molasses and lithovit is needed to clarify product 
efficiency, optimal doses, application time and the methods used to improve the 
efficiency of the used product for different crops. 
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Abstract. This study analyzed 302 top papers in the subject category of Forestry from 2010 to 2020, 
which include 300 highly cited papers and 3 hot papers. All papers were written in English, belonging 
to 1,567 authors, 694 organizations and 74 countries/territories, published in 35 journals and book 
series. The top five Journals were Agricultural and Forest Meteorology, Forest Ecology and 
Management, Forests, Tree Physiology and Forest Policy and Economics. Top five countries and 
regions were USA, Germany, Canada, France and Peoples R China. Top five organizations were US 
Forest Serv, Chinese Acad Sci, INRA, Swedish Univ Agr Sci and Univ Freiburg. Among the all 
authors, Bauhus, Juergen from Univ Freiburg of Germany provided the highest number in 6 papers. All 
keywords were separated into seven clusters for different research topics. Visualizations offered 
exploratory information on the current state in a scientific field or discipline as well as indicated 
possible developments in the future. 
Keywords: forestry category, top papers, visualization, VOSviewer 

Introduction 

According to the category description for Forestry in Scope Notes of Science 
Citation Index Expanded, it covers resources concerning the science and technology 
involved in establishing, maintaining and managing forests for various uses, including 
wood production, water resource management, wildlife conservation and recreation 
(Clarivate, 2021. InCites Journal Citation Reports). 

Bibliometrics technique has been adopted analyzing the forestry category on Web of 
Science (WoS) which included the following subjects, bibliometric analysis of forestry 
and forest research (Polinko and Coupland, 2021), assessing the scientific productivity 
of Italian forest researchers (Chirici, 2012), models for temperate forest management 
(Ordoñez and Galicia, 2020), evaluation of the status of Picea research and research 
hotspots (Duan et al., 2020), community forestry research in Canada (Bullock and 
Lawler, 2015), ecological restoration in Brazilian biomes (Guerra et al., 2020), wood 
modification and environmental impact assessment (Burnard et al., 2017), forest 
ecosystem services (Aznar-Sanchez et al., 2018), first decade bibliometric analysis of 
journal of Forests (Uribe-Toril et al., 2019), remote sensing applied in forest 
management to optimize ecosystem services (Abad-Segura et al., 2020), spatiotemporal 
analysis of forest modeling in Mexico (Martínez-Santiago et al., 2017), evaluation of 
the research on common forest management (Romanelli and Boschi, 2019), trees and 
parks as “the lungs of cities” (Xing and Brimblecombe, 2020). 
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Bibliometrics technique has analyzed other WoS category documents, such as, classic 
publications in WoS category of orthopedics (Li et al., 2019), emergency medicine (Ho, 
2021), materials science (Ho, 2014), horticulture (Kolle et al., 2017), dentistry, oral 
surgery and medicine from 2007 to 2016 (Yeung and Leung, 2018), dance (Ho and Ho, 
2015), water resources (Chuang et al., 2011), environmental sciences (Khan and Ho, 
2012), education and educational research (Ivanović and Ho, 2019). 

Top papers are the sum of hot papers and highly cited papers, based on Clarivate 
Analytics’ Essential Science Indicators (ESI). The ESI database is widely used to assess 
scientific outputs. Highly cited paper is a paper that belongs to the top 1% of papers in a 
research field published in a specified year. The 1% is determined by the highly cited 
threshold calculated for the research field in the specified year. Hot paper is a paper 
published in the past two years that received a number of citations in the most recent 
two-month period that places it in the top 0.1% of papers in the same field. Some papers 
focused on as Economics and Business (Zhang et al., 2018), operations research and 
management science (Liao et al., 2019), environmental sciences (Ma et al., 2020), 
macro-level collaboration network analysis and visualization (Yang et al., 2020). Sun 
and Yuan have analyzed the top papers in the world rice research (Sun and Yuan, 
2020a), library and information science (Sun and Yuan, 2020b), water Resources (Sun 
and Yuan, 2020c), agronomy category (Sun and Yuan, 2021), green and sustainable 
science and technology (Yuan and Sun, 2019) and scientific research on maize or corn 
(Yuan and Sun, 2020a, b). 

The purpose of this paper was to use bibliometric methods to analyze the top papers 
in the subject category of Forestry during 11 years period from 2010 to 2020 through 
publication year, category, author, affiliations, country, journals, all keywords and other 
key features. Co-authorship network visualization of author, organizations and 
countries, co-occurrence network visualization of all keywords were done by 
VOSviewer. Special attention will be dedicated to research topics and research fronts. 

Materials and methods 

Essential science indicators (ESI) 

Essential science indicators (ESI) is a unique compilation of performance statistics 
and trends extrapolated from counts of articles published in scholarly journals and the 
citations to those articles. ESI is an analytical tool that helps you identify top-
performing research in Web of Science (WoS) Core Collection. Article counts for ESI 
are derived from journals indexed in WoS Core Collection (SCIE and SSCI only) over a 
11-year period. Citation counts for these articles are derived from journals indexed in 
WoS Core Collection (SCIE, SSCI and Arts and Humanities Citation Index). Each 
journal is assigned to one of 22 research fields. In ESI a journal can be assigned to only 
one field. Journals such as Science and Nature are categorized as multidisciplinary since 
they publish research in many different fields. As a result, papers published in these 
multidisciplinary journals are assigned to a field based on the representation of the cited 
journals. For example, if the majority of cited references in the paper are to 
neuroscience journals, the paper is then categorized as neuroscience (Clarivate, Version 
3.0, Essential Science Indicators Help, 2021). 

Here, the Essential Science Indicators database has been updated as of March 25, 
2021, to cover an 11-year period from January 1, 2010 to December 31, 2020. Papers 
are defined as regular scientific articles and review articles. 
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Data collection 

Data collection was completed on the single day on May 1, 2021 to avoid the bias. 
We first conducted an advanced search in the WoS category (WC) of Forestry and 
publication year (PY) from 2010 to 2020. The query as following: (WC = Forestry) 
AND (PY 2010-2020). 

The results were used to identify the top papers of the highly cited papers and hot 
papers in field. There are 302 top papers from WoS Core Collection. Full record and 
cited references of the included papers were extracted and imported into VOSviewer 
(Leiden University, Leiden, the Netherlands) for further citation analysis. The impact 
factors (IF 2019 and IF 5year) were taken from the Journal Citation Report (JCR 2019) 
published in 2020, which had the latest data available. 

 
VOSviewer 

VOSviewer were used to show the international collaboration between the authors, 
organizations, countries and the research trends through all keywords (Van Eck and 
Waltman, 2010). Visualizations (network and overlay) using program VOSviewer are 
conducted on WoS data in order to determine co-occurrence and clusters of connected 
publications, country input and author collaboration (co-authorship) as well as clusters 
of interrelated research topics (text data). In this paper, default parameters values of the 
VOSviewer are usually used in the analysis. Items are represented by a label and a 
circle. The size of circles reflects the weight of an item. Some items are not displayed in 
avoidance of overlapping. The colors in network visualization (text maps) represent 
clusters of similar items as calculated by the program. Distance between the items 
indicates the strength of relationships. 

Results and discussion 

Document type and language of publication 

Based on Clarivate Analytics’s WoS Index, there were total 302 top papers of the 
Forestry category during the period from January, 2010 to December, 2020. All of 302 
top papers were identified in SCIE (302), SSCI (36), and CPCI-S (6). The document 
types of all 302 top papers were articles (213, 70.53%), reviews (89, 29.47%) and 
proceedings papers (6, 1.987%). Among the all 302 top papers, there were 3 hot papers 
and 300 the highly cited papers that means 2 papers were both the hot papers and the 
highly cited papers. All papers were published in English. The English was dominating 
language from the WoS, and scholars tended to publish their articles in English as they 
want them to be widely accepted (Khan et al., 2020). 

 
Publication output 

With the aim of knowing the research status and trend, Figure 1 showed the top 
paper of Forestry category between 2010 and 2020. The mean publication was 27.45 
each year, and the highest value was 40 in 2020. An increase in the number of cited 
references indicated that there are more citing or cited publications. The number of 
citations to a paper is considered a good quantitative measure of a paper’s impact. The 
h-index was initially proposed as a measure of a researcher’s scientific output based on 
counting the number of publications (N) by that researcher cited N or more times 
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(Hirsch, 2005). For the total 302 papers, the h-index was 140, and the average citation 
per item was 153.61. 

 

 

Figure 1. Number of published top papers of Forestry category from 2010 to 2020 
 
 

Web of Science categories and research areas 

Each paper indexed by the WoS belongs to one or more subject categories. There 
were total 14 WoS subject categories and 11 research areas including Forestry 
categories (Table 1). Among these, the top six categories included Forestry (302 papers, 
100% of 302 papers), Agronomy (69, 22.848%), Meteorology Atmospheric Sciences 
(66, 21.854%), Plant Sciences (31, 10.265%), Ecology (23, 7.616%) and Environmental 
Studies (23, 7.616%). The top six research areas included Forestry (302 papers, 100% 
of 302 papers), Agriculture (73, 24.172%), Meteorology Atmospheric Sciences (66, 
21.854%), Environmental Sciences Ecology (46, 15.232%), Plant Sciences (31, 
10.265%) and Business Economics (31, 10.265%). Journals or papers may be classified 
into two or more categories in the WoS, showed the multidisciplinary character of this 
research field (Elango and Ho, 2018). In WoS, publications were also mapped to WoS 
categories which were more detailed than areas (Stopar et al., 2021). 

 
Core journals 

Based on JCR 2019 data (published in 2020), there were 68 journals of the WoS 
categories for Forestry. All the 302 publications were published in 35 journals and book 
series. The top 20 core journals were displayed in Table 2 with total articles each more 
than four top papers, Journal impact factor as IF 2019 and IF 5 year, rank and Quartile 
in Forestry category. 

The top 5 journals, top 10 journals, top 15 journals and top 20 journals published 
about 61.589%, 75.497%, 85.101% and 91.726% of the total top papers, respectively. 
The top five Journals are Agricultural and Forest Meteorology (66, 21.854%), Forest 
Ecology and Management (65, 21.523%), Forests (23, 7.616%), Tree Physiology (17, 
5.629%) and Forest Policy and Economics (15, 4.967%), each published more than 15 
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papers. Based on results of Table 2, among the top 20 journals, fourteen journals were 
in Quartile 1, six journals were in Quartile 2. White-Gibson et al. (2019) had also 
demonstrated the importance of publishing articles in the English language in a high IF 
journals. 

 
Table 1. WoS categories and research areas for forestry category during 2010-2020 

Rank 

WoS categories Research areas 

Categories 
No. 

papers 
% Total 
papers 

Areas 
No. 

papers 
% Total 
papers 

1 Forestry 302 100 Forestry 302 100 

2 Agronomy 69 22.848 Agriculture 73 24.172 

3 Meteorology atmospheric sciences 66 21.854 Meteorology atmospheric sciences 66 21.854 

4 Plant sciences 31 10.265 Environmental sciences ecology 46 15.232 

5 Ecology 23 7.616 Plant sciences 31 10.265 

6 Environmental studies 23 7.616 Business economics 15 4.967 

7 Economics 15 4.967 Urban studies 8 2.649 

8 Urban studies 8 2.649 Materials science 6 1.987 

9 Materials science paper wood 6 1.987 Genetics heredity 4 1.325 

10 Genetics heredity 4 1.325 Physical geography 3 0.993 

11 Horticulture 4 1.325 Zoology 1 0.331 

12 Geography physical 3 0.993    

13 Materials science textiles 1 0.331    

14 Zoology 1 0.331    

 
 
Table 2. Top 20 core journals on forestry category research indexed in the WoS 

Rank Journal TP Ratio IF 2019 IF 5year QC QR 

1 Agricultural and Forest Meteorology 66 21.854 4.651 5.142 Q1 2 

2 Forest Ecology and Management 65 21.523 3.17 3.581 Q1 5 

3 Forests 23 7.616 2.221 2.484 Q1 17 

4 Tree Physiology 17 5.629 3.655 4.33 Q1 4 

5 Forest Policy and Economics 15 4.967 3.139 3.085 Q1 6 

6 Journal of Vegetation Science 12 3.974 2.698 3.177 Q1 7 

7 Canadian Journal of Forest Research 8 2.649 1.812 2.162 Q2 25 

8 Urban Forestry Urban Greening 8 2.649 4.021 4.468 Q1 3 

9 Current Forestry Reports 7 2.318 4.972 5.115 Q1 1 

10 European Journal of Forest Research 7 2.318 2.451 2.581 Q1 12 

11 Forestry 7 2.318 2.293 3.036 Q1 14 

12 Journal of Forestry Research 6 1.987 1.689 1.475 Q2 31 

13 Journal of Plant Ecology 6 1.987 1.833 2.299 Q2 23 

14 Annals of Forest Science 5 1.656 2.033 2.758 Q2 21 

15 International Journal of Wildland Fire 5 1.656 2.627 2.939 Q1 9 

16 Applied Vegetation Science 4 1.325 2.574 2.903 Q1 10 

17 IAWA Journal 4 1.325 1.627 1.966 Q2 34 

18 Journal of Forestry 4 1.325 2.342 2.681 Q1 13 

19 New Forests 4 1.325 2.24 2.631 Q1 16 

20 Tree Genetics Genomes 4 1.325 2.081 2.262 Q2 20 

TP: Total publications; Ratio: Ratio of 302 (%); IF 2019: journal impact factor in 2019; IF5 year: 
journal impact factor of 5 years; QC: Quartile in Category; QR: Quartile rank of 68 journals in Forestry 
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According to the publication data in the citation of 35 journals, they all meet the 
thresholds of one publication, but only 23 journals were connected to each other. The 
network of citation in the field of Forestry category based on WoS was shown seven 
clusters with different colors in Figure 2, the size of circles reflected a total number of 
journal publication records. Journals in the same cluster usually suggested that they 
published the similar content papers and had close relations with each other. 

 

 

Figure 2. Network visualization maps of citation journals in the field of Forestry category 
based on WoS with 23 nodes and 7 clusters 

 
 

Authors co-authorship analysis 

In general, internationally collaborative articles had the highest visibility and 
scientific impact, followed by inter-institutional collaborative articles, single-country 
articles and single-author articles, respectively. A total of 1,567 authors had the 302 
publications, and 127 authors met the thresholds of two publications, but only 23 
authors were connected with each other. The network of authorship in the field of 
Forestry category based on WoS represented in Figure 3, the size of circles reflected a 
total number of records. Authors in the same cluster usually suggested that they studied 
in a similar field or worked at same institute or had close cooperation with each other. 

The detail of author information published articles in the field of Forestry category 
from 2010 to 2020 along with citation, average citations, organization-enhanced and 
countries were provided in Table 3. The top eight authors published more than four 
papers. Though we combined the same author with the different spell, but the total 
number of authors were calculated separately. Among the all authors, Bauhus, Juergen 
from Univ Freiburg of Germany gave the most 6 papers. 

The organization of the author was the latest institute. There were three authors from 
USA, the organizations were Colorado State Univ, Univ Washington and USDA FS; 
two authors from Germany, the organizations were Univ Freiburg and Tech Univ 
Munich; one author was from the Swiss Fed Inst Forest Snow and Landscape Res WSL 
of Switzerland; one author was from University of Kurdistan of Iran; one author was 
from Universidade Estadual Paulista of Brazil. The five authors with the higher average 
citations per paper were Forrester, David I., Pretzsch, Hans, Franklin, Bauhus, Juergen 
and Hessburg, Paul F., et al. 

 
Countries/regions co-authorship analysis 

There were 74 countries or regions that contributed 302 papers in the field of 
Forestry category from 2010 to 2020. Table 4 represented the top 20 countries or 
regions that published more than 10 papers, and the cluster, total link strength, 
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citations and average citations. Among the 20 countries, USA, Germany, Canada, 
France and Peoples R China were the major article contributors. In case of average 
citations, Spain, Italy, Switzerland, France and Australia showed the higher citations 
per paper. 

 

 

Figure 3. Network visualization map of top authors in Forestry category from 2010 to 2020. 
Cooperation based on co-authorship between authors. Network visualization map of authors 

with minimum productivity of two publications in the studied field and exist within a 
collaborative research group 

 
 
Table 3. The top eight most prolific authors published papers in the field of Forestry 
category from 2010 to 2020 

Rank Author Papers Citations 
Average 
citations 

Organizations Country 

1 Bauhus, Juergen 6 751 125.17  Univ Freiburg Germany 

2 Binkley, Dan 4 319 79.75  Colorado State Univ USA 

3 Forrester, David I. 4 698 174.50  Swiss Fed Inst Forest Snow and Landscape Res WSL Switzerland 

4 Franklin, Jerry F. 4 572 143.00  Univ Washington USA 

5 Hessburg, Paul F. 4 497 124.25  USDA FS USA  

6 Pretzsch, Hans 4 575 143.75  Tech Univ Munich Germany 

7 Shahabi, Himan 4 195 48.75  University of Kurdistan Iran 

8 Stape, Jose L. 4 319 79.75  Universidade Estadual Paulista Brazil 
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Table 4. Top 20 countries/regions publishing top papers in the field of Forestry category 
from 2010 to 2020 

Rank Countries/regions Records Cluster Total link strength Citations Average citations 

1 USA 122 2 223 23822 195.26  

2 Germany 55 1 223 7669 139.44  

3 Canada 47 2 117 10399 221.26  

4 France 45 3 181 10811 240.24  

5 Peoples R China 44 2 69 8921 202.75  

6 Australia 41 3 137 9748 237.76  

7 Italy 40 4 167 10443 261.08  

8 Switzerland 33 1 172 7957 241.12  

9 England 28 3 133 3799 135.68  

10 Spain 26 1 157 6963 267.81  

11 Austria 24 1 163 4302 179.25  

12 Sweden 23 1 111 2635 114.57  

13 Netherlands 20 3 119 3896 194.80  

14 Finland 19 4 66 2953 155.42  

15 Brazil 18 3 49 2611 145.06  

16 Czech Republic 18 1 86 2386 132.56  

17 Japan 15 2 61 2095 139.67  

18 Scotland 14 1 71 1953 139.50  

19 Denmark 10 1 47 1359 135.90  

20 Norway 10 2 39 948 94.80  

 
 
There were 32 countries or regions that met the requirement threshold as five. The 

size of circles in Figure 4 reflected a total number of records and the distance between 
the countries indicated the strength of relationships. The VOSviewer divided these 
circles into four clusters. The different colors group represented the different clusters 
formed by sets of countries. 

According to Figure 4, the first cluster consisted of fourteen countries or regions (red 
colour) including Russia, Spain, Switzerland, Austria, Portugal, Ireland, Scotland, 
Germany, Denmark, Poland, Czech Republic, Slovenia, Sweden and Belgium. The 
second cluster consisted of eight countries or regions (green colour) including South 
Korea, Canada, Peoples R China, USA, Japan, Norway, Iran and Malaysia. The third 
cluster consisted of seven countries (blue colour) including France, Australia, 
Netherlands, New Zealand, Estonia, Brazil and England. The fourth cluster consisted of 
three countries and regions (yellow colour) including Italy, Finland and Mexico. More 
cooperation could bring more advanced achievements in scientific research. Nowadays, 
increasing concept of international exchanges have promoted academic communications 
(Tang et al., 2018). 

 
Organizations co-authorship analysis 

A total of 694 organizations had the all 302 publications. Organization co-authorship 
analysis reflected the degree of communication between institutions as well as the 
influential institutions in this field (Reyes-Gonzalez, 2016). Table 5 represented the top 
twelve organizations and institutions ranked by the number of total publications (more 
than nine papers), the total link strength, citations, average citations and country. 
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Figure 4. The country co-authorship network of Forestry related top papers from 2010 to 2020. 
The country co-authorship network map with 32 nodes and 4 clusters, the bigger nodes 

represented the more influential countries in this field. The distance and thickness of links 
represented the degree of cooperation among countries 

 
 
Table 5. Top 12 organizations published papers in the field of Forestry category from 2010 
to 2020 

Rank Organizations Records 
Total link 
strength 

Citations 
Average 
citations 

Country 

1 US Forest Serv 28 22 4537 162.04  USA 

2 Chinese Acad Sci 17 7 2218 130.47  China 

3 INRA 14 14 3679 262.79  France 

4 Swedish Univ Agr Sci 14 19 1372 98.00  Sweden 

5 Univ Freiburg 14 14 1757 125.50  Germany 

6 Oregon State Univ 13 30 5413 416.38  USA 

7 Univ British Columbia 13 9 1444 111.08  Canada 

8 Univ Calif Berkeley 11 19 4930 448.18  USA 

9 Nat Resources Canada 10 8 1058 105.80  Canada 

10 Tech Univ Munich 9 13 1187 131.89  Germany 

11 Univ Copenhagen 9 12 1100 122.22  Denmark 

12 Univ Maryland 9 13 1015 112.78  USA 
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These twelve organizations were mainly based in USA (four organizations), 
Germany (two organization), Canada (two organizations), China (1 organization), and 
France (1 organization), Sweden (1 organization) and Denmark (1 organization). 
Furthermore, top five organizations of US Forest Serv, Chinese Acad Sci, INRA, 
Swedish Univ Agr Sci and Univ Freiburg were popular based on contribution of articles 
more than 14 papers each. Similarly, in case of citation, the top five organizations of 
Univ Calif Berkeley, Oregon State Univ, INRA, US Forest Serv and Tech Univ Munich 
showed the higher average citations more than 131.89 times per paper. 

Among the total 694 organizations, there were 29 organizations met the minimum 
thresholds of five, and connected to each other (Fig. 5). The VOSviewer software 
divided these 29 institutes into four clusters with different colors. Geographical 
localization is an important factor for partnership and joint venture. 

 

 

Figure 5. The organizations co-authorship network of Forestry related publications from 2010 
to 2020. The institutions co-authorship network map with 29 nodes and 4 clusters, the bigger 
nodes represented the more influential institution in this field. The distance and thickness of 

links represented the degree of cooperation among organizations 
 
 

All keywords co-occurrence analysis 

Figure 6 showed the network map that links the all keywords to the entire sample of 
the articles analyzed. Among all 2,776 keywords, only 115 keywords met the threshold 
level of more than five times included in the map. There were seven main clusters that 
represented different viewpoints on Forestry category research topics (Fig. 6). The top 
twenty co-occurrence keywords more than eleven times were climate-change, climate 
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change, drought, temperature, biodiversity, forest, growth, climate, model, remote 
sensing, vegetation, management, Scots pine, variability, diversity, Norway spruce, 
wildfire, area, biomass, conservation, Fagus sylvatica L., stomatal conductance, etc. 

 

 

Figure 6. VOSviewer co-occurrence network visualization mapping of most frequent all 
keywords (minimum of 5 occurrences) in Forestry. Co-occurrence network of all keywords 

included author keywords and keywords plus. Of the all 2,776 keywords, there were only 115 
keywords meet the threshold more than 5 times included in the map. After keywords analyzed, 

there were 7 main clusters that represent 7 different viewpoints on Forestry 
 
 
The same data were then arranged by a period of Forestry category research as 

overlay map (Fig. 7). Blue colors indicated earlier research topics, whereas, yellow and 
green colors indicated more recent topics of interest. The blue-colored topics did not 
indicate no longer research work on that topics. It usually indicated that, on average, 
this topic was intensely investigated earlier and now more attention had shifted towards 
other topics. Yellow and green circles presented those research fronts. 

Visualizations conducted on large datasets (big data) offer exploratory information 
on the current state in a scientific field or discipline as well as indicated possible 
developments in the future. Here, the keywords were list and ranked in each cluster 
based on Figure 6. 

The first cluster (Red) focused on dynamics and production of different forests, and 
included keywords as forest, Scots pine, Norway spruce, Fagus-sylvatica L., stomatal 
conductance, dynamics, carbon, Douglas-fir, spruce Picea-abies, net primary 
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production, temperate forests, water-use efficiency, beech Fagus-sylvatica, carbon 
sequestration, eddy covariance, elevated CO2, evaporation, nitrogen, photosynthesis, 
productivity, transpiration, trees, use efficiency, energy, European beech, Fagus-
sylvatica, long-term, Picea-abies, Pinus-sylvestris, etc. 

 

 

Figure 7. VOSviewer co-occurrence overlay visualization mapping of most frequent all 
keywords (minimum of five occurrences) in Forestry research from 2010 to 2020 

 
 
The second cluster (Green) represented the biodiversity of forests and forest 

management, and included keywords as biodiversity, diversity, conservation, ecosystem 
services, forests, impacts, policy, ecology, framework, patterns, rain-forest, tropical 
forest, bioeconomy, decision-making, forest management, landscape, responses, united-
states, adaptation, innovation, land-use change, species richness, etc. 

The third cluster (blue) focused on remote sensing for forest growth, and included 
keywords as growth, remote sensing, area, biomass, boreal forest, height, tree, forest 
inventory, forestry, models, UAV, aboveground biomass, airborne lidar, eucalyptus, 
lidar, reconstruction, cover, density, inventory, etc. 

The fourth cluster (yellow) represented temperature and vegetation model, and 
keywords included as temperature, model, vegetation, variability, modis, land-use, 
water, NDVI, trends, loess plateau, precipitation, time-series, carbon-dioxide, 
agriculture, China, leaf area index, phenology, satellite, yield, etc. 

The fifth cluster (violet) focused on climate change on forest, and included keywords 
as climate-change, climate change, drought, tree mortality, ecological restoration, forest 
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restoration, mountain pine-beetle, ponderosa pine forests, restoration, soil-moisture, 
mixed-conifer forest, spatial-patterns, etc. 

The sixth cluster (shallow blue) focused on risk classification, keywords were ranked 
as classification, risk, logistic-regression, machine learning, prediction, random forest, 
support vector machine, system, etc. 

The seventh cluster (orange) focused on the climate management, and keywords 
were climate, management, wildfire, impact, fire severity, weather, et al. 

 
The most frequently cited articles 

Citation analysis has been employed as a supplementary index to determine the 
impact of scientific studies, and to identify studies, researchers and the most renowned 
institutions dealing with the theme. Although a great many articles have been published, 
a relatively small number of individuals account for a large proportion of the citations 
within the period. The annual citations of the eight papers showed an increasing trend 
after year of publication (Fig. 8). The most citations eight papers were written by Allen 
et al. (2010), Lindner et al. (2010), Colwell et al. (2012), Richardson et al. (2013), 
Keenan et al. (2015), Rosenzweig et al. (2013), Way and Oren (2010), Sala et al. 
(2012). Here, the total citations for the most frequently cited articles were more than 
417 times. The time dependence of a single paper is called its history. In the beginning 
year (zero year here), generally the articles have lower citation because of same year of 
publication. 

 

 

Figure 8. Comparison of the citations per year of the most eight papers from their initial 
publications to May 1, 2021 

 
 
From the publication year to May 1, 2021, the average citation per year of the most 

citation eight papers were 296.92, 97, 102.6, 95.89, 82.29, 51.33, 37.92, and 41.7 times, 
respectively. From Figure 8, it can be found that the citation per year of the papers 
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increased till to 2020, but the increase rate was different each year. Among the eight 
articles, the highest average citation per year (296.92-blue color) was observed for 
article of Allen et al. (2010) published in Forest Ecology and Management (Fig. 8). 

Conclusions 

This study analyzed 302 top papers in the subject category of Forestry from 2010 to 
2020, which included 300 highly cited papers and 3 hot papers in the field. All papers 
were written in English, from 1,567 authors, 694 organizations and 74 countries or 
territories, published in 35 journals and book series in the field. The top five Journals 
were Agricultural and Forest Meteorology, Forest Ecology and Management, Forests, 
Tree Physiology and Forest Policy and Economics. The top five countries and regions 
were USA, Germany, Canada, France and Peoples R China. The top five organizations 
of US Forest Serv, Chinese Acad Sci, INRA, Swedish Univ Agr Sci and Univ Freiburg. 
Among the all authors, Bauhus, Juergen from Univ Freiburg of Germany gave the most 
6 papers. All keywords were separated seven clusters for different research topics. This 
work is also useful for student identifying graduate schools and researchers selecting 
journals. 
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Abstract. This study aimed to measure the root length and surface area of cabbage plants (Brassica 
oleracea L.) by using computer vision technology (RGB Camera). This investigation was conducted by a 
transdisciplinary team made up of researchers from the agronomy, environmental, electronic, and 
computer vision fields. Researchers from the first two fields were responsible for obtaining biofertilizers 
by applying beneficial microbial consortia to household organic waste; in addition, to planting cabbage 
seeds with different amounts of biofertilizer. The last two fields were responsible for developing a system 
that would measure root length and root surface area by using image analysis. As a result, plants enriched 
with 20% and 25% of biofertilizers showed better performance in root length. In comparison, these 
plants, compared to the control group had 63% more surface area root and were 61% longer root. These 
results show that biofertilizers should be applied in adequate amounts to obtain higher root length and 
surface area. This is important since plant roots absorb water and nutrients for plant development and 
these functions depend on the length of roots and fine roots. In addition, it should be emphasized that 
conventional root measurement techniques are time-consuming and provide inaccurate data. This research 
presents a methodology where computer vision technology is applied to optimize the measurement 
process, providing accurate data in less time. 
Keywords: biofertilizers, root length, root surface area, beneficial soil microorganisms, camera 

Introduction 

Due to global population growth, efforts to increase food production are imperative in 
order to meet constant food demand. Though the roots of plants – which absorb water and 
soil nutrients needed for plant development and crop performance – play a fundamental role 
in agricultural production, they are sometimes undervalued. Although even today there are 
different criteria about roots measurement, Novoplansky (2019) affirms that until recently 
the study of roots has been neglected, despite its importance for plant life. 

Roots secrete metabolites into the rhizosphere (the soil zone around the roots, which 
is also known to reserve microorganisms (Gouda et al., 2018) that fulfill primary 
functions in plant nutrition) intervening in several processes (Vives-Peris et al., 2019). 
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Chemical fertilizers are used to improve plant development and performance; however, 
their permanent use represents an important economic outlay, and their indiscriminate 
use affects the soil and the environment. 

To replace chemical fertilizers, one of the greatest gifts that nature offers are 
biofertilizers; they are composed of microorganisms that benefit the supply of 
nutritional elements to plants, therefore, contributing to improve their development and 
regulate their physiology (Kumar et al., 2018). Microbial biofertilizers are considered 
an alternative to chemical fertilizers, due to their high potential to enhance agricultural 
production (Mahanty et al., 2017) and preserve crop productivity, by efficiently using 
fertilizers without affecting the environment, which is key to agricultural systems 
(Paungfoo-Lonhienne et al., 2019) and sustainable development 

The application of bioinoculants, with fertilizing properties, to soil has attracted great 
interest in recent times due to the environmental and economic advantages they provide 
and also due to their impact on the rhizosphere. Biofertilizers arise as potentially eco-
friendly products that benefit agricultural crop production. They are applied in seeds or 
to the soil, improving nutrient availability, thus enhancing the growth and yield of 
cultivated plants (Bisht et al., 2016). 

Automation and computer vision technology are viable options to be used in agriculture 
for studying the phenology of plants and crop yield precisely, as well as for time and 
resource optimization. Root size measurements have varied over the last decades, each 
quantification method has evolved in measurement reliabilities and the variation between 
results (Judd et al., 2015). Basic methods as drawing roots (Weaver et al., 1922), window 
(Böhm, 1979) trench (Schuurman and Goedewaagen, 1965), and currently in the last four 
decades using cameras (Ottman and Timm, 1984; Villordon et al., 2012; Wang et al., 2019) 
have made it possible to facilitate and improve the quantification of roots. Quantification 
using cameras, despite reducing the time required for measurement and avoiding human 
subjectivism, still takes considerable time when it comes to quantifying studies with 
repetitions. It is necessary to automate the process so that several measurements can be 
executed serially, reducing the measurements time. In addition, it is important to reduce 
costs by using Opensource software and low-cost hardware. 

Cabbage (Brassica oleracea L.), an important element in people’s diet, is part of a 
wide variety of vegetable plants that are cultivated locally. However, there is not 
enough research that focuses on the study of cabbage roots. Traditional methods applied 
have provided inaccurate data due to manual registration systems. The accuracy in 
measuring the characteristics of the root system is important for plant phenotyping (Van 
Dusschoten et al., 2016). Roots are responsible for water and nutrient absorption: 
processes required for photosynthesis and agricultural production (Tracy et al., 2020). 

By means of technology, agriculture can be enhanced through automation for small 
field farming, allowing to achieve high precision, efficiency, and low costs (Tian et al., 
2020). In agriculture, artificial intelligence becomes a key technique for solving 
different problems (Bannerjee et al., 2018); it is considered to be a feasible solution to 
increase food production for a constantly growing population (Zha, 2020). It is possible 
to improve the growth and performance of plants by mixing biofertilizers. Therefore, it 
is important for farmers to know the synergistic effects of these bioinoculants (Agarwal 
et al., 2018), relying on modern measurement and quantification techniques. 

This research aimed to determine the length of roots of cabbage plants, by means of 
digital cameras, in order to know the effect of biofertilizers on root growth. 
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Materials and methods 

This research was carried out in four stages: (i) producing biofertilizers with 
household organic waste by applying beneficial microbial consortia, (ii) planting 
cabbage seeds with different amounts of fertilizer; iii) developing a system for 
measuring root length and surface area by means of images and iv) measuring root of 
cabbage plants. 

In the first stage, beneficial microorganisms were obtained from the phyllosphere of 
the lemon verbena plant (Aloysia citrodora). All samples were obtained from the aerial 
region of the plant. Beneficial microbial consortia were obtained from the parts of the 
plants collected, through a fermentation process. At the same time, household organic 
food waste was collected, that is, vegetable waste. Organic waste was composted by 
applying beneficial microorganisms. Likewise, vermicompost of organic waste was 
carried out by applying beneficial microorganisms and using Red Californian 
Earthworms. Polystyrene boxes of 0.40 m × 0.30 m × 0.32 m were used in both 
processes. In the particular process of vermicomposting, 1 kg of earthworms was added 
to organic waste and vermicompost was obtained after 90 days. In addition, beneficial 
microbial consortia were applied, once a week, during the process. In contrast, 
composting was carried out under aerobic conditions, controlling humidity and 
temperature, for a period of 90 days as well. Beneficial microbial consortia were applied 
once every 15 days to moisten the substrate. The resulting material from both processes 
was black and smelled like petrichor. Finally, 5 kg of compost and 5 kg of 
vermicompost were mixed in a thoroughly cleaned container, in equal proportions, 
obtaining the desired biofertilizer. Figure 1 shows the entire process. 

 

 

Figure 1. Process for biofertilizer production 
 
 
In the second stage, cabbage seeds (this plant type was selected because it is a 

traditional crop in our environment) were planted in seedbeds made with cups. In each 
cup, 100 g of commercial peat (material used for rooting) and different concentrations 
of biofertilizer were added. These cups were holes in the bottom to ensure adequate 
drainage. Biofertilizer was not applied to one treatment for control purposes. A 
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randomized complete block design was applied. Seven treatments and four repetitions 
were carried out. Table 1 shows the different treatments and the percentage of 
biofertilizer added. 

 
Table 1. Treatment details 

Treatment Biofertilizer percentage % 

T1 0  

T2 5 

T3 10 

T4 15 

T5 20 

T6 25 

T7 30 

 
 
The seeds were sown in the city of Gualaceo, Ecuador (2°53’10.4”S 78°46’45.2”W). 

Planting schematization and climatic factors can be seen in Figure 2. 
 

 

Figure 2. Treatments performed with different amounts of biofertilizer 
 
 
For developing the measurement system, the third stage was divided into three sub-

stages: (a) defining a methodology for taking photographs of cabbage roots; (b) 
developing an aberration correction algorithm; (c) developing root length and surface 
area measurement algorithm using digital cameras. 

a) The system was composed of a Samsung Galaxy S7 Edge cellphone with a 
digital camera, with a 12 MP (f1.7) resolution and optical image stabilization. 
The phone was placed over a desk using a cellphone holder, aiming to position 
the phone in such a way that the image would be framed within a black 
construction paper, in order to reduce perspective distortion. This system can 
be seen in Figure 3. 
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In this stage, the roots were cleaned and exposed. The plants were grown in 
disposable plastic cups, which allowed for their easy extraction. The plants –
and soil– were soaked in a bucket filled with water for one day; any traces of 
soil in fine roots were washed. Once the fine roots were clean, they were 
placed over black construction paper for measuring. 

 

 

Figure 3. Methodology outline for photographing 
 
 

b) The development of the algorithm for cabbage root length and surface area 
calculation was divided into five stages: first, obtaining the images in an RGB 
format by means of a camera; second, correcting perspective distortion; third, 
selecting pixels that correspond to the roots, by means of thresholding; fourth, 
counting the number of pixels of the region of interest; and fifth, calibrating the 
pixel/cm ratio to determine the perimeter and surface area. The outline 
proposed can be observed in Figure 4. 

 

 

Figure 4. Schematization of the development of an algorithm used for cabbage root size 
quantification 
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c) For this process, a ratio that could quantify the pixels per a given metric, within 
the image, was defined. This is known as pixels per metric ratio. It should be 
noted that first, the imaging (knowledge of its intrinsic and extrinsic 
parameters) and distortion correction systems were pre-calibrated. After pre-
calibration, calibration was carried out using a reference object: size A4, black, 
construction paper. This reference object had all the required attributes: its 
dimensions (width and length) were known in centimeters and it could be 
easily identified by its shape. 

 
For the statistical analysis, the graphical method proposed by (Tukey, 1977) called 

box-and-whisker graph will be used. This shows a statistical summary of median, 
quartiles, range, and possibly extreme values. Additionally, the variation proposed by 
(Altman, 1990) (McGill et al., 1978) will be calculated including confidence intervals 
for the median is provided by means of notches surrounding the medians. Finally, 
through moving average trend lines of consecutive observations, fluctuations in the data 
can be smoothed to see the pattern or trend more clearly. 

Results 

As previously detailed in the materials and methods section, this research was 
developed in four stages, which were carried out to successfully achieve the proposed 
objective. The results of each stage are detailed in the following subsections. 

 
Biofertilizers production 

The lemon verbena plant (Aloysia citrodora), cultivated in our environment, was 
used to obtain beneficial microbial consortia. The concentration of microorganisms in 
colony-forming units per milliliter of solution (CFU/mL), is presented in Table 2. 

 
Table 2. Composition of beneficial microbial consortia 

N° Microorganism CFU/mL  

1 Acinetobacter sp.  0.34298 

2 Aeromonas sp.  129.475 

3 Alcaligenes sp.  28.472 

4 Bacillus cereus  202.941 

5 Bacillus subtilis  121.231 

6 Candida sp.  0.98246 

7 Clostridium sp.  190.928 

8 Lactobacillus spp.  0.39875 

9 Listeria monocytogenes  0.45922 

10 Micrococcus sp.  213.476 

11 Pseudomonas aeruginosa  0.6439 

12 Pseudomonas fluorescens 0.27424 

13 Pseudomonas putida  162.572 

14 Saccharomyces cerevisiae  274.925 

15 Salmonella sp.  0.29289 

16 Yarrowia lipolytica  123.827 
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The process began by cutting off the leaves of the plant. This can be seen in 
Figure 5a. The leaves were taken to the laboratory of the Postgraduate Leadership of 
the Catholic University of Cuenca to obtain beneficial microbial consortia by anaerobic 
fermentation. The final product can be seen in Figure 5b. At the same time, researchers 
collected organic waste from their homes. By a visual inspection, it was determined that 
most of the waste consisted of food waste. Once 20 kg of organic waste were collected, 
compost was prepared by inoculating it with previously obtained beneficial 
microorganisms. This can be seen in Figure 5c. Similarly, in a separate box, 
vermicompost was made by applying 1 kg of Red Californian Earthworms (Eisenia 
foetida) to the waste and inoculating it with beneficial microorganisms. As already 
detailed in the previous section, both composts were prepared in polystyrene boxes of 
0.40 m × 0.30 m × 0.32 m. This can be seen in Figure 5d and e. Both processes were 
performed in ninety days. The composting process was checked and inoculated every 
8 days with a liquid substrate enriched with beneficial microorganisms, which helped 
the process and kept the substrate moist. In contrast, the vermicomposting process was 
checked and inoculated every 7 days with the same liquid substrate, enriched with 
beneficial microorganisms. This can be seen in Figure 5f and g. The resulting material 
was black, smelled like petrichor, and met the stability characteristics. Finally, a 
biofertilizer was produced by mixing compost and vermicompost, in a 5 kg of compost 
and 5 kg of vermicompost ratio. Figure 5h shows the final result. 

 
Seed planting in different treatments 

Cabbage seeds were planted in seedbeds made with disposable plastic cups. Such 
containers were selected to facilitate plant removal. Each cup contained 100 g of 
commercial soil with different concentrations of biofertilizer (see Table 1). Plants in 
their seedbeds can be seen in Figure 6. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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(e) 

 
(f) 

 
(g) 

 
(h) 

Figure 5. Stages in biofertilizer production: (a) Selection of phyllosphere microorganisms; (b) 
Liquid solution with beneficial microorganisms; (c) Organic waste in the composting process; 

(d) Vermicomposting with earthworms; (e) Compost under aerobic conditions; (f) 
Vermicompost; (g) Inoculation with beneficial microorganisms; (h) Biofertilizer 

 
 

 
(a) 

 
(b) 

Figure 6. Cabbage seedbeds: (a) One week after planting; (b) Four weeks after planting 
 
 

Measurement system 

In this stage, the plants were removed from their seedbeds and soaked in a bucket 
filled with water, for one day. Once the soil was loose, any remaining soil was washed, 
cleaning the roots completely, leaving white fine roots exposed. Next, photographs were 
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taken; fitting the image within the black construction paper, providing high color 
contrast. This was useful for the segmentation of the photographed roots performed in 
the following stage. This can be seen in Figure 7. 

 

 
(a) 

 
(b) 

Figure 7. Preparation and cleaning of cabbage roots: (a) Plant removed from its seedbed; (b) 
Plant exposing its roots after being washed 

 
 

Root measuring 

The development of the algorithm for calculating the root length and surface area of 
cabbage plants was carried out by using the Python programming language and the 
OpenCV library. The first step was analyzing the RGB images, which were previously 
labeled according to the treatment. Once the analysis was completed, perspective 
distortion was corrected and the thresholding technique was applied to select the pixels 
that corresponded to the roots. The stem and leaves were removed from the image for 
they had white shades. This task was easily performed by means of a visual assessment 
that allowed to identify the parts. This can be seen in Figure 8. 

 

 
(a) 

 
(b) 

Figure 8. Image processing: (a) Perspective distortion correction; (b) Root selection by 
thresholding 
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The pixels of the selection are quantified. The extract is the total area of the 
background image and the exact root surface area has to be calculated. With a scale of 
136.678 pixels/cm and a root pixel count of 437,878 pixels, the root surface area is 
23.439 cm2. 

Measurement results can be analyzed by multiple comparisons, which would allow 
to visualize differences between subgroups of the percentage of added biofertilizer and 
measurements obtained. This can be seen in Figure 9a and b. Likewise, this information 
is presented in Table 3. 

 

 
(a) 

 
(b) 

Figure 9. Root length and surface area comparison between plant samples with different 
contents of biofertilizer using notched box plots: (a) Surface area and (b) Perimeter 

 
 
Finally, an analysis is presented in Figure 10 showing consecutive observations of 

both measured variables. A moving average trendline has been traced, for each variable, 
to smooth out the fluctuations in data, allowing for the pattern or trend to be observed 
more clearly. 
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Table 3. Treatment measurements 

Treatment n 
Surface area cm2 Length cm 

Mean Median Mean Median 

(T1) 0% 4 15.62 14.22 14.71 13.82 

(T2) 5% 4 22.78 22.31 17.60 17.11 

(T3) 10% 4 24.11 25.68 17.67 17.21 

(T4) 15% 4 23.18 23.46 19.25 19.91 

(T5) 20% 4 24.30 25.16 24.10 26.15 

(T6) 25% 4 24.78 25.29 20.04 16.88 

(T7) 30% 4 20.94 20.16 21.67 20.39 

 
 

 

Figure 10. Root length and surface area comparison between plant samples with different 
contents of biofertilizer using a multiple trendline graph 

 
 

Measurements comparison 

In order to verify the measurements using the proposed method, these measurements 
were compared with the measurements made using the imageJ program (image 
processing program designed for scientific images). Image processing time was longer 
with this software but it allowed us to observe the accuracy of our measurements. For 
this, the Bland-Altman method quantifies the mean difference between both methods, 
see Figure 11. 

The differences between estimates both methods were plotted against the averages of 
both systems for length and area, Figure 11a and b, respectively. Means are represented 
by dotted lines; 95% limits of agreement (±1.96 SD) are represented by dashed lines on 
the plots. Specifically, the mean biases were 0.001 cm with 95% limits of agreement -
0.015 to 0.0017 cm for the length and 0.001 cm with 95% limits of agreement -0.013 to 
0.015 cm for the area. The standard deviation of the residuals is 0.008 cm for length and 
0.007 cm for area. 
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Figure 11. Bland-Altman plot showing the level of agreement between proposed method and 
imageJ Software: (a) length measurement and, (b) area measurement 

Discussion 

The application of biofertilizers benefits the root growth of crops. Several studies 
have previously determined benefits in the morphological characteristics of plants by 
using conventional measuring methods such as counting the number of leaves, 
measuring stem length and diameter, and measuring root length manually; thus, 
requiring a considerable amount of work and time, and yielding inaccurate results. This 
study seeks to provide a different approach: establishing a framework for measuring 
root length and surface area by means of technology. Applying and improving the 
proposal for the semi-automatic quantification of root growth of seedlings growing 
directly in agar plates (Betegón-Putze et al., 2018) as a reference for performing 
measurements outside a laboratory. This research aimed to quantify the root growth of 
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seedlings, yielding accurate and rapid results on root development of plants that have 
been rooted in substrates with different contents of biofertilizer. Thus, the perimeter, 
surface area, and length of fine roots were obtained by means of image analysis. 

Today, biofertilizers are used by farmers to enhance nitrogen fixation capacity. 
Several studies highlight that vermicompost can improve soil fertility physically, 
chemically, and biologically (Lim et al., 2014; Chatterjee and Debnath, 2020). It is also 
stated that vermicompost benefits crop growth and yield (Chatterjee R., Debnath A., 
2020), increasing soil quality and plant performance (Zuo et al., 2018). Based on all 
these scientific statements, this research demonstrates, in a precise manner and by using 
software as a measuring tool, that biofertilizer application improves root length and root 
surface area of plants. 

It is important to note that all plants inoculated with biofertilizers showed higher 
root growth compared with the control group. Thus, showing a larger root surface 
area: 45.8% (T2 vs T1), 54.4% (T3 vs T1), 48.4% (T4 vs T1), 55.6% (T5 vs T1), 
58.6% (T6 vs T1) and 34.1% (T7 vs T1). Similarly, plants with biofertilizers showed 
longer roots: 19.6% (T2 vs T1), 20.1% (T3 vs T1), 30.9% (T4 vs T1), 63.8% (T5 vs 
T1), 36.2% (T6 vs T1) and 47.3% (T7 vs T1). This can be seen in Figure 9a and b, 
where highly significant differences between treatments are evident. The application 
of compost and vermicompost substantially improves soil health, microorganism 
diversity, nutrient availability (Goswami et al., 2017), root growth, and organ 
development in plants. In addition, the inoculation with microorganisms fulfills 
fundamental functions in the rhizosphere. One study showed that bagasse compost, 
prepared with microorganisms, significantly improved the morphological 
characteristics of sorghum plants (Gopalakrishnan et al., 2019). These results are 
consistent with (Nascente et al., 2017), who claims that microorganisms enhance 
yield, promoting plant development by increasing phytomass, photosynthesis, and 
nutrient absorption. It is also important to highlight several particularities found in this 
study. First, the amount of biofertilizer seems to have a different influence on root 
length. Although plant containers were 10 cm high, the roots of plants inoculated with 
20% of biofertilizer reached an average length of 24.10 cm and a median of 26.15 cm; 
followed by plants inoculated with 30%, 25%, and 15% of biofertilizer, where the 
roots reached an average length of 21.67 cm and a median of 20.39 cm in the first 
case; an average length of 20.04 cm and a median of 16.88 cm in the second case; and 
an average length of 19.25 cm and a median of 19.91 cm in the third case. While it 
might seem confusing, it is important to analyze Figure 9b where it can be observed 
that plants inoculated with 15% of biofertilizer have a higher grouping in the upper 
quartiles, thus the notches define an upper trend. This would affirm that, in order to 
obtain better plant yield, the concentration of vermicompost must be applied in 
moderation (Lim et al., 2014). The second particularity observed is how the amount of 
biofertilizer influences root surface area. Plants inoculated with 25% of biofertilizer 
reached an average surface area of 24.78 cm2 and a median of 25.29 cm2; followed by 
plants inoculated with 20%, 10%, and 15% of biofertilizer, where the roots reached an 
average surface area of 24.30 cm2 and a median of 25.16 cm2 in the first case; an 
average area of 24.11 cm2 and a median of 25.68 cm2 in the second case; and an 
average area of 23.18 cm2 and a median of 23.46 cm2 in the third case. Vermicompost 
improves soil water retention as well as plant growth regulator production (Gupta et 
al., 2019), which influence root development. It can be seen in Figure 9a that the 
notches define a higher trend for all these cases. 
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It could be stated that biofertilizer content between 15% and 25% is important. This 
can be observed in Figure 10, where trend lines of both length and surface area show an 
upward tendency in the range defined above. While this does not fully agree with 
Ahmadpour and Armand (2020), the results are similar. They recommend the 
application of compost and vermicompost in a ratio of 30% of the total soil weight to 
improve the physiological and morphological characteristics of tomato plants under 
greenhouse conditions. First, it is a different crop and the methodology they used may 
differ in results, since in the cleaning stage there was an involuntary loss or separation 
of root segments. In addition, these involuntary losses could also have occurred in the 
drying stage. In addition, they produce biofertilizers with a discretization of more than 
0%, 10%, 20%, and 30%. In the present study, the amount of biofertilizer is discretized 
in 5% increments. In any case, it is clear that an adequate addition of biofertilizer 
increases root length and fine roots. It would be important to further demonstrate that 
the appropriate proportion of vermicompost allows for the development of thicker roots 
as Esteves et al. (2020) claim. This is planned to be developed with another type of 
plant in a future investigation. The use of artificial intelligence in agriculture changes 
the way it is currently practiced (Dharmaraj and Vijayanand, 2018). 

Finally, in Figure 12, a table with photographs of plants before soil removal can be 
observed. This analysis was not included in the results since, initially, it was not 
intended to measure visible fine roots for they were attached to the walls of the seedbed. 
Nevertheless, it is important to observe that the results visually agree with the 
projections estimated in Figure 10. The next research will be carried out with a larger 
sample and each plant will be photographed four times, every 90 degrees, in order to 
measure, with computer vision technology, the number of fine roots visible once they 
are removed from their seedbeds. 
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Figure 12. Root growth comparison between plant samples with different contents of 
biofertilizer before removing the soil 

Conclusions 

Microbial load fulfills essential functions in the rhizosphere. In order to achieve 
better root and root surface area development, it is important to add adequate amounts 
of biofertilizer; adding more than what is needed does not guarantee better 
development. The application of biofertilizers, enriched with beneficial 
microorganisms, benefits root development and plant growth. In addition, it improves 
soil characteristics, moisture retention, and nutrient availability. Vermicompost and 
compost together play an important role in water retention, nutrient supply, and soil 
characteristics. Mixing both materials with beneficial microorganisms (biofertilization) 
favors root length and root surface area. This research shows highly-accurate 
measurement results obtained by using computer vision technology. This also 
demonstrates that Python and OpenCV library are tools that can be used by the research 
community within the field of agricultural engineering to carry out high-performance 
experiments in less time. The use of non-destructive methods in real-time are the future 
research works, as detailed previously, in the discussion section on the visible roots 
attached to the walls of the seedbed. Additionally, this methodology is being tested in 
other crops in the study region, such as corn, wheat, among others. 
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Abstract. Microplastics (MPs) present in aquaculture farms represent a big issue globally due to their effect 
on human health. Both vertebrates and invertebrates have been found to ingest microplastics in coastal 
areas. However, in Vietnam, the impact of microplastics on aquaculture farms is not yet well understood 
because there has been no research on the presence of microplastics in local clam species even though they 
are a common food safety concern. This study aimed to understand the ingestion of microplastic 
contamination in local clam samples of two species (Meretrix lyrata and Tapes dorsatus) from household 
aquaculture farms. In this study, a total of 182 particles consisting of fibers (67%) was separated and the 
EVA (18%) was identified. Furthermore, the number of MPs was correlated with the clam’s weight and 
soft tissues during the sample taking. In terms of the distribution of the MPs, efficient management of 
environmental pollution should be considered in the coastal areas as it is so crucial for human seafood 
consumption in the long-term future. 
Keyword: aquaculture, coastal areas, farming, local clam, species 

Introduction 

In the marine environment, microplastics of all types are rapidly proliferating. At the 
same time, society makes ever-increasing demands on the aquatic environment, such that 
the environmental resource management practices of the past need to be reconsidered 
(Narmatha Sathish et al., 2020a., Strady et al., 2020., Groesbeck et al., 2014). The effect 
of the persistent plastic contamination on the environment cannot simply be ignored (Hall 
et al., 2015). A growing body of research shows plastic is ubiquitous globally (McNeish 
et al., 2018) and plastic contamination in the marine environment has gained intensive 
consideration (Wu et al., 2020). There is no doubt that microplastic is potentially harmful 
to all marine life forms that ingest it. Many researches into microplastic ingestion run 
short-term investigations in areas where plastic pollution has exponentially grown (Azad 
et al., 2018; Beer et al., 2018; Pradit et al., 2020, 2021). Furthermore, during the MPs 
progress of marine species, these particles can enter the cycling of the food web 
(Bergmann, 2009). Furthermore, marine plastic contamination also affects the society, 
economy (Wu et al., 2020), ecology, and biology (McNeish et al., 2018; Botterell et al., 
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2019; Wu et al., 2020). Marine organisms like the clam species are greatly exposed to 
microplastic pollution even though they have constituted an important part of the 
everyday seafood produce sold in local and international markets from ancient times, 
today the clam species are contaminated because of their exposure to microplastic 
pollution from phytoplankton that have attached to minute particles of plastic found 
throughout the world’s oceans. It may affect on human health when they eat polluted 
clams (Botterell et al., 2019). 

Microplastics are widely scattered in all marine environments (Rillig et al., 2017; Wu 
et al., 2020). The size of microplastic particles is from 5 mm to 0.1 µm (Lippiatt et al., 
2013; Rillig et al., 2017). Furthermore,  plastics of different sizes enter the marine 
environment as particles up to 5 mm in length (Arthur et al., 2009) with larger pieces 
broken up through physical and mechanical fragmentation (Li et al., 2020). Microplastic 
debris proliferates, migrates, and accumulates in natural habitats and is scattered on the 
ocean surface (Ivar and Costa, 2014; McNeish et al., 2018). For instance, fish can transfer 
microplastic particles to greater trophic levels and humans from zooplankton and 
phytoplankton (Wu et al., 2020). Even, some inedible parts of fish used in aquaculture or 
pig raising could be used as feed material for other animals. As a result, the microplastic 
particles could be continually spread through food as a health hazard (Botterell et al., 
2019). 

Carpenter et al. (1972) predicted that microplastic contamination would influence 
several forms of ecosystems and organisms. The microplastic particles are easily broken 
down by many marine organisms through the ingestion process (Botterell et al., 2019). 
Therefore, there is a speedily developing awareness of general marine and plastic 
pollution (Beer et al., 2018). There has been some research on microplastic contamination 
in the digestive tracts of commercial fish (McNeish et al., 2018; Wu et al., 2020), 
earthworms in soil (Rillig et al., 2017), Pacific Oyster Larvae (Cole and Galloway, 2015), 
Zooplankton in the Northeast Pacific Ocean (Desforges et al., 2015), seafood (Chen et 
al., 2020), and the mussel, Mytilus edulis (Browne et al., 2008). Recently, some 
researchers have also expressed concern about the clam gardens on the northwest coast 
(Groesbeck et al., 2014). However, up to now, there have been few studies on 
microplastics in Vietnam. Furthermore, as yet, none of the studies have focussed on 
microplastic contamination in clams (Meretrix lyrata and Tapes dorsatus) anywhere. 

There are two clam species: the Meretrix lyrata species in Nam Dinh province and the 
Tapes dorsatus species in Quang Ninh province on intertidal beaches along the coastal 
waters of North Vietnam (Baechler et al., 2020). Vietnamese government has issued many 
policies to encourage clam aquaculture based on the situation of coastal zones. 

 The clam species is not only valued as a chief traditional food value and popular 
seafood (Li et al., 2015), but is also valued as an essential form of income for the coastal 
communities. Historically, these species are the main traditional food and an essential 
source of income for aquacultural farming members (Crosman et al., 2019). 

To better understand the pollution in farming (clam species), the objective of this study 
is to perceive the occurrence of microplastics in clam species from coastal commercial 
aquaculture. Furthermore, the relationships between different kinds of plastic particles in 
the tissues of and biological features of clam will be examined. 
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Materials and methods 

Study area 

The study was implemented on one oceanic region in Ban Sen commune (latitude 
20°58’ N and longitude 107°27’’E), Van Don district, located on the edge of Quang Ninh 
province in the northeast of Vietnam, near the world heritage area of Ha Long Bay (Fig. 
1). Ban Sen commune has access to diverse aquatic life such as a variety of pelagic fish 
and clams. It also has  other aquacultural resources. Recently, aquaculture has mainly 
focused on clam production as the main source of income for this area. There are around 
150 households with 2.600.000 clam cages. In the last year, the production of aquatic 
products (clams and oysters) in the commune was estimated at 2.250 tons. 
 

 

  

Figure 1. Location map of studied areas 
 
 

Giao Thien commune, that is close to Xuan Thuy national park, is one of the nine 
Ramsars of Vietnam located in the ocean areas (latitude 20°16’ N and longitude 
106°32’’E) (Fig. 1). Local people have aquaculture farms along the coast. There are 
around 350 households (of a total 8.250 local households) that have been working in 
aquacultural production, producing 1.360 tons of seafood from 320 ha, which provides 
the main income. 
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Sample collection 

Clam species are sampled from the aquacultural farms in the coastal waters of two 
locations, Ban Sen and Giao Thuy communes, in Quang Ninh (QN) and Nam Dinh (ND) 
provinces respectively. Clam samples were randomly collected from locations such as: 
1-year (latitude 20°02′N; longitude 107°28′E) and 2-year (latitude 21°02′N; longitude 
107°28′E) in Ban Sen; 1-year (latitude 20°12′N; longitude 106°34′E) and 2-year in Giao 
Thuy commune during August 2020 and February 2021 from an average sea depth of ~12 
m (Hall et al., 2015). The clams were brought up by using local skin-divers from the 
commune. Information on clam aquaculture from farming households in the location were 
noted. There were sampling clam group (2 sites*10 sample groups = 20; total 20*10 = 
200 sample clams) across all sites of Ban Sen commmune (Meretrix lyrata) and Giao 
Thuy commune (Tapes dorsatus). At each of the exposed intertidal sandy beaches clam 
specimens were transferred to the laboratory in an icebox (Li et al., 2018). 

Sampling condition control 

The clam samples were carefully cleaned, iced, and transported back to the Faculty of 
Environment, University of Science, Vietnam National University-Ho Chi Minh and 
stored under laboratory conditions from 2-4 weeks for analysing (Hue et al., 2018a). After 
a thorough washing with clean water, the clams were weighed and their lengths were 
measured, and they were then left in the refrigerator (Fig. 2). Each clam was measured in 
terms of  age, and the location where it was found (Fig. 3) was recorded. The collected 
samples were held in a styrofoam case with sufficient ice and transported to the laboratory 
where they were quickly frozen and maintained at -19°C in the refrigerator (Cole and 
Galloway, 2015) to keep the stable sampled clams from decomposing until  they were 
further needed (Azad et al., 2018) (Fig. 2). The tissues of 10 samples were randomly 
packed together as one sample (Narmatha Sathish et al., 2020) that were put into pouches 
made of aluminium foil ( Li et al., 2018). The sampled clams from the refrigerator were 
slowly defrosted and  thoroughly rinsed with clean water to remove sand and impurities 
from their bodies . 
 

  

Figure 2. Samples in electric refrigerator Figure 3. Measurement of samples 
 
 
Chemical treatment 

Clam samples were allowed to defrost for 2 h at normal temperature. The soft tissues 
of the clams on the cutting board were carefully separated from the shells with a knife, 
and the wet weight of each specimen was recorded (Narmatha Sathish et al., 2020) 
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(Fig. 4). In brief, the soft tissues were washed with distilled water to separate the natural 
debris on the outside prior to working with the clams (e.g., sand, algae, and coral) (Li et 
al., 2018; Oceanography et al., 2018). The soft tissue was cut into 6-8 small pieces and 
put into Onelab 100 ml glass tubes (1 ml Ex 200C +-1 ml) for determining volume. The 
tissue was decomposed with Potassium hydroxide (KOH 10%; 3 x tissue volume) in an 
ED115 convection oven at 560C for a period of 48 h (12 h shaking-time) until a clear 
solution formed (Narmatha Sathish et al., 2020). 

Floatation and filtration 

After the tissue was decomposed in KOH in the electric oven and was washed in 
distilled water, all the rotten soft tissues were filtered through a 53 µm sieve and put into 
a WERTLAB GERMANY glass tube with 100 mL of a mixture of NaCl (1.2 g/ml) and 
ZnCl2 (1.8 g/ml) (d=1.5 g/cm3) for 24 hours to float the MPs. The filter paper (Glass 
microfiber filters) was weighed (Fig. 4). The floating residue was filtered through the 
filter paper with distilled water, using a Rocker 300 vacuum pump with the following 
settings: 105 m/bar, maximum flow rate, 20-23 liters/min, Rotation speed 1750 RPM, 
horsepower 1/8 HP, noise level 50 dB, and a voltage of 110 V/60 Hz and 220 V/50 Hz, 
was used to dry the filter paper at 560C (Fig. 5). 
 

  

Figure 4. Weight of soft clams Figure 5. The soft clams in the ED115 
autonomic oven 

 
 
Extraction of microplastic  

The particles in the glass microfiber filter papers were examined using a USB Digital 
Microscope with 300x magnification and a 5M pixel image sensor connected to the 
computer. A visual assessment was made to identify the types of microplastics according 
to the physical characteristics of the particles (Li et al., 2015). The MP particles (size 
>0.25 mm) were removed to the diamond surface of FTIR-ATR by forceps, to investigate 
the polymer characters (Li et al., 2015). Furthermore, some MPs were identified using 
micro-Fourier Transformed Infrared Spectroscopy (FT/IR-6600 FT-IR made in Japan). 
The spectral resolution was in the range of 497.544 – 4003.5 cm-1 for the samples (Fig. 6). 

Statistical analyses 

In this study, microplastic particles refer to visually identified fibres, and there were 
few particles as plastic types (Baechler et al., 2020). Data collected on background 
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characteristics of the sampled clams and microplastic particles were analysed in the 
Statistical Packages for Social Science (SPSS) version 20.0 and Microsoft Excel (Jeil et 
al., 2020) for means ± standard deviations, minimum, maximum, and percentages. 
Furthermore, to identify the differences in clam samples, types of variance (ANOVA) 
and post-hoc Tukey tests were analyzed (Hue et al., 2018a,b; Baechler et al., 2020). The 
models of linear regression were applied for observing the relationships between 
biological parameters (shell length, body wet weight) and MP load (per whole individual 
and g-1 tissue); the number of MPs per sample; g-1 tissue (wet weight; whole organisms) 
(Baechler et al., 2020). The significance was calculated for P (P<0.05). The statistical 
analyses were performed with the SPSS Statistic (Dong et al., 2018). 
 

  

Figure 6. FTIR spectrometer with ATR probe 
 
 
Results and discussion 

Basic information on the sample clams 

General sample clams 

There are different sizes of clams in the study which are given as the mean ± SD such 
as clam_total_weight (17.12±6.23 g), clam_soft_tissues (4.13±2.45 g). Separately, the 
clam samples (10 clams altogether), four-locations and two year of age were illustrated 
in Table 1. The total weight of the soft tissues of clams in Quang Ninh (QN)-2-year was 
the highest, and Nam Dinh (ND)-1-year was the lowest, compared to others. The number 
of MPs per (g) was correlated with the clam’s mean weight per (g) and clam’s mean tissue 
weight per (g) on Spearman rank order correlations (rs) of 0.37 (p < 0.05), 0.36 (p < 0.05), 
respectively. Furthermore, the number of MPs was strongly correlated with MPs/clam’s 
mean weight per (g) and MPs/clam’s mean tissue weight per (g) 0.91 (p < 0.01), 0.71 (p 
< 0.01), respectively. The allometric relationship was disclosed between the clam’s size 
and the MPs related to the considered clams as Saavedra et al. (2004) represented. 
Similarly, there was found to be a relationship between the rate of MPs/clam’s size and 
the number of MPs as well (Narmatha Sathish et al., 2020). 

Microplastic profusion in clam 

The dispersion of MPs among the different ages of clams in the study is represented 
in Table 2. The highest variety of MPs was found in the clams of QN-2-year and the 
lowest abundance was found in ND-1-year. The number of clam bodies and MPs, varies 
from 0.25 ± 0.16 to 0.67 ± 2.98 items/ individual, from 0.11 ± 0.07 to 0.92 ± 0.59 items/g 
and from 0.02 ± 0.12 to 0.28 ± 0.13 items/soft tissues. However, Su et al. (2018) 
represented MPs extending from 0.4 to 5.0 items/individual (or 0.3 to 4.9 items/g) in 
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Asian freshwater clams. In Quang Ninh, the young-sized clams contained a higher 
concentration of MPs (0.28 ± 0.13 items/soft tissues) than the older ones (0.25 ± 0.16 
items/soft tissues). This was in contrast with Nam Dinh, where the older ones had a higher 
concentration of MPs. The level of microplastics was around one order of magnitude 
higher than those represented in mussels and oysters (Mathalon and Hill, 2014; Li et al., 
2015). Furthermore, this might be growth of infiltration rate with the decline in the 
sampling size (Winter, 1974), which would increase in MPs in small-sized clams and 
decline in large-sized clams (Narmatha Sathish et al., 2020). 
 

Table 1. Mean values and range of measurements of sampled clams 

Location-age 
Total mean clam weight 

(g) 
Weight of soft tissues 

(g) 

Quang Ninh-1-year 176.11±17.72 49.67±4.82 

Quang Ninh-2-year  246.44±24.32 77.67±5.85 

Nam Dinh-1-year 121.64±14.99 20.45±2.02 

Nam Dinh-2-year 169.20±13.82 28.50±1.90 

 
 

Table 2. Mean values and range of microplastic and clam tissues 

Location-age 
Number of 

miscroplatics  
(Individual) 

Microplastic 
density/clam 
(Individual) 

Microplastic /total 
weight  

(g) 

Microplastic 
/tissues weight 

(g) 

Quang Ninh-1-year 4.56±2.92 0.33±0.5 0.88±0.43 0.28±0.13 

Quang Ninh-2-year  6.67±2.96 0.67±2.98 0.92±0.59 0.25±0.16 

Nam Dinh-1-year 2.45±1.44 0.25±0.16 0.11±0.07 0.02±0.12 

Nam Dinh-2-year 5.40±4.09 0.54±0.40 0.21±0.13 0.04±0.02 

 
 

Futhermore, MPs/tissues were directly proportional to MPs/distance. Interestingly, 
younger clams (small-size) had an outstandingly greater concentration of MPs than the 
older ones (over medium-size). The highest rate of MPs/tissues and MPs/distance in 1-
year-clams is 0.09 (ND) and 0.05 (QN) respectively (Fig. 7). However, according to 
research in India conducted by Narmatha Sathish et al. (2020) small-sized sample clams 
had higher concentrations of MPs. These fluctuations could be different according to the 
specific environments for the growing organisms (Cho et al., 2019). 

Microplastics under digital microscope 

Color of microplastics 

The sample analysis showed MPs of various colors and sizes. Multiple colors of 
microplastics were recorded in clams, such as clear white, opalescent, blue, red, and black 
(Fig. 8). The proportion of black colors was 55%, significantly larger than other colors. 
However, this finding was different from that of Lee et al. (2013), who reported that the 
transpearent MPs were the most commonly found category among all sample clams in 
China. The rate of clear-white, opalesent, and blue colors was around a mere 1%. 
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Figure 7. The rate of MPs in sampling clam 
 
 

Figure 8. Percentage of MPs colors from clams 
 
 
Shape of microplastics 

Following clam shapes, there were three MP types such as fibers, fragments, and 
pellets. Fibers (68%) are the most common type of MPs in clams as reported by Narmatha 
Sathish et al. (2020) on the Tuticorin coast of the Gulf of Mannar (GoM), India (Fig. 9). 
Pellets were common in the sample clam but were not identified at all sampling locations. 
These research results were also supported by Li et al. (2015) when they reported the 
various MP types, including rich fibers in China. Davidson and Dudas (2016) also 
revealed that most commonly, fibers were observed in Manila clams. Additionally, De 
Witte et al. (2014) considered that fibers needed  a longer time than other MPs to be 
eliminated. Further, Renzi et al. (2018) noted that the fibers found under gills and in the 
hepatopancreas could not be easily withdrawn. 
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Figure 9. The main abundance of microplastics shapes 
 
 
Size of microplastics 

Interestingly, MPs were observed under Microscope (Fig. 10). The size of fibers 
(4.70±4.32 mm) and fragments (4.00±3.22 mm) were largest in ND-2-years and QN-2-
years respectively, while both MP sizes were lowest in ND-1-year (Table 3). It is clear 
that the size of MPs in longer clams is greater than MP size in small ones which is similar 
to the findings of Narmatha Sathish et al. (2020), who considered that the direct 
proportionality of MP size to the size of clam body was significant. However, the overall 
size of MPs was different in QN-1-year (2.04±2.51mm), which was the biggest among 
others. 
 

Table 3. Mean values and range of microplastic sizes in different clams 

Location-clam-age 
Microplastic size 

(mm) 
Fibers 
(mm) 

 Fragments 
(mm) 

Quang Ninh-1-year 2.04±2.51 2.56±2.24  1.89±1.05 

Quang Ninh-2-year 1.50±1.80 3.44±2.24  4.00±3.22 

Nam Dinh-1-year 1.49±0.78 2.10±1.29  1.00±0.00 

Nam Dinh-2-year 1.61±1.05 4.70±4.32  1.17±0.41 

 
 

Fig. 12 illustrates the spectrum of some resins found in clams at the two study sites, 
including Nylons in clams in Quang Ninh and unidentified resins, which are very diverse. 
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(a) (b) 

  
(c) (d) 

  
(e) (g) 

  
(f) (h) 

Figure 10. Photographs of different types of microplastics in clams from the case study. The 
photographs were taken directly on the filter paper of Quang Ninh (2-year (a, b), 1-year (c,d)); 

Nam Dinh (2-year(e,g), 1-year (f,h)) samples; Black yarn beads (a,c,e,f); Opaque white 
fragments (b,d,g,h); Fibers (a,b,e,g,f) Fragments (d,h), Pellets (c) 

0.01mm 
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Figure 11. The distribution of polymer composition of MPs in clam samples 
 
 

(a) (b) 

(c) (d) 

(e) (g) 

Figure 12. Identification of different types of microplastic with micro-Fourier Transformed 
Infrared Spectroscopy (µ-FT-IR). The performed transmittance; a (PE: Polyetylen); b (PP: 
Polypropylene); c (PET: Polyethylene Terephthalate); d (Nylon); e (EVA: Ethylene vinyl 

acetate copolymer); g (identification) 
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Conclusion 

This study used stereo microscopy and FTIR-ATR to explore the levels of 
contamination and characteristics of MPs in clam species (Meretrix lyrata and Tapes 
dorsatus) in two locations of common farming aquaculture in north Vietnam. The highest 
number of microplastics was found in the oldest clams. Similarly, the fiber types are the 
most common in the microplastic samples, thus fiber MPs should be considered in future 
environmental management. This research emphasized that the number of MPs is 
correlated with the clam’s weight and soft tissues. Also, the clam is still a traditional food 
bivalve in humans and it will raise the risk of MP contamination through daily 
consumption (Narmatha Sathish et al., 2020). Further research investigating the impact 
of eating clams on human MP ingestion and its potential transfer through food 
consumption is needed. Furthermore, in this case, the question of correlation between 
microplastic pollution in clams and their living environment (such as waters, sediment, 
etc) should be considered, so environmental protection can be supported. 
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Abstract. Although intestinal microbiota is closely related to the growth of the host, it is still unclear how 
it affects the growth of white shrimp. To elucidate the potential processes of intestinal microbiota affecting 
white shrimp growth, in this study, we compared the intestinal microbiota compositions and metabolisms 
of larger (11.11 ± 0.32 g) and smaller (5.30 ± 0.06 g) individuals in the same batch of white shrimp cultured 
in the same environment through high-throughput sequencing of 16S rRNA gene. Our results showed that 
there was no significant difference in the composition of intestinal microbiota between larger and smaller 
white shrimps. However, Shewanella algae and Neptunomonas sp. were significantly enriched in the larger 
group, while Delftia sp., Hydrogenophaga sp., Pseudomonas sp., Synechococcus sp., Methylibium sp., 
Acidovorax sp., Limnohabitans sp., Burkholderia sp., Candidatus Koribacter sp., and Vogesella sp. were 
enriched in the smaller group. Moreover, the intestinal microbiota might promote the energy metabolism 
and growth of white shrimps through regulating their metabolic characteristics and switching their 
metabolisms from material synthesis to energy metabolisms. 
Keywords: gut, microbiota structure, growth promoting probiotics, aquaculture, high-throughput 
sequencing 

Introduction 

Shrimp is a good protein source with low-fat content, and it is the most popular seafood 
product around the world. According to the statistics of the Food and Agriculture 
Organization of the United Nations (FAO), crustacean culture productions have expanded 
from 5478.8 thousand tonnes in 2010 to 9386.5 thousand tonnes in 2018, with over 10% 
of annualized growth (FAO, 2020). The crustacean production is dominated by white 
shrimp (Litopenaeus vannamei), which has reached 4966.2 thousand tonnes and 
contributes to 52.9% of the crustacean production in 2018 (FAO, 2020). Therefore, 
shrimp aquaculture plays a significant role in the human nutrition supply and world 
economy, and exploration of low feed consumption, high efficiency, low pollution and 
ecological white shrimp aquaculture technology has been an important topic in 
aquaculture. 

Trillions of microorganisms inhabit the metazoan intestinal tract (termed intestinal 
microbiota), and they play an important role in host nutrition, development, growth, and 
health (Nieuwdorp et al., 2014; Magnúsdóttir et al., 2015; Yan et al., 2016; Miyamoto et 
al., 2019; Butt and Volkoff, 2019). For instance, by colonizing conventional specific 
pathogen-free intestinal microbiota into sexually mature germ-free mice and antibiotic 
treatment of conventional mice, as well as supplementation of antibiotic-treated mice with 
short-chain fatty acids (SCFAs), Yan et al. (2016) demonstrate that intestinal microbiota 
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promotes the production of insulin-like growth factor 1 (IFG-1) in liver and adipose tissue 
through producing SCFAs and improve serum levels of IFG-1, which causes an increase 
in bone formation and growth. Storelli et al. (2011) found that Drosophila microbiota 
promotes larval growth upon nutrient scarcity, and Lactobacillus plantarum, a 
commensal bacterium of the Drosophila intestine, is sufficient on its own to recapitulate 
the natural microbiota growth-promoting effect by modulating hormonal signals through 
TOR-dependent nutrient sensing. Zheng et al. (2017) report that intestinal microbiota 
promotes weight gain of both whole body and the gut in individual honey bees likely 
through mediating changes in host vitellogenin, insulin signaling, and gustatory response. 

The role of intestinal microbiota in the growth and health of shrimps has also been 
widely investigated (Xiong et al., 2015, 2017; Anuta et al., 2016; Holt et al., 2020). For 
instances, Xiong et al. (2017) evaluated the composition and ecological processes of the 
intestinal bacterial communities in cohabitating retarded, overgrown, and normal white 
shrimps from identically managed ponds, and they found that intestinal bacterial 
community structures were distinct among the shrimp categories. Moreover, they found 
that changes in the intestinal microbiota were positively related to digestive activities, 
which subsequently affected shrimp growth rate (Xiong et al., 2017). Huang et al. (2020) 
reported that white shrimp intestinal microbiota may partly be derived from large particle 
of bioflocs, and these bacteria driven by large particles may play an important role in 
promoting shrimp growth. 

Although the intestinal bacterial communities in cohabitating retarded, overgrown, and 
normal white shrimps were reported there were significant differences (Xiong et al., 
2017), how these bacteria affect the growth of white shrimp remains unclear. Considering 
the intestinal microbiota is widely involved in the host’s metabolic regulation through its 
own metabolic process, we speculated that there were significant differences in the 
metabolic processes of intestinal microbiota between fast-growing and slow-growing 
individuals in the same batch of white shrimp. To test the speculation, in this study, we 
compared the intestinal microbiota compositions and metabolic characteristics of fast-
growing and slow-growing individuals in the same batch of white shrimp cultured in the 
same environment through high-throughput sequencing of 16S rRNA gene. 

Materials and Methods 

Sample collection 

The experiment was conducted in the Qingjiang Base of the Zhejiang Institute of 
Marine Aquaculture. The seawater was taken from the Leqing Bay of East China Sea 
(salinity: 18.5±0.6‰). Mariculture seawater with salinity of 24 - 26‰ and pH of 8.2 ± 0.3 
was obtained through secondary sand filtration in the impoundment pond. In the 
experiment, the larvae of the same pair of male and female white shrimps were cultured 
to approximately 1.0 cm, then 10000 of them were put into an indoor culture cement pond 
with 5 × 8 × 1.5 m for breeding. The water was changed 1/3 of total volume every 4 days, 
and the residual bait, shell, and dead prawns were cleaned. The larvae were bred for 
130 days. During the experiment period, the larvae were fed with commercial prawn 
formula feed (Zhengda, Binzhou, China) at 6:00, 14:00, and 22:00. The daily feed weight 
was 15% of the prawn body weight. The pond was aerated continuously during the 
experiment period. The lighting cycle was natural light. The water temperature was 
26 ± 0.5 °C. 



Wu et al.: Correlation between intestinal microbiota and growth of white shrimp 
- 4995 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4993-5005. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_49935005 
© 2021, ALÖKI Kft., Budapest, Hungary 

At the end of the experiment, the white shrimps were divided into two groups 
according to their body length and body weight: larger (L) and smaller (S) groups. Each 
10 white shrimps of L and S groups were randomly collected. After measuring the body 
length, body weight, and body width, the intestinal tract of each sample was dissected 
under sterile condition and put into a 2 ml sterile centrifuge tube for subsequent extraction 
of total genomic DNA of intestinal microbiota. The hepatopancreas of the samples were 
also collected and stored at -80 °C for determination of the activities of amylase and 
lipase. In addition, each two white shrimps of L and S groups were randomly collected, 
and their intestines were dissected and stored in 4% paraformaldehyde universal tissue 
fixative (Biosharp, Hefei, China) for analysis of intestinal tissue section. 

Determination of amylase and lipase activity of hepatopanceas 

The α-amylase and lipase activity of hepatopancreas were determined using an α-
amylase (α-AMS) assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) 
and a lipase (LPS) assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China, 
China), respectively. 

Analysis of intestinal tissue section 

The fixed intestinal tissues of prawns were paraffin embedded and sectioned, and the 
sections were stained with hematoxylin and eosin according to the method described by 
Fischer et al. (2008a,b,c). 

DNA extraction, PCR amplification and high-throughput sequencing 

Fecal microbial DNA was extracted using a PowerSoil DNA isolation kit (QIAGEN, 
Germany). Then the V4-V5 hypervariable region of the prokaryotic 16S rRNA gene was 
amplified using the universal primers 515F and 909R with a 12-nt sample-specific 
barcode sequence included at the 5’-end of the 515F primer to distinguish samples (Ni et 
al., 2019, 2021). Polymerase chain reaction (PCR) was performed in duplicate with a 
25-μL reaction mix containing 1 × PCR buffer, 0.25 U of Taq polymerase (Transgen, 
China), 0.2 mM of each deoxynucleoside triphosphate (Transgen, China), 10 μM of each 
primer (Sangon Biotech, China) and 10 ng microbial genomic DNA (Xiang et al., 2018). 
The thermal cycling procedure consisted at 94 °C for 10 min, followed by 30 cycles of 
94 °C for 30 s, 56 °C for 30 s and 72 °C for 30 s, and finally 72 °C for 10 min (Xiang et 
al., 2018). Then the two PCR products from the same sample were mixed together and 
purified using a SanPrep DNA gel extraction kit (Sangon Biotech, China). All amplicons 
were pooled together with an equal molar amount from each sample and sequenced using 
an Illumina HiSeq system at Guangdong Meilikang Bio-Science, Ltd., China (Xiang et 
al., 2018). 

Raw reads were merged using FLASH 1.2.8 (Magoc and Salzberg, 2011) and 
processed using QIIME pipeline 1.9.0 (Caporaso et al., 2010) as previously described 
(Xiang et al., 2018). Briefly, merged sequences were removed low-quality sequences and 
chimera sequences using QIIME pipeline 1.9.0 and UCHIME software (Edgar et al., 
2011). Then, the high-quality sequences were clustered unto operational taxonomic units 
(OTUs) at 97% identity using UPARSE software (Edgar, 2013). Subsequently, all 
samples were randomly resampled to obtain the same number of sequences using the 
single_rarefaction.py command of QIIME pipeline 1.9.0. Taxonomy of each OTU was 
assigned using the RDP classifier (Wang et al., 2007) with gg_13_8_otus database. 
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Metabolic characteristics of the intestinal microbiota were predicted using the PICRUSt 
software based on the intestinal microbiota compositions (Langille et al., 2013). 

Data analysis 

Data were presented as the mean ± standard error. Principal coordinate analysis 
(PCoA) was conducted using the QIIME pipeline 1.9.0. Nonparametric multivariate 
analysis of variance (PERMANOVA) (Anderson, 2001) was conducted using the vegan 
package (Dixon, 2003) of R 4.0.4 (R Core Team, 2013). Student’s t test was used to 
compare the differences between larger and smaller prawn samples. Linear discriminant 
analysis effect size (LEfSe) (Segata et al., 2011) was analyzed on the Galaxy platform 
(http://huttenhower.sph.harvard.edu/galaxy/). Heatmap profiles of OUT compositions 
and KEGG ontologies were drown using pheatmap package of R 4.0.4. 

Results 

Differences in the size, the length of hindgut villi, and α-amylase and lipase activity of 

hepatopancreas between larger and smaller white shrimps 

As expected, the body weight, body length, and body width of the L group were 
significantly higher than those of the S group (Student’s t-test, p < 0.001; Fig. 1A-1C). 
The body weights of the L and S groups were 11.11 ± 0.32 g, and 5.30 ± 0.06 g (Fig. 1A). 
The body lengths of the L and S groups were 11.54 ± 0.16 cm, and 9.01 ± 0.07 cm 
(Fig. 1B). However, results of intestinal tissue sections showed that the lengths of hindgut 
villi between the L and S groups was no significant difference (Student’s t-test, p > 0.05; 
Fig. 1D-1F). Moreover, α-amylase and lipase activities of hepatopancreas were also no 
significant difference between the L and S groups (Student’s t-test, p > 0.05; Fig. 2). 
 

Figure 1. Differences in the size and the length of hindgut villi of white shrimps. L, larger 
group; S, smaller group. (A), body weight; (B), body length; (C), body width; (D), hindgut 

section of larger group; (E), hindgut section of smaller group; (F), length of hindgut villi. ***, 
p < 0.001 
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Figure 2. α-Amylase and lipase activities of hepatopancreas between larger and smaller white 
shrimps. L, larger group; S, smaller group; α-AMS, α-amylase; LPS, lipase 

 
 
Composition differences of intestinal microbiota between larger and smaller white 

shrimps 

A total of 1,336,738 high-quality sequences were obtained from the 20 intestinal 
samples. Finally, 26,747 high-quality sequences were randomly selected from each 
sample for further analysis. PCoA with PERMANOVA showed that there was no 
significant difference in the OTU compositions of intestinal microbiota between the L 
and S groups (PERMANOVA, F = 1.002, p = 0.408; Fig. 3A). Except for a few OTUs 
that could not be classified into any phylum, other OTUs were classified into 60 phyla 
(3 Archaea phyla and 57 Bacteria phyla), in which Proteobacteria, Bacteroidetes, 
Tenericutes, Acidobacteria, Actinobacteria, Chloroflexi, Cyanobacteria, Firmicutes, 
Fusobacteria, Nitrospirae, and Planctomycetes dominated the intestinal microbiota 
(Fig. 3B). Except the relative abundance of Tenericutes in the L group was significantly 
higher than that in the S group, there was no significant difference in other dominant 
phyla between the L and S groups (White’s non-parametric t-test, p > 0.05; Fig. 3C). It 
was worth noting that Proteobacteria has an absolute dominance in these intestinal 
microbiota, and its relative abundance was over 70% in all samples, and reached to 
98.20% in the sample L1 (Fig. 3B and 3C). This was mainly due to the high relative 
abundance of Vibrio belonging to Proteobacteria in these intestinal microbiota, with a 
relative abundance of 68.95 ± 0.04%. However, there was no significant difference in the 
relative abundance of Vibrio between the L and S groups (Student’s t-test, t = 0.16, 
p = 0.87; Fig. 3D). 

To confirm that there is no significant difference in the intestinal microbiota between 
the L and S groups, we further analyzed the dominant OTUs in more detail. Our results 
showed that Shewanella algae and Neptunomonas sp. were significantly enriched in the 
L group, while Delftia sp., Hydrogenophaga sp., Pseudomonas sp., Synechococcus sp., 
Methylibium sp., Acidovorax sp., Limnohabitans sp., Burkholderia sp., Candidatus 
Koribacter sp., and Vogesella sp. were enriched in the S group (LEfSe, log10 LDA 
score > 2; Fig. 4A and 4B). Heatmap profile showed a similar result (Fig. 4C). 
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Figure 3. Intestinal microbiota compositions of larger and smaller white shrimps. (A), PCoA 
profile; (B), relative abundances of dominant phyla; (C), boxplots showed difference of 

dominant phyla; (D), boxplot showed the relative abundance of Vibrio. L, larger group; S, 
smaller group. *, P < 0.05 

 
 
Potential metabolic differences of intestinal microbiota between larger and smaller 

prawn samples 

To analyze the metabolic characteristics of intestinal microbiota of the L and S white 
shrimps, metabolic characteristics of the intestinal microbiota were predicted using the 
PICRUSt software based on the intestinal microbiota compositions. There were 
significant differences in 132 KEGG orthologies (KOs) between the L and S groups, in 
which the enhanced KOs in the L group were mainly involved in energy metabolisms and 
hydrolases, while the enhanced KOs in the S group were mainly involved in the cell 
structure synthesis, such as outer membrane protein, periplasmic protein, ribonucleotide 
synthase, and large subunit ribosomal protein (Fig. 5). 
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Figure 4. Different OTUs of intestinal microbiota between larger and smaller white shrimps. L, 
larger group; S, smaller group 
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Figure 5. Heatmap profile shows significantly different KEGG ontologies between larger and 
smaller white shrimps. L, larger group; S, smaller group. 4-HBCR, 4-hydroxybenzoyl-CoA 
reductase; PPIB, peptidyl-prolyl cis-trans isomerase B; 3-Oxsm, 3-oxoacyl-ACP synthase; 

OPDS, octaprenyl-diphosphate synthase; ANMK, anhydro-N-acetylmuramic acid kinase; CMT, 
cysteine methyltransferase; RPAR, regulatory protein of adaptative response 
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Discussion 

Intestinal microbiota plays an important role in various physiological processes of 
host, such as growth, metabolism, immunity, and health through participating in the 
metabolism processes of host (Nieuwdorp et al., 2014; Magnúsdóttir et al., 2015; Yan et 
al., 2016; Wang et al., 2016; Oliphant and Allen Vercoe, 2019; Miyamoto et al., 2019; 
Butt and Volkoff, 2019; Ni et al., 2021). Although intestinal microbiota is closely related 
to host energy metabolism and obesity (Tremaroli and Bäckhed, 2012; Miyamoto et al., 
2019), and it has been reported that there were significantly differences in intestinal 
microbiota between cohabitating retarded, overgrown, and normal shrimps (Xiong et al., 
2017), our results did not show a significant difference in the whole intestinal microbiota 
compositions between the L and S groups of white shrimps (Fig. 3). Except for the 
significant differences in body length, body weight, and body width caused by sampling 
selection, the intestinal tissue structure and the α-amylase and lipase activities of 
hepatopancreas were no significant difference between the larger and smaller white 
shrimps (Figs. 1 and 2). These results indicated that the growth of white shrimp was not 
directly affected by the structure changes of intestinal microbiota. However, we still 
detected significantly different bacteria of intestinal microbiota between the S and L 
groups (Fig. 4). 

Shewanella and Neptunomonas are two bacterial genera which are widely distributed 
in marine and participate in energy metabolism and material circulation (Dubiel et al., 
2002; Beleneva et al., 2009; Bargiela et al., 2015; Light et al., 2019). Although there are 
a few reports about Shewanella pathogens (Beleneva et al., 2009), there is no Shewanella 
pathogen reported in shrimps. Neptunomonas sp. 0536 was reported as probiotic to 
suppress naturally occurring vibrios in the culture environment of healthy mussel larvae 
(Kesarcodi-Watson et al., 2010). The enriched bacteria in the S group, such as those in 
Delftia, Hydrogenophaga, Synechococcus and Methylibium, were also widely reported as 
degrading bacteria of organic pollutants (Streger et al., 2002; Moore et al., 2002; Choi et 
al., 2003; Kane et al., 2007; Jørgensen et al., 2009; Zhang et al., 2010). These results 
implied that these significantly different bacteria might affect the growth of enriched in 
the S group through participating in different material or energy metabolisms. 

Intestinal microbiota plays an important role in host material and energy metabolisms 
(Tremaroli and Bäckhed, 2012). However, due to different characteristics of energy and 
substance transfer, energy is easier to be shared between the host and the intestinal 
microbiota, while substances are more difficult to be shared between the host and the 
intestinal microbiota except those extracellular secondary metabolites. Moreover, 
intestinal microbiota utilizes intestinal substances to synthesize their cell structures, and 
compete with the host for nutrients, which may limit the host’s access to nutrients. Our 
results showed that the functional genes enhanced in the L group were mainly involved 
in enzymes of energy metabolism and hydrolases, while those in the S group were mainly 
involved in cell structure synthesis. This might be an important reason for the growth 
difference between the L and S groups. 

Compositions of intestinal microbiota is easily affected by external environmental 
factors (Xiong et al., 2015; Zhao et al., 2018; Fan et al., 2019; Zhang et al., 2021). 
Therefore, in this study, the group internal error of intestinal microbiota caused by the 
undetected factors covered the difference between the L and S groups, which leaded to 
no significant difference in the compositions of intestinal microbiota between the L and 
S groups was detected. These results showed that in the study of the relationship between 
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intestinal microbiota and host, we should not only focus on the composition of intestinal 
microbiota, especially if the environmental variables are not well controlled. 

Conclusions 

Our results showed that there was no significant difference in the composition of 
intestinal microbiota between larger and smaller white shrimps. However, Shewanella 
algae and Neptunomonas sp. were significantly enriched in the L group, while Delftia 
sp., Hydrogenophaga sp., Pseudomonas sp., Synechococcus sp., Methylibium sp., 
Acidovorax sp., Limnohabitans sp., Burkholderia sp., Candidatus Koribacter sp., and 
Vogesella sp. were enriched in the S group. Moreover, the intestinal microbiota might 
promote the energy metabolism and growth of white shrimps through regulating their 
metabolic characteristics and switching their metabolisms from material synthesis to 
energy metabolisms. However, further study is needed on what factors cause the 
differences of intestinal microbiota metabolic characteristics between the L and S groups, 
and how to regulate the intestinal microbiota metabolic characteristics to promote the 
growth of white shrimps. 

Acknowledgements. This work was supported by the National Key Research and Development Plan of 
China (grant No. 2020YFD0900801), the Major Science and Technology Project of New Agricultural 
Varieties Breeding in Zhejiang Province (grant No. 2021C02025-5) and the Agricultural New Variety 
Selection and Breeding Cooperation Group Project of Wenzhou City (grant No. 2019ZX002-01). We would 
like to thank anonymous technicians at Guangdong Meilikang Bio-Science Ltd., China for assistance with 
data re-analysis. 

REFERENCES 

[1] Anderson, M. J. (2001): A new method for non-parametric multivariate analysis of 
variance. – Austral Ecology 26: 32-46. 

[2] Anuta, J. D., Buentello, A., Patnaik, S., Hume, M. E., Mustafa, A., Gatlin, D. M. III, 
Lawrence, A. L. (2016): Effects of dietary supplementation of a commercial prebiotic 
Previda® on survival, growth, immune responses and gut microbiota of Pacific white 
shrimp, Litopenaeus vannamei. – Aquaculture Nutrition 22(2): 410-418. 
doi:10.1111/anu.12257. 

[3] Bargiela, R., Mapelli, F., Rojo, D., Chouaia, B., Tornés, J., Borin, S., Richter, M., Del Pozo, 
M. V., Cappello, S., Gertler, C., et al. (2015): Bacterial population and biodegradation 
potential in chronically crude oil-contaminated marine sediments are strongly linked to 
temperature. – Scientific Reports 5: 11651. 

[4] Beleneva, I. A., Magarlamov, T. Y., Eliseikina, M. G., Zhukova, N. V. (2009): Biochemical 
and pathogenic properties of the natural isolate of Shewanella algae from Peter the Great 
Bay, Sea of Japan. – Journal of Invertebrate Pathology 102: 250-255. 
doi:10.1016/j.jip.2009.09.001. 

[5] Butt, R. L., Volkoff, H. (2019): Gut microbiota and energy homeostasis in fish. – Frontiers 
in Endocrinology 10: 9. doi:10.3389/fendo.2019.00009. 

[6] Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. 
K., et al. (2010): QIIME allows analysis of high-throughput community sequencing data. 
– Nature Methods 7: 335-336. doi:10.1038/nmeth.f.303. 

[7] Choi, M. H., Lee, H. J., Rho, J. K., Yoon, S. C., Nam, J. D., Lim, D., Lenz, R. W. (2003): 
Biosynthesis and local sequence specific degradation of poly (3-hydroxyvalerate-c o-4-
hydroxybutyrate) in Hydrogenophage pseudoflava. – Biomacromolecules 4: 38-45. 



Wu et al.: Correlation between intestinal microbiota and growth of white shrimp 
- 5003 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4993-5005. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_49935005 
© 2021, ALÖKI Kft., Budapest, Hungary 

[8] Dixon, P. (2003): VEGAN, a package of R functions for community ecology. – Journal of 
Vegetation Science 14: 927-930. doi:10.1111/j.1654-1103.2003.tb02228.x. 

[9] Dubiel, M., Hsu, C. H., Chien, C. C., Mansfeld, F., Newman, D. K. (2002): Microbial iron 
respiration can protect steel from corrosion. – Applied and Environmental Microbiology 
68(3): 1440-1445. doi:10.1128/AEM.68.3.1440-1445.2002. 

[10] Edgar, R. C. (2013): UPARSE: Highly accurate OTU sequences from microbial amplicon 
reads. – Nature Methods 10: 996-998. doi:10.1038/nmeth.2604. 

[11] Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., Knight, R. (2011): UCHIME 
improves sensitivity and speed of chimera detection. – Bioinformatics 27: 2194-2200. 
doi:10.1093/bioinformatics/btr381. 

[12] Fan, J., Chen, L., Mai, G., Zhang, H., Yang, J., Deng, D., Ma, Y. (2019): Dynamics of the 
gut microbiota in developmental stages of Litopenaeus vannamei reveal its association with 
body weight. – Scientific Reports 9: 734. doi:10.1038/s41598-018-37042-3. 

[13] FAO. (2020): The State of World Fisheries and Aquaculture 2020. Sustainability in action. 
– The Organization of Food and Agriculture of the United Nations, Rome. 
http://www.fao.org/3/ca9229en/ca9229en. 

[14] Fischer, A. H., Jacobson, K. A., Rose, J., Zeller, R. (2008a): Paraffin embedding tissue 
samples for sectioning. – Cold Spring Harbor Protocols 3(5): prot4989. 
doi:10.1101/pdb.prot4989. 

[15] Fischer, A. H., Jacobson, K. A., Rose, J., Zeller, R. (2008b): Cutting sections of paraffin-
embedded tissues. – Cold Spring Harbor Protocols 3(5): prot4987. 
doi:10.1101/pdb.prot4987. 

[16] Fischer, A. H., Jacobson, K. A., Rose, J., Zeller, R. (2008c): Hematoxylin and eosin 
staining of tissue and cell sections. – Cold Spring Harbor Protocols 3(5): prot4986. 
doi:10.1101/pdb.prot4986. 

[17] Holt, C. C., Bass, D., Stentiford, G. D., van der Giezen, M. (2020): Understanding the role 
of the shrimp gut microbiome in health and disease. – Journal of Invertebrate Pathology, 
In press. doi:10.1016/j.jip.2020.107387. 

[18] Huang, L., Guo, H., Chen, C., Huang, X., Chen, W., Bao, F., Liu, W., Wang, S., Zhang, D. 
(2020): The bacteria from large-sized bioflocs are more associated with the shrimp gut 
microbiota in culture system. – Aquaculture 523: 735159. 
doi:10.1016/j.aquaculture.2020.735159. 

[19] Jørgensen, N. O. G., Brandt, K. K., Nybroe, O., Hansen, M. (2009): Delftia lacustris sp. 
nov., a peptidoglycan-degrading bacterium from fresh water, and emended description of 
Delftia tsuruhatensis as a peptidoglycan-degrading bacterium. – International Journal of 
Systematic and Evolutionary Microbiology 59: 2195-2199. doi:10.1099/ijs.0.008375-0. 

[20] Kane, S. R., Chakicherla, A. Y., Chain, P. S. G., Schmidt, R., Shin, M. W., Legler, T. S., 
Scow, K. M., Larimer, F. W., Lucas, S. M., Richardson, P. M., Hristova, K. R. (2007): 
Whole-genome analysis of the methyl tert-butyl ether-degrading beta-proteobacterium 
Methylibium petroleiphilum PM1. – Journal of Bacteriology 189(5): 1931-1945. 

[21] Kesarcodi-Watson, A., Kaspar, H., Lategan, J., Gibson, L. (2010): Alteromonas macleodii 
0444 and Neptunomonas sp. 0536, two novel probiotics for hatchery-reared GreenshellTM 
mussel larvae, Perna canaliculus. – Aquaculture 309(1-4): 49-55. 
10.1016/j.aquaculture.2010.09.019. 

[22] Langille, M. G. I., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes, J. A., 
Clemente, J. C., Burkepile, D. E., Thurber, R. L. V., Knight, R., Beiko, R. G., Huttenhower, 
C. (2013): Predictive functional profiling of microbial communities using 16S rRNA 
marker gene sequences. – Nature Biotechnology 31(9): 814-921. doi:10.1038/nbt.2676. 

[23] Light, S. H., Méheust, R., Ferrell, J. L., Cho, J., Deng, D., Agostoni, M., Iavarone, A. T., 
Banfield, J. F., D’Orazio, S. E. F., Portnoy, D. A. (2019): Extracellular electron transfer 
powers flavinylated extracellular reductases in Gram-positive bacteria. – Proceeding of the 
National Academy of Sciences of the United States of America 116(52): 26892-26899. 
doi:10.1073/pnas.1915678116. 



Wu et al.: Correlation between intestinal microbiota and growth of white shrimp 
- 5004 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4993-5005. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_49935005 
© 2021, ALÖKI Kft., Budapest, Hungary 

[24] Magnúsdóttir, S., Ravcheev, D., de Crécy-Lagard, V., Thiele, I. (2015): Systematic genome 
assessment of B-vitamin biosynthesis suggests co-operation among gut microbes. – 
Frontiers in Genetics 6: 148. doi:10.3389/fgene.2015.00148. 

[25] Magoc, T., Salzberg, S. L. (2011): FLASH: Fast length adjustment of short reads to 
improve genome assemblies. – Bioinformatics 27: 2957-2963. 
doi:10.1093/bioinformatics/btr507. 

[26] Miyamoto, J., Igarashi, M., Watanabe, K., Karaki, S.-I., Mukouyama, H., Kishino, S., Li, 
X., Ichimura, A., Irie, J., Sugimoto, Y., Mizutani, T., Sugawara, T., Miki, T., Ogawa, J., 
Drucker, D. J., Arita, M., Itoh, H., Kimura, I. (2019): Gut microbiota confers host resistance 
to obesity by metabolizing dietary polyunsaturated fatty acids. – Nature Communications 
10: 4007. doi:10.1038/s41467-019-11978-0. 

[27] Moore, L. R., Post, A. F., Rocap, G., Chisholm, S. W. (2002): Utilization of different 
nitrogen sources by the marine cyanobacteria Prochlorococcus and Synechococcus. – 
Limnology and Oceanography 47(4): 989-996. 

[28] Ni, J., Huang, R., Zhou, H., Xu, X., Li, Y., Cao, P., Zhong, K., Ge, M., Chen, X., Hou, B., 
Yu, M., Peng, B., Li, Q., Zhang, P., Gao, Y. (2019): Analysis of the relationship between 
the degree of dysbiosis in gut microbiota and prognosis at different stages of primary 
hepatocellular carcinoma. – Frontiers in Microbiology 10: 1458. 
doi:10.3389/fmicb.2019.01458. 

[29] Ni, J., Fu, C., Huang, R., Li, Z., Li, S., Cao, P., Zhong, K., Ge, M., Gao, Y. (2021): 
Metabolic syndrome cannot mask the changes of faecal microbiota compositions caused 
by primary hepatocellular carcinoma. – Letters in Applied Microbiology 73(1): 73-80. 
doi:10.1111/lam.13477. 

[30] Nieuwdorp, M., Gilijamse, P. W., Pai, N., Kaplan, L. M. (2014): Role of the microbiome 
in energy regulation and metabolism. – Gastroenterology 146(6): 1525-1533. 

[31] Oliphant, K., Allen-Vercoe, E. (2019): Macronutrient metabolism by the human gut 
microbiome: major fermentation byproducts and their impact on host health. – Microbiome 
7: 91. doi:10.1186/s40168-019-0704-8. 

[32] R Core Team. (2013): R: A Language and Environment for Statistical Computing. – R 
Foundation for Statistical Computing, Vienna, Austria. URL http://www.R-project.org/. 

[33] Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., Huttenhower, 
C. (2011): Metagenomic biomarker discovery and explanation. – Genome Biology 12: 
R60. doi:10.1186/gb-2011-12-6-r60. 

[34] Storelli, G., Defaye, A., Erkosar, B., Hols, P., Royet, J., Leulier, F. (2011): Lactobacillus 
plantarum promotes Drosophila systemic growth by modulating hormonal signals through 
TOR-dependent nutrient sensing. – Cell Metabomism 14: 403-414. 
doi:10.1016/j.cmet.2011.07.012. 

[35] Streger, S. H., Vainberg, S., Dong, H., Hatzinger, P. B. (2002): Enhancing transport of 
Hydrogenophaga flava ENV735 for bioaugmentation of aquifers contaminated with 
methyl tert-butyl ether. – Applied and Environmental Microbiology 68(11): 5571-5579. 
doi:10.1128/AEM.68.11.5571-5579.2002. 

[36] Tremaroli, V., Bäckhed, F. (2012): Functional interactions between the gut microbiota and 
host metabolism. – Nature 489: 242-249. doi:10.1038/nature11552. 

[37] Wang, Q., Garrity, G. M., Tiedje, J. M., Cole, J. R. (2007): Naïve Bayesian classifier for 
rapid assignment of rRNA sequences into the new bacterial taxonomy. – Applied and 
Environmental Microbiology 73: 5261-5267. doi:10.1128/AEM.00062-07. 

[38] Wang, Z., Koonen, D., Hofker, M., Fu, J. (2016): Gut microbiome and lipid metabolism: 
from associations to mechanisms. – Current Opinion in Lipidology 27(3): 216-224. 
doi:10.1097/MOL.0000000000000308. 

[39] Xiang, J., He, T., Wang, P., Xie, M., Xiang, J., Ni, J. (2018): Opportunistic pathogens are 
abundant in the gut of cultured giant spiny frog (Paa spinosa). – Aquaculture Research 49: 
2033-2041. doi:10.1111/are.13660. 



Wu et al.: Correlation between intestinal microbiota and growth of white shrimp 
- 5005 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4993-5005. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_49935005 
© 2021, ALÖKI Kft., Budapest, Hungary 

[40] Xiong, J., Wang, K., Wu, J., Qiuqian, L., Yang, K., Qian, Y., Zhang, D. (2015): Changes 
in intestinal bacterial communities are closely associated with shrimp disease severity. – 
Applied Microbiology and Biotechnology 99: 6911-6919. doi:10.1007/s00253-015-6632-
z. 

[41] Xiong, J., Dai, W., Zhu, J., Liu, K., Dong, C., Qiu, Q. (2017): The underlying ecological 
processes of gut microbiota among cohabitating retarded, overgrown and normal shrimps. 
– Microbial Ecology 73: 988-999. 

[42] Yan, J., Herzog, J. W., Tsang, K., Brennan, C. A., Bower, M. A., Garrett, W. S., Sartor, B. 
R., Aliprantis, A. O., Charles, J. F. (2016): Gut microbiota induce IGF-1 and promote bone 
formation and growth. – Proceeding of the National Academy of Sciences of the United 
States of America 113(47): E7554-E7563. doi.org/10.1073/pnas.1607235113. 

[43] Zhang, L. L., He, D., Chen, J. M., Liu, Y. (2010): Biodegradation of 2-chloroaniline, 3-
chloroaniline, and 4-chloroaniline by a novel strain Delftia tsuruhatensis H1. – Journal of 
Hazardous Materials 179(1-3): 875-882. doi: 10.1016/j.jhazmat.2010.03.086. 

[44] Zhang, X., Li, X., Lu, J., Qiu, Q., Chen, J., Xiong, J. (2021): Quantifying the importance 
of external and internal sources to the gut microbiota in juvenile and adult shrimp. – 
Aquaculture 531: 735910. doi:10.1016/j.aquaculture.2020.735910. 

[45] Zhao, Y., Duan, C., Zhang, X., Chen, H., Ren, H., Yin, Y., Ye, L. (2018): Insights into the 
gut microbiota of freshwater shrimp and its associations with the surrounding microbiota 
and environmental factors. – Journal of Microbiology and Biotechnology 28(6): 946-956. 
doi:10.4014/jmb.1710.09070. 

[46] Zheng, H., Powell, J. E., Steele, M. I., Dietrich, C., Moran, N. A. (2017): Honeybee gut 
microbiota promotes host weight gain via bacterial metabolism and hormonal signaling. – 
Proceedings of the National Academy of Sciences of the United States of America 114(18): 
4775-4780. doi:10.1073/pnas.1701819114. 



Çukur et al.: Determination of the relationship between organic farming area and agricultural added value in some European Union 
countries with panel ARDL analysis 

- 5007 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):5007-5016. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_50075016 
© 2021, ALÖKI Kft., Budapest, Hungary 

DETERMINATION OF THE RELATIONSHIP BETWEEN 
ORGANIC FARMING AREA AND AGRICULTURAL ADDED 

VALUE IN SOME EUROPEAN UNION COUNTRIES WITH PANEL 
ARDL ANALYSIS 

ÇUKUR, F.1 – IŞIN, F.2 – ÇUKUR, T.3* 

1Department of Management and Organization, Milas Vocational School, Muğla Sıtkı Koçman 
University, 48200 Milas, Muğla, Turkey 

2Department of Agricultural Economics, Agricultural Faculty, Ege University, 35100 Bornova, 
İzmir, Turkey 

3Department of Marketing and Advertising, Milas Vocational School, Muğla Sıtkı Koçman 
University, 48200 Milas, Muğla, Turkey 

*Corresponding author 
e-mail: tayfun.cukur@hotmail.com; phone: +90-252-211-3263; fax: +90-252-211-1879 

(Received 1st Oct 2021; accepted 17th Jun 2021) 

Abstract. In the current study, the relationship between organic farming area and agricultural added value 
in some European Union countries was examined for the period of 2010-2018. Germany, Austria, France, 
Spain, Italy, Greece, the Netherlands, Denmark and Sweden were included in the study. Dynamic panel 
ARDL model was used. In the countries examined according to the Pooled Mean-Group (PMG) estimator, 
a significant positive relationship was found between organic farming area and agricultural added value in 
the long-term. Since a positive correlation was found between organic farming area and agricultural added 
value in the study, it was concluded that that organic farming areas, correspondingly, organic agricultural 
production should be increased in order to increase agricultural added value. In the study, a bidirectional 
causality relationship was also determined between agricultural added value and organic farming area. 
Keywords: cointegration test, cross-section dependence test, unit root test, homogeneity test, PMG 

Introduction 

Increasing world population and industrialization have created a significant pressure 
on the environment and natural resources. Chemical pesticides and fertilizers have been 
used extensively in order to feed the increasing population. Mankind has turned to 
conventional agricultural practices in order to meet the demand for agricultural products 
and increase their production. This has led to significant increases in the amount of 
agricultural production, and the amount of food and fibre production increased. However, 
the intensive use of inputs in agriculture has led to the deterioration of soil structure and 
land degradation. Thus, it has gained importance to develop environmentally friendly 
production methods that produce without the use of chemicals, do not harm the 
environment and natural resources, and are based on sustainability in production. On the 
other hand, the increase in people’s demands for healthy food has led to the development 
of organic agriculture in the world. Organic agriculture has come to the fore around the 
world due to the observance that materials used and practices performed to increase yield 
in agricultural production harm the environment in different ways and due to the increase 
in environmental concerns (Bahsi, 2020). 
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Organic agriculture is a production system that sustains the health of soils, ecosystems, 
and people. It relies on ecological processes, biodiversity, and cycles adapted to local 
conditions, rather than the use of inputs with adverse effects. Organic agriculture 
combines tradition, innovation and science to benefit the shared environment and promote 
fair relationships and a good quality of life for all involved. 

The four principles of organic agriculture are: 
• Sustaining and enhancing the health of the soil, plants, animals, humans, and the 

planet as one and indivisible. 
• It should be based on living ecological systems and cycles, and work with them, 

emulate them and help sustain them. 
• Building on relationships that ensure fairness with regard to the common 

environment and life opportunities. 
• Managing in a precautionary and responsible manner to protect the health and well-

being of current and future generations and the environment (Cukur, 2015). 
Organic production can be defined as a system that is carried out by using methods 

that reduce the damage to the environment as much as possible and is subject to the 
control of authorized institutions at every stage of the production and consumption chain 
(Ayla and Altıntaş, 2017). 

Agricultural added value is to create an improvement in the physical condition and 
material value of the agricultural product produced. The improvement in the value of the 
agricultural raw material or product also adds originality to the product (Akyol, 2018). 
The agricultural sector provides added value to the country’s economy by supplying the 
necessary raw materials for industrial production as well as meeting the need for animal 
and plant foodstuffs required for nutrition. Added value represents the difference between 
the monetary value of goods and services produced and the inputs used in their 
production. From a macro point of view, agricultural added value refers to the numerical 
net production reached as a result of the difference between the sum of the outputs in the 
agricultural sector and that of the inputs (Erdinç and Aydınbaş, 2021). There are two ways 
to increase agricultural added value. While the first of these is to widen the difference 
between gross output and inputs subject to production by increasing production 
efficiency, the other is to increase the margin between the gross output value and the cost 
of intermediate inputs as a result of changing the amount, function and shape as well as 
the characteristics of the product and production method (Akyol, 2018). 

In the current study, the relationship between agricultural added value and organic 
farming area in some European Union countries was examined for the period of 
2000-2018. 

Materials and Methods 

Agricultural added value (agriculture, forestry, fisheries) data of the countries used in 
the study were obtained from the Food and Agriculture Organization of the United 
Nations (FAO), and organic agricultural data were obtained from the Research Institute 
of Organic Agriculture (FIBL). Agricultural added values of the countries are in US$ 
obtained with the fixed prices of 2015. The organic agricultural areas of the countries 
represent the share (%) of the organic agricultural area in the total agricultural area. The 
years 2010-2018 were the period investigated in the study. Considering the data 
availability criterion, Germany, Austria, France, Spain, Italy, Greece, the Netherlands, 
Denmark and Sweden were included in the study. 
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In the current study, cross-section dependence test, unit root test, homogeneity test, 
panel Granger causality test and ARDL cointegration test were applied. In the study, panel 
data were used instead of time series. Due to the simultaneous presence of time series and 
cross-section data observations, the panel data allows the researcher to work with more 
data. In this case, the number of observations and thus the degree of freedom increase. 
Thus, the degree of multicollinearity between explanatory variables decreases and the 
efficiency and reliability of econometric estimates increase. In addition, the use of panel 
data also allows the analysis of economic problems that cannot be solved with only cross-
section data or time series data (Tatoğlu, 2021). ARDL model is being used for decades 
to model the relationship between economic variables in time series analyses (Kripfganz 
and Schneider, 2016). In the analysis of the collected data, Stata program was used. 

Results 

Agricultural added values and share of organic farming areas of the countries 

Agricultural added values of the countries examined are shown by years in Figure 1. 
In general, agricultural added values follow a stagnant course. As of 2018, the countries 
with the highest agricultural added value are France, Italy and Spain. 
 

Figure 1. Agricultural added values of the countries (Million US$, 2015 prices) (FAO, 2021) 
 
 

The share of organic farming areas (%) in the total agricultural area of the examined 
countries is shown in Figure 2. It can be said that organic farming areas tend to increase 
over time in all the countries. As of 2018, the countries with the highest share of organic 
farming areas in the total agricultural area are Austria, Sweden and Italy. 

Cross-section dependence results 

Cross-section dependence means that there is a correlation between the error terms 
calculated for each unit of the panel data model (Tatoğlu, 2021). The CD test was used to 
test the cross-section dependence in the study. The CD test is formulated as follows 
(Pesaran, 2004). 
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As seen in Table 1, p values are smaller than 0.05. In other words, the Ho hypothesis, 

which accepts that there is no cross-section dependence, is rejected. According to the test 
results, there is cross-section dependence in the series. 
 

Figure 2. Share of organic farming areas (%) (FIBL, 2021) 
 
 

Table 1. Cross-section dependence test 

Variable CD-test p-value corr. abs(corr) 

value_added 4.22 0.000 0.161 0.407 

organic_area 21.61 0.000 0.826 0.826 

 
 
Unit root test results 

Since there is cross-section dependence between the series in the study, it will be 
appropriate to work with second generation unit root tests that take this situation into 
account. For this reason, the Fisher Extended Dickey Fuller Panel Unit Root test was used 
in the study. 

The Dickey Fuller test is illustrated in theory and practice as follows: 
 

 1t t tY Y u − = +
 (Eq.2) 

 
(constant and no trend) 
 

 0 1t t tY b Y u − = + +
 (Eq.3) 

 
(constant term and no trend) 



Çukur et al.: Determination of the relationship between organic farming area and agricultural added value in some European Union 
countries with panel ARDL analysis 

- 5011 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):5007-5016. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_50075016 
© 2021, ALÖKI Kft., Budapest, Hungary 

 0 1 1t t tY b b t Y u − = + + +  (Eq.4) 

 
By finding constant term and trend regressions in addition to these, MacKinnon critical 

values are obtained with the series   or DF statistics. 

If the error term is with tu autocorrelation, then the Equation (5) is written as follows; 
 

 0 1 1
1

m

t t i t i t
i

Y b b t Y Y u − −
=

 = + + +  +
 

(Eq.5) 

 
Here, lagged difference terms are used and the number of lagged difference terms is 

usually determined empirically. The main purpose of arranging the equation in this way 
is to include the terms that will ensure that the error term is free of autocorrelation in the 
model. Here, the null hypothesis is P = 1 or ϐ = 0. In other words, there is a unit root in 
Y and in this case, Y cannot be said to be stationary. If the DF test is applied to the models 
as the ones in equation (4), it is called the extended Dickey-Fuller (Augmented Dickey-
Fuller) test, that is, the ADF test. The critical values of the test statistics of these tests are 
the same (Altun, 2017). 

In the test run for the organic area series, the Ho hypothesis is “all units contain a unit 
root”. When the p values are examined, it is seen that this hypothesis is accepted. That is, 
the organic area series contains a unit root (Table 2). 
 

Table 2. Fisher ADF panel unit root test results for organic area series 

 Statistic p-value 

Inverse chi-squared (18) P 19.3055 0.3732 

Inverse normal Z 0.1066 0.5424 

Inverse logit t (49) L* 0.4243 0.6634 

Modified inv. chi-squared Pm 0.2176 0.4139 

 
 

Since the organic area series contained a unit root, the model was reconstructed by 
taking the first difference. When the results presented in Table 3 were examined, it was 
determined that the first difference organic area series became stationary. 
 

Table 3. Fisher ADF panel unit root test results for organic area 

 Statistic p-value 

Inverse chi-squared (18) P 81.5346 0.0000 

Inverse normal Z -6.5227 0.0000 

Inverse logit t (49) L -7.4993 0.0000 

Modified inv. chi-squared Pm 10.5891 0.0000 

 
 

In the test run for the agricultural value added series, when the p values are examined, 
it is seen that this hypothesis is rejected. In other words, it is determined that the value 
added series is stationary (Table 4). 
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Table 4. Fisher ADF panel unit root test results for the agricultural value added series 

 Statistic p-value 

Inverse chi-squared (18) P 57.0006 0.0000 

Inverse normal Z -3.3437 0.0004 

Inverse logit t (49) L -4.3705 0.0000 

Modified inv. chi-squared Pm 6.5001 0.0000 

 
 
Homogeneity test 

In panel data studies, the homogeneity or heterogeneity of the coefficients is an 
important factor in determining the cointegration and causality analyses to be made. 
While homogeneity refers to the state where the slope coefficients calculated for units 
such as all countries/regions, etc., are equal to β, which is a single slope coefficient, 
heterogeneity refers to the state where at least one of the βs belonging to the units is 
different (Gül and İnal, 2017). The homogeneity test developed by Pesaran and Yamagata 
(2008) was used in the current study. In the homogeneity test, the Ho hypothesis is “the 
slope coefficients are homogeneous”. When the P values are examined, it is seen that this 
hypothesis is not accepted. In other words, it was determined that the series are 
heterogeneous (Table 5). 
 

Table 5. Homogeneity test 

Test Test statistic Probability value 

  5.412 0.000 

 adj. 5.898 0.000 

 
 
Panel causality analysis 

Because the series were heterogeneous in the current study, Dumitrescu and Hurlin 
(2012) Granger Panel Causality Test was applied. The main advantages of this method 
are that it can take into account the cross-section dependence between the countries that 
make up the panel, it can be used when the time dimension (T) is larger or smaller than 
the cross-section dimension (N), and it can produce effective results in unbalanced panel 
data sets (Gülmez, 2015). The test statistic of this test is as follows: 
 

 

( )

( )

1 1

, , ,
kK K

k

k k

yit i i yi t k i xi t k i t   
= =

= + − + − + 
 

(Eq.6) 

 
In the current study, a bidirectional causality relationship was determined between 

agricultural added value and organic agricultural area (Table 6). 
 

Table 6. Panel causality analysis results 

Ho W-bar Stat. Z-bar Stat. Z-bar tilde 

organic_area does not Granger-cause value_added 3.0749 4.4015* 3.1306* 

value_added does not Granger-cause organic_area 2.6917 3.5887* 2.5062** 

*, ** indicate the Granger causality at 1% and 5% significance level, respectively, lag order:1 
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Auto-regressive distributive lag cointegration test 

Since agricultural value added and organic area series were stationary at different 
degrees (I(0) and I(1)), the relationship between them was investigated with ARDL 
model. Mean Group Estimator (MG) and Pooled Mean Group Estimator (PMG) were 
used to determine the relationship between agricultural added value and organic area, and 
Hausman test was used to determine which estimator’s results would be taken into 
account. 

The PMG estimator is a robust estimator that can cope with the omitted variable bias, 
endogeneity problem and country heterogeneity problem, and allows the long- and short-
term coefficients to be calculated separately (Kar and Kar, 2019). This estimator allows 
estimating the long- and short-term coefficients together and accepts the long-term 
coefficients the same for all units, while allowing the short-term coefficients to change 
from unit to unit and averaging (Güven and Mert, 2016). The panel PMG estimator allows 
variables of different stationarity to be estimated in the same model. This estimator 
calculates the short-term and long-term relationships along with the error correction 
coefficient (Dam and Şanlı, 2019). 

The format of the PMG model is as follows (Kutlar, 2017): 
 

 
1 1

, , , , , , ,
0 1

q p

i t i t i t j i j i j i t j i t
i i

Y EC X y u  
− −

− −
= =

 = +  +  + 
 

(Eq.7) 

 

 , ,, 1i t i tEC yi t X = − −
 

(Eq.8) 

 
In this model, independent variables and dependent variables have the same time lag 

for each cross-section. But this is not a mandatory condition (Kutlar, 2017). 
Panel ARDL estimation results are presented in Table 7. When PMG results are 

analysed, it is seen that organic agriculture has a positive effect on agricultural added 
value in the long-term. When the error correction term was examined, the coefficient was 
found to be negative and significant at the 1% level. In the short term, the relationship 
between the two variables was found to be statistically insignificant at the 5% level. When 
the MG results were examined, it was determined that the organic farming area has no 
effect on the agricultural added value, neither in the short-term nor in the long-term 
(Table 7). 
 

Table 7. Panel ARDL estimation results 

Long-term coefficient PMG MG 

organic_area 
103.2494 
(0.000) 

565.7876 
(0.095) 

Error correction coefficient   

ECT 
-0.6256404 

(0.000) 
 

-0.7302669 
(0.000) 

 

Short-term coefficient   

organic_area (D1) 
-108.7267 

(0.667) 
-295.6065 

(0.170) 

Values in parentheses are p values 
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As can be seen, PMG and MG analyses yielded different results. For this reason, the 
Hausman test was used to determine which estimator’s results would be taken as a basis. 
As the p value was greater than 0.05 in the Hausman test, it was determined that the PMG 
results were valid (Table 8). In other words, organic farming has a positive effect on 
agricultural added value in the long-term. 
 

Table 8. Hausman test results 

 mg pmg Difference S.E. 

fertilizer 565.7876 103.2494 462.5381 388.8182 

chi2(1) = 1.42, Prob>chi2 = 0.2342 

 
 

As a result of cointegration tests, long-term relationships between variables are 
estimated with the help of error correction models. If the error correction parameter is 
negative and significant, there is a long-term relationship between the variables (Tatoğlu, 
2020). When the error correction coefficients by countries were analyzed separately, it 
was determined that there is a long-term relationship between organic farming area and 
agricultural added value in all the countries except for Spain and the Netherlands at 
different levels of importance (Table 9). 
 

Table 9. Error correction coefficients by country 

Countries Coefficients Standard Error z p 

Germany -0.8154798 0.2564646 -3.18 0.001 

Austria -0.8835147 0.2465509 -3.58 0.000 

France -1.01852 0.2540947 -4.01 0.000 

Spain -0.1878386 0.213034 -0.88 0.378 

Italy -1.169897 0.2588712 -4.52 0.000 

Greece -0.2872759 0.1386241 -2.07 0.038 

Netherlands -0.0257895 0.0673751 -0.38 0.702 

Denmark -0.8731309 0.2592194 -3.37 0.001 

Sweden -0.3693185 -0.3693185 -2.09 0.036 

 
 
Discussion 

In the current study conducted to determine whether there is a relationship between 
organic farming area and agricultural added value in some European Union countries, a 
positive relationship was determined between organic farming area and agricultural added 
value. When the literature was reviewed, no study investigating the relationship between 
organic agriculture and agricultural added value was found. However, studies on the 
subject indicate that organic agricultural production creates higher added value. 
Polushkina et al. (2020) found that Russia’s GDP increased significantly as a result of 
value-added organic agriculture. In the study conducted by Saracin and Vasile (2015), it 
is stated that organic products create added value. In the research conducted by Sanders 
(2016), organic milk supply chain, organic apple supply chain and organic pasta supply 
chain in 9 European Union countries were examined and it was determined that higher 
added value occurred in the organic food chain compared to the conventional food chain. 
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Conclusion 

Through organic agriculture, the use of chemicals in agricultural production is 
prevented, which makes significant contributions to the protection of the environment, 
nature and agricultural lands. In addition, organic agriculture has positive effects on 
human health, as consumers eat food that does not contain chemical inputs. On the other 
hand, organic agriculture can make significant contributions to the national economy. 

Dynamic panel ARDL model was used in the current study carried out to determine 
the relationship between agricultural added value and organic farming area in 9 European 
Union countries for the period of 2000-2018. As a result of the statistical analyses, a 
significant positive relationship was determined between the organic farming area and 
the agricultural added value in the long term in the countries examined. In the short term, 
the relationship between the two variables was found to be statistically insignificant at 
the 5% significance level. In the current study, a bidirectional causality relationship was 
also determined between agricultural added value and organic farming area. When an 
evaluation was made by country, it was determined that there is a long-term relationship 
at different levels of importance between organic farming area and agricultural added 
value in all the countries except for Spain and the Netherlands. This result is considered 
to be important for policy makers. Since a positive relationship was found between 
organic farming area and agricultural added value in the current study, supports to organic 
farming should be increased to make a positive contribution to agricultural added value. 
On the other hand, it is thought that it is necessary to carry out more studies that reveal 
the relationship between organic agriculture and agricultural added value. 
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Abstract. This study was aimed to determine the most appropriate nitrogen amount for maize using 
fertigation method. Trials were conducted in 2018 and 2019 with 4 replicates according to the randomized 
blocks design in Sanliurfa, Turkey. Each plot area was 14 m2 (5 m x 2.8 m) and consisted of four rows of 
5 m in length. DKC-6664 maize variety was used in the study as a crop material. Drip irrigation system 
was used with 5-day intervals according to daily evaporation values. Irrigation water was given using 1.25 
coefficient of Class A Pan evaporation. Ten separate nitrogen doses were applied with the irrigation water 
at 0 kg da-1, 4 kg da-1, 8 kg da-1, 12 kg da-1, 16 kg da-1, 20 kg da-1, 24 kg da-1 28 kg da-1, 32 kg da-1 and 
36 kg da-1 (1 da = 1000 m2). According to the results of the two-year average, grain yield ranged from 434 
to 1594 kg da-1. The leaf area per plant varied between 112 and 621 cm2 plant-1, protein content between 
7.39% and 8.84%, starch content between 70.90% and 71.62%, and oil content between 4.20% and 4.66%. 
In general, the properties examined increased from the N0 application to the N28 application. Increasing 
nitrogen doses applied by fertigation method had a positive effect on the investigated properties. Based on 
average of years, the highest grain yield was determined in 28 kg da-1 nitrogen application with fertigation 
system. However, no statistical difference was observed between N24 and N28 applications.  
Keywords: maize, N, drip irrigation, protein, starch, oil 

Introduction 

Corn is an annual hot climate cereal. It can be grown in tropical and subtropical 
temperate climates, and it can be cultivated almost anywhere in the world. Corn is a plant 
used as human food, animal feed and industrial raw material. 

Stalk, leaves and grains are used as animal feed (Oktem and Oktem, 2020a). Grains 
and starch are used in human nutrition and in the food industry. In addition to these 
consumption areas, it is also consumed as a snack. Moreover, its use in the oil, sweetener 
industries and biofuel-bioethanol production has been increasing in recent years (Oktem 
and Oktem, 2020b). 

Due to global warming and the gradual decrease of water resources, research and 
development studies on the effective use of water have increased. The use of pressurized 
irrigation systems such as drip irrigation has come to an important point concerning the 
use of water, which is an important input in the agricultural sector, at an optimum level. 
Drip irrigation system saves water compared to other irrigation systems and increases the 
effective use of water by the plant. In addition, drip irrigation system allows plant 
nutrients to be given in combination with irrigation water (Oktem, 2008a). 

Nitrogen is absolutely essential and the most widely used plant macronutrient. The 
application of nitrogen fertilizers together with irrigation water in drip irrigation systems 
(fertigation) provides an increase in fertilizer use efficiency and yield. Therefore, 
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irrigation methods and nitrogen fertilization application are key factors in increasing the 
yield of plants. Proper management of these two factors is necessary for environmental 
protection and high production (Oktem, 2008b). 

Determining the appropriate fertilizer dose in the corn plant is important in terms of 
high efficiency, cost reduction and minimum damage to the environment. In previous 
studies, it was stated that the most appropriate nitrogen dose in corn plant was 
25 kg N da-1 (Cokkızgın, 2002). 

In another study, it was stated that increasing nitrogen doses had a positive effect on 
vegetative parameters; however, it was stated that the applications made above 
25 kg N da-1 were not statistically significant (Kaplan and Aktas, 1993). Although the 
highest yield was obtained from 36 kg N da-1 dose in the study conducted on maize plant, 
it was stated that statistically 27 kg N da-1 dose was more appropriate (Kara, 2006). 

In a study in which 5 different nitrogen doses (0, 24, 32, 40 and 48 kg N da-1) were 
tested in two corn varieties (89MAY70 and Shemal), it was found that nitrogen doses 
positively affected the grain yield and the highest grain yields were obtained from 40 and 
48 kg da-1 nitrogen doses (Tunalı et al., 2012). In a study where four different nitrogen 
doses (0, 7, 14 and 21 kg da-1) were researched it has been reported that nitrogen doses 
have a statistically significant effect on plant height, first ear height and grain yield (Can 
and Akman, 2014). 

It has been reported that the highest yield values were obtained from 15 kg da-1 N doses 
in the sweet corn plant, where 0, 7.5, 15, 22.5 and 30 kg da-1 pure nitrogen doses were 
applied by the fertigation method (Avsar et al., 2018). 

The aim of this study is to determine the most appropriate amount of nitrogen to be 
applied by fertigation method in drip irrigation in maize plant and to find out the effects 
of applied nitrogen on yield and yield components of maize plant and quality. 

Material and methods 

Study design and experimental procedures 

This study was carried out at the second crop conditions of the Harran Plain, Sanliurfa, 
Turkey in 2018 and 2019. The research was set up in a randomized block design with 4 
replications. DKC-6664 single cross hybrid corn variety was used as plant material in the 
study. The climate data of the research area is given in Table 1, and the soil properties are 
given in Table 2. During the trial years, the temperature increased above 40 0C in June, 
July and August, and the average relative humidity was observed between 29.3% and 
36.6%. There was no rainfall in July and August and rainfall was very low in June and 
September (Table 1). There was no climatic factor limiting corn cultivation, and the plants 
were grown without any problems with the irrigation. 

The soil of the trial area is low in organic matter, calcareous, high in potassium, and 
has a harmless salinity (Table 2). The soil characteristics of the experimental area are 
alluvial, flat and deep soils. Typical red profiles have clay texture. The entire profile is 
very calcareous and has a pH between 7.3 and 7.8 (Dinc et al.,1988). 

Before planting, the soil was first plowed with a mouldboard plough, then processed 
with a goble disc and made ready for planting by pulling the float. In the experiment, each 
plot consisted of 4 rows with a 5 m length. Row spacing was 70 cm, intra row spacing 
was 16 cm and sowing depth was 5-6 cm. Sowing was done on 25 June 2018 and 24 June 
2019 with a pneumatic seed drill. Chemical spraying was done against weeds and pests. 
Harvesting was done when the plants were completely dry. 
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Table 1. Climatic data of 2018 and 2019 years of the research area 

 

Lowest 
temperature (0C) 

Highest 
temperature (0C) 

Average 
temperature (0C) 

Average relative 
humidity (%) 

Precipitation 
(mm) 

2018 2019 2018 2019 2018 2019 2018 2019 2018 2019 

April 9.3 5.9 32.1 26.8 19.9 14.4 38.4 67.0 35.8 97.4 

May 12.2 10.1 36.3 40.3 23.0 25.2 50.1 35.8 64.5 7.3 

June 16.2 18.6 43.1 44.1 28.6 30.7 36.6 30.6 10.1 8.9 

July 21.2 19.7 43.2 42.3 31.9 31.7 34.2 29.6 0.0 0.0 

August 20.8 20.7 42.2 45.8 32.2 32.8 33.6 29.3 0.0 0.0 

September 17.7 15.9 41.5 39.5 28.8 27.9 31.3 30.3 2.2 0.2 

October 9.3 11.3 34.2 36.2 21.6 22.9 45.6 44.9 39.4 45.1 

November 5.4 - 27.5 - 13.0 - 72.5 - 106.6 0.0 

 
 

Table 2. Some physical and chemical properties of the trial area soil 

 
 

An analysis-of-variance (ANOVA) was performed using Jump statistical package 
program to evaluate statistical differences between research results. Means of the data 
obtained from research were compared using DUNCAN test at P≤0.05 (Yurtsever, 1984). 

Application of irrigation water 

Sprinkler irrigation was applied in all plots immediately after planting to obtain a 
sufficient output. When the plants have 3-4 leaf, nitrogen doses were started to be given 
to all plots with the drip irrigation system. During both trial years, laterals were placed in 
the drip irrigation system, one lateral to two plant rows, with 140 cm spacing (Oktem, 
2008a). 

The irrigation water to be given to the parcels was calculated as 1.25 times the 5-day 
cumulative evaporation amount obtained from the Class-A Pan container (Oktem, 2008a). 
Irrigation water was given to the parcels at 5-days intervals after correcting with the soil 
cover percentage of the plant (Oktem, 2006). 

During the 2018 growing season of the experiment, 790 mm of total irrigation water 
was applied, and 759 mm during the 2019 growing season. Some chemical properties of 
irrigation water used in the research was given Table 3. 

Soil properties 2018 2019 

Deep 0-20 20-40 0-20 20-40 

pH 7.81 7.91 7.95 7.87 

EC (ds/m) 1.31 1.00 0.91 0.90 

Lime (%) 26.90 26.90 28.10 27.30 

Phosphorus P2O5 (kg da-1) 6.42 4.12 4.69 4.69 

Potassium K2O (kg da-1) 213.30 171.60 145.20 150.30 

Organic matter (%) 2.01 1.61 1.69 1.60 

Nitrogen (%) 0.15 0.14 0.12 0.12 

Sandy (%) 25.28 25.28 30.00 28.00 

Clay (%) 56.00 52.00 48.88 48.80 

Silt (%) 18.72 22.72 21.12 23.12 
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Irrigation was continued until the end of the physiological maturity period of the 
plants. Fig. 1 shows design of drip irrigation and fertigation system in the research. 
 

Figure 1. Design of drip irrigation and fertigation system in the reseach area 
 
 

The equation (Eq.1) given below was used in the calculation of irrigation water (Oktem 
and Oktem, 2009). 
 
 I = Ep x Kcp x P x A (Eq.1) 
 

In the equality I is the amount of irrigation water (lt), EP is Evaporation from Class A-
Pan (mm), Kcp is Pan coefficient (Kcp= 1.25), P is Cover percentage (%), A represents 
the parcel area (m2). 

The following equation (Eq.2) was used in the calculation of the cover percentage 
(Kanber and Gungor, 1986). 
 
 % P = a/b x 100 (Eq.2) 
 

In the equality a = The width of the projection of the above-ground part of the plant, 
b = It represents distance between two plants. 

Application of fertilizers 

Fertilization was done considering the soil analysis results of the experimental area. 
Ten pure nitrogen doses were used in the trial that is 0 kg da-1, 4 kg da-1, 8 kg da-1, 
12 kg da-1, 16 kg da-1, 20 kg da-1, 24 kg da-1, 28 kg da-1, 32 kg da-1 and 36 kg da-1 
(1 da = 1000 m2). The total nitrogen doses were divided into 10 equal parts considering 
vegetation period of used variety and given with the drip irrigation system until the end 
of tasselling period. Nitrogen was given according to BBCH scale from phenological 
growth stage 1(13) to 5(59) (Lancashire et al., 1991). 1/10 of the total amount of pure 
nitrogen to be given and the whole amount of pure phosphorus (10 kg P2O5 da-1) were 
given at once with planting. In the experiment, triple super phosphate CaH4(PO4)2.H2O 
(43-44%) fertilizers were used as phosphorus source and urea (46% N) fertilizers were 
used as nitrogen source. In order to prevent the passage of nitrogen, a space of 2.0 m was 
left between the plots and 3.0 m between the blocks. 
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Results and discussion 

Plant height (cm) 

It was determined that the effect of nitrogen amount applied at different doses by the 
fertigation method on plant height was statistically significant (P≤0.01). The plant height 
values in 2018, 2019 and the average of the two years of the study varied between 
170.75 - 270.38 cm, 179.60 - 284.60 cm and 175.18 - 277.49 cm, respectively (Table 3). 
In both experimental years, the lowest plant height was obtained from the N0 application, 
and the highest plant height was obtained from the N28 application (Fig. 2). Although 
genetic factors affect plant height (Oktem and Oktem, 2013), in parallel with our findings, 
some researchers reported that plant height increased depending on nitrogen applications 
(Oktem, 2008b; Cerny et al., 2012; Ullah et al., 2015; Avsar et al., 2018). 
 
 

Figure 2. Plant height values at different nitrogen doses given by fertigation method 
 

 

Table 3. Plant height and stem diameter values at different nitrogen doses given by fertigation 
method 

N Doses Plant height** (cm) Stem diameter** (mm) 

(kg da-1) 2018 2019 2018-2019 2018 2019 2018-2019 

N0 170.75 g† 179.60 g 175.19 g 10.65 e 10.85 g 10.75 g 

N4 191.00 f 194.00 f 192.50 f 12.65 d 12.80 f 12.73 f 

N8 204.13 e 205.50 f 204.81 e 15.03 c 14.80 e 14.91 e 

N12 225.25 d 232.30 e 228.75 d 15.88 c 15.95 d 15.91 d 

N16 242.50 c 246.30 d 244.38 c 15.78 c 16.05 d 15.91 d 

N20 260.25 ab 267.60 bc 263.94 b 19.18 ab 19.55 b 19.36 b 

N24 265.75 a 276.10 ab 270.94 ab 20.08 a 20.48 a 20.28 a 

N28 270.38 a 284.60 a 277.50 a 20.10 a 20.45 a 20.28 a 

N32 253.75 b 271.10 ab 262.44 b 17.95 b 18.63 c 18.29 c 

N36 235.13 c 255.40 cd 245.25 c 12.98 d 13.28 f 13.13 f 

Mean 231.89 241.25 236.57 16.03 16.28 16.15 

CV 1.55 1.97 1.55 3.02 1.61 2.31 

†: There is no significant difference at 0.05 level between the averages shown in the same letter according 
to Duncan test, **: denotes P≤0.01 
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Stem diameter (mm) 

According to the results of analysis of variance, the effect of different nitrogen doses 
applied by fertigation method on stem diameter was found to be statistically significant 
(P≤0.01). It was observed that the stem diameter varied between 10.65 mm (N0) and 
20.10 mm (N28) in 2018, and between 10.85 mm (N0) and 20.48 mm (N24) in 2019 
(Table 3). According to the combined analysis results of two years; stem diameter ranged 
from 10.75 to 20.28 mm (Fig. 3). The lowest stem diameter was obtained from the N0 
application (10.75 mm), and the highest stem diameter (20.28 mm) was obtained from 
the N28 application (Table 4). Similar to our results, it has been reported that stem 
thickness increases depending on nitrogen applications (Oktem and Oktem, 2005; Kara, 
2006; Kılınc et al., 2018; Kahriman et al., 2020). 

 
 

Figure 3. Stem diameter values at different nitrogen doses given by fertigation method 
 
 

Table 4. Ear length and ear diameter values at different nitrogen doses given by fertigation 
method 

N doses Ear length** (mm) Ear diameter** (mm) 

(kg da-1) 2018 2019 2018-2019 2018 2019 2018-20 

N0 7.05 h† 6.93 i 6.99 i 34.53 e 33.90 g 34.22 f 

N4 8.53 g 8.40 ı 8.47 ı 36.25 e 36.15 f 36.20 e 

N8 12.13 f 10.90 h 11.52 h 41.23 d 41.73 e 41.48 d 

N12 13.65 e 12.48 g 13.07 g 42.75 cd 43.68 de 43.22 c 

N16 14.68 d 14.88 e 14.78 e 43.85 c 43.85 de 43.85 c 

N20 16.85 c 16.45 d 16.65 d 47.78 b 47.95 ab 47.87 b 

N24 18.68 b 18.90 b 18.79 b 48.50 ab 49.33 ab 48.92 ab 

N28 20.88 a 21.45 a 21.17 a 50.60 a 50.73 a 50.67 a 

N32 17.60 bc 17.60 c 17.60 c 46.68 ab 47.65 bc 47.17 b 

N36 14.03 de 13.98 f 14.01 f 44.18 c 45.23 cd 44.71 c 

Mean 7.05 6.93 6.99 43.64 44.02 43.83 

CV 8.53 8.40 8.47 2.01 2.04 1.99 

†: There is no significant difference at 0.05 level between the averages shown in the same letter according 
to Duncan test, **: denotes P≤0.01 
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Ear length (cm) 

The effect of different nitrogen doses applied by fertigation method on ear length was 
determined to be statistically significant (P≤0.01). In 2018, 2019 and the average of the 
two years, the ear lengths varied between 7.05 and 20.88 cm, 6.93 and 21.45 cm and 6.99 
and 21.17 cm, respectively (Fig. 4). 
 

Figure 4. Ear length values at different nitrogen doses given by fertigation method 
 
 

In both trial years, the lowest ear length was obtained from the N0 application, and the 
highest ear length was obtained from the N28 application (Table 4). Similar to our 
findings, it has been reported by some researchers that as the nitrogen dose increases, the 
ear length increases (Saruhan and Sireli, 2005; Oktem and Oktem, 2005; Kara, 2006; 
Oktem, 2008b; Safdarian et al., 2014). 

Ear diameter (mm) 

The effect of different nitrogen doses on ear diameter in corn plant grown by 
fertigation method was found to be statistically significant (P≤0.01). According to 2018 
values, the lowest ear diameter was obtained from the N0 subject (34.53 mm), and the 
highest ear diameter was obtained from the N28 subject (50.60 mm). Ear diameter varied 
between 33.90 mm (N0) and 50.73 mm N28 in the 2019 growing season (Table 4). 

 
 

 

Figure 5. Ear diameter values at different nitrogen doses given by fertigation method 
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According to the average of two years; the lowest ear diameter was found in N0 
(34.22 mm), and the highest ear diameter (50.67 mm) was found in N28 (Fig. 5). In 
parallel with the increase in nitrogen doses, the ear diameter values also increased. Some 
researchers have stated in their studies that the ear diameter increases depending on the 
increased nitrogen doses (Saruhan and Sireli, 2005; Kara, 2006; Oktem, 2008b; Can and 
Akman, 2014). 

Thousand kernel weight (g) 

The effect of different nitrogen amounts on thousand kernel weight in corn plant was 
found to be statistically significant (P≤0.01). According to the 2018 values of the study, 
it was observed that the thousand-kernel weight varied between 274 g and 319 g, and in 
the 2019 growing season, it varied between 309 g and 373 g (Table 5). 
 
 

Table 5. Thousand kernel weight and grain yield values at different nitrogen doses given by 
fertigation method 

N doses Thousand kernel weight** (g) Grain yield** (kg da-1) 

(kg da-1) 2018 2019 2018-2019 2018 2019 2018-2019 

N0 310 ab 309 d† 310 c 315 h 553 h 434 f 

N4 299 abc 333 c 316 c 610 g 846 g 728 e 

N8 274 c 344 bc 309 c 892 f 1047 f 970 d 

N12 297 abc 331 c 314 c 1074 e 1189 e 1132 c 

N16 300 abc 339 bc 320 bc 1229 c 1331 d 1280 b 

N20 305 ab 349 b 327 abc 1301 bc 1393 c 1347 b 

N24 315 a 369 a 342 ab 1428 ab 1499 b 1464 a 

N28 319 a 373 a 346 a 1567 a 1621 a 1594 a 

N32 297 ab 370 a 334 abc 1201 cd 1351 cd 1276 b 

N36 289 bc 369 a 329 abc 1106 de 1105 f 1106 c 

Mean 301 349 325 1072 1194 1133 

CV 6.36 1.75 4.45 5.60 3.46 3.83 

†: There is no significant difference at 0.05 level between the averages shown in the same letter according 
to Duncan test, **:  denotes P≤0.01 

 
 

Figure 6. Thousand kernel weight values at different nitrogen doses given by fertigation 
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According to the combined analysis results of two years; the thousand kernel weights 
varied between 310 g and 346 g in different N treatments. Increasing nitrogen doses had 
a positive effect on the grain weight (Fig. 6). Some researchers reported that the thousand 
kernel weight increased with increasing nitrogen doses and reported similar results with 
our findings (Amaral et al., 2005; Kara, 2006; Yururdurmaz, 2007). 

Grain yield (kg da-1) 

According to the results of analysis of variance, it was determined that the effect of 
different nitrogen doses given by fertigation method on grain yield was statistically 
significant (P≤0.01). In 2018, 2019 and the average of the two years of the research, it 
was observed that the grain yield values changed between 315 and 1567 kg da-1, between 
553 and 1621 kg da-1, and between 434 and 1594 kg da-1, respectively. In both trial years, 
the lowest grain yield was found in N0 application and the highest grain yield was found 
in N28 application (Table 5). But N24 and N28 applications were in the same statistical 
group at means of years. As the amount of nitrogen increased, the grain yield increased 
up to 28 kg da-1 nitrogen dose, after which a decrease was observed. 

Increasing nitrogen doses had a positive effect on grain yield (Fig. 7). The nitrogen 
use efficiency can vary according to genotypes. Supporting our findings, some 
researchers stated that grain yield increased in response to increasing nitrogen dose (Allen 
et al., 2000; Oktem et al., 2001, 2010; Blumental et al., 2003; Tunalı et al., 2012; Yolcu, 
2014; Avsar et al., 2018; Koca and Ibrikci, 2019). A significant second order polynomial 
relationship was found between grain yield and nitrogen doses in average of both years 
as shown in Fig. 7 (P≤0.01). The relationship equation was y = -28.831x2 + 402.39x + 
29.775 (R² = 0.9529). From the regression analysis (Fig. 7), it seems appropriate to give 
24 kg da-1 nitrogen to corn by fertigation method. 
 

Figure 7. Gain yield values at different nitrogen doses given by fertigation method 
 
 
Leaf area of plant (cm2 bitki-1) 

The effect of different nitrogen amounts on the leaf area of the plant was found to be 
statistically significant (P≤0.01). In the 2018 trial year, the leaf area per plant varied 
between 108 cm2 plant-1 (N0) and 613 cm2 plant-1 (N28). In 2019, the lowest leaf area 
was taken from the N0 application (116 cm2 plant-1), and the highest plant 
(629 cm2 plant-1) was taken from the N28 application (Table 6). 
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Table 6. Leaf area and protein content of kernel values at different nitrogen doses given by 
fertigation method 

N doses Leaf area** (cm2 plant-1) Protein content** (%) 

(kg da-1) 2018 2018 2018-2019 2018 2019 2018-2019 

N0 108 f† 116 g 112 g 7.48 b 7.30 b 7.39 b 

N4 151 ef 158 f 154 f 8.03 ab 7.95 ab 7.99 ab 

N8 170 e 176 f 173 f 8.20 ab 8.03 ab 8.11 ab 

N12 231 d 251 e 241 e 8.23 ab 8.10 ab 8.16 ab 

N16 308 c 324 d 316 d 8.28 ab 8.13 ab 8.20 ab 

N20 416 b 457 b 436 b 8.70 ab 8.20 ab 8.45 ab 

N24 547 a 566 a 557 a 8.85 ab 8.35 ab 8.60 a 

N28 613 a 629 a 621 a 8.88 a 8.80 a 8.84 a 

N32 370 b 400 c 385 c 8.83 ab 8.43 ab 8.63 a 

N36 227 d 244 e 236 e 8.73 ab 8.38 ab 8.55 a 

Mean 314 332 323 8.42 8.17 8.29 

CV 3.91 2.31 3.22 4.00 4.00 4.00 

†: There is no significant difference at 0.05 level between the averages shown in the same letter according 
to Duncan test, **:  denotes P≤0.01 

 
 

According to the combined analysis results of two years, it was observed that the leaf 
area per plant varied between 112 cm2 plant-1 (N0) and 621 cm2 plant-1 (N28). Leaf area 
values increased in parallel with the increase in nitrogen (Fig. 8). Supporting our research 
findings, some researchers reported that leaf area values increased with increasing 
nitrogen doses (Yururdurmaz, 2007; Hokmalipour et al., 2011; Tunalı et al., 2012). 

 
 
 

Figure 8. Leaf area in plant values at different nitrogen doses given by fertigation method 
 
 
Protein content of kernel (%) 

According to analysis of variance, the effect of different nitrogen amount on kernel 
protein content was found to be statistically significant (P≤0.01). According to the 
combined analysis results of two years it was observed that the protein content in the 
kernel varied between 7.39% and 8.84% in different N applications (Fig. 9). 

 

0

100

200

300

400

500

600

700

N0 N4 N8 N12 N16 N20 N24 N28 N32 N36

L
e

a
f 

a
re

a
 i

n
 p

la
n

t 
( 

cm
2

 p
la

n
t-1

)

Nitrogen Doses (kg da-1)

2018

2019

2018-2019



Saracoglu - Oktem: The effect of nitrogen application in different doses by fertigation method on the grain yield, yield components 
and quality of corn (Zea mays L.) 

- 5027 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):5017-5031. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_50175031 
© 2021, ALOKI Kft., Budapest, Hungary 

Figure 9. Protein content of kernel values at different nitrogen doses given by fertigation 
 
 

The lowest kernel protein content was obtained from N0 application, and the highest 
kernel protein content (8.84%) was obtained from N28 application (Table 6). Parallel to 
our findings, some researchers stated that the protein ratio increased as the nitrogen dose 
increased (Patricio Soto et al., 2004; Oktem, 2008c; Oktem et al., 2010; Ullah et al., 2015; 
Avsar et al., 2018; Kılınc et al., 2018; Kahriman et al., 2020). Ozsisli (2010), on the other 
hand, reported higher protein content values than our findings. 

Starch content of kernel (%) 

The effect of different nitrogen amount applied by fertigation method on starch content 
in kernel was not found statistically significant. According to the combined analysis 
results of two years; the starch content in kernels varied between 70.90% and 71.62%. 
The lowest starch content in the kernel was obtained from the N36 application (70.90%), 
and the highest starch content in the kernel (71.62%) was obtained from the N8 
application (Table 7). 
 

Table 7. Starch and oil content of kernel values at different nitrogen doses given by fertigation 
method 

N Doses Starch content** (%) Oil content** (%) 

(kg da-1) 2018 2019 2018-2019 2018 2019 2018-2019 

N0 69.68 72.80 71.24 4.15 b† 4.25 b 4.20 c 

N4 70.58 72.08 71.33 4.25 ab 4.35 ab 4.30 bc 

N8 70.95 72.28 71.62 4.35 ab 4.40 ab 4.38 abc 

N12 70.85 72.05 71.45 4.43 ab 4.48 ab 4.45 abc 

N16 70.85 72.25 71.55 4.45 ab 4.48 ab 4.46 abc 

N20 70.48 72.15 71.32 4.48 ab 4.50 ab 4.49 ab 

N24 70.48 71.60 71.04 4.55 a 4.60 ab 4.58 ab 

N28 69.90 72.05 70.98 4.59 a 4.73 a 4.66 a 

N32 70.88 71.95 71.42 4.48 ab 4.55 ab 4.51 ab 

N36 70.45 71.35 70.90 4.48 ab 4.55 ab 4.51 ab 

Mean 70.51 72.06 71.28 4.42 4.49 4.45 

CV 0.97 1.16 1.06 7.65 4.23 6.36 

†: There is no significant difference at 0.05 level between the averages shown in the same letter according 
to Duncan test, **: denotes P≤0.01 
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In parallel with our findings, similar starch content values in maize have been reported 
by some researchers (Ignjatovic-Micic et al., 2014; Kahriman et al., 2020). Some other 
researchers reported lower starch content values than our findings (Ozsisli, 2010; Kılınc 
et al., 2018). 

Oil content of kernel (%) 

According to the analysis of variance, it was determined that the effect of different 
nitrogen amounts applied by fertigation method on the oil content in the grain was 
statistically significant (P≤0.01). According to the values of the first year of the study, the 
lowest oil content in the grain was obtained from the N0 application (4.15%), and the 
highest oil content in the grain (4.59%) was obtained from the N28 application. 

It was observed that the oil content in the grain varied between 4.25% (N0) and 4.73% 
(N28) in the 2019 growing season (Table 7). According to the combined analysis results 
of two years; the lowest oil content in the kernel was taken from the N0 application 
(4.20%), and the highest kernel oil content (4.66%) was taken from the N28 application. 
It has been reported that the oil content of the corn kernel is 4.3% (Watson, 2003). 
Josipovic et al. (2014) reported that grain oil ratios ranged from 3.50 to 4.17%. 

The oil content in the kernel increased from N0 application to N28 application 
(Fig. 10). Increasing nitrogen doses had a positive effect on grain oil content. It has also 
been stated in previous studies that nitrogen doses have a positive effect on grain oil 
content (Paiva et al., 2011; Ignjatovic-Micic et al., 2014; Ozata and Kapar, 2014; Avsar 
et al., 2018; Kahriman et al., 2020). 
 

Figure 10. Oil content of kernel values at different nitrogen doses given by fertigation 
 
 
Conclusion 

As a result of this study which was carried out to determine the most appropriate 
nitrogen amount by fertigation method, according to the average of two years; plant 
height ranged from 175.18 to 277.49 cm, stem diameter 10.75 to 20.28 mm. Ear length 
varied from 6.99 to 21.17 mm, ear thickness 34.22 to 50.67 mm. Thousand kernel weight 
ranged from 309 to 373 g, grain yield from 434 to 1594 kg da-1. The leaf area per plant 
was between 112 cm2 plant-1 and 621 cm2 plant-1, the protein content in the kernel was 
between 7.39% and 8.84%. The starch content was found between 70.90% and 71.62%, 
and the oil content in the kernel varied between 4.20% and 4.66%. The analyzed 
parameters were found to be statistically significant (P<0.01). In general, an increase was 
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recorded in the properties examined from the N0 application to the N28 application, but 
a decrease was observed after N28 nitrogen dose. The nitrogen doses applied by the 
fertigation method had a positive effect on the investigated properties. According to two-
years average, the highest grain yield was determined in 28 kg da-1 nitrogen application 
with fertigation system. But there were no statistical differences between N24 and N28 
applications. When factors such as economic factors, protection of natural resources, 
environmental pollution, sustainable agriculture, and regression analysis (Fig. 7) are 
taken into consideration, 24 kg da-1 of nitrogen given by fertigation method seems more 
appropriate for corn. It is useful to repeat similar fertigation studies with nitrogen for 
different corn varieties and different locations in the world. 
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Abstract. Kinnow mandarin (Citrus reticulata Blanco) is a highly valued fruit crop with ever increasing 
demand in national and international markets. Farmers eagerly put their efforts to produce quality fruit 
even compromising food safety, which is a preliminary concern of every consumer due to increased 
awareness of the adverse impact of pesticide abuses in conventional farming system. Use of environment 
friendly non-hazardous biological agents is increasing particularly for perishable horticultural crops. The 
project was designed to evaluate ecofriendly approaches to improve plant vigor and fruit quality of 
Kinnow mandarin replacing unsafe synthetic pesticides. During first two years of trial (2014 and 2015) 
improved pruning practices (traditional, 10% and 20%) and biopesticides (neem oil and lemongrass oil 
each at 1.5%) were evaluated separately while in third year (2016) integrated treatment applications were 
designed to investigate cumulative effect of pruning and biopesticides on fruit quality in comparison with 
control and sole application of Bifenthrin at 2 ml/L. Cosmetic, physical and biochemical attributes were 
studied in fully ripened fruits. Initial experiments witnessed significant reduction in fruit blemishes with 
20% pruning and 1.5% neem oil treatment with improved physical quality, while cumulative application 
resulted in prominent statistically significant improvement. Tree pruning along with foliar spray of neem 
oil significantly improved fruit physical quality and cosmetic appearance. 
Keywords: blemishes, fruit quality, neem oil, lemongrass oil, canopy management, non-hazardous, 
ecofriendly 

Introduction 

Kinnow mandarin is the most prominent member of the citrus family particularly for 
juices and fresh consumption. Like any other commercial fruit crop quality is 
considered as driving force in supply chain for both Pakistan and international 
destinations (Dandekar, 2004). Determinants of fruit quality can be divided into factors 
affecting external quality and factors defining internal quality. Both are of critical 
importance, since external quality influences initial purchasing decision, while internal 
quality determines consumption and successive purchase (Chaparro, 2004). Cosmetic or 
external fruit quality deteriorates by several abiotic (wind, physical damage, 
physiological disorders) and biotic factors, including insects (thrips, mites, red scale, 
peel miner, fruit fly and others) and diseases (citrus scab, citrus melanose and citrus 
canker) which damage cuticle and epidermal cells of newly developed fruit (Fatima and 
Iram, 2019), while table quality of fruits is influenced by different biochemical factors 
such as TSS/TA ratio, pH, acidity and sugar profile (Ahmed, 2005). 

Synthetic pesticides are aggressively used to reduce pathogen load on crops in 
agricultural industry. Excessive use of these pesticides is injurious as they are highly 
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toxic, non-biodegradable and possess residual impact. Exposure to pesticides poses a 
continuous health hazard, especially in the agricultural working environment (Yadav et 
al., 2015). Within this context, pesticide use has raised serious concerns not only due to 
potential effects on human health, but also about impacts on wildlife and sensitive 
ecosystems (Ibitayo, 2006). Modern ecofriendly approaches discourage the use of 
chemicals all over the world (Chaudhary et al., 2017). Production of fresh produce with 
minimum pesticide residual levels has become a big challenge for the industry as most 
of the countries are demanding maximum residual limits (MRLs) report with every 
consignment (Khalid et al., 2012). 

As an alternative and non-hazardous approach, many plant-based oils are reported to 
possess a broad spectrum of activity against insect pests and fungal pathogens (Hikal et 
al., 2017). These are generally termed as biopesticides. These biopesticides are reported 
to have insecticidal, antifeedant, repellent, oviposition, deterrent, growth regulatory and 
anti-vector activities (Dimetry et al., 2018). Recent investigations indicate that some 
chemical constituents of these oils interfere with the nervous system in insects. As the 
target site is not shared with mammals, most essential oil chemicals are relatively 
nontoxic to mammals and fish, meeting the criteria for “reduced risk” pesticides 
(Chaudhary et al., 2017). Thus, in the present concept of green pesticides, some rational 
attempts have been made to include substances such as plant extracts, hormones, 
pheromones (Koul, 2008). A number of source plants have been traditionally used for 
protection of stored commodities, but interest in the biopesticides is reintroduced due to 
their fumigant, repellent and contact insecticidal activities to a wide range of pests in 
field conditions (Priestley et al., 2003). 

Along with some others, neem oil is widely known to use as a safe pest management 
technique. Studies witnessed that neem oil proved as a good substitute of synthetic 
insecticides to manage citrus insect pest like leaf miner (Arshad et al., 2019; Deka et al., 
2018). Neem seeds contain numerous azadirachtin analogs which are well known as a 
potent antifeedant to many insects (Sirohi and Tandon, 2014). Azadiractin based 
products are recommended in the control of insects such as aphids, armyworms, 
caterpillars, beetles, borers, budworms, cutworms, leafhoppers, leaf miners, 
lepidopterous larvae, loopers, maggots, mealy bugs, psyllids, scale, stink bugs, weevils 
and whiteflies (Dayan et al., 2009). Several other plant extracts and essential oils are in 
general practice as repellents like lemongrass, marigold and basil. Some of the plant 
extracts especially leaf extract of chrysanthemum naturally contain pyrethrum and can 
be used as pesticide against many sucking pests. 

Along with ecofriendly chemicals, orchard management and cultural practices are the 
key factor contributing to the quality of horticultural produce. Poor cultural practices 
can seriously impact fruit quality. Pruning is a valuable practice in citrus orchard 
suffering from negligence or decline to induce rejuvenation and enhance vegetative 
growth (Rani et al., 2018). In combination with regular schedule of pest control, 
removal of decadent wood will improve top root balance, resulting good quality fruit 
(Morales and Davies, 2000). Pruning in citrus is considered as a cheap and efficient 
practice to avoid physical damage like bruising of the fruit from rubbing with branches 
as reduction in crowded tree canopy decreases the risk of wind born blemishes. It also 
increases the light penetration in the tree, improves general health and vigor of the tree 
meanwhile pruning diseased and week branches also reduced the risk of fungal 
infestation (Dick, 2007; Marini, 2014). Pruning is done as a regular practice to reduce 
disease load and to improve light penetration to attain better fruit quality in many 
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countries like USA (Fake, 2012). Pruning practices were never tested or standardized in 
Pakistan as a strategy to minimize fruit blemishes in Kinnow mandarin. 

Putting all these factors under consideration, current study was designed to improve 
cosmetic, physical and biochemical aspects in Kinnow mandarin with application of 
non-hazardous biopesticides coupled with improved tree pruning practices in order to 
provide an alternative approach to cast off synthetic pesticides intensively used by citrus 
growers in Pakistan. 

Materials and methods 

Three-year study was conducted at commercial Kinnow mandarin (Citrus reticulata) 
orchard in prominent citrus growing District Sargodha of Punjab Province, Pakistan 
(32°05’N 72°40’E). Uniformly aged Kinnow mandarin trees, managed under similar 
cultural practices with same productivity potential, history and symptoms of identified 
potential issues were selected to perform the experiment. 

During 2014 and 2015, impact of improved tree pruning practices and biopesticides 
applications were tested separately. The treatments included control (T1), traditional 
pruning (Removal of dried and intermingled branched) (T2), 10% pruning (removing 
additional 10% biomass) (T3), 20% pruning (removing additional 20% biomass) (T4), 
1.5% neem oil (T5), 1.5% lemongrass oil (T6) and 2 ml/L bifenthrin (T7), where 
bifenthrin was applied for comparison as it is one of the most widely used pesticides to 
overcome pest problems in citrus production. While in 2016, combinations of best 
performing treatments were tested in comparison with control and synthetic 
insecticides. The treatment combinations included control (T1), 10% pruning (removing 
additional 10% biomass) * 1.5% neem oil (T2), 20% pruning (removing additional 20% 
biomass) * 1.5% neem oil (T3) and bifenthrin at 2ml/L (T4). Selected trees were pruned 
at the end of February according to the treatment plan. Spray applications were carried 
out at three different developmental stages i.e. before flowering, at fruit set (when more 
than 90% petal fall reached) and at pea size fruit. 

At commercial maturity, data regarding nature and extent of blemishes (fruit 
cosmetic quality) were recorded for randomly selected 100 fruits from each replicated 
tree. Data on nature of blemishes was divided into biotic and abiotic categories, among 
biotic factors, percent insect pest infected fruit (thrips, scales and mites) and percent 
disease infected fruits (scab, melanose and canker) were observed while among abiotic 
factors percent infected fruits due to wind scars, stem injury and styler end deformity 
(SED) were observed. Fruit was categorized for skin blemishes as described by Khalid 
et al. (2012). 

Physical quality parameters included, fruit diameter, fruit weight, juice weight, peel 
thickness and number of seeds per fruit. Fruit diameter and peel thickness was 
recorded with the help of digital vernier caliper, while fruit and juice weight were 
recorded with weighing scale. The biochemical characters including ascorbic acid, 
pH, total soluble solids/titratable acidity (TSS/TA) ratio and total sugar were 
determined according to standard techniques, as described by Saleem et al. (2008) and 
Khan et al. (2011). 

Experiment was laid out under randomized complete block design (RCBD) with 
three replications having one tree per replicate. Data regarding parameters was 
compared by HSD test with 5% significance level by using Statistix 8.1 (Steel et al., 
1997). 
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Results and discussion 

Fruit cosmetic quality 

To assess cosmetic quality fruits were analyzed for nature and extent of blemishes. 
Among nature of blemishes, fruits were expressed as percent infected fruits and 
categorized as insect pest induced (thrips, scales and mites), disease induced (scab, 
melanose and canker) and a biotic induced (wind scars, stem injury and SED) fruit 
blemishes against tree pruning and biopesticides as presented in Figures 1 and 2. 

 

 

Figure 1. Effect of biopesticides and tree pruning on nature of fruit blemishes during two 
consecutive years (2014 and 2015). T1 = Control, T2 = Traditional Pruning, T3 = pruning 10% 

T4 = Pruning 20%, T5 = Neem oil 1.5%, T6 = Lemongrass oil 1.5%, T7 = Bifenthrin 2 ml/L 
 
 
During 2014 and 2015 studies revealed that tree pruning at 20% alone proved 

beneficial to control blemishes on fruit skin due to fungus (scab 8.33% and 6.33%, 
melanose 6.67% and 6.67% and canker 5% and 6%), wind (4.33% and 3.33%) and stem 
injury (3.33% and 4.33%) as compared to other treatments, while tree pruning did not 
put any substantial impact on insect pest induced fruit blemishes. Biopesticides 
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especially neem oil at 1.5% significantly reduced incidence of thrips (5.67 and 6%) and 
mites (5.33 and 6.67%) induced fruit blemishes as compared to other treatments while 
remained at par with synthetic insecticide i.e. Bifenthrin at 2 ml/L (thrips 3.33% and 
3.67% and mites 3% and 4.33%). Chemical agent (Bifenthrin at 2 ml/L) failed to 
control fungal induced blemishes, however it provided most efficient control over insect 
pest induced blemishes on fruit skin in Kinnow mandarin. Fruit blemishes due to styler 
end deformity exhibited non-significant trend among all treatments. 

 

 

Figure 2. Effect of biopesticides and tree pruning on nature of fruit blemishes during 2016. 
T1 = Control, T2 = Pruning 10% + Neem oil 1.5%, T3 = Pruning 20% + Neem oil 1.5%, 

T4 = Bifenthrin 2 ml/L 
 
 
While taking into account data collected in 2016, combination of pruning and neem 

oil significantly reduced abiotic and disease induced fruit blemishes. Maximum 
reduction in fruit blemishes due to scab (3.33%), melanose (1.67%), canker (4.33%), 
wind scars (4.67%) and stem injury (4%) were observed in plants pruned at 20% and 
sprayed with 1.5% neem. Among insect pest induced fruit blemishes again Bifenthrin 
proved to be most effective treatment (thrips: 2.67%, mites: 3%) as compared to other 
treatments. 

Among extent of blemishes, fruits were categorized into six different grades 
having < 1%, 1-5%, 6-10%, 11-25%, 26-50% and > 50% blemished surface area against 
application of different treatments which reflected significant difference as shown in 
Figures 3 and 4. During 2014 and 2015, maximum number of fruit with less than 1% 
(29 and 26.67%), 1-5% (31.67 and 34%) and 6-10% (20.67 and 23%) blemished area 
were obtained from 2 ml/L bifenthrin treated Kinnow mandarin plants followed by 
1.5% neem oil application for less than 1% (21.67 and 22.67%), 1-5% (30.33 and 30%) 
and 6-10% (20.33 and 21%) blemished area and pruning at 20% for less than 1% (21.67 
and 23.67%), 1-5% (26 and 24.67%) and 6-10% (18.33 and 20.33%) blemished area as 
both were statistically at par with each other. 

In 2016, when tree pruning was coupled with neem oil application, maximum 
number of fruits with less than 1% (28.67%), 1-5% (35.67%) and 6-10% (24.67%) 
blemished area was obtained from 20% pruning in combination with 1.5% neem oil 
application. 



Aftab et al.: Biopesticide application on kinnow mandarin (Citrus reticulata Blanco) with improved pruning can enhance cosmetic 
and physical characters in fruit 

- 5038 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):5033-5044. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_50335044 
© 2021, ALÖKI Kft., Budapest, Hungary 

 

Figure 3. Effect of biopesticides and tree pruning on extent of fruit blemishes during two 
consecutive years (2014 and 2015). T1 = Control, T2 = Traditional Pruning, T3 = pruning 10% 

T4 = Pruning 20%, T5 = Neem oil 1.5%, T6 = Lemongrass oil 1.5%, T7 = Bifenthrin 2 ml/L 
 
 
Study revealed that pruning posed significant impact on disease born and wind born 

blemishes and when coupled with neem oil application insect pest born blemishes were 
also managed even more efficiently as compared to sole application of neem oil as shown 
in Figure 5. Pruning open up the canopy and improves pest control by allowing better 
spray penetration into the tree, hence while combined application of pruning and neem oil 
suppressed insect pest induced blemishes more efficiently (Khalid et al., 2012). While 
carrying out pruning most of diseased branches were removed which lower down fungal 
inoculums in the tree and uplift emergence and growth of healthy shoots (Rani et al. 
2018), resulting aeration of tree canopy, reduced canopy moisture and suppressed the 
chance of fungal infestation and severity of many diseases (Marini, 2014). 

The effect of neem oil on thrips, scales, mites, scab, melanose and canker induced 
fruit blemishes was statistically significant however, wind scars, stem injury and styler 
end deformation did not show significant response against neem oil application. It has 
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been observed that various biopesticides can effectively be used to control different 
insects and diseases of fruits (Pavela and Benelli, 2016). Biopesticides have certain 
active chemicals which act as anti-fungal or insecticides (Hikal et al., 2017) to control 
pathogen and insects induced biotic stresses during pre-harvest stage of fruits (Hong et 
al., 2015). In the same way, neem essential oils were also known for their varied pest 
management characteristics (Koul et al., 2003). 

 

 

Figure 4. Effect of biopesticides and tree pruning on extent of fruit blemishes during 2016. 
T1 = Control, T2 = Pruning 10% + Neem oil 1.5%, T3 = Pruning 20% + Neem oil 1.5%, 

T4 = Bifenthrin 2 ml/L 
 
 

 

Figure 5. Cosmetic quality of Kinnow mandarin fruits in response to tree pruning and 
biopesticides 
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Fruit physical quality 

Fruits harvested from different treatments were observed for fruit diameter, fruit 
weight, juice weight, peel thickness and number of seeds per fruit. During the whole 
three years of study, tree pruning and biopesticides significantly improved fruit 
diameter as shown in Figure 6, fruit weight and juice weight but did not pose any 
substantial impact on number of seeds per fruit and peel thickness except during 2014, 
where peel thickness was observed maximum in 10% pruned trees and minimum in 
2 ml/L Bifenthrin treated trees as shown in Tables 1 and 2. 

During 2014 and 2015, 10% pruning resulted in maximum fruit diameter (76.82 mm 
and 75.87 mm), fruit weight (184.76 g and 181.71 g) and juice weight (44.97 g and 
44.92 g) while in 2016 when pruning was combined with neem oil application again 
10% pruning sprayed with 1.5% neem oil resulted in maximum fruit diameter 
(74.65 mm), fruit weight (178.36 g) and juice weight (47.43%) followed by 20% 
pruning sprayed with 1.5% neem oil for fruit diameter (73.63 mm), fruit weight 
(175.91 g) and juice weight (45.5%) and minimum in control (fruit diameter: 68.51 mm, 
fruit weight: 167.03 g, juice weight: 44.45%). 

Pruning is an important orchard practice because pruning can influence fruit quality 
by creating balance between vegetative growth and fruiting. Annual pruning always 
enhances fruit quality. Pruning increases fruit size because excessive flower buds are 
removed and pruning encourages the growth of new shoots with high-quality flower 
buds. Pruning improves light penetration into the canopy, and light is required for 
flower bud development, photosynthesis and growth (Marini, 2014). 

The importance of sunlight intercepted by the tree canopy in the production of high 
yield of good quality fruit cannot be over emphasized. Light becomes a limiting factor 
in crowded groves and pruning improves light access. Ahmad et al. (2006) studied the 
effect of pruning on the yield and quality of Kinnow fruit and conclusively found that 
pruning appeared to be the best method to obtain maximum yield, quality, fruit size, 
weight and juice in Kinnow fruit. Pruning increased the percentage of large fruit and 
reduced the percentage of small fruit (Morales and Davies, 2000). 

 
Table 1. Effect of biopesticides and tree pruning on physical fruit quality during 2014 and 
2015 

Fruit physical quality 

Treatments 

Fruit diameter 
(mm) 

Fruit weight 
(g) 

Juice weight 
(%) 

Peel thickness 
(mm) 

No of seeds 
(No) 

2014 2015 2014 2015 2014 2015 2014 2015 2014 2015 

T1 68.72c 69.78c 167.93d 164.88d 41.65b 42.03b 2.67ab 2.52a 20.7a 19.27a 

T2 72.76b 71.63b 172.98b 172.93c 42.63ab 43.01ab 2.63ab 2.28a 19.77a 20.33a 

T3 76.82a 75.87a 184.76a 181.71a 44.97a 44.92a 2.85a 2.67a 20.2a 19.17a 

T4 74.12a 74.44a 180.54ab 177.49ab 43.09ab 44.37ab 2.72ab 2.37a 20.97a 18.77a 

T5 75.68a 73.61ab 170.98bc 174.07b 44.04a 44.19a 2.03a 2.25a 20.20a 20.00a 

T6 72.82b 70.74b 170.61c 173.7b 43.33a 43.98ab 1.91b 2.13a 19.47a 19.27a 

T7 76.60a 74.53a 172.42bc 175.51ab 44.31a 44.42a 1.84b 2.06a 20.17a 19.97a 

HSD(p ≤ 0.05
) 

2.869 2.683 2.960 2.960 2.674 2.592 NS NS NS NS 

Means sharing similar letter are not significantly different according to HSD test (P ≤ 0.05). NS = Not 
significant. T1 = Control, T2 = Traditional Pruning, T3 = pruning 10% T4 = Pruning 20%, T5 = Neem oil 
1.5%, T6 = Lemongrass oil 1.5%, T7 = Bifenthrin 2 ml/L 
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Table 2. Effect of biopesticides and tree pruning on physical fruit quality during 2016 

Fruit physical quality 

Treatments 
Fruit diameter 

(mm) 
Fruit weight 

(g) 
Juice weight 

(%) 
Peel thickness 

(mm) 
No of seeds 

(No) 

T1 68.51c 167.03c 44.45b 2.46a 19.5a 

T2 74.65a 178.36a 47.43a 2.76a 19.2a 

T3 73.63ab 175.91ab 45.5ab 2.97a 19.53a 

T4 73.45b 174.55b 45.28ab 2.43a 20.63a 

HSD(p ≤ 0.05) 2.34 13.32 NS NS NS 

Means sharing similar letter are not significantly different according to HSD test (P ≤ 0.05). NS = Not 
significant. T1 = Control, T2 = Pruning 10% + Neem oil 1.5%, T3 = Pruning 20% + Neem oil 1.5%, 
T4 = Bifenthrin 2 ml/L 

 
 

 

Figure 6. Pictorial description of fruit diameter influenced by tree pruning and biopesticides 
 
 

Fruit biochemical quality 

Fruits harvested from different treatments were analyzed for ascorbic acid, pH, 
TSS/TA ratio and total sugar contents. During the whole 3 years of study, tree pruning 
and biopesticides did not put any substantial positive or negative impact on fruit 
biochemical features as shown in Tables 3 and 4. 

Results indicated that pruning has non-significant changes on biochemical quality of 
Kinnow mandarin fruits, same trees were sprayed with neem oil as well. The results 
clearly indicate both pruning and biopesticides did not alter fruit quality when accessed 
on postharvest biochemical parameters. These management practices are useful to 
enhance external fruit quality without any impact on flavor, taste and sweetness in 
Kinnow mandarin. 

Similar finding has already been reported by Ahmad et al. (2006), reporting non-
significant response of pruning on TSS, TA and TSS/TA ratio in Kinnow mandarin 
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fruit, and Khalid et al. (2012) revealing non-significant influence of pruning equipped 
with HMO application on Kinnow mandarin biochemical fruit quality. The application 
of biopesticides is known to effectively maintain higher TSS, TA and lower TSS/TA 
ratio during postharvest storage but not during pre-harvest situations (Sivakumar and 
Bautista-Banos, 2014). 

 
Table 3. Effect of biopesticides and tree pruning on biochemical fruit quality during 2014 
and 2015 

Fruit biochemical quality 

Treatments 

Vitamin C 
(mg/100 g) 

pH TSS/TA 
Total sugars 

(%) 

2014 2015 2014 2015 2014 2015 2014 2015 

T1 29.12a 29.8a 4.13a 4.09a 11.39a 10.55a 6.95a 7.31a 

T2 31.11a 31.6a 2.28a 4.22a 12.01a 10.66a 6.79a 7.39a 

T3 31.27a 30.31a 4.29a 4.27a 12.52a 11.59a 7.05a 7.35a 

T4 32.28a 31.76a 4.38a 4.24a 12.22a 12.62a 7.04a 7.37a 

T5 30.7a 29.12a 4.08a 4.50a 13.6a 12.95a 7.29a 6.95a 

T6 31.1a 30.37a 4.05a 4.78a 13.15a 14.67a 7.54a 7.73a 

T7 31.92 30.31a 4.07a 4.35a 13.3a 11.72a 7.68a 7.68a 

HSD(p ≤ 0.05) NS NS NS NS NS NS NS NS 

Means sharing similar letter are not significantly different according to HSD test (P ≤ 0.05). NS = Not 
significant. T1 = Control, T2 = Traditional Pruning, T3 = pruning 10% T4 = Pruning 20%, T5 = Neem 
oil 1.5%, T6 = Lemongrass oil 1.5%, T7 = Bifenthrin 2ml/L 

 
 
Table 4. Effect of biopesticides and tree pruning on biochemical fruit quality during 2016 

Fruit biochemical quality 

Treatments 
Vitamin C 
(mg/100g) 

pH TSS/TA 
Total sugars 

(%) 

T1 30.7a 4.21a 11.01a 7.45a 

T2 28.84a 4.23a 11.91a 7.7a 

T3 31.95a 4.25a 12.42a 7.68a 

T4 29.44a 4.24a 11.18a 7.54a 

HSD(p ≤ 0.05) NS NS NS NS 

Means sharing similar letter are not significantly different according to HSD test (P ≤ 0.05). NS = Not 
significant. T1 = Control, T2 = Pruning 10% + Neem oil 1.5%, T3 = Pruning 20% + Neem oil 1.5%, 
T4 = Bifenthrin 2 ml/L 

Conclusion 

Study witnessed that biopesticides coupled with improved tree pruning at 20% 
significantly improved fruit cosmetic quality meanwhile other quality aspects of 
Kinnow mandarin in comparison with synthetic insecticides. Although pruning at 10% 
put more significant impact on fruit size and weight but pruning at 20% resulted in 
better fruit cosmetic quality which will ultimately resulted in better pack out. It is need 
of the hour to screen out more available plant based biopesticides and to establish low-
cost technology for its manufacturing and commercialization on large scale. Similarly, 
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tree pruning should also be tested with other biopesticides and cultural practices like 
fruit thinning. These environmentally safe practices could be adopted by replacing 
hazardous synthetic pesticides to boost up blemish free citrus production without 
deteriorating internal fruit quality. 
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Abstract. This study was carried out to determine the effects of arbuscular mycorrhizal fungi (AMF), and 
salicylic acid (SA) on plant growth parameters and severity of wilt disease caused by Verticillium dahliae 
Kleb. in pepper. Effects of two different AMFs (Commercial AMF and Glomus intraradices) and two 
different SA doses (0.5 and 1 mM) were compared with untreated control plants after ten weeks. Both AMF 
species caused 62.08% and 69.07% root colonization, and the mycorrhizal dependency ratio changed from 
9.08% to 59.37% in pepper plants. Commercial AMF caused a significant increase in morphological growth 
parameters, root colonization, mycorrhizal dependency rates and suppression of the disease severity. SA 
(1 mM) resulted in improved morphological growth parameters and suppression of the severity of the 
disease. Besides, SA and AMF applications were found to suppress the severity of Verticillium wilt disease 
by 21.8% and 56% in pepper plants, respectively. Thus, the applications of SA and AMF had positive 
contributions to the pepper plant's morphological development. 
Keywords: wilt disease, Glomus spp., plant growth regulator, disease severity, plant morphology 

Introduction 

Pepper (Capsicum annuum L.) is an essential vegetable that accounts for 9.8% of all 
cultivated land and 11.1% of all vegetable production (Wang et al., 2018). Fungal 
diseases, however, cause 14% annual yield loss in the global vegetable production 
(Duran and Özkaya, 2016). Verticillium wilt, caused by the fungal pathogen Verticillium 
dahliae Kleb., is the most economically important of all the diseases that affect pepper 
plants (Vasileva and Todorova, 2020). The fungus can survive as microsclerotia in the 
soil and plant debris. Microsclerotia germinate and infect the roots of sensitive pepper 
seedlings (Caroll et al., 2018). V. dahliae colonizes the host xylem vessels, where it 
might block nutrient and water movements upwards (Novo et al., 2017). As a result, the 
pathogen causes wilting symptoms in the host plants (Carroll et al., 2018). 

There have not yet, been any effective chemicals that sufficiently control the diseases 
(Bilgili and Güldür, 2018). Researchers have been focused on the biological 
management of this disease by using environmentally friendly alternatives to chemicals 
(Adnan et al., 2019). Enhanced nutrition, which improves host defenses, or direct 
restriction of pathogen development and activity, is primarily associated with biocontrol 
of soil-borne diseases (Rajkumar et al., 2008). 

As biological control agents, arbuscular mycorrhizal fungi (AMF) infect the roots of 
most terrestrial plants and improve resource absorption in return for photosynthate 
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(Liang et al., 2015). Different AMFs can enhance plant root tolerance or resistance at 
various levels under different conditions (Demir and Akköprü, 2007). Among these 
AMFs, Glomus intraradices is one of the best performing species causing improved 
plant development and prevented soil-borne pathogens (Aguilera-Gomez et al., 1999; 
Akköprü and Demir, 2005; Zheang et al., 2005; Şavur, 2015). 

Amendment with certain abiotic factors (inducers) stimulates disease resistance by 
indirectly stimulating indigenous populations of microorganism beneficial to plant 
growth and antagonistic to plant pathogens (Rajkumar et al., 2008). Salicylic acid (SA), 
a primary regulator of plant growth, development, interactions with other species, and 
reactions to environmental stress, is among the inducers (Hayat et al., 2010). 

The objectives of the present study were to find out the effects of AMF and SA on 
plant growth parameters of pepper plants infected with V. dahliae. 

Materials and methods 

Materials 

A local pepper (Sera Demre 8) variety susceptible to Verticillium dahliae (Vd) 
(Coşkun et al., 2019) was used as study materials. Commercial AMF (Endo Roots 
Soluble - Bioglobal A.Ş.) composed of different species (Glomus intraradices, Glomus 
aggregatum, Glomus mosseae, Glomus clarum, Glomus monosporus, Glomus 
deserticola, Glomus brasillianum, Glomus etunicatum, Gigaspora margarita) and 
Glomus intraradices (obtained from Department of Plant Protection, Faculty of 
Agriculture, Yüzüncü Yıl University, Turkey) which are known to have a high relative 
mycorrhizal dependency were employed. In the light of the findings obtained previously 
on SA treatments [Salicylic acid (C7H6O3) 100%, İzmir Kimya, Turkey], the most 
appropriate SA doses (0.5 mM and 1 mM) were used, which would not cause adverse 
effects on plant growth. Vd, a highly virulent isolate obtained from pepper, was used in 
this study. The experiment was carried out in Turkey during 2019-2020. 

Methods 

Pathogen inoculation and assessment of disease severity 

Pepper seeds were surface sterilized with 2% sodium hypochlorite. Seeds were sown 
in plastic viols 6 cm deep and 5 cm in diameter using a 1:1 perlite and peat growth 
mixture. AMF inocula [2.5 g (25 spores g–1)] and SA (0.5 mM and 1 mM) were applied 
to the soil concurrently with planting. 

The seedlings were placed in a growth chamber with 12 hours of fluorescent 
illumination at 22 ± 2°C and relative humidity of 60 - 70%. Seedlings were irrigated 
with distilled water and fertilized three times, with 5 mL of diluted nutrient solution 
(Solution A: Ca(NO₃)₂, KNO₃; Solution B: K₂SO₄; Solution C: KH₂PO₄; Solution D: 
K₂HPO₄; Solution E: C₆H₈O₇, C4H6O5; Oligo-elements; Fe (Sequestrene 138), MnSO₄, 
CuSO4, ZnSO₄, Na₂[B₄O₅(OH)₄]·8H₂O) per seedling. 

Vd isolate was subcultured on PDA (potato dextrose agar) medium in 9 mm diameter 
petri dishes for ten days at 24°C in a 12-hour dark-light cycle. Seedlings were 
transplanted to plastic pots (16 x 18 cm, 2-2.5 lt volume) with equal quantities of peat 
and perlite after six weeks. Roots of pepper seedlings were dipped in 1x106 conidia/ml 
Vd spor suspension and let to grow for four weeks in a growth chamber. Control plants 
were dipped in tap water instead of Vd spor suspension. 
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Four weeks after pathogen inoculation, disease symptoms were examined and 
evaluated (Equation 1). The severity of the disease was determined based on the degree 
of wilted leaves using a 0-5 scale (0= Healthy; 1= Less than 25% wilt in leaves; 
2= 25% - 50% wilt (30% leaf loss); 3= 50% - 75% wilt (60% leaf loss); 4= 75% - 100% 
wilt (90% leaf loss) (Hwang et al., 1992) and vascular health 0-3 scale (0= The plants 
are healthy, no discoloration in the stem cross-section; 1= The plants are slightly 
diseased, small brown stains in the stem cross-section, 1-33% of the vascular bundles 
are browned; 2= The plants are moderately diseased, there are many black spots on the 
stem cross-section, 34-67% of the vascular bundles are browned; 3= The plants are 
heavily diseased, stem cross-sections are completely covered with black spots, and the 
plants are dried, 68-100% of the vascular bundles are browned) (Erwin et al., 1976). The 
following formula (Equation 1) was used to calculate the degree of disease severity on 
both scales: 
 

 Disease Severity = ∑  (n∗v)N∗V ∗  100  (Eq.1) 

 
where n is the degree of disease severity on a scale, v is the number of plants in a 
category, N is the maximum degree of disease severity, and V is the total number of 
plants screened. 

AMF root colonization and mycorrhizal dependency assessment 

Plant roots were fixed and stained (Phillips and Hayman, 1970) and AMF root 
colonization was assessed under a stereoscope microscope (Leica/DFC295, Leica 
Microsystems Inc., Wetzlar, Germany) (4 × 10 and 10 × 10) using the grid-line intersect 
method according to Giovanetti and Mosse (1980). Mycorrhizal dependency assessment 
was determined using the method described by Declerck et al. (1995). 

Plant growth parameters 

A digital scale was used to determine the total fresh weight of the plants. Plants were 
dried at 70°C for 48 hours until they reached a consistent weight, and the dry weight was 
measured. The number of leaves, shoot length (cm), shoot diameter (cm), and root length 
(cm) of the plants were also recorded. 

Statistical analysis 

The study was conducted with a randomized block design with ten replications. The 
data were interpreted with SPSS program (v. 22.0, IBM Corp., Armonk, NY, USA). The 
data were analyzed using a one-way ANOVA. Duncan's multiple comparison test was 
used to differentiate the treatment means. 

Results and discussion 

Effects of two different AMF and Vd application on the plant morphology 

Effects of two different AMF and Vd alone and in combination to plant growth 
parameters had been shown in Table 1 and Fig. 1. Both AMFs caused a significant 
increase in plant growth parameters as compared to the untreated control plants. All plant 
growth parameters were declined in VD inoculated plants. 
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Table 1. Growth parameters of pepper plants treated with AMF and Vd 

Treatments 
LN 
* 

SD 
(cm) 

RL 
(cm) 

SL 
(cm) 

RFW 
(g) 

RDW 
(g) 

SFW 
(g) 

SDW 
(g) 

Control 
18.67 
±1.05 bc 

4.17 
±0.10 c 

35.48 
±0.98 ab 

37.30 
±1.14 b 

3.61 
±0.22 b 

0.31 
±0.02 b 

9.06 
±0.61 b 

1.09 
±0.08 b 

Vd 
15.83 
±0.67 c 

3.68 
±0.10 d 

32.06 
±0.83 c 

33.38 
±0.71 cd 

3.04 
±0.19 b 

0.29 
±0.01 b 

5.66 
±0.35 c 

0.95 
±0.05 b 

AMF (Gi) 
18.96 
±1.07 bc 

4.66 
±0.16 b 

34.31 
±0.85 bc 

38.61 
±1.28 b 

3.47 
±0.26 b 

0.32 
±0.01 b 

9.48 
±0.75 b 

1.21 
±0.10 b 

AMF (Gi) + Vd 
16.13 
±1.05 c 

3.73 
±0.11 d 

33.06 
±1.07 bc 

31.25 
±1.22 d 

2.53 
±0.27 c 

0.17 
±0.01 c 

5.03 
±0.43 c 

0.60 
±0.07 b 

AMF (T) 
26.20 
±1.45 a 

5.24 
±0.11 a 

37.73 
±1.12 a 

42.35 
±0.59 a 

5.11 
±0.29 a 

0.44 
±0.03 a 

14.25 
±0.80 a 

1.80 
±0.11 a 

AMF (T) + Vd 
20.06 
±1.44 b 

4.31 
±0.13 bc 

34.13 
±0.94 bc 

35.43 
±1.14 bc 

3.68 
±0.35 b 

0.28 
±0.03 b 

8.22 
±0.61 b 

1.11 
±0.11 b 

df 5 5 5 5 5 5 5 5 

F 10.64 22.99 4.10 14.03 9.93 11.98 28.45 18.39 

Sig. 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 

Vd: Verticillium dahliae, AMF (T): Commercial AMF, AMF (Gi): AMF (Glomus intraradices). 
* LN: leaf number; SD: shoot diameter; RL: root length; SL: Shoot length; RFW: root fresh weight; 
RDW: root dry weight; SFW: shoot fresh weight; SDW: shoot dry weight. 
The same letters in the same column indicate the insignificant differences (P < 0.05) according to the 
Duncan’s test findings 

 
 

Figure 1. The appearance of pepper plants treated with different AMFs and V. dahliae 
 
 

AMF inoculation improved the growth parameters in the plants inoculated with Vd; 
these parameters generally remained higher than those of the control plants (Table 1, 
Fig. 1). AMF (T) also significantly improved the number of leaves (26.20), shoot 
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diameter (5.24 cm), root length (37.73 cm), shoot length (42.35 cm), root fresh weight 
(5.11 g), root dry weight (0.44 g), shoot fresh weight (14.25 g) and shoot dry weight 
(1.80 g). Given the vast range of reactions from different plant cultivars to AMFs, the 
best cultivar-AMF pairings must be discovered to maximize the benefits of symbiosis 
(Sensoy et al., 2007). Although AM fungi positively encourage many cultivated plants 
against both biotic and abiotic stress conditions, recent studies have shown that the 
positive effect on plants may differ between varieties depending on genetic variation 
(Demir et al., 2010). It was reported that AMF promotes plant growth and increases plant 
tolerance to biotic stress factors such as Fusarium and Verticillium, and increases 
photosynthetic water use efficiency and yield. (Kaya et al., 2009; Karipçin and Şatır, 
2016). Şavur (2015) reported that AMF species have positive contributions to the 
morphological development of the tomato plant. Bilgili and Güldür (2018) stated that 
three different Glomus species alone and in combination contributed to the morphological 
development, especially they caused a significant increase shoot fresh weight in pepper 
plants inoculated with Fusarium oxysporum. Güneş et al. (2019) inferred that 
Commercial AMF performed better than other AMF species in terms of plant 
development when the interactions of commercial AMF, G. intraradices, Gigaspora 
margarita with radish, cauliflower, spinach and nettle were examined. As a result, the 
effect of mycorrhizal inoculation on the growth parameters can be linked to the plant's 
improved nutritional condition due to AMF. 

Effects of different doses of salicylic acid (SA) on plant morphology 

The effects of Vd alone and in combination with two different doses of SA, and single 
doses of 0.5 Mm SA and 1 Mm SA on plant growth parameters in pepper plants have 
been shown in Table 2 and Fig. 2. 
 

Table 2. Growth parameters of pepper plants treated with SA and Vd 

Treatments 
LN 
* 

SD 
(cm) 

RL 
(cm) 

SL 
(cm) 

RFW 
(g) 

RDW 
(g) 

SFW 
(g) 

SDW 
(g) 

Control 
18.67 
± 1.05 b 

4.17 
± 0.10 b 

35.48 
±0.98 a 

37.30 
±1.14 a 

3.61 
±0.22 bc 

0.31 
±0.02 ab 

9.06 
±0.61 b 

1.09 
±0.08 b 

Vd 
15.83 
± 0.67 b 

3.68 
± 0.10 c 

32.06 
±0.83 b 

33.38 
±0.71 b 

3.04 
±0.19 cd 

0.29 
±0.01 ab 

5.66 
±0.35 d 

0.95 
±0.05 b 

SA (0.5 mM) 
17.40 
± 0.92 b 

4.32 
± 0.08 b 

34.80 
±0.85 a 

33.76 
±0.86 b 

4.53 
±0.27 a 

0.34 
±0.02 a 

8.08 
±0.53 bc 

1.08 
±0.07 b 

SA (0.5 mM) + Vd 
17.06 
± 0.70 b 

3.68 
±0.10 c 

35.53 
±1.02 a 

32.83 
±0.87 b 

2.81 
±0.19 d 

0.25 
±0.01 b 

6.73 
±0.36 cd 

1.00 
±0.05 b 

SA (1 mM) 
28.80 
± 1.00 a 

5.39 
±0.09 a 

35.01 
±0.90 a 

35.16 
±0.65 ab 

4.85 
±0.22 a 

0.35 
±0.01 a 

14.02 
±0.45 a 

1.61 
±0.04 a 

SA (1 mM) + Vd 
18.47 
± 1.18 b 

4.32 
±0.14 b 

35.59 
±1.24 a 

35.04 
±0.99 ab 

3.81 
±0.26 b 

0.33 
±0.02 a 

7.35 
±0.51 c 

1.10 
±0.08 b 

df 5 5 5 5 5 5 5 5 

F 28.12 37.90 2.02 3.48 12.67 3.25 38.90 12.75 

Sig. 0.000 0.000 0.049 0.005 0.000 0.008 0.000 0.000 

Vd: Verticillium dahliae, SA (0.5mM): Salicylic acid (0.5mM), SA (1 mM): Salicylic acid (1 mM). 
* LN: leaf number; SD: shoot diameter; RL: root length; SL: shoot length; RFW: root fresh weight; 
RDW: root dry weight; SFW: shoot fresh weight; SDW: shoot dry weight. 
The same letters in the same column indicate the insignificant differences (P < 0.05) according to the 
Duncan’s test findings 
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Figure 2. The appearance of pepper plants treated with different doses of SA and Vd 
 
 

Vd caused a significant decline in shoot diameter, root length, shoot length, root fresh 
weight and shoot fresh weight, although it did not affect leaf number, root dry weight, 
and shoot dry weight. Vd combination with 0.5 Mm and 1 mM doses of SA resulted in 
decrease in all plant growth parameters. SA (1 mM) treatment improved in leaf number, 
shoot diameter, root fresh weight, root dry weight, shoot fresh weight and shoot dry 
weight except for root length and shoot length. SA (0.5 mM) treatment stimulated root 
fresh weight while it did not cause any increase in the other plant growth parameters 
(Table 2). It is shown that SA increases germination, flowering, rooting, yield and 
accelerates photosynthesis in plants in a number of different studies (Romanujam et al., 
1998; Hayat et al., 2007; Dadaşoğlu and Ekinci, 2013; Algül et al., 2016). Elwan and El-
Hamahmy (2009) examined the effect of foliar application of salicylic acid (SA 10-6 M 
and 10-4 M) on fruit yield and quality in pepper under salt stress conditions. They have 
reported that the application of SA 10-6 M increased the average fruit weight, fruit number 
and fruit yield. It is also reported that SA has a positive effect on increasing the plant 
height of the Kandıra pepper variety (Akpınar, 2011). Dura et al. (2016) investigated the 
effect of SA application against root-knot nematodes in 12 pepper cultivars of Yalova 
Chorba by applying different doses (3 mM/plant - 6 mM/plant -9 mM/plant) from leaves 
and soil. They determined that pepper plants with 9 mM SA application promoted plant 
growth parameters such as leaf number, plant height, root fresh and dry weight. Özdüven 
(2016) stated that SA applications increased yield, fruit number, leaf area, fruit firmness, 
total chlorophyll amount, protein content, single fruit weight and leaf K content. The 
study conducted by Ekbiç and Koşar (2020) studied the effects of SA doses (0, 0.5, 1 and 
2 mM) on vine rootstocks and they concluded that the shoot growth was superior to the 
control and the degree of damage to the plants was lower with the application of 1 mM 
dose of SA for 1103 P rootstock. The studies conducted by other researchers earlier have 
been supported the current study. It has been proposed that SA's growth-promoting effects 
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are linked to hormonal modifications or improvements in photosynthesis, transpiration, 
and stomatal conductance (Rivas-San Vicente and Plasencia, 2011). 

Effects of AMF and SA application on the wilt disease caused by Vd in pepper 

Effects of two different AMF and two different doses of SA on the disease 
development in pepper are shown in Table 3. 
 

Table 3. Effects of AMF, SA and Vd application on the wilt disease parameters (0-5 and 0-3 
scale) in pepper 

Treatments 

0-5 scale 0-3 scale 

Wilting 
(%)* 

Suppression rate 
(%) 

Vascular 
discoloration 

(%)* 

Suppression rate 
(%) 

Vd (Control) 
48.6 

±3,67 a* 
- 

30 
±3,69 a* 

- 

AMF (T) + Vd 
22.6 
±3,36 c 

53 
13 

±3,42 b 
56 

AMF (Gi) + Vd 
38 

±3,36 b 
21.8 

16 
±4,15 b 

46.6 

SA (0.5mM) + Vd 
27.3 
±3,38 c 

43.8 
16 

±4,15 b 
46.6 

SA (1 mM) + Vd 
31.4 

±3,79 bc 
35.3 

15 
±3,08 b 

50 

df 4 - 4 - 

F 9.16 - 3.27 - 

Sig. 0.000 - 0.013 - 

Vd: Verticillium dahliae, AMF (T): Commercial AMF, AMF (Gi): AMF (Glomus intraradices), SA 
(0.5mM): Salicylic acid (0.5mM), SA (1 mM): Salicylic acid (1 mM). 
*P < 0.05 (significant) 

 
 

Vd inoculated control plants expressed the highest disease severity values for the 
wilted leaf index and vascular browning (48.6% and 30%, respectively). AMF (T) + Vd, 
AMF (Gi) + Vd, SA (0.5mM) + Vd and SA (1 mM) + Vd applications resulted in the 
suppression of the disease development, which was 53%, 21.8%, 43.8%, and 35.3% 
respectively; as well, the values of vascular health and suppression rate (56%, 46.6%, 
46.6%, and 50%, respectively) should be noted. The best suppression of disease was 
observed in AMF (T) + Vd (53% - 56%) application according to 0-5 scale and 0-3 scales 
(Table 3). 

AMF benefits plants by increasing the uptake of phosphorus and other nutrients from 
the soil and increasing disease tolerance in the host plant (Merina Prem Kumari and 
Jeberlin Prabina, 2019). Singh et al. (2010) reported that the applications of Glomus hoi 
+ Fusarium oxysporum, Glomus fasciculatum + Fusarium oxysporum and Rhizobium 
leguminosorum + Fusarium oxysporum significantly reduced the severity of the disease 
compared to the control applications. Aljawasim et al. (2020) found that mycorrhizal 
plants reduced the disease severity by 46% (Glomus clarum + Rhizoctonia solani) and 
41% (Glomus mosseae + Rhizoctonia solani). Ranjbar Sistani et al. (2020) examined the 
yield components of AMF application against Didymella pinodes to two different 
varieties of sensitive and tolerant pea plants grown in pots. They concluded that AMF 
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application reduced the disease severity in both varieties. In our study, AMF (G) and 
AMF (T) applications significantly suppressed the severity of the disease caused by Vd 
in pepper plants. The above studies were in line with the results of the present study 
presented here. 

Salicylic acid, as well as serving as a growth regulator, acts as a signal in the plant's 
defense mechanism against pests and diseases, promoting plant's resistance positively 
(Raskin, 1992; Arıcı and Yardımcı, 2001). Various studies have shown that SA increases 
the resistance to pathogens in different plants and decreases the disease severity. In this 
regard, Şahbaz and Akgül (2016) found that the application of SA at a dose of 50 g/100 L 
water three times, both Fusarium oxysporum f.sp. vasinfectum and V. dahliae have been 
the most successful application in reducing disease severity in cotton plants. Tutar and 
Erkılıç (2016) stated that the application of 500 and 1000-ppm concentrations of SA and 
BABA (DL-β-aminone-butyric acid) in the eggplant plant inhibited V. dahliae by 27.8% 
and 33.3%, respectively. Erkılıç et al. (2018) stated that three soil applications (SA, 
BABA and ASM (Acibenzolor S-Methyl)) in olive prevented the suppression of the 
V. dahliae in the vascular discoloration up to 90%. ASM also was seen as the most 
effective application, it was determined that different concentrations of SA prevented the 
development of disease at a rate of 52% to 76%. 

Effects of different AMFs and Vd application on root colonization and mycorrhizal 

dependency 

Effects of two different AMF and Vd application on root colonization and mycorrhizal 
dependency in pepper are shown in Table 4. 
 

Table 4. Effects of different AMFs and Vd application on root colonization and mycorrhizal 
dependency 

Treatments Root colonization (%) Mycorrhizal dependency (%) 

AMF (Gi) 
62.08 
±4.84 ab 

9.08 

AMF (Gi) + Vd 
54.79 
±3.16 b 

- 

AMF (T) 
69.07 
±2.19 a* 

59.37 

AMF (T) + Vd 
54.95 
±4.87 b 

- 

df 3 - 

F 2.98 - 

Sig. 0.043 - 

Vd: Verticillium dahliae, AMF (T): Commercial AMF, AMF (Gi): AMF (Glomus intraradices) 
*P < 0.05 (significant) 

 
 

The rates of colonization in pepper plants with different AMFs and Vd application 
varied between 54.95% and 69.07%. On the other hand, mycorrhizal dependence rates 
vary between AMF (Gi) 9.08% and AMF (T) 59.37%, but mycorrhizal dependence did 
not occur in applications with Vd. AMF root colonization and mycorrhizal dependency 
in the plant root were adversely affected by treatments that included the Vd pathogen 
(Table 4). 
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AMF is under the influence of biotic and abiotic conditions; positively or negatively, 
it influences the colonization rates in the root zone (Akköprü and Demir, 2005). Çetinkaya 
and Dura (2009) determined that the fungal colonization rate was between 26% - 30% 
with Endo-Roots applications in corn plant under field conditions. Yıldız (2010) stated 
that the root colonization rate of Glomus sp. was recorded as 61% in pepper, 71% in 
cucumber, and 72% in tomato. Aslanpay (2011) reported that AMF colonization rates of 
pepper varieties varied between 3.05% - 38.66%, and mycorrhizal dependence rates 
varied between 2.52% and 20.64%. Different pathogens can reduce AMF colonization on 
a variety of hosts. Aysan (2008) investigated the effects of G. mosseae, G. fasciculatum 
and Sclerotinia sclerotiorum applications on root colonization in bean plants. It was 
determined that the lowest colonization rate was in G. mosseae + Sclerotinia sclerotiorum 
and G. fasciculatum + Sclerotinia sclerotiorum treatments. Demir et al. (2015) stated that 
different AMF applications, including Vd pathogen applications, had a negative effect on 
root colonization. Our study showed similar results with the above studies. 

Conclusion 

The use of beneficial biological agents or growth regulators in the crop production 
should be among the important objectives in ensuring sustainable, safe and healthy 
production and their contribution to plant development and yield. This study aimed to 
determine the effects of AMF and SA on plant growth parameters and disease severity 
against wilt disease caused by V. dahliae in pepper. It was determined that SA and AMF 
applications generally had positive contributions to the morphological development of 
pepper plants and disease severity. Commercial AMF resulted in the best in 
morphological growth parameters, root colonization, mycorrhizal dependency rates and 
suppressing severity of the disease. SA (1 mM) resulted in improved morphological 
growth parameters and suppression of the severity of the disease. After considering the 
beneficial effects of these agents on the plant's growth, their practical effect cannot be 
ignored. Besides, the obtained encouraging results against V. dahliae could help plant 
protection efforts. We believe that the results of our study can contribute to more detailed 
research in this direction. 
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Abstract. Populus pruinosa Schrenk. (P. pruinose) has the biological characteristic of heteromorphic 
leaves, which is related to growth and adaptation to extreme arid environments. The present study aimed 
to clarify whether carbohydrate and endogenous hormone content had an effect on the morphological 
structure of P. pruinose heteromorphic leaves on canopy height during ontogenesis. Petiole length, upper 
epidermal cell length, upper epidermal cell number, lower epidermal cell length, palisade tissue cell 
number, palisade tissue thickness, palisade tissue cell width and palisade tissue/spongy tissue ratio were 
very significantly positively correlated with diameter at breast height (DBH) and canopy height. Spongy 
tissue thickness is significantly negatively correlated with diameter at breast height and canopy height, 
with advancements in the developmental stage and increase in canopy height, the heterophil xerophytic 
structure is more and more obvious. Zeatin-riboside content and zeatin-riboside/abscisic acid ratio 
positively correlated with diameter at breast height, while gibberellin/abscisic acid ratio negatively 
correlated with canopy height. Soluble sugar and soluble protein contents significantly positively 
correlated with diameter at breast height and canopy height, starch contents significantly negatively 
correlated with diameter at breast height and canopy height. Regression analysis showed that soluble 
sugar content had positive effects on petiole length, leaf width, leaf area, leaf circumference, leaf 
thickness, upper epidermal cell length, lower epidermal cell number, palisade tissue thickness and spongy 
tissue thickness. The soluble protein content had a positive effect on leaf index and palisade tissue/spongy 
tissue ratio, starch content had a positive effect on upper epidermal cell width and palisade tissue 
thickness. It was concluded that the endogenous hormone and carbohydrate content could enhance the 
xerophytic structure of heteromorphic leaves during ontogenesis. 
Keywords: heteromorphic leaf, morphological anatomy, physiological characteristics, developmental 
stage, canopy height 

Abbreviations. LL = Leaf length; LW = Leaf width; LI = leaf index; LA = leaf area; LT = leaf thickness; 
LC = leaf circumference; PL = petiole length; UECN = upper epidermal cell number; LECN = lower 
epidermal cell number; UECL = upper epidermal cell length; LECL = lower epidermal cell length; 
UECW = upper epidermal cell width; LECW = lower epidermal cell width; PN = palisade tissue cell 
number; PTT = palisade tissue thickness; PTCL = palisade tissue cell length; PTCW = palisade tissue cell 
width; STT = spongy tissue thickness; PSR = palisade tissue/spongy tissue ratio; SS = soluble sugar; 
S = starch; SP = soluble protein; IAA = indole acetic acid; ZR = zeatin-riboside; GA3 = gibberellin; 
ABA = abscisic acid; CH = canopy height; DBH = diameter at breast height 
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Introduction 

The heteromorphic foliage of plants refers to the various shapes of leaves at different 
growth stages or changes in environmental conditions, which reflects the greater 
plasticity and variability of leaves (Bai, 2003). Heteromorphic leaves play an important 
role in the adaptation of plants to environmental changes (Winn, 1999; Wells and 
Pigliucci, 2000), changes in leaf morphology of aquatic plants, for example, promote 
gas exchange under underwater conditions (Kuwabara and Nagata, 2002; Mommer and 
Visser, 2005). Leaf morphology and physiological function show considerable plasticity 
within the canopy, and in very tall trees a distinct vertical gradient is usually shown for 
various leaf traits (Cai and Song, 2001; Burgess et al., 2007). Kenzo et al. (2015) 
showed that there was a significant linear relationship between leaf morphology and 
biochemical characteristics and tree height. With the increase of tree height, the leaf 
structure of Parashorea chinensis showed more obvious xerophytic characteristics (He 
et al., 2008). In addition, some studies have found that the morphology, structure and 
physiological characteristics of the heteromorphic leaves of Populus euphratia Oliv. are 
more obvious with the increase of ontogenetic stage and tree height (Zhai et al., 2020). 
Studies have pointed out that plant hormones such as abscisic acid and gibberellin are 
closely related to the regulation of profiled leaves (Nakayama et al., 2017; Li et al., 
2020), Abscisic acid (ABA) is mainly involved in the establishment and maintenance of 
morphological characteristics of heterophyllous plants (Wanke, 2011). Nakayama et al. 
(2014) showed that the difference of gibberellin content in leaf primordium also 
determined the leaf shape changes of plants, and the content and distribution of auxins 
(IAA) regulated the leaf shape changes of Arabidopsis thaliana, Cardamine hirsuta and 
other plants (Barkoulas et al., 2008; Ben-gera et al., 2012). Many studies have shown 
that starch, soluble sugar and soluble protein are involved in the growth and 
development of plants, and these soluble substances can maintain cell turgor and protect 
the integrity of cell membrane when plants are stressed by drought, salt and alkali and 
other environmental conditions (Kuang et al., 2017; Liu et al., 2017; Liu et al., 2020). A 
few studies on herbaceous plants suggest that starch, or the ratio of soluble sugar to 
starch, is a major integrator of plant growth regulation (Selbig et al., 2009; Purdy et al., 
2015). 

P. pruinosa is an important tree species in arid desert areas with biological 
characteristics of heteromorphic leaves. It has three different leaf shapes: long oval, 
round, and broad oval (Wei, 1990). The long elliptic leaves, round leaves, and broad 
ovoid leaves on the crown of P. pruinosa appear regularly in different stages of 
individual development (Liu et al., 2016), and with the increase of ontogenetic stages, 
the heteromorphic leaves of P. pruinosa show more obvious xerophytic structural 
characteristics (Zhai et al., 2019). At present, the research on P. pruinosa in the world 
focuses on stress-resistant physiology (Zhang et al., 2014; Wang et al., 2017; Li, 2020), 
However, the relationship between the morphological and structural changes of 
P. pruinosa heteromorphic leaves and the endogenous hormones and carbohydrate in 
leaves has not been reported, which is of great significance to reveal the physiological 
regulation mechanism of the enhanced drought-resistant structure of P. pruinosa 
heteromorphic leaves. 

In this study, P. pruinosa growing on the same site at different stages of development 
was selected as the research object. Through studying the change rules and their 
relationships of morphological structure, carbohydrate content, endogenous hormone 
content and their ratio of heteromorphous leaves of P. pruinosa at different stages of 



Li et al.: Effects of carbohydrate and endogenous hormone content on morphological structural of heteromorphic leaves of Populus 
pruinosa Schrenk. 

- 5061 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):5059-5081. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_50595081 
© 2021, ALÖKI Kft., Budapest, Hungary 

development and vertical spatial changes of tree crown, the study aim to clarify the role 
of endogenous hormones and carbohydrate content in the morphological and structural 
changes of P. pruinosa heteromorphic leaves, and to lay a foundation for revealing the 
regulatory mechanism of morphological and structural changes of heteromorphic leaves 
at molecular level. 

Materials and Methods 

Study site 

The study area is located in P. pruinosa forest in the northwest margin of Tarim 
Basin, Xinjiang, China (81°17′56.52″ E, 40°32′36.90″ N, 980 m above sea level). The 
study area has a hot and dry climate, with an average annual rainfall of about 50 mm, an 
average annual temperature of 10.8 ℃, a potential evaporation of 1900 mm and an 
average annual sunshine duration of 2900 h. It is a typical temperate desert climate. In 
the study area, the artificial P. pruinosa forest covers an area of 180.6 hm2, and there are 
293 P. pruinosa individuals at different development stages (different tree ages) in the 
forest. The accompanying species in the study area were Tamarix chinensis Lour., 
Glycyrrhiza uralensis Fisch., Phragmites australis (Cav.) trin.ex Steud, and Aeluropus 
pungens (M. Bieb.) C. Koch. 

Experimental design and sampling 

P. pruinosa with different diameters represented different developmental stages. 
Using the diameter at breast height (DBH) and 2 cm as class distance, the 293 
P. pruinosa trees in the study area were divided into 9 diameter steps (2, 4, 6, 8, 10, 12, 
14, 16 and 18), representing 9 developmental stages of P. pruinosa (Table 1). Three 
sample plants were selected in each diameter class. During the leaf maturity period, the 
sampling canopy height (CH) was divided into 5 equal parts (total stations (GTS-2002, 
TOPCON) to measure the tree heights and under branch heights of trees in the different 
diameter classes from base to top was defined as 1 to 5 layers). At each sampling layer, 
three one-year-old branches were collected from each of the four directions (east, south, 
west, and north). Sixty branches were collected from each sampling tree. A total of 60 
leaves per sampling were used to measure the leaf morphological, anatomical, and 
physiological characteristics. The leaves used for the physiological characteristics were 
immediately stored in liquid nitrogen after collection. 
 

Table 1. Basic information of P. pruinosa 

Diameter classes 2 4 6 8 10 12 14 16 18 

Breast diameter range（cm） 0-2 2-4 4-6 6-8 8-10 10-12 12-14 14-16 16-18 

Number of plants 6 15 36 44 40 58 40 37 17 

Number of samples 9 31 23 21 20 19 11 4 3 

Mean breast diameter（cm） 2.2 4.1 6.1 8.2 10.5 11.8 13.9 15.8 17.8 

Average tree height（m） 4.4 4.6 4.9 5.4 5.7 6.3 7.5 7.5 7.4 

Average crown height（m） 4.4 5.7 7.1 8.5 10.7 11.6 12.2 12.7 13 

Average tree age（year） 4.4 5.7 7.1 8.5 9.7 10.7 11.6 12.2 12.7 
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Leaf morphological and anatomical structure index determination 

The leaves at the third node from the base of the current branch were selected as the 
sample leaves, leaf length (LL), leaf width (LW), leaf area (LA), leaf circumference 
(LC), leaf thickness (LT) and petiole length (PL) were measured using a scanner (MRS-
9600TFU2) and LA-S plant image analysis software. The leaf shape index (LI) was 
calculated according to the ratio of leaf length to width. 

The sample leaf was crosscut from the widest part and fixed with formalin-acetic 
acid-alcohol (FAA) solution. We used the paraffin section method to make tissue 
sections, the thickness of the sections was 8 μm, and the sections were stained with 
double saffron and solid green, and the sections were sealed with neutral resin. The 
upper epidermal cell number (UECN), lower epidermal cell number (LECN), upper 
epidermal cell length (UECL), lower epidermal cell length (LECL), upper epidermal 
cell width (UECW), lower epidermal cell width (LECW), palisade tissue thickness 
(PTT), palisade tissue cell number (PN), palisade tissue cell length (PTCL), palisade 
tissue cell width (PTCW) and spongy tissue thickness (STT) were measured under a 
Leica microscope (Leica DM4 B, Wetzlar, Germany). The palisade tissue/spongy tissue 
ratio (PSR) was calculated. Each blade has 5 fields of observation and 20 values of 
observation in each field. The average value of blade structure parameters in 5 fields of 
observation is taken as the parameter value of each blade structure. 

Leaf physiological and biochemical index determination 

The mixed sample of the leaves at the third node of the current branch in the same 
canopy of the sample plant was taken as the test sample, the soluble sugar content (SS) 
was determined by anthrone-sulfuric acid method, the starch content (S) was determined 
by anthrone-colorimetric method, and the soluble protein content (SP) was determined 
by Coomassie bright blue G-250 method (Gao, 2006). 

Leaf hormone content determination 

Stem tips of current shoots in the same canopy on the sample plant were mixed as 
test samples. Test samples were accurately weighed to 200 mg, and the contents of 
indole acetic acid (IAA), zeatin-riboside (ZR), gibberellin (GA3) and abscisic acid 
(ABA) were determined by enzyme linked immunosorbent assay (ELISA) (Duan et al., 
2009; Li et al., 2019). 

Data processing method 

A one-way ANOVA was used to compare the differences in the morphological 
structure and physiological characteristics of heteromorphic leaves. In SPSS 23.0, 
Duncan’s new multiple range method was used for data analysis of variance. The 
significance of differences was determined at a = 0.05. Pearson correlation coefficient 
was used to test the correlation between each index, and stepwise regression analysis 
was conducted. 
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Results 

Changes of morphological characteristics and structure of heteromorphic leaves with 

developmental stage and canopy height 

Leaf index of heteromorphic leaves decreased with the increase of diameter class 
(Figure 1A,C), while leaf width, leaf area, leaf circumference, leaf thickness and petiole 
length increased with the increase of diameter class and canopy height 
(Figure 1B,D,E,F,G), and the changes of leaf index, leaf area and leaf thickness were 
more obvious. 
 

Figure 1. Variation of heteromorphic leaf morphology with developmental stages and canopy 
height of P. pruinose. (A) leaf length, (B) leaf width, (C) leaf index, (D) leaf area, (E)Leaf 

circumference, (F) leaf thickness, (G) petiole length. Lowercase letters indicated significant 
differences, the same letters indicated not significant (P >0.05), and different letters indicated 

significant differences (P<0.05) 
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The upper and lower epidermal cell number of leaves increased with the increase of 
diameter class and canopy height (Figure S1E,F), while the upper and lower epidermal 
cell number increased more obviously with the increase of diameter class from 2 to 10. 
In addition, the upper and lower epidermal cell length increased slowly with the 
increase of diameter class and canopy height, while the upper and lower epidermal cell 
width had no significant difference with the increase of diameter class and canopy 
height. The palisade tissue cell number, palisade tissue thickness and palisade 
tissue/spongy tissue ratio of leaves increased with the increase of diameter class and 
canopy height (Figure S2A,D,F), the spongy tissue thickness decreased with the 
increase of diameter class (Figure S2E), and the palisade tissue cell length increased 
with the increase of canopy height (Figure S2B). There were significant differences in 
the palisade tissue cell width between 2 and 4 diameter class. 

Correlation analysis showed that (Table S1), petiole length, upper epidermal cell 
length, lower epidermal cell number, upper epidermal cell length, palisade tissue cell 
number, palisade tissue thickness, palisade tissue cell width and palisade tissue/spongy 
tissue ratio with DBH and canopy height was very significantly positively correlated, 
spongy tissue thickness with DBH and canopy height showed a significantly negative 
correlation. These results indicated that the morphological and structural changes of 
P. pruinosa heteromorphic leaves were closely related to the increase of diameter class 
and canopy height, and the xerophytic structural characteristics of heteromorphic leaves 
became more and more obvious with the increase of development stages and canopy 
height. 

Changes of endogenous hormone content and their ratios in heteromorphic leaves 

with developmental stages and canopy height 

We studied that the GA3 content, IAA/ABA, GA3/ABA, ZR/ABA, GA3/IAA ratio of 
heteromorphic leaves in the 4 diameter were significantly lower than those in other 
diameters (Figure 2 and Figure S3A,B,C,D), while ZR/GA3 ratio was significantly 
higher than those of other diameter classes (Figure S3F). The ratios of IAA/ABA, 
GA3/ABA and ZR/ABA in 4-12 diameter classes increased, while in 12-16 diameter 
classes decreased. In addition, the contents of GA3, IAA and ZR in the 16 diameter 
special-shaped leaves were significantly higher than those in other diameter classes 
(Figure 2A,B,D), while the contents of ABA and IAA in the 18 diameter special-shaped 
leaves were lower than those in other diameter classes (Figure 2B,C). 

From the vertical space of tree crown, the content of GA3 in leaves basically 
decreased with the increase of canopy height at diameter classes 2, 12 and 14, but 
basically increased with the increase of CH at diameter classes 4 to 10, 16 and 18 
(Figure 2A). The ratios of ZR/GA3 and ZR /IAA of leaves basically increased with the 
increase of canopy height (Figure S3E,F), and there were significant differences 
between the first layer and the fifth layer. The content of IAA in leaves basically 
decreased with the increase of canopy height (Figure 2B), and the content of ZR in 
leaves basically increased with the increase of diameter classes, but the difference 
between tree crown levels was not significant (Figure 2D). The content of ABA in leaf 
of diameter classes 2, 6 and 8 showed a decreasing trend with the increase of CH, but 
the content of ABA in diameter classes 4 and 10 to 18 basically showed an increasing 
trend with the increase of canopy height (Figure 2C). The IAA/ABA ratio of leaves 
decreased with canopy height from 12 to 18 diameter classes, and the 3rd layer of 
individual canopies from 6 and 18 diameter classes had significant differences with 
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other canopies (Figure S3A). The ratios of GA3/ABA and ZR/ABA in leaves were the 
highest in the third layer of the 6th diameter step, and there were significant differences 
with those in other canopy layers (Figure S3B,C). 
 

Figure 2. Changes of endogenous hormone content in heteromorphic leaves with developmental 
stages and canopy height. (A) leaf GA3 content, (B) leaf IAA content, (C) leaf ABA content, (D) 
leaf ZR content. Lowercase letters indicated significant differences, the same letters indicated 

not significant (P >0.05), and different letters indicated significant differences (P<0.05) 
 
 

Correlation analysis showed that (Table S2), ZR content and ZR/ABA ratio 
positively correlated with DBH, while GA3/ABA ratio negatively correlated with 
canopy height, it shows that they are closely related to the Ontogenetic stage and 
canopy height where the heteromorphic leaves are located. 

Changes of carbohydrate content in heteromorphic leaves with developmental stages 

and canopy height 

It was found that the contents of SS and SP in leaves increased with the increase of 
diameter classes and canopy height (Figure 3A,C), while the content of starch in leaves 
decreased with the increase of diameter classes, but increased with the increase of 
canopy height (Figure 3B). In 2 - 6 diameter classes leaf soluble sugar, soluble protein, 
and starch content in the canopy layers between there was no significant change, but in 
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8 to 18 diameter classes there was a significant difference between the canopy height in 
each diameter class. 
 

Figure 3. Changes of soluble sugar, starch and soluble protein contents in heteromorphic leaves 
with developmental stages and canopy height. (A) leaf soluble sugar content (SS), (B) leaf 

starch content (S), (C) leaf soluble protein (SP). Lowercase letters indicated significant 
differences, the same letters indicated not significant (P >0.05), and different letters indicated 

significant differences (P<0.05) 
 
 

Correlation analysis showed that the soluble sugar and soluble protein contents 
significantly positively correlated with DBH and canopy height, starch contents 
significantly negatively correlated with DBH and canopy height (Table S2). These 
results indicated that the changes of the contents of soluble sugar, soluble protein and 
starch in heteromorphic leaves were closely related to the ontogenetic stage and canopy 
height. 

Relationship between content and ratio of endogenous hormones in leaves and 

morphological structure of heteromorphic leaves 

Correlation analysis was conducted on the contents and ratios of endogenous 
hormones and morphological structure of four kinds of P. pruinosa heteromorphic 
leaves (Table 2), indicating that the content of GA3 and the ratio of ZR/IAA in 
P. pruinosa heteromorphic leaves significantly positively or negatively correlated with 
the lower epidermal cell width and lower epidermal cell length. The IAA content and 
IAA/ABA ratio significantly positively correlated with the palisade tissue cell length. 
ZR content and ZR/ABA ratio significantly positively correlated with Leaf width, leaf 
circumference, leaf area, leaf thickness, petiole length, upper epidermal cell length, 
palisade tissue thickness and palisade tissue/spongy tissue ratio, but negatively 
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correlated with leaf length and leaf index. ABA content significantly positively 
correlated with the Leaf length, but negatively correlated with the upper epidermal cell 
length. The GA3/ABA ratio significantly positively correlated with leaf index, and 
significantly or negatively correlated with Leaf width, leaf area, leaf circumference, leaf 
thickness, petiole length, palisade tissue thickness, palisade tissue cell width and 
palisade tissue/spongy tissue ratio. The ratio of GA3/IAA significantly negatively 
correlated with the upper epidermal cell number, lower epidermal cell width and lower 
epidermal cell number, and positively correlated with the spongy tissue, while the ratio 
of ZR/GA3 negatively correlated with the leaf area, leaf thickness, leaf length and 
petiole length. The results indicated that the changes of morphological structure of 
heteromorphic leaves of P. pruinosa were closely related to the changes of contents and 
ratios of these 4 endogenous hormones. 
 

Table 2. The morphological and structural parameters of heteromorphic leaves correlated 
with Pearson's endogenous hormone content and ratio 

 GA3 IAA ZR ABA IAA/ABA GA3/ABA ZR/ABA GA3/IAA ZR/IAA ZR/GA3 

LL 0.65 0.02 -0.97* 1.00** 0.01 0.86 -0.95* 0.37 -0.63 -0.74 
LW -0.34 0.33 0.99** -0.9 0.34 -0.98* 1.00** -0.67 0.32 0.93 
LI 0.31 -0.36 -0.99* 0.88 -0.37 0.99** -1.00** 0.7 -0.28 -0.94 
LA -0.09 0.56 0.93 -0.75 0.57 -1.00** 0.95* -0.84 0.06 0.99** 
LC -0.34 0.33 0.99** -0.9 0.34 -0.99* 1.00** -0.68 0.31 0.93 
LT -0.21 0.46 0.97* -0.83 0.47 -1.00** 0.98* -0.77 0.18 0.97* 
PL -0.2 0.46 0.97* -0.82 0.47 -1.00** 0.98* -0.77 0.18 0.97* 

UECL -0.47 0.19 1.00** -0.95* 0.2 -0.95 1.00** -0.56 0.45 0.87 
UECW 0.97* 0.6 -0.65 0.86 0.6 0.4 -0.59 -0.24 -0.97* -0.21 
UECN 0.17 0.76 0.8 -0.56 0.76 -0.94 0.84 -0.95* -0.2 0.99* 
LECL -0.99* -0.67 0.57 -0.81 -0.67 -0.31 0.52 0.33 0.99* 0.12 
LECW 0.18 0.76 0.8 -0.55 0.77 -0.94 0.84 -0.96* -0.21 0.99* 
LECN 0.18 0.76 0.8 -0.55 0.77 -0.94 0.84 -0.96* -0.21 0.99* 

PN 0.03 0.17 0.5 0.07 -0.03 -0.12 0.11 -0.2 0.09 0.14 
PTT -0.35 0.32 0.99** -0.9 0.33 -0.98* 1.00** -0.67 0.33 0.93 

PTCW 0.06 0.68 0.86 -0.65 0.69 -0.97* 0.9 -0.91 -0.09 1.00** 
PTCL 0.74 1.00** 0.27 0.07 1.00** -0.53 0.33 -0.94 -0.76 0.69 
STT -0.18 -0.76 -0.8 0.55 -0.77 0.94 -0.84 0.95* 0.2 -0.99* 
PSR -0.15 0.51 0.95* -0.79 0.52 -1.00** 0.97* -0.81 0.13 0.98* 

* p<0.05, ** p<0.01 

 
 

The content and ratio of endogenous hormones in leaves were taken as independent 
variables, and the leaf morphology was taken as dependent variable for stepwise 
regression analysis. The results showed that there was an extremely significant linear 
relationship between dependent variable Y and independent variable X (Table S3). 

The results showed that the increase of ZR content had positive effects on leaf 
length, leaf circumference, leaf thickness, upper epidermal cell length, palisade tissue 
thickness and palisade tissue/spongy tissue ratio. The increase of ZR/ABA and ZR/GA3 
ratio had a positive effect on petiole length. The increase of GA3/IAA ratio had a 
positive effect on the lower epidermal cell width, indicating that ZR content, ZR/ABA, 
ZR/GA3 and GA3/IAA ratio played an important role in the enhancement of xerophytic 
structure in heteromorphic leaves. 
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Relationship between leaf carbohydrate content and morphological structure of 

heteromorphic leaves 

Correlation analysis showed (Table 3) that the soluble sugar and soluble protein 
content in heteromorphic leaves significantly or extremely significantly positively 
correlated with Leaf width, leaf area, leaf circumference, leaf thickness, petiole length, 
length of upper and lower epidermal cells, number of upper and lower epidermal cells, 
lower epidermal cell width, palisade tissue thickness, palisade tissue cell width and 
palisade tissue/spongy tissue ratio. There was a significant or extremely significant 
negative correlation between leaf index and spongy tissue thickness, while the starch 
content showed the opposite, namely an extremely significant positive correlation with 
Leaf length, indicating that the change of leaf morphology and structure was closely 
related to the significant increase of leaf soluble sugar and soluble protein and the 
significant decrease of starch content. 
 

Table 3. The morphological and structural parameters of heteromorphic leaves correlated 
with the carbohydrate content of leaves by Pearson 

 Soluble sugar Starch Soluble protein 
LL -0.63 0.90** -0.53 
LW 0.69* -0.95** 0.67* 
LI -0.78** 0.99** -0.76* 
LA 0.74* -0.93** 0.81** 
LC 0.71* -0.94** 0.72* 
LT 0.79** -0.96** 0.80** 
PL 0.80** -0.87** 0.82** 

UECL 0.78** -0.85** 0.71* 
UECW -0.14 0.23 -0.08 
UECN 0.93** -0.86** 0.94** 
LECL 0.08 -0.09 -0.02 
LECW 0.93** -0.88** 0.96** 
LECN 0.93** -0.88** 0.96** 

PN 0.69* 0.6 0.94** 
PTT 0.80** -0.85** 0.68* 

PTCW 0.76* -0.88** 0.83** 
PTCL 0.14 -0.11 0.14 
STT -0.94** 0.65* -0.88** 
PSR 0.92** -0.83** 0.82** 

* p<0.05, ** p<0.01 

 
 

Stepwise regression analysis was conducted with leaf carbohydrate as the 
independent variable and leaf morphology as the dependent variable, and the results 
showed that there was an extremely significant linear relationship between the 
dependent variable Y and the independent variable X (Table S4). 

The results showed that the increase of soluble sugar content had positive effects on 
petiole length, leaf width, leaf area, petiole length, leaf thickness, upper epidermal cell 
length, upper epidermal cell number, palisade tissue thickness and spongy tissue 
thickness. The increase of soluble protein content had a positive effect on leaf index and 
palisade tissue/spongy tissue ratio. The increase of starch content had a positive effect 
on the lower epidermal cell width and palisade tissue thickness, indicating that the 
increase of carbohydrate content played an important role in the enhancement of 
xerophytic structure of heteromorphic leaves. 
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Discussion 

The relationship between the morphological structure of heteromorphic leaves and 

the developmental stage and canopy height of P. pruinosa 

To adapt to dry conditions, plants in desert areas try their best to change their 
morphological characteristics, such as stomatal depression and leaf thickening, so as to 
resist the adverse effects of drought stress on plants (Mendes et al., 2001). Thicker 
leaves can maintain a higher water content, and at the same time avoid the burning of 
mesophyll caused by intense light in arid areas. In addition, scattered light can be 
effectively used for photosynthesis, which is conducive to the improvement of time-
concordant efficiency of leaves under water stress (Chartzoulakis et al., 2002; Velikova 
et al., 2020), therefore, trees adapt to the environment by adjusting their leaf 
morphology and biochemical characteristics (Kenzo et al., 2006). However, with the 
increase of ontogenetic stage and tree height, the demand for nutrients and water will 
continue to increase, and at the same time, a stronger ability to adapt to the environment 
such as drought resistance is required. On one hand, it is possible to increase the 
photosynthetically available area of leaves by increasing leaf area, leaf perimeter and 
leaf thickness, and further improve photosynthesis (Oikawa et al., 2016; Wang et al., 
2017). On the other hand, increasing petiole length, palisade tissue thickness and 
palisade to sea ratio of leaves can effectively reduce leaf temperature, reduce 
transpiration, and water loss, and maintain high water content (Bridge et al., 2013; 
Velikova et al., 2020). Studies have shown that with the increase of ontogenetic stage 
and tree height, leaf thickness, epidermal cell number, palisade tissue cell number, 
palisade tissue thickness and palisade tissue/spongy tissue ratio of heteromorphic leaves 
increase, and their drought resistance is gradually enhanced (Zhang et al., 2017; Zhai et 
al., 2019, 2020). 

In this study, the morphological and structural differences of P. pruinosa 
heteromorphic leaves during ontogeny reflect the synergistic or trade-off strategy 
between different traits and functions of leaves during ontogeny (Pan et al., 2018). 
Studies have found that the morphological and structural differences of P. pruinosa 
heteromorphic leaves are closely related to the increase of developmental stage and 
canopy height. From sapling to mature leaves, leaf thickness, leaf area, leaf quality and 
other traits showed significant changes with the DBH of trees (Martin et al., 2013), 
which was consistent with our research results. In addition, studies showed that the 
xerophytic structural characteristics of heteromorphic leaves became more and more 
obvious with the increase of development stage and canopy height, such as the 
enlargement of leaf area, the thickening of leaves, the increasingly developed palisade 
tissue, and the degeneration of spongy tissue in the cross section of leaves (Figure 1 and 
Figure S1,2). England and Attiwill (2006) found that the leaf shape of eucalyptus 
changed significantly with the increase of tree age and height, for example, the leaf 
length became shorter, the leaf thickness increased, and the leaf area index and specific 
leaf area decreased. Some studies showed that the palisade tissue thickness, palisade to 
sea ratio and epidermal thickness of leaves increased with the increase of tree height. 
The more obvious xerophytic structure is adapted to the water stress caused by arid 
environment and the increase of tree height (He et al., 2008; Zhai et al., 2020), water 
stress may eventually limit leaf expansion and photosynthesis to further increase tree 
height (Koch et al., 2004), and at the same time, the trend of changes in leaf structural 
traits is often interpreted as an adaptive response to light availability (Lusk et al., 2008). 
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Therefore, it is speculated that the obvious xerophytic structure of the heteromorphic 
leaves of P. pruinosa is a self-protection to adapt to the water stress caused by the 
growth stage and the increase of tree height and to avoid the intense light. 

Effect of carbohydrate on morphological structure of heteromorphic leaves of P. 

pruinose 

Many studies have shown that starch, soluble sugar, and soluble protein are closely 
related to plant growth and development (Kuang et al., 2017; Liu et al., 2017, 2020). 
Starch is a key factor in mediating plant responses to abiotic stresses such as drought, as 
it compensates for changes in carbon assimilation to maintain levels of soluble sugars 
(Thalmann and Santelia, 2017). Previous studies have shown that the growth of trees 
under drought stress depends on the relationship between soluble sugar and starch, and 
there is a negative correlation between starch concentration and growth, and a positive 
correlation between soluble sugar/starch ratio and growth (Liu et al., 2017). In this 
study, it was found that the contents of soluble sugar, soluble protein and starch in 
heteromorphic leaves were closely related to the stage of ontogeny and canopy height. 
Göttlicher et al. (2006) found that the starch content of leaves gradually increased from 
the lower canopy to the higher canopy. Some studies showed that the starch content of 
leaves significantly negatively correlated with the diameter at breast height (Li et al., 
2015). However, it showed an increasing trend with the increase of canopy height 
(Figure 3B), which was consistent with the results of our study. Some authors found 
that the higher photosynthetic capacity was related to the increase of leaf carbohydrates 
(Aspinwall et al., 2016). Kenzo et al. (2006) found that the photosynthetic capacity of 
dipterocarp species depends on the height of the tree, and the trees adapt to the light 
environment by changing their leaf morphology and biochemical characteristics. The 
results showed that the content of osmotic regulatory substances such as soluble sugar 
could improve the photosynthetic capacity of heteromorphic leaves with the increase of 
canopy height. 

Leaves mainly reduce osmotic potential and maintain turgor pressure through soluble 
osmotic regulatory substances, so that physiological processes related to turgor in plants 
can proceed normally (Patakas et al., 2002). In some studies, it has been found that the 
down-regulation of photosynthesis will offset the accumulation of starch in leaves in the 
long term (Quentin et al., 2013; Hagedorn et al., 2016). Soluble sugar produced by 
photosynthesis in leaves is exported from source leaves to phloem and is directly used 
for leaf growth (Lemoine et al., 2013). Some studies have found that soluble protein can 
be used as the main nitrogen source for leaf growth (Gonçalves et al., 2016; Liu et al., 
2018). We found that the increase of soluble sugar and soluble protein and the decrease 
of starch content played an important role in enhancing the xerophytic structure of 
heteromorphic leaves. Drought stress results in the degradation of starch reserves in 
plant leaves into soluble sugars (Svensk et al., 2020), which can be used directly in 
physiological activities, including maintaining leaf turgor to resist drought 
(Martínez-Villata et al., 2016). Woodruff et al. (2011) found that leaf cell turgor 
pressure decreased with the increase of height. Therefore, with the increase of canopy 
height, leaves need to maintain turgor pressure by increasing the content of soluble 
substances to further drive leaf cell growth (Woodruff et al., 2015). Therefore, it can 
adapt to water stress caused by tree height and improve drought resistance ability. It was 
preliminarily speculated that the increase of soluble sugar and soluble protein and the 
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decrease of starch content might regulate the enhancement of drought resistance ability 
in heteromorphic leaves of P. pruinose. 

Effects of endogenous hormone content and ratio on morphological structure of 

heteromorphic leaves of P. pruinose 

Plant hormones play an important role in regulating plant growth and development 
and coping with stress environment. Plant hormones, especially gibberellin (GA3), 
auxin (IAA), abscisic acid (ABA) and corn nucleosides (ZR), can affect the formation 
and development of profiled leaves in many plants (Nakayama et al., 2017; Li et al., 
2019). ZR can promote the cell division of stems and leaves, which is beneficial to the 
formation of leaves (Debnath, 2009). ABA controls the growth and development of 
plants, such as leaf shedding, fruit ripening and drought stress response (Nakayama et 
al., 2017). Studies on various plants show that osmotic stress induces ABA production, 
and ABA plays a controlling role in the stress response and tolerance of plants 
(Yamaguchi-Shinozaki and Shinozaki, 2006; Nakashima and Yamaguchi-Shinozaki, 
2013), and ABA accumulation in leaves helps to improve drought resistance (He et al., 
2020). Some studies have found that IAA affects leaf morphology and development 
(Barkoulas et al., 2008; Koenig et al., 2009). In this study, it was found that the changes 
of ZR content and ZR/ABA ratio in leaves were closely related to the increase of DBH, 
and the ZR content in leaves basically increased with the increase of diameter class, but 
there was no significant difference among crown levels (Figure 2D). Li et al. (2017) 
found that the contents of ZR and ABA in leaves showed an overall trend of increase 
with the increase of tree age (diameter class). Our study showed that ZR content and 
ZR/ABA ratio significantly or extremely significantly positively correlated with leaf 
width, leaf circumference, leaf area, leaf thickness, petiole length, upper epidermal cell 
length, palisade tissue thickness and gate to sea ratio. It was preliminarily speculated 
that ZR content and ZR/ABA ratio of heteromorphic leaves of P. pruinose were 
involved in the regulation of leaf morphology and structure changes with the increase of 
diameter step. 

When plants suffer from adversity stress, they can balance the growth regulation 
substances by changing the way of synthesis, conduction, and metabolism of 
endogenous hormones to improve the stress resistance of plants. In this study, it was 
found that ZR content, ZR /ABA, ZR /GA3, and GA3/IAA ratios played an important 
role in the structure enhancement of heteromorphic leaves. Some studies have shown 
that the number of upper and lower epidermal cells, the width of upper epidermal cells, 
the length of palisade tissue and the ratio of gate to sea of leaves reflect the drought 
resistance of plants (Chartzoulakis et al., 2002; Zhang et al., 2017), our study showed 
that leaf ZR content had significant positive effects on leaf length decrease, leaf 
circumference increase, leaf thickness increase, upper epidermal cell length increase, 
palisade tissue thickness increase and gate sea ratio increase, and ZR/ABA and ZR/GA3 
ratios had significant positive effects on petiole length increase. In addition, GA3/IAA 
ratio had a significant positive effect on the decrease of lower epidermal cell width. It 
was suggested that the increase of ZR content, the ratio of ZR/ABA and ZR/GA3 and 
the decrease of GA3/IAA might play an important regulatory role in improving the 
drought resistance in heteromorphic leaves of P. pruinose. 
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Conclusion 

This study shows that P. pruinose in different developmental stages and different 
shaped leaf canopy height in different forms, and the xerophytic structure of 
heteromorphic leaves increased obviously with the developmental stage and canopy 
height. The increase of soluble sugar and soluble protein content and the decrease of 
starch content may enhance the xerophytic structure of heteromorphic leaves by 
improving photosynthetic capacity and osmotic regulation ability. In addition, the 
increase of ZR content, ZR/ABA, ZR/GA3 ratio and the decrease of GA3/IAA ratio may 
play an important regulatory role in the enhancement of xerophilous structure of 
heteromorphic leaves. The results indicated that the formation of heteromorphic leaves 
was regulated by the synergistic changes of leaf morphology, structure and 
physiological characteristics during the individual growth and development of P. 
pruinose and could better adapt to the water stress caused by tree height, which provide 
a theoretical basis for further research on the molecular mechanism of how leaf 
morphological structure and physiological characteristics resist extreme environments 
through coordinated changes. 
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APPENDIX 
 

Plate I. Anatomic structure of long elliptic, round and broadly ovate leaves of P. pruinosa 
(From top to bottom corresponding to the long elliptic (Ⅰ), circular (Ⅱ), broad ovate (Ⅲ) 

anatomical structure; A-C represents A 10X10 times field of view, and D-F represents A 20X20 
times field of view 
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Figure S1. Changes of leaf epidermis with developmental stages and canopy height in cross 
section of heteromorphic leaves of P. pruinose. (A) length of upper epidermal cells, (B) width of 
upper epidermal cells, (C) length of lower epidermal cells, (D) width of upper epidermal cells, 

(E) number of upper epidermal cells, and (F) number of lower epidermal cells. Lowercase 
letters indicated significant differences, the same letters indicated not significant (P >0.05), and 

different letters indicated significant differences (P<0.05) 
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Figure S2. Changes of mesophyll tissue in cross section of heteromorphic leaves of P. pruinose 
with developmental stages and canopy height. (A) tissue thickness of fence, (B) tissue length of 

fence, (C) tissue width of fence, (D) tissue number of fence, (E) tissue thickness of sponge fence, 
(F) ratio of fence to sea. Lowercase letters indicated significant differences, the same letters 

indicated not significant (P >0.05), and different letters indicated significant differences 
(P<0.05) 
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Figure S3. Changes of endogenous hormone ratio in heteromorphic leaves of P. pruinose with 
individual crown height and various developmental stages. (A)IAA/ABA, (B)GA3/ABA, 

(C)ZR/ABA, (D)GA3/IAA, (E)ZR/IAA, (F)ZR/GA3. Lowercase letters indicated significant 
differences, the same letters indicated not significant (P >0.05), and different letters indicated 

significant differences (P<0.05) 
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Table S1. The morphological and structural changes of heteromorphic leaves were related to the Pearson of DBH and crown height of P. pruinosa 

 PL LL LW LI LA LC BT UECL UECW LECL LECW UECN LECN PN PTT PTCL PTCW STT PSR 

DBH 0.89** 0.38 0.54 0.37 0.53 0.67* 0.54 0.89** -0.22 0.64* 0.21 0.91** 0.92** 0.91** 0.89** 0.22 0.85** -0.79** 0.92** 

CH 0.83** 0.34 0.48 0.43 0.48 0.6 0.49 0.81** -0.22 0.5 0.15 0.97** 0.97** 0.96** 0.81** 0.16 0.89** -0.84** 0.89** 

 
 

Table S2. Four endogenous hormones and their ratios and carbohydrate of heteromorphic leaves were related to the Pearson of DBH and crown 
height of P. pruinosa 

 GA3 IAA ZR ABA IAA/ABA GA3/ABA ZR/ABA GA3/IAA ZR/IAA SS S SP 

DBH -0.18 0.48 0.96* -0.81 0.49 -1.00** 0.98* -0.79 0.15 0.90** -0.97** 0.86** 

CH -0.02 0.62 0.9 -0.71 0.63 -0.99* 0.93 -0.88 -0.01 0.94** -0.94** 0.94** 
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Table S3. Optimal regression model for predicting the content and ratio of endogenous 
hormones and leaf morphology of P. pruinosa 

Dependent variable(Y) Regression equation R R2 F Sig. 

Y1 Y1=1.60+0.12X1+10.53X3 0.52 0.27 1.08 0.00 

Y2 Y2=0.10-0.00026X3 0.85 0.72 18.31 0.00 

Y3 Y3=2.14+0.63X1 0.54 0.29 2.89 0.00 

Y4 Y4= -47.64+17.14X1 0.52 0.27 2.54 0.00 

Y5 Y5=5.88-83.70X2+36.50X3-1.72X5 0.77 0.59 2.43 0.00 

Y6 Y6=4.63+0.75X1 0.45 0.20 1.80 0.00 

Y7 Y7=16.16+8.84X4 0.49 0.24 2.21 0.00 

Y8 Y8=-20.13+7.17X1 0.74 0.55 8.58 0.00 

Y9 Y9=-1.85+0.26X1 0.68 0.46 5.99 0.00 

Y1, leaf length; Y2, leaf width; Y3, leaf circumference; Y4, leaf thickness; Y5, petiole length; Y6, length 
of upper epidermal cells; Y7, width of lower epidermal cells; Y8, thickness of palisade tissue; Y9, ratio 
of grid to sea; X1,ZR; X2,GA3/ABA; X3,ZR/ABA; X4,GA3/IAA; X5,ZR/GA3 

 
 

Table S4. Optimal Regression Model for the Prediction of Carbohydrate and Leaf 
Morphological Structure of P. pruinosa Leaves 

Dependent variable(Y) Regression equation R R2 F Sig. 

Y1 Y1=1.08+0.17X3 0.85 0.72 18.45 0.00 

Y2 Y2=2.73+0.10X3 0.53 0.28 2.78 0.00 

Y3 Y3= 1.17+25.41X1 0.62 0.38 4.33 0.00 

Y4 Y4= 7.56+0.57X3 0.52 0.27 2.64 0.00 

Y5 Y5= 10.53+0.50X3 0.59 0.36 3.92 0.00 

Y6 Y6= 185.56+12.69X3 0.53 0.28 2.72 0.00 

Y7 Y7= 13.50+0.93X3 0.78 0.61 10.74 0.00 

Y8 Y8=17.45+19.19X1-7.62X2 0.54 0.29 1.24 0.00 

Y9 Y9= -62.10+89.85X3 0.93 0.87 47.11 0.00 

Y10 Y10= -64.13+94.11X3 0.93 0.87 46.93 0.00 

Y11 Y11= 78.89-154.87X2+7.25X3 0.89 0.81 12.42 0.00 

Y12 Y12= 13.33+0.40X3 0.76 0.57 9.37 0.00 

Y13 Y13= 50.37-2.46X3 0.94 0.89 57.96 0.00 

Y14 Y14=1.51-4.44X2+0.30X3 0.97 0.94 47.55 0.00 

Y1, long petiole; Y2, blade width; Y3, leaf shape index; Y4, leaf area; Y5, leaf circumference; Y6, leaf 
thickness; Y7, length of upper epidermis; Y8, width of lower epidermis; Y9, number of upper epidermis; 
Y10, number of lower epidermis; Y11, thick fence tissue; Y12, wide fence organization; Y13, spongy 
tissue is thick; Y14, ratio of grid to sea; X1, soluble protein content; X2, starch content; X3, soluble sugar 
content 
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Abstract. This study concerns the growth and biometric relations of the mantis shrimp Squilla mantis 
from the region of Algiers. A total of 1064 individuals were sampled from the trawl fishery landings, 
between December 2016 and December 2017. The results show the different growth parameters, 
established on cephalothorax measurements (Lc∞ = 48.06 mm; K = 0.34 yr-1; t0 = -0.69 year) and total 
length values (Lt∞ = 189.9 mm; K = 0.48 yr-1; t0 = -0.66 year). The decomposition of size structures 
according to the Bhattacharya method yielded four age classes based on the cephalothorax and total 
length (0+-3). The total mortality (Z) calculated from Ricker curve was 1.32 year-1, and the natural 
mortality coefficient M was calculated at 0.95 year-1 indicating an under-exploitation of the S. mantis 
stock in this area. Different biometric relationships are established of the size-size and size weight type 
highlighting an allometry coefficient higher than 1 and lower than 3, respectively for the size-size and 
size-weight relationships, translating a major growth of the total size and a minor growth of the weight. 
Researchers and decision makers can integrate these results in analytical, bioenergetic and bioeconomic 
models to better manage the exploitation of the S. mantis stock in the western Mediterranean basin. 
Keywords: S. mantis mortality, population dynamic, age structure, biometric relationship, Algeria, 
Mediterranean-Western basin 

Introduction 

Of the nine species of Mediterranean Stomatopods, only the spottail mantis shrimp, 
Squilla mantis, is of appreciable economic importance (Maynou et al., 2004). Its range 
extends from Angola to the Gulf of Cadiz (Manning, 1977). In the Atlantic, this species 
seems to be present only in the Gulf of Cadiz (Maynou et al., 2004), while in the 
Mediterranean, it is reported in Egypt, Syria, Greece, Turkey, Italy, France, Spain, 
Palestine, Algeria (Schram and Muller, 2004) and on the Tunisian coast (Mili et al., 
2011). It is found at sublittoral depths greater than 3 m on sandy and muddy bottoms up 
to 200 m deep, but generally at less than 50 m (Holthuis, 1987). Its presence is reported 
on the entire Algerian coast, and studies carried out in the Algerian basin have 
highlighted its relatively high abundance in the center of the basin, in particular, in the 
bay of Bou Ismail between 50 and 100 m. S mantis prefers compact and sandy liquid 
muds and fine sand, and average temperatures of 13.2 to 15.3°C (Campilo, 1982). Its 
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catch on the Algerian coast in the last five years has recorded a maximum landing rate 
of 3232.9 Kg in 2016 (Fig. 1; Ministry of Fisheries and Fisheries Production, 2021). 
 

Figure 1. Catch of S. mantis in Algeria between 2015 and 2020 (Ministry of Fisheries and 
Fisheries Production, 2021) 

 
 

S. mantis has been the subject of numerous research studies in the Mediterranean and 
Atlantic. Among these works, we mention those of Ragonese et al. (2012) in the 
southern coast of Sicily, Vasconcelos et al. (2017) in algarve coast, Erdogan-Saglam et 
al. (2017) in the bay of Izmir, Vila et al. (2013) in the Gulf of Cadiz, Kampouris et al. 
(2018) in the Thermaikos Gulf, Veneroni and Fernandes (2021) in the northern Adriatic 
sea; Mili et al. (2008, 2013, 2014) in Tunisia; but no study has been undertaken on this 
species in Algeria. 

S. mantis is caught in limited quantities and essentially on trawlable bottoms by 
means of demersal trawls. In the past, this species was considered as a fishing product 
of low market value not appreciated by Algerians for lack of culinary tradition and was 
consequently rejected at sea after its capture. But given the high price of wild shrimp in 
recent years, this species has begun to attract interest by the Algerian consumer (Fig. 1). 
Indeed, S. mantis has become popular in fish shops in the central region with prices/kg 
ranging between 400 and 500 Algerian dinars at retail (about 3 euros). Compared to the 
numerous investigations undertaken on Peneidae (Derbal and Soltani, 2008; 
Kennouche, 2009), Aristeidae (Mouffok et al., 2005, 2008; Nouar and Kennouche, 
2013) or Pandalidae (Derbal and Kara, 2006) from the Algerian coasts, Stomatopods 
have not attracted the same scientific interest. Moreover, there is no comprehensive 
information on the biology, ecology or exploitation level of Stomatopods in Algeria. In 
order to better understand the available stocks of Stomatopods along the Algerian 
coasts, this study aims to provide new data on the growth and biometric relationships of 
S. mantis in the Algerian region in a perspective of rational exploitation and valorization 
of this carcinological resource. 

Material and methods 

Sampling 

Between December 2016 and December 2017, 1064 individuals of S. mantis were 
sampled from the landings of the commercial trawl fishery conducted in the Algiers 
region (Fig. 2). 
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Figure 2. Map of the study area in the central region of the Algerian basin 
 
 

Measurements were made on each individual using an ichthyometer, for the 
measurement of total length (Lt) and telson (Ltel), and a caliper, for the measurement of 
cephalothoracic length (Lc). Total weight (Wt) was determined with a 0.01 g precision 
scale (Fig. 3). The sex of S. mantis is easily identified by the presence of a pair of 
copulatory organs from the base of the third pair of pereiopods corresponding to the 8th 
thoracic segment in males and by the presence of the genital plate on the sternite of the 
6th thoracic segment in females (Abelló and Martín, 1993). Also, other individuals (152 
specimens) were measured and considered without distinction of sex, because of the 
deterioration of some frozen individuals. 
 

Figure 3. The different measurements made on S. mantis 
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Age and growth 

The age of the specimens was determined from length-frequency data analysis using 
Bhattacharya's method in the FISAT II software. This method, which is based on 
logarithmic differences, was outlined by Bhattacharya (1967), taken up by Masson 
(1970) and applied by Gayanilo et al. (2002). The growth in length of this species has 
been described using the Von Bertalanffy equation (Ricker, 1975; Beverton and Holt, 
2012; Eq. 1): 
 

  (Eq.1) 
 

with: Lt: total length at age t (cm), L∞: asymptotic length (cm), K: growth 
coefficient (yr-1), t: age (yr), t0: the hypothetical age corresponding to zero theoretical 
length (Sparre and Venema, 1992; King, 2013). The Von Bertalanffy exponential 
growth models were evaluated using the root mean square error (RMSE). The RMSE 
gives an overview of the overall difference between the predicted (VBGE) and observed 
(Bhattacharya decomposition) values. 

The length performance (’) was estimated using the equation (Eq. 2), given by 
Moreau et al. (1986): 
 

  (Eq.2) 
 

The asymptotic length L∞ was estimated from the size frequency distribution by the 
method of Powell (1979); Wetherall (1986) using the FISAT II software, version 1.2.0 
(Gayanilo et al., 2002). This same software also allowed us to estimate the growth rate 
K by analyzing the age-length key obtained by Bhattacharya (1967) multimodal 
decomposition. The analysis of this age-length key was performed according to the 
iterative method of Tomlinson and Abramson (1961), a method based on a "least 
square" type of adjustment by integrating the L∞ obtained by Powell (1979) and 
Wetherall (1986). This method estimates the parameter K so that the sum of the squares 
of the differences between the model and the observations is minimal (Gayanilo et al., 
2002). 

The age at time "zero", represented by t0 is calculated by Pauly (1980) (Eq. 3): 
 

  (Eq.3) 
 

Biometric relations 

For the biometric study of the mantis shrimp, we established the following 
morphometric relationships: Ltel = F (Lc), Lt = F (Ltel), Lt = F (Lc), Wt = F (Lc), 
Wt = F (Ltel) and Wt = F (Lt). With: Ltel: telson length, Lc: cephalothoracic length, 
Lt: total length and Wt: total weight. These relationships were expressed by a linear 
model of the form y= a x + b for length-length relationships and log w= log a +b log L 
for length-weight relationships. Where W = total weight, L = Lt, Lc, or Ltel, 
a = intercept and b = slope of the regression line for length-weight relationships, these 
parameters are inverted for length-length relationships (a: slope of the regression line 
and b: intercept). The exponent b is the allometry coefficient reflecting the 
proportionality of the growth of a given trait to the reference trait (b < 3 negative 
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allometry, b = 3 isometry, b > 3 positive allometry). For length-length relationships, the 
slope coefficient a reflects the nature of the allometry (a < 1 minor allometry, a > 1 
major allometry, a = 1 isometry). 

In addition, t-test for slope conformity was performed to confirm the type of 
allometry for the length-weight and length-length relationships (Eqs. 4,5) for the size-
weight relationships and length-length relationships, respectively: 
 

 
 

(Eq.4) 

 

 
 

(Eq.5) 

 
with: 

 

 

 

(Eq.6) 

 
with δy²: Variance of variable y, δx²: variance of variable x, R²: coefficient of 

determination, n-2: degree of freedom and α = 0.05. If t< 1.96 non-significant 
difference, if t >1.96 significant difference. In addition, statistical analyses were 
performed to test the significance of the difference between the calculated and observed 
values. Differences in sex ratios, based on a theoretical ratio of 1:1, were assessed using 
Chi-square (χ2) analysis in R (4.0.3). Sample normality was tested by the Kolmogorov 
Smirnov test and homogeneity of variances with the Levene test using STATISTICA 
6.1. ANOVA of the regression models (length-weight and length-length) was used to 
test the significance of the latter (R 4.0.3). 

Mortality 

The instantaneous coefficient of total mortality (Z) was calculated by the capture 
curve given by Ricker (1975); where Z is equal to the slope of the descending part of the 
curve. Natural mortality (M) was estimated using the empirical equation of Pauly (1983) 
(Eq. 7): 
 

  (Eq.7) 
 

with T°: temperature of the seawater (°C). The mortality coefficient (F) was deduced 
from the formula F=Z-M (Gulland, 1971). The exploitation rate (E) was estimated 
according to the ratio: E=F/Z (Gulland, 1971). All statistical analyses were conducted 
using STATISTICA 6.1, R 4.0.3 and Microsoft Excel® software. 

Results 

Statistical analysis 

The mean total length (Lt), cephalothoracic length (Lc), telson length (Ltel), and 
mean weight of 1064 Squilla mantis specimens were 13.39±0.16 (cm), 2.99±0.04 (cm), 
2.35±0.03 (cm), and 29.18±0.99 (g), respectively (Table 1). Males were slightly larger 
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than females, but the difference was statistically insignificant (P > 0.05). The sex ratio 
was 52.82% for females versus 47.18% for males. Chi-square analyses show that the 
difference between males (47.18%) and females (52.82%) is not statistically significant 
(Table 2). Males and females were equally represented in the western Mediterranean 
population of S. mantis. 
 

Table 1. Sex, mean total length (cm), carapace length (cm) and weight (g) of Squilla mantis 
from the Mediterranean Sea-Western Basin 

Sex 
Total length (cm) 

(min-max) 
Carapace length 
(cm) (min-max) 

Telson length (cm) 
(min-max) 

Weigth (g) 
(min-max) 

Male 
N= 422 

13.71±0.24 
(9.5-17.3) 

3.26±0.0.6 
(2.35-4.15) 

2.42±0.05 
(1.6-3.1) 

31.56±1.57 
(8.88-61.56) 

Female 
N= 490 

13.28±0.2 
(9.5-16.3) 

3.08±0.05 
(2.25-3.8) 

2.30±0.04 
(1.6-2.9) 

26.98±1.16 
(9.68-50.5) 

Total 
N = 1064 

13.39±0.16 
(6-18.5) 

2.99±0.04 
(2.35-4.5) 

2.35±0.03 
(1.6-3.1) 

29.18±0.99 
(8.88-61.56) 

 
 

Table 2. Statistical tests applied on the different measurements of S.mantis 

Male vs 
Female 

Total length 
(cm) 

Carapace length 
(cm) 

Telson length 
(cm) 

Weigth 
(g) 

Levene's Test 
for Equality of 

Variances 
P=0.37 P=0.01 P=0.013 

 
P=0.02 

t test for 
independent 

samples 
P=0.0052 P=10-6 P=6.3×10-5  

P=3×10-6 

Kolmogorov-
Smirnov 

normality test 

Pmale=0.119 
Pfemale=0.087 

Pmale=0.1 
Pfemale=0.092 

Pmale=0.113 
Pfemale=0.089 

Pmale=0.052 
Pfemale=0.06 

Chi-squared 
test for sex 
ratio (F/M) 

P=0.07 

Significant difference marked at P<0.05. For the Kolmogorov-Smirnov test, the normality of the 
distribution is accepted at P>0.05 

 
 

Levene's test of homogeneity of variances, applied between males and females 
indicates a non-significant difference for total length. However, this same test asserts a 
heterogeneity of variances for cephalothoracic length, telson length and weight 
(Table 2). The Kolmogorov-Smirnov normality test shows that the different 
distributions of size and weight follow a normal distribution. The t-test for independent 
samples shows a significant difference in the growth of male and female S. mantis 
(Table 2), which suggests a sex-dependent growth study. 

Linear growth estimation 

Figure 4 shows the frequency-size distributions of the sample. The decomposition of 
these distributions with Bhattacharya's logarithmic difference method, revealed four age 
groups of 0+-3 years for the different measurements Lt, Lc, Ltel (Fig. 4 and Fig. 5). 
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Figure 4. Length frequency distribution for males and females of S. mantis, (A): Total length for 
male and female, (B): Carapace length for male and female, (C): Total length for both sex, (D): 

Carapace length for both sex 
 
 

Figure 5. Decomposition of length frequency structures by the Bhattacharya’s method in FISAT 
II. (A): Carapace length for male. (B): Total length for male. (C): Carapace length for females. 
(D): Total length for females. (E): Carapace length for both sex. (F): Total length for both sex. 

The red circles represent the age groups 
 
 

These results indicate that S. mantis can be considered a fast growing species. The 
fastest growth occurs mostly in the age interval 0-1. 

Bhattacharya's method consists of separating normal components, each representing 
a cohort of S. mantis, from the overall distribution, starting from a left side (Fig. 4). 
Fig. 5 shows different multimodal distributions with several peaks that can be divided 
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into four subsamples. These distributions result from a length frequency table with a 
step of 0.1 cm for cephalothoracic lengths and 0.5 cm for total lengths. 

For mean male sizes of 13.71±0.24, 3.26±0.06 and for mean female sizes of 
13.28±0.2, 3.08±0.05; the method of Powell (1979); Wetherall (1986) allowed to 
estimate asymptotic lengths for males and females: 18.25 cm, 39.40 mm, 18.56 cm, 
42.50 cm, respectively for total and cephalothorax lengths. The calculated asymptotic 
lengths are consistent with the differences in growth observed between males and 
females of S. mantis in the Algerian region, i.e. males show a slightly faster growth than 
females in this bay (Table 3). The coefficients of catabolism K estimated from total and 
cephalothorax length are very close to each other, with a slight difference in favor of 
females, and a slight underestimation when sex is taken together. Calculation of the 
performance index ∅' gives an overall view on the rapid growth of S. mantis 
(2.36-3.06); highly similar for both sexes (Table 3). The growth equations as a function 

of Lt and Lc are: ,  for 

females ,  for males, 

, ) for all sexes 
combined. 
 

Table 3. Growth parameters obtained for the mantis shrimp S. mantis from the western 
Mediterranean basin 

Sex 
Length 

measurements 
(cm) 

L∞ 
(Powell, 1979; 

Wetherall, 1986) 

K (year-1) 
(Tomlinson and 

Abramson, 1961) 

t0 
(Pauly, 1980) 

∅' 

Male 
N= 422 

Lt (cm) 18.25 0.69 -0.56 2.36 

Lc (mm) 39.40 0.71 -0.51 3.04 

Female 
N= 490 

Lt (cm) 18.56 0.67 -0.57 2.36 

Lc (mm) 42.50 0.64 -0.53 3.06 

Total 
N = 1064 

Lt (cm) 18.99 0.48 -0.66 2.24 

Lc (mm) 48.06 0.34 -0.69 2.9 

 
 

The age-length key developed for the mantis shrimp S. mantis highlighted age groups 
ranging from 0+ to 3 regardless of the length used (Lt or Lc) (Table 4). Bhattacharya's 
multimodal decomposition led to mean lengths of 13.91 cm, 31.88 mm for males and 
13.67 cm, 29.96 mm for females; 12.57 cm, 25.76 mm for all sexes combined; which is 
very close to the means actually sampled in the population. 

RMSE values are expressed as the percentage of the mean observed in each sampled 
length to give more meaning to this statistical estimator. For males, the overall variance 
of the Von Bertalanffy model was 17.77% for “total length” and 18.70% based on 
“cephalothorax length”; this means that the two growth models estimated for males 
explained 82.23%, 81.3% of the observations. The RMSE for females was 20.57%, 
21.47%, based on “total” and “cephalothorax length”. For all sexes combined, the 
growth model developed performed well, explaining 87.06%, 87.29% of the average 
observations. The calculated growth rate indicates rapid growth during early stages, 
followed by slower growth as the species approaches L∞. The two growth rates 
estimated for Bhattacharya's age-length key and from Von Bertalanffy's growth 
equation (Eq.1), show a divergence for the early age groups, suggesting that the size 
range is not fully sampled due to gear selectivity. 



Kennouche - Kacimi: Some parameters of the S.mantis population exploited in the central region of Algeria 
- 5091 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):5083-5101. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_50835101 
© 2021, ALÖKI Kft., Budapest, Hungary 

Table 4. Age-length key, growth rate, root mean square error obtained for the mantis-shrimp 
S. mantis from the central Algerian region 

Sex 
Measurement 

(cm) 
Age group Bhattacharya VBGE RMSE 

RMSE/MEAN 
(%) 

Growth rate 
(Bhattacharya-

VBGE) 

Male 

Lt (cm) 

0 10.58 5.89 

2.47 17.77 

 

1 13.47 12.08 2.89/6.19 

2 14.54 15.24 1.07/3.17 

3 17.05 16.86 2.51/1.62 

Mean  13.91     

Lc (mm) 

0 23.5 12.23 

5.96 18.70 

 

1 27.14 26.54 3.64/14.31 

2 35.13 34.08 7.99/7.55 

3 41.75 38.06   6.62/3.9 

Mean       

Female 

Lt (cm) 

0 11.25 5.85 

2.81 20.57 

 

1 13.15 12.03 1.9/6.18 

2 14.51 15.13 1.36/3.10 

3 15.78 16.69 1.27/1.55 

Mean  13.6725     

Lc (mm) 

0 24.5 11.97 

6.43 21.47 

 

1 28.45 25.91 3.95/13.94 

2 31.88 32.77 3.43/6.86 

3 35 36.14 3.12/3.37 

Mean  29.9575     

Combined 

Lt (cm) 

0 7.82 5.16 

1.63 12.94 

 

1 10.86 10.43 3.04/5.27 

2 14.12 13.69 3.26/3.26 

3 17.48 15.71 3.36/2.02 

Mean  12.57     

Lc (mm) 

0 11.5 10.05 

3.27 12.71 

 

1 20.81 21.01 9.31/10.96 

2 30.11 28.80 9.3/7.80 

3 40.6 34.35 10.49/5.55 

Mean  25.755     

 
 
Biometric relations 

From the different measurements, linear relationships were established of the 
“length-length” and “length-weight” type. Tables 5 and 6 summarize the equations, the 
correlation coefficients linking the “length-length” and “length-weight” measurements 
as well as the different results of the statistical tests applied to each model. These 
models were obtained using the least squares method which consists of determining the 
parameters of the intercept and the slope of the regression line so that the sum of the 
squares of the residual errors is as small as possible. 
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Table 5. Length-length relationship parameters obtained for the mantis-shrimp S.mantis 
from the Algiers region (R 4.0.3) 

Biometric 
relation 

Sex a b 
Std.Error 
(a and b) 

t value Pr (>|t|) R² F-
Statistic 

Ltel=a×Lc+b 

Female 
0.668 

(0.608-
0.729) 

0.24 (0.058-
0.43) 

0.03 21.96 <2×10-16 *** 
0.715 482.1 

0.09 2.59 0.0102 * 

Male 
0.6716 
(0.61-
0.735) 

0.23 (0.023-
0.437) 

0.032 21.070 <2×10-16 *** 
0.729 444 

0.105 2.194 0.0296 

Total 
0.669 

(0.627-
0.71) 

0.244 (0.11-
0.38) 

0.02118 31.550 <2×10-16 *** 
0.735 995.4 

0.06747 3.611 3.49×10-4 *** 

Lt=a×Ltel+b 

Female 
4.4774 
(4.045-
4.91) 

2.9731 
(1.971-
3.974) 

0.2193 20.417 <2×10-16 *** 
0.684 416.9 

0.5079 5.845 2.05×10-8*** 

Male 
4.33 

(3.95-
4.71) 

3.22 (2.29-
4.15) 

0.1928 22.471 <2×10-16 *** 
0.754 504.9 

0.4709 6.831 1.54×10-10 *** 

Total 
4.36 

(4.08-
4.64) 

3.19 (2.54-
3.86) 

0.1416 30.796 <2×10-16 *** 
0.73 948.4 

0.3364 9.506 <2×10-16 *** 

Lt=a×Lc+b 

Female 
3.7953 
(3.51-
4.077) 

1.60 (0.73-
2.48) 

0.1428 26.573 <2×10-16 *** 
0.786 706.1 

0.4417 3.637 3.5×10-4 *** 

Male 
3.46 

(3.18-
3.75) 

2.40 (1.47-
3.34) 

0.1438 24.083 <2×10-16 *** 
0.779 580 

0.4729 5.087 9.8×10-7 *** 

Total 
3.78 

(3.63-
3.92) 

1.70 (1.26-
2.15) 

0.07226 52.241 <2×10-16 *** 
0.82 2729 

0.22649 7.519 2.05×10-13 *** 

Significant codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 
 

The linear biometric relationships (Table 5) show a majoring allometry (a >1) for the 
relationships Lt=a×Ltel+b, Lt=a×Lc+b and a minoring allometry for relationships of 
the type Ltel=a×Lc+b (a<1). The F-test based on Fisher's statistic shows a very high 
overall significance of all models (P_value <2×10-16 and 416.9 ≤ F ≤ 2729). Student's 
t test applied on the regression coefficients a and b (Table 5) indicates a high 
significance of the slope coefficients a (Pr (>|t|) <2×10-16), which is significant at the 
error rate α= 0.001. The values of the intercept coefficients b are highly significant for 
all models (2×10-16≤ Pr ≤0.0102), except for the model Lt=a×Lc+b established for 
males (Pr = 0.0296) (Table 5). The Standard error ranged from 0.03-0.4729, which led 
to confidence intervals between 0.608-4.71 for the a coefficient and between 0.023-3.94 
for the b coefficient (Table 5). This metric of how the values of a and those of b vary 
under repeated sampling reflects a very high quality of the fitted “length-length” models 
for S. mantis. The estimated coefficient of determination R² for all linear models ranged 
from 0.684-0.82, showing a high degree of linear independence between “total”, 
“cephalothorax” and “telson length” (Table 5). The linear growth model of “telson 
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length” versus “cephalothorax length” shows slope coefficients a less than 1 for both 
sexes and for the overall population, resulting in a majoring allometry. These results 
sub-imply that cephalothorax grows faster than telson for S. mantis specimens. On the 
other hand, models that relate “total length” to either “cephalothorax” or “telson” reflect 
growth with minor allometry (a < 1), i.e., “total length” grows faster than both 
“cephalothorax” and “telson” (Table 5). The observed a-slope values were compared to 
the theoretical value of 1 and the difference was statistically significant (t<1.96) for all 
models developed. 
 

Table 6. Size-weight relationship parameters obtained for the mantis-shrimp S.mantis from 
the Algiers region (R 4.0.3) 

Biometric relation Sex log a b Std.Error t value Pr (>|t|) R² F-
Statistic 

Log Wt = log a + b 
log Lc 

F 
0.056 (-0.045-

0.158) 
2.78 

0.05153 1.092 0.276 
0.79 695.2 

0.10547 26.367 <2×10-16 *** 

M 
0.084 (-0.034-

0.204) 

2.7 
(2.47-
2.93) 

0.06 1.4 0.163 
0.77 529.6 

0.117 23.01 <2×10-16 *** 

Total 
0.075 (0.029-

0.12) 

2.77 
(2.67-
2.86) 

0.023 3.20 0.00145 
0.853 3388 

0.047 58.21 <2×10-16 *** 

Log Wt= log a + b 
log Ltel 

F 
0.50 (0.42-

0.59) 

2.52 
(2.29-
2.75) 

0.04297 11.69 <2×10-16 *** 
0.71 453.1 

0.11831 21.29 <2×10-16 *** 

M 
0.51 (0.42-

0.61) 

2.50 
(2.26-
2.74) 

0.04699 10.95 <2×10-16 *** 
0.73 424.3 

0.12123 20.60 <2×10-16 *** 

Total 
0.51 (0.44-

0.57) 

2.52 
(2.35-
2.67) 

0.031 16.41 <2×10-16 *** 
0.73 937.6 

0.082 30.62 <2×10-16 *** 

Log Wt= log a+ b 
log Lt 

F 
-1.83 (-2.05,-

1.62) 

2.89 
(2.7-

3.079) 

0.10781 -17 <2×10-16 *** 
0.83 905.6 

0.09602 30.09 <2×10-16 *** 

M 
-2.16 (-2.31,-

2.003) 

3.19 
(3.06-
3.33) 

0.07811 -27.62 <2×10-16 *** 
0.93 2163 

0.06865 46.51 <2×10-16 *** 

Total 
-1.92 (-1.99,-

1.84) 

2.97 
(2.91-
3.05) 

0.03962 -48.50 <2×10-16 *** 
0.92 7132 

0.03524 84.45 <2×10-16 *** 

Significant codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 
 

Log transformation of the data for the length-weight relationships linearizes the 
relationship and erases problems of heteroscedasticity (Table 6). Fisher's F statistic 
applied on the “log-log” models shows a very high overall significance of the models 
with varying values between 424.3-7132 and a P_value <2.2×10-16, which is significant at 
α = 0.001. Student's t-test shows high significance of the slope coefficients b at the 
99.9% confidence level (Pr (>|t|< 2×10-16) (Table 6). The values of the intercept a are 
significant for all models except for the model log Wt = log a + b log Lc. The value of 
this parameter for the total weight-cephalothoracic height relationship being: a = 1. The 
standard error calculated for each of the models indicates confidence interval values 
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ranging from 2.26-3.33 and -2.31-0.57 for the parameters b and log a respectively 
(Table 6). 

The estimated R² for each model is very close to 1 (0.71-0.93) indicating a very good 
fit and a strong linear relationship between the logarithm of weight and the logarithm of 
length (Table 6). The set of tests applied show a very good fit of the length-weight 
relationships. The slope coefficients b of the models of the length-weight relationship 
indicates a negative allometry (b < 3) and a positive allometry for males of the total 
weight-total length relationship. This results in a relatively lower weight growth than 
the “total”, “cephalothorax” and “telson length” for both sexes and for the whole 
population. However, S. mantis males show faster growth in “total length” than weight 
(b > 3) (Table 6). The calculated reduced difference t-test indicates a significant 
difference between the observed slope values and the theoretical value of 3 for the 
length-weight relationships (t <1.96, α =0.05), except for the two “total length-total 
weight” relationships for females and combined sex (t =1.15, 0.83 <1.96). This result 
suggests that “total weight” growth is proportional to the cube of “total length” growth 
for females and for the sex-mixed S. mantis population (isometry). 

Mortality 

The instantaneous total mortality coefficient (Z) for S. mantis was 1.32/year. 
According to Pauly (1983) (Eq. 3), natural mortality (M) was calculated as 0.95/year 
using L∞= 18.99 cm and K= 0.48 yr-1 and a water temperature (T°) of 15.3°C (Shaltout 
and Omstedt, 2014). Fishing mortality (F) was 0.37/year (Fig. 6). Exploitation rate (E) 
indicates whether a stock is overfished based on the fishing mortality rate (F), while 
assuming that the optimal value of E is approximately equal to 0.5 (Gulland, 1971). The 
value of E obtained in the present study (0.28) was lower than the optimal value, which 
is in line with the catches actually observed in the field (under-exploited stock). 
 

Figure 6. Length-converted catch curve of mantis shrimp from the Mediterranean-Western 
basin. (Yellow represents points on the ascending part of the catch curve that were not included 
in the regression analysis to estimate total mortality Z. The black dots represent the descenting 

part used in the estimation of Z.) 
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Discussion 

The average lengths obtained by the different measurements considered as well as 
the average total weight are compared with the results of other authors. The average 
total length (Lt) of males (13.7 cm) is the same as that obtained by Ragonese et al. 
(2012) and is very close to that observed by Mili et al. (2013) in the Tunis area 
(13.92 cm). For females, the average cephalothoracic length (Lc) (3.08 cm) is 
comparable with those of Mili et al. (2013) in the Gabes area (3.089 cm) (Table 1). The 
average total weight (29.18 g) remains between the values of Erdoğan Sağlam et al. 
(2017): 22.14 g and Torres et al. (2017): 35.3 g. 

For each growth parameter (L∞, K, and t0) obtained, the calculation was performed 
using “total length” and “cephalothoracic length”. The asymptotic “total length” of 
females (18.25 cm) is lower than those of other Mediterranean authors, whereas for 
males this parameter is very close to that found by Erdoğan Sağlam et al. (2017). The 
asymptotic “cephalothoracic” length of females (39.4 cm) is identical to that obtained 
by Abelló and Martín (1993) (Table 7). For all sexes combined, the present results of 
growth parameters are very similar than those noted by Erdoğan Sağlam et al. (2017) 
and Ragonese et al. (2012) (Table 7). The coefficients of catabolism K estimated from 
“total” and “cephalothoracic lengths” are very similar, with a slight difference in favor 
of females. These estimated coefficients are consistent with the more or less low 
longevity character of the squilla S. mantis (Maynou et al., 2004). 
 

Table 7. Growth parameters obtained by different authors in the Mediterranean Sea 

Authors Region 
Length 

measurment 
Sexe N L∞(mm) K (y-1) t0 (y) ∅' 

Froglia 
(1996) 

Central Adriatic 
Sea 

Lc 

F  41.88 0.448 -0.038 2.90 

M  41.18 0.532 -0.059 2.96 

F+M  41.53 0.49 -0.010 2.93 

Righini & 
Baino (1996) 

Ligurian Sea Lt 
F  220 1.45  4.85 

M  225 1.3  4.82 

Ragonese et 
al (2012) 

Southern coasts of 
Sicily 

Lt F+M 484 190 0.41 -0.52 4.17 

Mili et al. 
2013 

Gulf of Tunis 

Lt 

F 1564 179.1 1.44 -0.57 4.66 

M 1726 188.3 1.400 -0.39 4.70 

Gulf of 
Hammamet 

F 1404 187.1 1.430 -0.24 4.70 

M 1620 198.2 1.330 -0.26 4.72 

Gulf of Gabes 
F 7799 188.4 1.560 -0.31 4.74 

M 8770 204.6 1.330 -0.3 4.75 

Erdogan 
Saglam et al. 

(2017) 

Izmir Bay 
(Aegean Sea) 

Lt 

F 549 192.8 0.510 -0.36 4.28 

M 387 183.43 0.420 -0.45 4.15 

F+M 936 196.9 0.500 -0.37 4.29 

Lc 

F 549 46.3    

M 387 45.7    

F+M 936 47.4    

Present 
study 

Algiers region 
(SW Medit.) 

Lt 

F 490 182.5 0.69 -0.56 4.36 

M 422 185.6 0.67 -0.57 4.36 

F+M 1064 189.9 0.48 -0.66 4.24 

Lc 

F 490 39.40 0.71 -0.51 3.04 

M 422 42.50 0.64 -0.53 3.06 

F+M 1064 48.06 0.34 -0.69 2.90 
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The determination of the age-length key, established from the method of 
Bhattacharya (1967) and the Von Bertalanffy curve (Eq. 1), has given satisfactory 
results. Indeed, between three and four age classes are observed in most Mediterranean 
authors (Figs. 4,5); the studies carried out in the Bay of Cadiz (northeastern Atlantic 
Ocean), based on the length of the carapace, have determined two age groups in females 
and males (Vila et al., 2013); this same result was also observed by Mili et al. (2013) on 
the Tunisian coast. On the southern coasts of Sicily, three age groups are observed (1-3) 
(Ragonese et al., 2012). Erdoğan Sağlam et al. (2017) note four age groups in Izmir Bay 
(Aegean Sea), a result similar to this work (Figs. 4,5). The differences found with 
previous authors may be due to the methods used for size structure decomposition or 
simply the vagaries of sampling. The difference between the study areas where the 
samples were taken could be the first source of variability in the results. 

The length versus age correspondence presented by Bhattacharya's method of total 
length in males and females shows very similar lengths with Ragonese et al. (2012) and 
the same size of 15.7 cm obtained at age 3 in females with Erdoğan Sağlam et al. (2017) 
(Table 4). 

The growth parameters given by this study are very comparable with other 
Mediterranean research (Table 7). Indeed, Mili et al. (2013) presented very similar 
values in the Gulf of Tunis, Hammamet and Gabes. This emphasizes the current results 
given the proximity of the two study regions. For all sexes, the asymptotic total length is 
identical to that found by Ragonese et al. (2012). As for the results based on 
“cephalothorax length”, the asymptotic length of males (Lc∞) is close to that obtained by 
Froglia (1996) in the central Adriatic Sea. The growth rate K is between 0.41/year and 
1.56/year for S. mantis, the results obtained in this study are within this range except for 
both sexes combined considering “cephalothorax length” (0.34/year) (Table 7). 

This difference found with other authors who determined the growth parameters of S. 
mantis can likely be attributed to the environmental conditions (temperature, salinity, 
nutrients) or to the fishing pressure exerted on the stock of this species which differs 
according to the region. According to the growth performance estimated in this study 
(Table 7), the values of ∅' are greater in the Ligurian Sea (Righini and Baino, 1996) and 
in the Gulfs of Tunis, Hammamet, and Gabes (Mili et al., 2013) but are highly similar 
compared to those in the central Adriatic Sea and Izmir Bay (Froglia, 1996; Erdoğan 
Sağlam et al., 2017) (Table 7). 

Concerning the biometric relationships, the “length-length” relationships are strong 
(R² = 0.68-0.82), with a slope a for both sexes between 0.67 and 4.88: for females 
(0.67< a <4.88) and males (0.67 <a <4.33) indicating a growth with minoring allometry 
(a <1) for telson size versus cephalothorax. A growth with majoring allometry (a >1) 
was recorded for the “total-length-cephalothorax” and “total-length-telson” 
relationships for both sexes, reflecting a higher total growth than both sizes; 
cephalothorax and that of telson (Table 5). As for the “total weight-cephalothorax 
length”, “total weight-telson length” and “total weight-total length” relationships, the 
coefficient of determination R² is very high (0.71-0.93), reflecting a strong body 
response of weight to length changes in the S. mantis population (Table 6). Erdoğan 
Sağlam et al. (2017) found isometry in the “total length-weight” relationship for males 
and females, with slope values equal to 2.95 and 3.02, respectively, reflecting isometry 
(Table 8). 

The “length-length” relationship (Lt-Lc) gives values close to those of Mili et al. 
(2008) in the Gabes region (Table 8). This author is the only one who considered the 
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length of the telson and their results are very comparable to this study (Tables 5,8). 
Indeed, the calculated Ltel-Lc relationship gives an "a" in males and females (0.67 and 
0.66, respectively) close to the one obtained by Mili et al (2008) in Gabes (0.73 and 
0.70). The “length-weight” relationship (Wt-Lt) of our results, showing an isometry 
between length growth and weight growth, are also very comparable to those of 
Ragonese et al. (2012) and Erdoğan Sağlam et al. (2017) for females, males and for 
both sexes combined. As for the Wt-Lc relationship, the results are supported by those 
reported by Righini and Baino (1996), Abelló (1989), Mili et al. (2008) (Hammamet), 
Vila et al. (2013) and Erdoğan Sağlam et al. (2017). 
 

Table 8. Length-weight and length-length relationship parameters obtained by different 
authors in the Mediterranean 

Authors Region Relation 
Male Female Combined 

a b a b a b 

Giovanardi and 
Piccinetti Manfrin 

(1984) 
Adriatic Sea Lc-Wt 0.0116 3.0431 0.0138 2.9168   

Abello and Sarda 
(1989) 

Ebro delta 
(NW 

Mediterranean 

Lc-Wt 0.0026 2.8305 0.0020 2.9026   

Lc-Lt 0.7637 0.8937 0.6164 0.9523   

Froglia (1996) Adriatic Sea Lc-Wt 0.0014 3.0425 0.0014 3.0419   

Righini and Baino 
(1996) 

Ligurian Sea Lc-Wt 0.0356 2.6100 0.0526 2.4100   

Mili et al.(2008) 

Tunisian water 
(Tunis) 

Ltel-Lc 0.786 1.0135 0.8592 0.99 0.821 1.0021 

Lc-Lt 5.4649 0.9374 4.8955 0.9712 5.2613 0.9526 

Lc-Wt 0.0008 3.026 0.0006 3.11 0.0007 3.0673 

Tunisian water 
(Hammamet) 

Ltel-Lc 0.9387 0.9644 0.9168 0.972 0.9269 0.9684 

Lc-Lt 5.5116 0.9389 5.1155 0.6909 5.299 0.9505 

Lc-Wt 0.0013 2.8864 0.0011 2.9165 0.0012 2.9019 

Tunisian water 
(Gabes) 

Ltel-Lc 0.7302 1.0414 0.7087 1.0624 0.7211 1.0461 

Lc-Lt 4.9131 0.9776 4.494 1.0553 4.7074 0.9909 

Lc-Wt 0.0006 3.1279 0.0006 3.1555 0.0006 3.1431 

Ragonese et al. 
(2012) 

South of Sicily Lt-Wt -11.561 3.031 -11.534 3.027   

Vila et al. (2013) 
Gulf of Cadiz 
(E-C Atlantic) 

Lc-Lt 6.8589 0.8879 7.2757 0.8766 7.3949 0.8693 

Lc-Wt 0.00677 2.5465 0.004347 2.6725 0.005118 2.6263 

Erdogan Saglam 
et al. (2017) 

Izmir Bay 

Lc-Lt 0.2317 0.1087 0.2410 0.0117 0.2373 0.0378 

Lc-Wt 0.7733 2.92 0.8670 2.87 0.8046 2.91 

Lt-Wt 0.0111 2.95 0.0098 3.02 0.0098 3.02 

Torres et al. 
(2017) 

Gulf of Cadiz Lc-Wt     1.709 2.842 

Kampouris et al. 
(2018) 

Gulf of 
Thermaikos 
Aegean Sae 

Lc-Wt 2.670 2.737 2.941 3.189 2.881 3.087 

Present study 
Algiers region 
(SW Medit.) 

Lc-Wt 1.0876 2.7 1.0575 2.78 1.0778 2.77 

Ltel-Wt 1.6652 2.50 1.6487 2.52 1.6652 2.52 

Lt-Wt 0.1153 3.19 0.1604 2.89 0.1466 2.97 

Ltel-Lc 0.67 0.23 0.668 0.24 0.669 0.24 

Ltel- Lt 3.33 3.22 4.477 2.973 4.36 3.19 

Lc-Lt 3.46 2.40 3.795 1.60 3.78 1.70 
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The calculation of exploitation indices provided insight into the status of the stock. 
Fishing mortality F is 0.95/year, a value very close to that recorded in southern Sicily 
by Ragonese et al. (2012), but still lower than that found by Erdoğan Sağlam et al. 
(2017) in Izmir Bay in 2017 (1.16/year). The latter Mediterranean region exploits 
mantis shrimp weakly with an exploitation rate of 0.39. In the central Algerian region, 
this exploitation is even lower; E is equal to 0.28 because the fishery does not target this 
species (Fig. 6). 

Conclusion 

This study is the first of its kind to give results on the growth parameters and 
mortality of S. mantis from Algeria. It was based on length-frequency data which can, 
provide valuable information on the life history of the mantis shrimp in this country. 

Overall, the study contributed to the knowledge of the population dynamics of 
S. mantis exploited in the central region of Algeria and provided basic parameters 
essential for the management of the stock of this species in this area. We showed that 
the spottail mantis shrimp has a rapid growth in this area and a low longevity. The study 
of biometric relationships revealed the following findings: a) growth in "total weight" is 
proportional to the cube of growth in "total length" for females and for the mixed-sex 
population of S. mantis (isometry) and b) growth with a major allometry for males. For 
growth in length, cephalothorax grows faster than telson for all S. mantis specimens and 
"total length" grows faster than "cephalothorax" and "telson". 

This study carried out from the catches of the commercial fishery in the central 
region of Algeria shows an under-exploitation of the S. mantis stock. Nevertheless, the 
fishing statistics of this species show an evolution of the catches in 2016. This limited 
fishing pressure may be considered as an important issue to protect the S. mantis 
population in this region. In this study, it is noted that the fishery is carried out by trawls 
with a large horizontal opening, but it is discarded at sea. In our country, the discarding 
of this species, which is beginning to attract consumers, represents a loss for the 
national economy and the regional fishery. 

In other countries such as Italy, Spain, France and Slovenia, this species is 
economically valued. As a result of this study, the population parameters of S. mantis 
are similar to those of the European countries that fish this species economically. It 
could be exported to European countries or fished as a target species instead of being 
discarded in Algeria. The lack of knowledge concerning the biology of S. mantis is 
evident and further research is needed. The present study is the first one carried out in 
Bou-Ismail Bay (central region of Algeria). Future studies should focus more on this 
species in order to enhance its value. 
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Abstract. The present study was designed to investigate the proximate (moisture, dry matter, ash, and fat 
content) composition and metallic element contents (Ca, Zn, Fe, and Cd) in an edible Bivalve, Donax 
trunculus from the gulf of Annaba, and to evaluate the effect of cadmium (Cd) on these parameters. The 
clams were collected from the El-Battah site during the morphologically ripe and reared stages under 
laboratory conditions. Physicochemical parameters of seawater samples including temperature, pH, 
salinity, and dissolved oxygen were determined. Cadmium at two sub-lethal concentrations (LC10 and 
LC25-96h as determined previously) was added to the rearing water. The results revealed significant 
effects of Cd concentrations, exposure time, and sex on all the studied parameters. Indeed, the contents of 
dry matter, fat and metallic elements, excluding Cd were significantly decreased, while the moisture, ash, 
and Cd contents were significantly increased in both sexes at two sub-lethal concentrations. Moreover, 
the measurement of proximate composition and minerals contents in D. trunculus could be a very useful 
approach to evaluate the nutritive value changes in case of exposure to cadmium contamination, and 
subsequently to avoid health-associated problems. 
Keywords: pollution, mollusk, heavy metals, acute toxicity, bioindicator, seafood, nutritive value 

Introduction 

Heavy metals are one of the major persistent wastewater pollutants, non-
biodegradable and naturally toxic within a short period (Zhang et al., 2016). Recently, a 
great concern has been raised for the impact of heavy metals on the environment 
(Bankaji et al., 2019; Sall et al., 2020; Sleimi et al., 2021). Indeed, marine ecosystems 
are vulnerable to trace element contamination posing a considerable hazard to the 
environment and human health (Dhinamala et al., 2017; Obaiah et al., 2020). Most 
seafood products, including Mollusk Bivalves are considered biological indicators of 
heavy metal pollution through the food web (Tulonenet al., 2006; Vieira et al., 2021). 
Overall, these mollusks are excellent sources of nutrients due to their high-value in 
protein contents, low-fat contents and marked contents in essential micronutrients (e.g., 
vitamins D, A and B, water, and minerals) (Orban et al., 2002; Gil and Gil, 2015; 
Wright et al., 2018). Further, the proximate composition is a valuable tool to identify 
the quality of meat and to understand the nutritive value changes (Margret, 2015; Ogidi 
et al., 2020). Besides, some metals like calcium (Ca), Zinc (Zn), iron (Fe) required in 
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minute quantities for the organisms’ metabolism and growth are referred to as essential 
metallic elements (Yusoff and Long, 2011; Hossen et al., 2015). These essential 
metallic elements are important components for hormones, activators of enzymes, and 
are effectively involved in various oxidation-reduction reactions (Khan, 1992; Wright et 
al., 2018), and the process of muscle contraction, nerve conductance, and energy 
production (Margret et al., 2013). In addition, these metallic elements (ME) become 
toxic to organisms at concentrations exceeding the recommended limits (Beldi et al., 
2006), meanwhile certain other metallic elements like Cd are not essential for any 
biological process in the organism, and become toxic even at low concentrations 
(Astudillo et al., 2005). According to the United States, Environmental Protection 
Agency (U.S. EPA), and the International Agency for Research on Cancer (IARC), Cd 
ranks among the highly hazardous metals for the public health. Also, it is reported to 
induce the generation of free radicals causing chronic oxidative kidney damages and 
cancers (Salama and Radwan, 2005; Obaiah, 2020). In this context, the assessment of 
trace element contents in seafood is an important step in ensuring food safety for the 
sake of human health. 

Donax trunculus, an edible Mollusk Bivalve, is a suitable species for the aquatic 
environment biomonitoring, and also successfully used as a bioindicator to monitor 
seawater quality worldwide (Künili et al., 2020; Costa et al., 2021; Patino et al., 2021). 
This wedge clam is chosen as sentinel species due to their typical properties, including 
life traits, wide geographical distribution, suitable size, facility of collection, 
transplantation and maintenance in the laboratory, in addition to their ability to 
concentrate pollutants (Tlili and Mouneyrac, 2019; Hamdani et al., 2020). In the gulf of 
Annaba (Northeast Algeria), D. trunculus is the most widely distributed bivalve in sand 
beaches (Beldi et al., 2006; Hafsaoui et al., 2016), and the most consumed by the local 
population (Merad et al., 2017). Thus, D. trunculus can be mainly targeted by several 
environmental pollutants from different sources including heavy metals, in particular, 
Cd that has been found in tissues of D. trunculus and sediments (Beldi et al., 2006; Drif 
et al., 2010; Amira et al., 2018). The research investigating the sub-lethal Cd exposure 
was performed in order to understand the toxic effects other than lethal effects, which 
are usually expressed by the real environmental pollution states (Mouabad, 1991; Dutta 
et al., 2017). 

Previous studies conducted in the gulf of Annaba have investigated the sub-lethal 
toxic effects of LC10 and LC25-96h of Cd on D. trunculus on the contents of 
metallothioneins (Mts) (Merad et al., 2015; Rabei et al., 2018), protein carbonyls 
(Pc) (Merad et al., 2016), omega-3 fatty acids (Merad et al., 2017) and nucleic acid 
(Merad and Soltani, 2015), and the biochemical components of gonads (Merad and 
Soltani, 2017). So, the essential previous results showed a significant reduction in 
the main essential omega-3 fatty acid (EPA and DHA concentrations), in the level of 
ARN, in the level of biochemical composition. A significant elevation in the Pc 
level and MTS level was also detected. The current study, is in continuation to 
previous studies, was undertaken to assess the sub-lethal Cd exposure (LC10 and 
LC25-96h) on the proximate composition and minerals contents of D. trunculus 
females and males in order to compare the data obtain with previous reports we have 
chosen to test similar sublethal concentrations. Noteworthy, the nutritive value, 
considered as an important index for determining the quality of meat and the 
understanding of the nutritive value changes under metallic contamination, has not 
been examined until now in the gulf of Annaba. 
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Review of literature 

Our results are original data for proximate composition and minerals contents of an 
edible mollusk bivalve D. trunculus from gulf of Annaba (Algeria). Also, it is the first 
study to elucidate the toxicity of Cd on proximate and essential metallic elements of D. 
trunculus. 

Materials and methods 

Animal collection and treatment with sub-lethal concentrations of cadmium 

The experiments were performed in March 2019 where the majority of individuals 
were in the stage of morphologically ripe (Hamdani et al., 2020), and all individuals 
tested were in the morphologically ripe. The Gulf of Annaba city (northeast Algeria) is 
surrounded from the East by the Cap Rosa (8°15′ E and 36° 38′ N), and from the West 
by the Cap Garde (7° 16′ E and 36° 68′ N). D. trunculus samples were collected from El 
Battah beach (36° 50’ N - 7° 50’ E) located approximately 30 km East from Annaba 
city, and precisely in the eastern area close to the Mafragh estuary characterized by low 
levels of all nutrients (Ounissi et al., 2014). El Battah site, distant site from any 
anthropogenic pressures, is subjected to an important hydrodynamic regime, likely 
contributing to the pollutants dilution (Rabei et al., 2018) (Fig. 1). Of note, the 
suspension feeder bivalve D. trunculus is preferentially present between 0 and 2 m in 
depth in the Mediterranean Sea (Gaspar et al., 2002; La Valle, 2006; Tlili and 
Mouneyrac, 2019), and hence samples were collected by a hand rake as described 
elsewhere (Hafsaoui et al., 2016). The experimental animals were brought to the 
laboratory and macroscopically separated by sex based on the color of gonads (dark 
blue gonads indicate females, and the yellow-white ones indicate males) according to 
Gaspar (1999). Further, the rearing was conducted in aquaria taken from the sandy and 
seawater of the sampling area. During all the experiments, the water was constantly 
aerated with air pumps (Nirox X5) and photoperiod approximately 12 h dark and 12 h 
light. Adults D. trunculus were acclimatized for 48 h in filtered seawater before the 
experimental procedures (Belabed and Soltani, 2013). The physicochemical parameters 
of seawater measured by a multi-parameter water analyzer (Multi 340 i, Germany) were 
temperature (16.21 ± 0.5 °C), salinity (32.6 ± 1.5 g/l), pH (8.10 ± 0.1), and dissolved 
oxygen (8.20 ± 1.2 mg/l). After the laboratory acclimation period, the aquariums 
containing D. trunculus were separated into control and experimental groups (Fig. 2). 
The sub-lethal acute exposure to cadmium chloride (CdCl2: Sigma, USA) as a 
commercial form of cadmium was performed according to preliminary bioassay applied 
on D. trunculus as previously reported (Merad and Soltani, 2015). Here, D. trunculus 
females and males were exposed to two sub-lethal concentrations (LC10 and LC25) of 
cadmium chloride (CdCl2) for 96 h for each sex (females: LC10 (0.94 mg/l) and LC25 
(1.6 mg/l); males: LC10 (1.15 mg/l) and LC25 (2.02 mg/l) (Merad and Soltani, 2015; 
Merad et al., 2017). D. trunculus were fed every day with a commercial food mixture 
(Marine Invertebrate Diet. Carolina Ltd., NC, and USA). Animals were dissected at 
various point times (0, 48 and 96 h) to remove their soft tissues. 

 
Proximate composition determination 

The soft tissues of four individuals of D. trunculus per treatment were used each 
48 h, and the basic proximate composition of D. trunculus (moisture, dry matter, ash, 
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and fat) was determined according to the Association of Official Analytical Chemists 
methods (AOAC, 2000). All measured values were presented in percentages. 

 

 

Figure1. Location of El Battah site in the Gulf of Annaba (Northeast Algeria) 
 
 

 

Figure2. Experimental culture of D. trunculus in the laboratory 
 
 

Moisture and dry matter determination 

Moisture defined as the main component of the feed nutrient or ingredients was 
determined from the weight difference before and after drying the samples at 105 °C 
overnight to constant weight (Bhobe and Pai, 1986) according to the following formula 
(Eq. 1): 

 

  (Eq.1) 

 
where M1 is the weight sample loss (grams); M2 is the mass of the used sample 
(grams). 
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The percentage of dry matter content in the sample was calculated by the following 
formula (Eq. 2): 

 
  (Eq.2) 
 

Ash content determination 

Ash content, the residues of the inorganic matter (mineral) of the sample after 
burning, was estimated after incinerating the sample in a muffle furnace at 550 °C for 
12 h until constant weight as described by AOAC method 920.153 (Eq. 3): 

 

  (Eq.3) 

 
where M1 is the weight of ash (grams); and M2 is the weight of the used sample (grams). 

 
Fat content determination 

Fat content in D. trunculus sample determined by Soxhlet method contains only free 
lipids, but not all lipid forms (Larpent, 1997). The Soxhlet extraction experiment was 
performed with a Franz Von Soxhlet according to AOAC method 960.39 using petroleum 
ether as solvent. In brief, 10 g of samples were included in a cartridge to enable to 
proceed the extraction procedure for 5 h. After the subsequent extraction, the residual 
solvent evaporates, and the results fall in the round bottom flask which was thereafter, 
heated in an oven to achieve permanent weight and then cooled in a desiccator. Fat 
content was measured and expressed as percent by weight as follows (Eq. 4): 

 

  (Eq.4) 

 
Determination of metallic elements 

Three pool replicates of three individuals of D. trunculus per treatment were used 
each 48 h; the contents of Cd, Ca, Fe, and Zn were measured by atomic absorption 
spectrometry using a Perkin Elmer 900T instrument (Perkin Elmer PinAAcle 900T, 
USA). In brief, as previously described by Bryan et al. (1977), the soft tissues were 
dried at 110 °C to a constant weight, homogenized and crushed in a mortar to obtain a 
fine powder which afterward was kept away from metallic materials to avoid 
contamination until analyze. Thereafter, 0.20 g of dry sample was mineralized with 
muffle furnace at 350 °C to 450 °C, and two milliliters of nitric acid were added. After 
evaporation, ashes were cooled and the resulting residue was dissolved in 25 ml of nitric 
acid 1%, and filtered through a filter paper (Whatman N°1). The filtered sample was 
aspirated into the atomic absorption spectrophotometer at mode flame, and the reading 
was registered. The blank was used to adjust the zero of the instrument and to detect 
possible cross-contamination. All reagents were obtained from Merck and were of 
analytical grade. Metallic element contents were expressed in µg/g of dry weight (dw). 

 
Statistical analyses 

Data are expressed as mean ± standard deviation (SD). Statistical analyses were 
performed using the MINITAB Software (Version 17, Penn State College, PA, USA) 
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where p < 0.05 was considered statistically significant. The normality was tested by the 
Kolmogorov-Smirnov test, and the homogeneity of variances was checked by Levine’s 
test. One-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test was 
used to evaluate the difference between treatment means. The effects of concentrations, 
exposure time, and sex were tested by a three-way analysis of variance (ANOVA). The 
correlation between all parameters was examined by the Pearson correlation test 
(R = coefficient of correlation, p-value of correlation = significance at p < 0.05). 

Results 

Effects of sub-lethal concentrations of cadmium on the proximate composition 

Tables 1 and 2 showed the effect of Cd on proximate composition in females and 
males of D. trunculus respectively. The proximate composition varies as a function of 
cadmium concentration and exposure time, and sex. 

 
Sub-lethal effects of Cd on the percentage of moisture contents 

As shown in Tables 1 and 2, a significant increase in moisture contents was observed 
in the two treated series as compared to control series in both sexes. Also, there was a 
significant difference in the LC10 and LC25-treated series at 48 h (F2. 11 = 9.34; 
p = 0.006) and 96 h (F2. 11 = 48.17; p = 0.000) as compared to control series (0 h) in 
females (Table 1; Tables A1 and A2 in the Appendix). The males presented a significant 
difference in the two treated series at 48 h (F2. 11 = 6.45; p = 0.018) and 96 h (F2. 

11 = 26.58; p = 0.000) as compared to control series (Tables 2, A3 and A4). The three-
way ANOVA indicated significant effects of concentrations (F2. 71 = 49.05; p = 0.000), 
exposure time (F2. 71 = 63.96; p = 0.000) and sex (F1.71 = 73.16; p = 0.000) (Table A5). 

 
Sub-lethal effects of cadmium on the percentage of dry matter contents 

As indicated in Tables 1 and 2, a significant decrease in the percentage of dry matter 
contents was detected in the two tested concentrations as compared to control groups in 
both sexes. The dry matter contents differed significantly in the two tested concentrations 
at 48 h (F2. 11 = 9.34; p = 0.006) and 96 h (F2. 11 = 44.24; p = 0.000) as compared to 
control in females (Tables 1, A6 and A7). Meanwhile, this parameter differed significantly 
in the two treated series at 48 h (F2. 11 = 6.45; p = 0.018) and 96 h (F2. 11 = 26.58; 
p = 0.000) as compared to control in males (Tables 2, A8 and A9). The three-way 
ANOVA showed significant effects of concentration (F2. 71 = 47.36; p = 0.000), exposure 
time (F2. 71 = 61.59; p = 0.000), and sex (F1. 71 = 72.83; p = 0.000) (Table A10). 

 
Sub-lethal effects of cadmium on the percentage of ash contents 

As presented in Table 1 and 2, the percentage of ash contents was significantly 
increased in the two treated series when compared with control series of both sexes. 
This parameter differs significantly in the LC10 and LC25-treated series at 48 h (F2. 

11 = 19.82; p = 0.001) and 96 h (F2. 11 = 34.57; p = 0.000) as compared to control in 
females, with marked effect in Cl25 treated series (Tables 1, A11 and A12). Similarly, 
males showed a significant difference in ash contents in the two treated series at 48 h 
(F2. 11 = 19.62; p = 0.001) and 96 h (F2. 11 = 32.64; p = 0.000) as compared to control, 
with pronounced effect in Cl25 treated series (Tables 2, A13 and A14). The three-way 
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ANOVA revealed significant effects of concentrations (F2. 71 = 60.98; p = 0.000) and 
exposure time (F2. 71 = 70.50; p = 0.000), and sex (F1.71 = 66.38; p = 0.000) (Table A15). 

 
Table 1. Effect of Cd on proximate composition (%) in D. trunculus females (m ± SD. n = 4). 
(Means for the same time exposure (the rows) followed by the different letter in miniscule 
are significantly different, while for each treatment (the columns), values followed by the 
different letter in majuscule are significantly different at p ≤ 0.05) 

Proximate 
composition (%) 

Exposure time 
(h) 

Treatment 

Control LC10 LC25 

Moisture content 

0 77.21 ± 1.11aA 77.21 ± 1.11aA 77.21 ± 1.11aA 

48 77.39 ± 0.97 aA  79.59 ± 1.09 bB  80.56 ± 1.12 bB 

96 77.61 ± 0.81 aA 82.16 ± 0.86 bC 82.49 ± 0.66 bC 

Dry matter 

0 22.54 ± 0.94 aA 22.54 ± 0.94 aA 22.54 ± 0.94 aA 

48 22.59 ± 0.97 aA 20.40 ± 1.09 bB 19.43 ± 1.11 bB 

96 22.34 ± 0.89 aA 17.82 ± 0.86 bC 17.49 ± 0.67 bC 

Ash content 

0 1.96 ± 0.73 aA 1.96 ± 0.73 aA 1.96 ± 0.73 aA 

48 1.89 ± 0.30 aA 3.03 ± 0.40 bAB 4.12 ± 0.64 cB 

96 2.33 ± 0.12 aA 3.95 ± 0.65 bB 4.89 ± 0.37 cB 

Fat content 

0 1.82 ± 0.05 aA 1.82 ± 0.05 aA 1.82 ± 0.05 aA 

48 1.77 ± 0.07 aA 1.70 ± 0.06 aB 1.53 ± 0.08 bB 

96 1.75 ± 0.06 aA 1.35 ± 0.05 bC 1.20 ± 0.05 cC 

 
 
Table 2. Effect of Cd on proximate composition (%) in D. trunculus males (m ± SD. n = 4). 
(Means for the same time exposure (the rows) followed by the different letter in miniscule 
are significantly different, while for each treatment (the columns), values followed by the 
different letter in majuscule are significantly different at p ≤ 0.05) 

Proximate 
composition (%) 

Exposure time 
(h) 

Treatment 

Control LC10 LC25 

Moisture content 

0 75.44 ± 0.91aA 75.44 ± 0.91aA 75.44 ± 0.91aA 

48 75.35 ± 0.84 aA 77.17 ± 1.70 abA 78.60 ± 1.14 bB 

96 75.43 ± 1.0 aA 80.28 ± 1.2 bB 80.47 ± 1.1 bB 

Dry matter 

0 24.56 ± 0.91 aA 24.56 ± 0.91 aA 24.56 ± 0.91 aA 

48 24.64 ± 0.84 aA 22.84 ± 1.70 abA 21.40 ± 1.14 bB 

96 24.57 ± 1.0 aA 19.72 ± 1.20 bB 19.53 ± 1.12 bB 

Ash content 

0 1.15 ± 0.16 aA 1.15 ± 0.16 aA 1.15 ± 0.16 aA 

48 1.12 ± 0.11 aA 2.03 ± 0.49 bAB 3.09 ± 0.58 cB 

96 1.35 ± 0.06 aA 2.87 ± 0.65 bB 3.82 ± 0.38 cB 

Fat content 

0 1.31 ± 0.04 aA 1.31 ± 0.04 aA 1.31 ± 0.04 aA 

48 1.27 ± 0.05 aA 1.17 ± 0.02 bB 1.08 ± 0.03 cB 

96 1.24 ± 0.03 aA 0.91 ± 0.08 bC 0.56 ± 0.08 cC 

 
 

Sub-lethal effects of cadmium on the percentage of fat contents 

As given in Tables 1 and 2, the percentage of fat contents was significantly decreased 
in the two tested Cd concentrations as compared with those in controls of both sexes. 
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Females exhibit a significant difference in this parameter in the LC10 and LC25-treated 
series at 48 h (F2. 11 = 11.37; p = 0.003) and 96 h (F2. 11 = 91.17; p = 0.000) as compared 
to control, with more effect in Cl25 treated series at 96 h (Tables 1, A16 and A17). Also, 
the fat contents differ significantly in males in the two treated series at 48 h (F2. 

11 = 24.84; p = 0.000) and 96 h (F2. 11 = 83.33; p = 0.000) (Tables 2, A18 and A19) as 
compared to control, with distinct effect in Cl25 treated series. The three-way ANOVA 
revealed significant effects of concentration (F2. 71 = 130.50; p = 0.000), and exposure 
time (F2. 71 = 277.73; p = 0.000) and sex (F1.71 = 1344.20; p = 0.000) (Table A20). 

 
Effects of sub-lethal concentrations of cadmium on metallic element 

Tables 3 and 4 show the effect of Cd on ME in females and males of D. trunculus 
respectively. The ME contents vary as a function of cadmium concentration and 
exposure time, and sex. 

 
Calcium contents 

The Ca contents were significantly decreased in the two treated series as compared to 
control series in both sexes. A significant difference was observed in the level of this 
element in the LC10 and LC25-treated series at 48 h (F2. 8 = 49667.29; p = 0.000) and 
96 h (F2. 8 = 13938.86; p = 0.000) as compared to control in females, with marked effect 
in Cl25 treated series (Tables 3, A21 and A22). Additionally, the Ca level element 
differed significantly in the two treated series at 48 h (F2. 8 = 823.03; p = 0.000) and 
96 h (F2. 8 = 5624.86; p = 0.000) as compared to control in males, with pronounced 
effect in Cl25 treated series (Tables 4, A23 and A24). The three-way ANOVA showed 
significant effects of Cd concentrations (F2. 53 = 14560.76; p = 0.000), and exposure time 
(F2. 53 = 14597.25; p = 0.000) and sex (F1. 53 = 79623.14; p = 0.000) (Table A25) 

 
Iron contents 

The Fe contents in females and males of D. trunculus were significantly decreased in 
the two treated series as compared to control series in both sexes. There was a 
significant difference in the two tested concentrations at 48 h (F2. 8 = 182.74; p = 0.000) 
and 96 h (F2. 8 = 928.63; p = 0.000) as compared to control in females, with more effect 
in Cl25 treated series (Tables 3, A26 and A27). In parallel, D. trunculus males revealed a 
significant difference in Fe content in the two treated series at 48 h (F2. 8 = 7.42; 
p = 0.024) and 96 h (F2. 8 = 100.77; p = 0.000) as compared to control, with remarkable 
effect in Cl25 treated series at 96 h (Tables 4, A28 and A29). The three-way ANOVA 
revealed significant effects of Cd concentration (F2.53 = 325.15; p = 0.000) and exposure 
time (F2.53 = 496.49; p = 0.000) and sex (F1. 53 = 8324.47; p = 0.000) (Table A30). 

 
Zinc contents 

A significant decrease of Zn contents was observed in two groups of treated series as 
compared to control series in both sexes. In addition, the Zn contents were significantly 
differed in the LC10 and LC25-treated series at 48 h (F2. 8 = 954.29; p = 0.000) and 96 h 
(F2. 8 = 1636.34; p = 0.000) as compared to control in D. trunculus females, with distinct 
effect in Cl25 treated series (Tables 3, A31 and A32). In D. trunculus males (Tables 4, 
A33 and A34), the Zn contents revealed a significant difference in the two treated series 
at 48 h (F2. 8 = 208.19; p = 0.000) and 96 h (F2. 8 = 7025.45; p = 0.000) as compared to 
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control, with pronounced effect in Cl25 treated series. The three-way ANOVA showed 
significant effects of Cd concentration (F2.53 = 2074.06; p = 0.000) and exposure time 
(F2. 53 = 2470.09; p = 0.000), and sex (F1. 53 = 506.26; p = 0.000) (Table A35). 

 
Table 3. Effect of Cd on metallic elements (µg/g of dry weight) in D. trunculus females 
(m ± SD. n = 3). (Means for the same time exposure (the rows) followed by the different 
letter in miniscule are significantly different, while for each treatment (the columns), values 
followed by the different letter in majuscule are significantly different at p ≤ 0.05) 

Metallic elements 
(µg/g dry weight) 

Exposure time 
(h) 

Treatment 

Control LC10 LC25 

Ca 

0 624.54 ± 4.75 aA 624.54 ± 4.75 aA 624.54 ± 4.75 aA 

48 621.61 ± 1.64 aA 619.83 ± 0.57 bB 310.66 ± 1.00 cB 

96 621.21 ± 1.20 aA 354.37 ± 2.57 bC 305.04 ± 3.26 cB 

Fe 

0 149.71 ± 1.94 aA 149.71 ± 1.94 aA 149.71 ± 1.94 aA 

48 148.83 ± 0.06 aA 130.50 ± 4.69 bB 104.83 ± 1.45 cB 

96 147.33 ± 0.47 aA 95.58 ± 2.70 bC 86.66 ± 1.70 cC 

Zn 

0 91.12 ± 0.45 aA 91.12 ± 0.45 aA 91.12 ± 0.45 aA 

48 90.33 ± 0.06 aA 76.29 ± 0.79 bB 70.83 ± 0.56 cB 

96 89.70 ± 0.90 aA 60.99 ± 0.64 bC 54.04 ± 0.85 cC 

Cd 

0 4.45 ± 0.90 aA 4.45 ± 0.90 aA 4.45 ± 0.90 aA 

48 4.87 ± 0.21 aA 14.79 ± 0.06 bB 21.04 ± 0.40 cB 

96 5.24 ± 0.33 aA 15.25 ± 0.43 bB 22.04 ± 1.23 cB 

 
 
Table 4. Effect of Cd on metallic elements (µg/g of dry weight) in D. trunculus males 
(m ± SD. n = 3). (Means for the same time exposure (the rows) followed by the different 
letter in miniscule are significantly different, while for each treatment (the columns), values 
followed by the different letter in majuscule are significantly different at p ≤ 0.05) 

Metallic elements 
(µg/g dry weight) 

Exposure time 
(h) 

Treatment 

Control LC10 LC25 

Ca 

0 340.95 ± 0.80 aA 340.95 ± 0.80 aA 340.95 ± 0.80 aA 

48 339.95 ± 0.87 aA 282.70 ± 3.09 bB 270.29 ± 2.19 cB 

96 339.66 ± 0.28 aA 264.21 ± 1.79 bC 212.91 ± 1.80 cC 

Zn 

0 86.54 ± 0.25 aA 86.54 ± 0.25 aA 86.54 ± 0.25 aA 

48 84.33 ± 2.74 aA 74.25 ± 1.11 bB 53.75 ± 1.32 cB 

96 85.62 ± 0.66 aA 63.03 ± 0.38 bC 41.66 ± 0.18 cC 

Fe 

0 73.71 ± 4.19 aA 73.71 ± 4.19 aA 73.71 ± 4.19 aA 

48 70.45 ± 0.58 aA 68.50 ± 0.56 abAB 66.12 ± 2.25 bB 

96 68.74 ± 0.37 aA 63.33 ± 1.82 bB 53.12 ± 1.47 cC 

Cd 

0 4.20 ± 0.40 aA 4.20 ± 0.40 aA 4.20 ± 0.40 aA 

48 4.87 ± 0.43 aA 5.20 ± 0.40 aA 13.75 ± 1.21bB 

96 4.58 ± 0.57 aA 7.53 ± 0.94 bB 15.45 ± 0.38 cB 

 
 

Cadmium contents 

A significant increase of Cd contents was observed in two groups of treated series as 
compared to control series in both sexes. Also, the Cd contents differed significantly in 
the two treated series at 48 h (F2. 8 = 2811.72; p = 0.000) and 96 h (F2. 8 = 352.97; 
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p = 0.000) as compared to control in females, with marked effect in Cl25 treated series 
(Tables 3, A36 and A37). In D. trunculus males (Tables 4, A38 and A39), the Cd 
contents were significantly different significantly in the two treated series at 48 h (F2. 

8 = 126.27; p = 0.000) and 96 h (F2. 8 = 206.78; p = 0.000) as compared to control, with 
more effect in Cl25 treated series at 96 h. The three-way ANOVA indicated significant 
effects of concentration (F2. 53 = 770.06; p = 0.000) and exposure time (F2. 53 = 636.93; 
p = 0.000) and sex (F1. 53 = 390.76; p = 0.001) (Table A40). 

Regarding all ME, our results showed that the order of ME in D. trunculus females is 
as follows: Ca ˃Fe ˃Zn ˃ Cd. Ca and Fe are the most abundant elements, and Cd is a 
scarce element. In D. trunculus males, the gradient of ME becomes as follows: Ca ˃Zn 
˃Fe ˃ Cd. It is worth noting that Ca and Zn are the main abundant elements in males. 

 
Correlation tests 

Pearson correlation tests between cadmium and proximate composition 

Pearson correlation tests between the proximate composition and the contents of Cd 
in both sexes of D. trunculus are displayed in Table 5. Here, the results revealed a 
highly significant (p = 0.000) negative correlation between Cd and dry matter; and Cd 
and Fat content in both sexes. Conversely, a highly significant (0.000) positive 
correlation was noticed between Cd content and moisture content, and Cd content and 
ash content in both sexes. 

 
Pearson correlation tests between cadmium and metallic elements 

The relationships between ME in both sexes of D. trunculus are illustrated in 
Table 5. The Pearson correlation displayed a highly significant (p = 0.000) negative 
correlation between Cd and other ME in both sexes. 

 
Table 5. Pearson correlation tests between all parameters studies in D. trunculus females 
and males (R = coefficient of correlation. p = significance at P < 0.05) 

Pearson correlation 
Females Males 

R P R P 

Dry matter – Cd -0.875 0.000 -0.779 0.000 

Fat– Cd -0.838 0.000 -0.826 0.000 

Moisture – Cd 0.917 0.000 0.779 0.000 

Ash – Cd 0.924 0.000 0.875 0.000 

Zn – Cd -0.921 0.000 -0.950 0.000 

Fe – Cd -0.930 0.000 -0.799 0.000 

Ca – Cd -0.981 0.000 -0.861 0.000 

Discussion 

The consumers’ awareness about proximate composition and ME contents of any 
edible organism which are commonly threatened by the usage of the coastal waters 
(simple wastes repository) is exceedingly important (Akpor et al., 2014; Ehsanuddin et 
al., 2019). Our study provides a helpful understanding of the changes in the nutritive 
value of D. trunculus exposed to cadmium contaminated Gulf of Annaba. Very limited 



Kroini et al.: Effects of cadmium exposure on proximate analysis and metallic element contents of wedge clam (Donax trunculus) 
- 5113 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):5103-5128. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_51035128 
© 2021, ALÖKI Kft., Budapest, Hungary 

studies investigating the impact of heavy metals (no essential metallic elements) on the 
proximate and essential ME of bivalvia (Bejaoui et al., 2020) are available. 

 
Impact of sub-lethal concentrations of cadmium on moisture contents 

In this study, we found that the mean percentage of moisture contents in D. trunculus 
controls was 77.40% and 75.40% for females and males respectively. Similar results 
were previously reported for the same and other species of bivalvia (Appukuttan and 
Aravindan, 1995; Mc Lean and Bulling, 2005; Hussein, 2015; Ogidi et al., 2020). In 
fact, the significant change in the percentage of moisture contents could reflect an index 
of the freshness of edible mollusks (Ghribi et al., 2018; Bejaoui et al., 2020). Besides, 
our results revealed an increase in the percentage of moisture contents with the two test 
concentrations in both sexes during the exposure periods. This is likely due to tissue 
alterations following an intense uptake of body water after an energetic metabolic 
degradation (Vargasmachuca et al., 2017; Hussain et al., 2018). Our results are in 
agreement with a previous study (Krishnakumari and Nair, 1984) conducted in oyster 
Saccostrea cucullata from different sites (polluted site and a relatively clean site). Of 
note, the moisture content was influenced by the surrounding environment (Hussein, 
2015). 

 
Impact of sub-lethal concentrations of cadmium on dry matter contents 

D. trunculus controls showed values of the mean percentage of dry matter contents 
between 22.49% and 24.59% for females and males, respectively. This result is alike to 
that found in Mercenaria mercenaria from Nigeria (Ogidi et al., 2020). Findings 
showed also a marked decrease in the percentage of dry matter contents in both sexes 
treated with the two concentrations during the exposure period. This result could be due 
to the increased moisture contents, indicating thus that the dry matter is the remaining 
material after the removal process of water. 

 
Impact of sub-lethal concentrations of cadmium on ash contents 

The mean percentage of ash content in D. trunculus controls is 2.06% and 1.20% for 
females and males respectively. This was similar to that reported in other bivalve 
species such as Laternula elliptica (Ahn et al., 2003); Anodonta woodiana (Hartono, 
2007); Meretrix meretrix and Pholas dactylus (Ghifari, 2011); Batissa violacea 
(Jamaluddin et al., 2016). A significant increase in the percentage of ash contents was 
detected in both sexes exposed to the two tested concentrations as compared to the 
controls. This result might be related to the increase of the Cd in soft tissues. Similarly, 
a previous study conducted on Anodonta anatine exposed to various doses of Pb, Cu, 
and Cr in water has reported a marked increase in the ash content (Sohail et al., 2016). 
Furthermore, the moisture content exhibited a positive correlation with ash content, 
because the acquisition of moisture leads to an acquisition of inorganic water-soluble 
compounds (Bochi et al., 2008). 

 
Impact of sub-lethal concentrations of cadmium on fat contents 

The obtained results revealed that the mean percentage of fat contents in D. trunculus 
controls is between 1.78% and 1.27% for females and males respectively. Previous 
studies, including those conducted on Anodonta woodiana (Hartono, 2007); Meretrix 
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meretrix and Pholas dactylus (Ghifari, 2011) concord with our finding. The low-fat 
content represents a nutritional characteristic of the mollusk flesh (Bellisle et al., 1999; 
Wen et al., 2020). Further, the percentage of fat contents was significantly decreased in 
D. trunculus subjected to the two tested concentrations as compared to the control group 
of both sexes. This result might be owed to the increase of the Cd content in soft tissues, 
exhibiting a negative correlation with fat contents. In this context, a comparable 
tendency was estimated by Bejaoui et al. (2020) for lipids and reserve lipids in 
Venerupis decussata tissue from two Tunisian lagoons exposed to different 
anthropogenic contaminants. 

 
Impact of sub-lethal concentrations of cadmium on essential metallic elements 

contents 

Regarding the contents of EM, our study indicated that the predominant EM detected 
in both sexes of D. trunculus controls is Ca. This finding concords with other previous 
studies conducted on Donax cuneatus (Idayachandiran et al., 2014), Perna viridis and 
Villoritta cyprinoids (Ragi et al., 2017), Anomalocardia brasiliensis and Mytella 
guyanensis (Costa et al., 2019). Moreover, a negative correlation between Cd and Ca 
has been noticed in both sexes, and the Cd exposure at two sub-lethal concentrations 
was found to likely reduce the levels of Ca. Also, Cd was reported to affect Ca 
metabolism in bivalve mollusks (Faubel et al., 2008), through a competitive interaction 
in the plasma membrane binding site of Ca. Additionally, Cd affects the SH groups of 
Ca-ATPase (Verbost et al., 1988), resulting consequently in decreased Ca levels in soft 
tissue. This finding is similar to previous studies performed on Donax rugosus 
(Sidoumou et al., 1997), Crassostrea gaster (Javanshir and Shapoori, 2011) and 
Anodonta anatina (Ngo et al., 2011). 

In this study, Fe was proved as the second most abundant element in D. trunculus 
female controls, and this was similarly reported in previous studies performed on same-
sex of the same species or other species (Romeo and Gnassia-Barelli, 1988; El-Serehy 
et al., 2013; Richir and Gobert, 2014). Furthermore, a negative correlation between Cd 
and Fe was observed in both sexes, and accordingly, the decreased level of Fe at two 
sub-lethal concentrations was also detected in Mizuhopecten yessoensis (Chelomin et 
al., 1995). Fe plays an essential role in antioxidant enzyme activities like catalase whose 
activity can be affected by Fe variations. In this regard, Soltani et al. (2012) have 
reported disruption in catalase activity in a mantle of D. trunculus collected from Cd 
polluted northeast Algeria sites (Sidi Salem beach, Annaba city). Besides, D. trunculus 
controls males were found to contain abundantly zinc element whose cellular uptake is 
higher in sperm than eggs in M. edulis (Latouche and Mix, 1981; Akberali et al., 1985 
in Earnshaw et al., 1986). Whilst, D. trunculus females are rich in Zn after Fe as 
compared to males. Similar results have been found in D. trunculus females from Italy 
(Marina and Enzo, 1983) and Mytilus galloprovincialis females from Belgium (Richir 
and Gobert, 2014). Findings showed also a negative correlation between Cd and Zn, in 
addition to a decrease in Zn contents in soft tissues of D. trunculus in both sexes at two 
sub-lethal concentrations. This result was similar to that of a previous study conducted 
on Lamellidans marginalis (Das and Jana, 1999) and Anodonta anatine (Ngo et al., 
2011). The plausible explanation of this result is that Cd can affect the active sites of 
DNA-binding proteins, MTs, and Zn-containing enzymes (Pruskiand Dixon, 2002; 
Golovanova, 2008; Ngo et al., 2011). As reported, Zn protects against the toxicity of Cd 
(Kaji et al., 1988) whose each atom coordinates with seven zinc atoms (Giles, 1988). 
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As Cd is a non-essential element, both sexes showed the lowest contents of these 
elements in the control series. Importantly, these values are less than the permissible 
limit recommended by CEFAS (1997) and NHMRC (1987). Also, the incorporation of 
Cd increased as a function of the concentration and the exposure time in both sexes. Our 
results are in line with the study of Belabed and Solatni (2018) reporting that D. 
trunculus is sensitive to Cd toxicity. This metal was gradually incorporated into the 
body. D. trunculus responds quickly with a relatively effective detoxification process, 
since a reduction in the levels of Cd in tissue was observed starting at 96 h during the 
recovery period. Moreover, the effect of LC25 was relatively more significant, and 
accordingly, the Cd toxicity on PC, omega-3 fatty acids, EPA, DHA, carbohydrates, 
proteins, lipids for the same species and same concentrations have been previously 
reported (Merad et al., 2016, 2017; Merad and Soltani, 2017). 

According to the literature, the values of EM contents in Donax were varied in 
different areas. This variation is strongly dependent on geochemical and biological 
factors (Gupta and Singh, 2011; Katsallah et al., 2013), including sexes, size, age, 
phenotype, genotype, feeding activity, and reproductive stage (Boening, 1997). The 
geochemical factors include organic carbon, water hardness, salinity, temperature, pH, 
dissolved oxygen, sediment grain size, and hydrologic features of the system (Elder et 
al., 1991; Caçador et al., 2016). 

Alike to previous studies (Laxmilatha, 2009; Richir and Gobert, 2014; Hussein, 
2015) investigating the differences between the sexes in the proximate and EM 
contents, our data indicated higher contents on moisture, ash, fat, and EM in females 
than males of D. trunculus. This is likely due to the reason that the formation of 
reserves during the respawning period is more pronounced in females, suggesting that 
the accumulation of proximate and EM in this sex could be faster (Sokolowski et al., 
2004). Accordingly, Merad et al. (2015) have reported a higher rate of MTs in D. 
trunculus females than males. 

Conclusion 

The present study provides valuable knowledge on the proximate and EM contents in 
D. trunculus from the gulf of Annaba (Northeast Algeria), as well as the impact of Cd 
on these parameters. D. trunculus was found to be rich in moisture contents and 
contains low ash and fat contents. Ca, Zn and Fe were the main compounds in the flesh 
of D. trunculus. The contents of Cd in tissues can vary as a function of its concentration, 
exposure time, and sexes, which hence significantly affected the proximate and EM 
contents in D. trunculus. Thus, it is necessary to continue monitoring programs to 
control the metal concentrations and, subsequently to avoid health-associated problems. 
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APPENDIX 

Table A1. One-way analysis of variance (ANOVA) of moisture contents for females at 48 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
9 

11 

21.05 
10.15 
31.20 

10.527 
1.127 

 

9.34 
 
 

0.006 
 
 

 
 
Table A2. One-way analysis of variance (ANOVA) of moisture contents for females at 96 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
9 
11 

59.655 
5.573 
65.228 

29.8275 
0.6192 

 

48.17 
 
 

0.000 
 
 

 
 
Table A3. One-way analysis of variance (ANOVA) of moisture contents for males at 48 h  

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
9 
11 

21.15 
14.75 
35.90 

10.576 
1.639 

 

6.45 
 
 

0.018 
 
 

 
 
Table A4. One-way analysis of variance (ANOVA) of moisture contents for males at 96 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
9 
11 

65.44 
11.08 
76.52 

32.722 
1.231 

 

26.58 
 
 

0.000 
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Table A5. Three-way analysis of variance (ANOVA) of moisture contents  

Source df SS MS F P value 

Concentration 2 101.247 50.6233 49.05 0.000 

Time 2 132.016 66.0081 63.96 0.000 

Sex 1 75.502 75.5016 73.16 0.000 

Error 54 55.729 1.0320   

Total 71 430.641    

 
 
Table A6. One-way analysis of variance (ANOVA) of dry matter contents for females at 48 h 

Source df SS MS F P value 

Time 
Error 
Total 

2 
9 
11 

21.03 
10.13 
31.15 

10.513 
1.125 

 

9.34 
 
 

0.006 
 
 

 
 
Table A7. One-way analysis of variance (ANOVA) of dry matter contents for females at 96 h 

Source df SS MS F P value 

Time 
Error 
Total 

2 
9 

11 

58.680 
5.969 
64.649 

29.3400 
0.6632 

 

44.24 
 
 

0.000 
 
 

 
 
Table A8. One-way analysis of variance (ANOVA) of dry matter contents for males at 48 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
9 
11 

21.15 
14.75 
35.90 

10.576 
1.639 

 

6.45 
 
 

0.018 
 
 

 
 
Table A9. One-way analysis of variance (ANOVA) of dry matter contents for males at 96 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
9 
11 

65.44 
11.08 
76.52 

32.722 
1.231 

 

26.58 
 
 

0.000 
 
 

 
 
Table A10. Three-way analysis of variance (ANOVA) of dry matter contents 

Source df SS MS F P value 

Concentration 2 100.709 50.3543 47.36 0.000 

Time 2 130.981 65.4905 61.59 0.000 

Sex 1 77.439 77.4390 72.83 0.000 

Error 54 57.419 1.0633   

Total 71 432.197    
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Table A11. One-way analysis of variance (ANOVA) of ash contents for females at 48 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
9 
11 

9.881 
2.243 
12.125 

4.9406 
0.2493 

 

19.82 
 
 

0.001 
 
 

 
 
Table A12. One-way analysis of variance (ANOVA) of ash contents for females at 96 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
9 
11 

13.388 
1.742 
15.130 

6.6938 
0.1936 

 

34.57 
 
 

0.000 
 
 

 
 
Table A13. One-way analysis of variance (ANOVA) of ash contents for males at 48 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
9 

11 

7.797 
1.788 
9.585 

3.8985 
0.1987 

 

19.62 
 
 

0.001 
 
 

 
 
Table A14. One-way analysis of variance (ANOVA) of ash contents for males at 96 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
9 
11 

12.453 
1.717 
14.170 

6.2264 
0.1908 

 

32.64 
 
 

0.000 
 
 

 
 
Table A15. Three-way analysis of variance (ANOVA) of ash contents  

Source df SS MS F P value 

Concentration 2 28.518 14.2588 60.98 0.000 

Time 2 32.972 16.4858 70.50 0.000 

Sex 1 15.522 15.5217 66.38 0.000 

Error 54 12.628 0.2338   

Total 71 104.814    

 
 
Table A16. One-way analysis of variance (ANOVA) of fat contents for females at 48 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
9 

11 

0.12740 
0.05040 
0.17780 

0.063700 
0.005600 

 

11.37 
 
 

0.003 
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Table A17. One-way analysis of variance (ANOVA) of fat contents for females at 96 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
9 
11 

0.63112 
0.03115 
0.66227 

0.315558 
0.003461 

 

91.17 
 
 

0.000 
 
 

 
 
Table A18. One-way analysis of variance (ANOVA) of fat contents for males at 48 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
9 
11 

0.07052 
0.01278 
0.08329 

0.035258 
0.001419 

 

24.84 
 
 

0.000 
 
 

 
 
Table A19. One-way analysis of variance (ANOVA) of fat contents for males at 96 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
9 
11 

0.91805 
0.04958 
0.96763 

0.459025 
0.005508 

 

83.33 
 
 

0.000 
 
 

 
 
Table A20. Three-way analysis of variance (ANOVA) of fat contents  

Source df SS MS F P value 

Concentration 2 0.91301 0.45650 130.50 0.000 

Time 2 1.94311 0.97155 277.73 0.000 

Sex 1 4.70222 4.70222 1344.20 0.000 

Error 54 0.18890 0.00350   

Total 71 8.58500    

 
 
Table A21. One-way analysis of variance (ANOVA) of Ca contents for females at 48 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
6 
8 

156452 
9 

156461 

78226.0 
1.6 

 

49667.29 
 
 

0.000 
 
 

 
 
Table A22. One-way analysis of variance (ANOVA) of Ca contents for females at 96 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
6 
8 

173595 
37 

173633 

86797.6 
6.2 

 

13938.86 
 
 

0.000 
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Table A23. One-way analysis of variance (ANOVA) of Ca contents for males at 48 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
6 
8 

8284.63 
30.20 

8314.83 

4142.32 
5.03 

 

823.03 
 
 

0.000 
 
 

 
 
Table A24. One-way analysis of variance (ANOVA) of Ca contents for males at 96 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
6 
8 

24391.6 
13.0 

24404.6 

12195.8 
2.2 

 

5624.86 
 
 

0.000 
 
 

 
 
Table A25. Three-way analysis of variance (ANOVA) of Ca contents  

Source df SS MS F P value 

Concentration 2 185511 92755 14560.76 0.000 

Time 2 185975 92988 14597.25 0.000 

Sex 1 507217 507217 79623.14 0.000 

Error 36 229 6   

Total 53 1110808    

 
 
Table A26. One-way analysis of variance (ANOVA) of Fe contents for females at 48 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
6 
8 

2930.89 
48.12 

2979.00 

1465.44 
8.02 

 

182.74 
 
 

0.000 
 
 

 
 
Table A27. One-way analysis of variance (ANOVA) of Fe contents for females at 96 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
6 
8 

6437.73 
20.80 

6458.53 

3218.86 
3.47 

 

928.63 
 
 

0.000 
 
 

 
 
Table A28. One-way analysis of variance (ANOVA) of Fe contents for males at 48 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
6 
8 

28.30 
11.47 
39.75 

14.151 
1.908 

 

7.42 
 
 

0.024 
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Table A29. One-way analysis of variance (ANOVA) of Fe contents for males at 96 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
6 
8 

377.60 
11.24 

388.85 

188.802 
1.874 

 

100.77 
 
 

0.000 
 
 

 
 
Table A30. Three-way analysis of variance (ANOVA) of Fe contents  

Source df SS MS F P value 

Concentration 2 3959.3 1979.7 325.15 0.000 

Time 2 6045.8 3022.9 496.49 0.000 

Sex 1 50683.5 50683.5 8324.47 0.000 

Error 36 219.2 6.1   

Total 53 68488.0    

 
 
Table A31. One-way analysis of variance (ANOVA) of Zn contents for females at 48 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
6 
8 

607.183 
1.909 

609.092 

303.592 
0.318 

 

954.29 
 
 

0.000 
 
 

 
 
Table A32. One-way analysis of variance (ANOVA) of Zn contents for females at 96 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
6 
8 

2144.77 
3.93 

2148.70 

1072.39 
0.66 

 

1636.34 
 
 

0.000 
 
 

 
 
Table A33. One-way analysis of variance (ANOVA) of Zn contents for males at 48 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
6 
8 

1457.19 
21.00 

1478.19 

728.597 
3.500 

 

208.19 
 
 

0.000 
 
 

 
 
Table A34. One-way analysis of variance (ANOVA) of Zn contents for males at 96 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
6 
8 

2899.01 
1.24 

2900.25 

1449.51 
0.21 

 

7025.45 
 
 

0.000 
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Table A35. Three-way analysis of variance (ANOVA) of Zn contents 

Source df SS MS F P value 

Concentration 2 4175.1 2087.57 2074.06 0.000 

Time 2 4972.4 2486.18 2470.09 0.000 

Sex 1 509.6 509.56 506.26 0.000 

Error 36 36.2 1.01   

Total 53 12662.3    

 
 
Table A36. One-way analysis of variance (ANOVA) of Cd contents for females at 48 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
6 
8 

398.764 
0.425 

399.189 

199.382 
0.071 

 

2811.72 
 
 

0.000 
 
 

 
 
Table A37. One-way analysis of variance (ANOVA) of Cd contents for females at 96 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
6 
8 

428.030 
3.638 

431.668 

214.015 
0.606 

 

352.97 
 
 

0.000 
 
 

 
 
Table A38. One-way analysis of variance (ANOVA) of Cd contents for males at 48 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
6 
8 

151.840 
3.608 

155.448 

75.9201 
0.6013 

 

126.27 
 
 

0.000 
 
 

 
 
Table A39. One-way analysis of variance (ANOVA) of Cd contents for males at 96 h 

Source df SS MS F P value 

Concentration 
Error 
Total 

2 
6 
8 

189.553 
2.750 

192.303 

94.7763 
0.4583 

 

206.78 
 
 

0.000 
 
 

 
 
Table A40. Three-way analysis of variance (ANOVA) of Cd contents  

Source df SS MS F P value 

Concentration 2 697.70 348.850 770.06 0.000 

Time 2 577.08 288.541 636.93 0.000 

Sex 1 177.02 177.018 390.76 0.000 

Error 36 16.31 0.453   

Total 53 2016.23    
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Abstract. Soil bacteria are important drivers of biogeochemical cycles and they participate in the 
degradation of contaminants in petroleum polluted soils. Here, we investigated the influence of freeze-
thaw events on bacterial community structure and diversity in petroleum-polluted temperate soils. Four 
temperate soils from Northern China (clean (CS), short-term diesel fuel-pollution (SS1), short-term crude 
oil-pollution (SS2), and weathered petroleum-pollution (PS)) were subjected to freeze-thaw events with a 
temperature range of -20 to + 20 °C for 47 days. In this study, polymerase chain reaction and high-
throughput sequencing of soil microbial DNA were applied to investigate the compositions of 
microorganisms including alpha and beta diversity in the soils. Results showed that after the freezing and 
thawing treatments, Proteobacteria was still the predominant phylum but its relative abundance in the 
clean and short-term polluted soils changed whereas it remained constant in PS. The bacterial community 
compositions in the short-term polluted soils were the most affected by freeze-thaw events. Overall, our 
results established that the dissimilarities in bacterial communities in the soils were more of a result of 
their contamination profiles than their exposure to freeze-thaw events. 
Keywords: temperature variation, oil pollution, α-diversity, beta-diversity 

Introduction 

Petroleum pollution represents a major source of soil and groundwater contamination 
in the cold temperate regions (Aislabie et al., 2004). The impact of contamination is 
usually more severe in colder environments as the ecosystems present are generally 
more sensitive to temperature variations (Bell et al., 2012). Consequently, the 
remediation of petroleum contaminants in cold environments faces challenges such as 
nutrient deficiency and slower degradation rates due to lower surface temperatures 
(Yang et al., 2019). Hence, the successful bioremediation of petroleum-contaminated 
sites in most cold climate regions requires an in-depth understanding of the diversity 
and dynamics of the indigenous petroleum degrading microorganisms and their 
responses to changing temperature regimes (Gavazov et al., 2017). 

The freeze-thaw event in soils is a common but complicated process which occurs in 
temperate and cold climate soils (Ren et al., 2018). Most temperate environments 
experience significant annual variations in freeze thaw cycles with seasonal transitions 
occurring about twice in a year (Guoqing et al., 2014). Freeze-thaw cycles (FTCs) can 
be categorized into annual and diurnal FTCs with the frequency of the latter changing 
under climate warming scenarios (Wang et al., 2017). Both the annual and diurnal FTCs 
exert great influence on soil physicochemical and biological properties (Børresen et al., 
2007). Their influence is mainly due to the creation of different soil microenvironments 
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especially in terms of unfrozen water availability in the soil matrices and nutrient 
release (Henry, 2007; Olsson et al., 2003). Skogland and colleagues (1988) estimated 
that a single FTC resulted in respiratory losses equivalent to 15% microbial mass 
carbon. In another study by Schimel et al. (2007), they observed that one FTC could 
release carbon to the atmosphere corresponding to as much as 25% of the net annual 
primary production in an Alaskan tussock tundra region. This release of carbon is 
expected to exacerbate climate change (Kumar et al., 2013). 

In a changing climate, the temperate regions including the Eurasia drylands where 
Northern China is situated are expected to undergo substantial warming with a projected 
increase in average air temperature of 2-4 °C in this century (IPCC, 2007; Schmidhuber 
and Tubiello, 2007). Climate modelling studies have also confirmed that reduced snow 
cover in winter and consequentially decreased insulation of soils against freezing results 
in increased freeze-thaw frequency (Christensen et al., 2007; Kimoto, 2005). Such 
increases in the frequency of freeze-thaw processes are of ecological interest because of 
their impacts on soil microbial communities and nutrient transformation especially in 
petroleum polluted environments. The distribution of microbes in petroleum polluted 
soils has been well interpreted (Wu et al., 2016). For instance, in oil-contaminated soils, 
the microbial community composition has been shown to shift in favour of the 
petroleum hydrocarbon degraders (Siles and Margesin, 2018). Previous studies 
conducted using high-throughput sequencing technology have shown that the changes 
in soil microbial population and diversity in oil-polluted sites are higher compared to 
clean, uncontaminated soil, and their metabolic activities were susceptible to sensitivity 
by the external environment (Trellu et al., 2016; Igun et al., 2019). It is essential to 
mention that the nature and duration of contamination (short or long term) could be a 
critical factor in determining how microbial communities respond as tolerance may be 
developed over time. Additionally, as these polluted soils undergo episodes of freezing 
and thawing induced by climate change, the associated temperature variations can 
further influence the distribution characteristics of microbial communities occurring in 
ecosystems where organisms may be at the limit of their physiological tolerance. 
Therefore, monitoring the responses of soil microbes in petroleum polluted soils to 
variations in simulated freeze/thaw temperature regimes would provide useful 
information that can be applied in optimizing the current or designing new 
bioremediation strategies for contaminated sites in the temperate region as it 
experiences climate change. 

Although some studies have been conducted on the effects of FTCs on microbial 
communities in soils from temperate regions (Ren et al., 2018; Han et al., 2018; Juan et 
al., 2018) detailed datasets on the effects of freeze-thaw events on microbial 
communities in petroleum polluted soils are still lacking. Our research here addressed 
the following questions: Can the freeze-thaw processes triggered by climate change 
affect the distribution characteristics of bacterial communities in weathered petroleum 
polluted soils and ones affected by short-term pollution? What happens to the petroleum 
hydrocarbon degraders in short-term and weathered petroleum polluted soils when they 
are subjected to an hypothetical freezing and thawing rate of 2 °C per day similar to the 
global climate change projection for Asia (Li et al., 2018; Lin et al., 2018)? We 
hypothesized that freeze-thaw events can have a direct impact on the diversity, 
abundance, and responsiveness of soil bacterial communities in short-term and 
weathered petroleum contaminated soils. To test this hypothesis, a controlled soil 
incubation experiment to simulate freeze-thaw conditions (-20 to 20 °C) was conducted 
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using four soils (clean soil, short-term diesel polluted soil, short-term crude oil-polluted 
soil and weathered petroleum polluted soil). Polymerase chain reaction and high-
throughput sequencing of soil microbial DNA were applied to investigate the 
compositions of microorganisms and alpha diversity in the soils at ten temperature 
points. Our objectives were (1) to compare differences in the abundance and diversity of 
bacterial communities across the four soil types during freezing and thawing periods. 
(2) to investigate the microbial community dynamics in each soil as a function of 
contamination type. 

Materials and methods 

Soil sampling and analysis 

The weathered petroleum-polluted soil (PS) sample was collected near the petroleum 
well (sampling depth < 20 cm) which had been exploited for about twenty years in 
Songyuan city of Jilin Province, China (45.1375° N, 124.8348° E) while the clean 
natural soil (CS) was collected from a site in Changchun city, Jilin Province, China (39° 
7’55” N, 117°11’53” E), with no history of petroleum contamination and also 
confirmed by GC-MS analysis of C10 – C36 petroleum hydrocarbons. The methods of 
sampling, collection and transportation were according to the description of Wu et al. 
(2016). Both sampling sites (situated in Jilin Provinces) are located in a cold temperate 
continental monsoon climate with an average precipitation of 500-650 nm, an annual 
average temperature of 1-2 °C, and an average frost-free period of 120-140 days (Guo et 
al., 2013). 

In this study, two types of short-term petroleum polluted soil were used, SS1 and 
SS2 represent diesel-oil amended and crude-oil amended soil, respectively. SS1 was 
prepared by adding diesel oil to the clean soil at a percentage of 10% (volume/weight) 
while for SS2, crude oil was added to clean soil at a percentage of 10% (volume/weight) 
and thoroughly homogenized with a glass rod. The amended soils (short-term petroleum 
polluted soils) were left at room temperature for two days before subjecting them to the 
freeze-thaw cycles. The physical and chemical properties of the soils have been 
previously characterized in our earlier published study (Okonkwo et al., 2021). 

 
Freeze-thaw microcosm 

The soil samples (an equivalent of 150 g of dry soil) were incubated in a specialised 
temperature and humidity programmable machine (HD-GDJS, China). The samples 
were incubated for 47 days, starting with a pre-incubation step at + 20 °C for 48 h, then 
a gradual decrease to -20 °C over 20 days, followed by -20 °C for five days and a 
thawing phase with increasing temperature over 20 days to + 20 °C thereby providing a 
simulation of repeated freezing and thawing periods (9). The freezing and thawing rates 
were hypothetically set at 2 °C per day and the experiment involved four extended 
phases: pre-incubation phase (20 °C), freezing phase (10 °C to -20 °C), transition phase 
(-20 °C) and thawing phase (-10 °C to 20 °C) (Fig. 1). Samples were obtained between 
five-day intervals at + 20, + 10, 0, -10, -20 °C during the freezing phase; these samples 
will be referred to as F20°C, F10°C, F0°C, F-10°C, and F-20°C respectively. Following the five 
days at -20 °C, samples were obtained at five-day intervals -20, -10, 0, + 10, + 20 °C in 
the thawing phase; these samples will be referred to as T-20°C, T-10°C, T0°C, T+10°C, T+20°C 
respectively. 
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At each of the ten sampling points, two replicates were collected, labelled and 
immediately stored at -80 °C until DNA extraction. 

 

 

Figure 1. Temperature regimes for the freeze-thaw experiment 
 
 

Microbial community analyses 

Microbial community in the soil samples at each of the ten previously mentioned 
time points was determined by the following steps; 

A total of 40 DNA samples were obtained from the four different soil groups (CS, 
PS, SS1 and SS2) after the freeze-thaw experiment. The DNA samples were labelled F1 
to F40 for easy identification (Table 1). Soil DNA was extracted by OMEGA 
E.Z.N.ATM Mag-Bind Soil DNA kit (Omega Bio-tek, Inc, GA, USA) according to 
manufacturer’s instruction. DNA quality was assayed on 1% agarose gel and the 
quantity of DNA was determined by Qubit 3.0 DNA detection kit (Invitrogen, Carlsbad, 
CA, USA). A total of 10 – 20 ng of DNA was used to generate amplicons using 
MetaVxTMLibrary Preparation kit (GENEWIZ, Inc, NJ, USA). 

The microbial diversity was evaluated by amplicon-based metagenomic sequencing 
using the primers NOBAR_341F (5’-CCTACGGGNGGCWGCAG-3’) and 
NOBAR_805R (5’-GACTACHVGGGTATCTAATCC-3’) for the bacterial V3-V4 
region of the 16S rRNA gene (White et al., 1990; Cisneros-de la Cueva et al., 2016). 
Next-generation sequencing was conducted on an Illumina Miseq Platform (Illumina, 
San-Diego, USA) at Sangon Biotech Co., Ltd., Shanghai, China. 

 
Statistical and bioinformatics analyses 

All merged raw sequences were trimmed using the Quantitative Insights into 
Microbial Ecology (QIIME) toolkit v.1.7.0 (Caporaso et al., 2010). After ambiguous 
bases containing “N” were trimmed, joined sequences with lengths between 240 and 
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260 base pairs were subjected to chimera removal by U-Chime (Edgar et al., 2011) in 
Mothur (v.1.30.1). Lastly, OTU clustering was performed using UCLUST at a 
similarity level of 97% (Wang et al., 2007), and taxonomic groups were assigned using 
RDP Classifier (Jia et al., 2017) with a minimal 50% confidence estimate. The Mothur 
software (version v.1.30.1) was used to estimate coverage according to Good’s 
estimator. Alpha (α)-diversity metrics (observed species (OTUs), Chao1 richness, 
Shannon’s Index) were calculated for soil samples (at various freeze thaw incubation 
temperature points) using Mothur while Beta (β)-diversity metrics were calculated using 
weighted UniFrac metrics, unweighted UniFrac measures and Bray-Curtis dissimilarity 
matrix. The β-diversity (unweighted UniFrac and weighted UniFrac distances) were 
visualized using Prinicipal Co-ordinate Analysis (PCoA) ordination method (Shankar et 
al., 2017). Venn diagram was constructed using R statistical package (R Core Team, 
2014) to visualise unique species present in the clean and polluted soils. The taxa shifts 
along with different incubation temperatures in the four soil groups were presented in 
pie charts based on the percent relative abundances of the top abundant bacteria at the 
genus and phylum levels respectively. 

 
Table 1. Sample identification codes for microbial community analyses 

Code  
Soil 

sample 
Sampling 

temperature (°C) 
Phase Code  

Soil 
sample 

Sampling 
temperature (°C) 

Phase 

F1 CS 20 Pre-incubation F21 SS2 20 Pre-incubation 

F2 CS 10 Freezing F22 SS2 10 Freezing 

F3 CS 0 Freezing F23 SS2 0 Freezing 

F4 CS -10 Freezing F24 SS2 -10 Freezing 

F5 CS -20 Freezing F25 SS2 -20 Freezing 

F6 CS -20 Transition F26 SS2 -20 Transition 

F7 CS -10 Thawing F27 SS2 -10 Thawing 

F8 CS 0 Thawing F28 SS2 0 Thawing 

F9 CS 10 Thawing F29 SS2 10 Thawing 

F10 CS 20 Thawing F30 SS2 20 Thawing 

F11 SS1 20 Pre-incubation F31 PS 20 Pre-incubation 

F12 SS1 10 Freezing F32 PS 10 Freezing 

F13 SS1 0 Freezing F33 PS 0 Freezing 

F14 SS1 -10 Freezing F34 PS -10 Freezing 

F15 SS1 -20 Freezing F35 PS -20 Freezing 

F16 SS1 -20 Transition F36 PS -20 Transition 

F17 SS1 -10 Thawing F37 PS -10 Thawing 

F18 SS1 0 Thawing F38 PS 0 Thawing 

F19 SS1 10 Thawing F39 PS 10 Thawing 

F20 SS1 20 Thawing F40 PS 20 Thawing 

CS: Clean soil, SS1: Short-term diesel-oil polluted soil, SS2: Short-term crude-oil polluted soil, PS: 
Weathered petroleum polluted soil 

 
 

Prediction and analysis of gene functions of the bacterial microbiota 

PICRUSt software package was used to predict predictive functional profiling of 
microbial communities using 16S rRNA marker gene sequences (Langille et al., 2013). 
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The metagenomic functions and pathways are predicted against COG and KEGG 
pathways. Heatmap was generated using the pheatmap and Gplots packages in R. 

Results and discussion 

Bacterial community compositions in the clean, short-term and weathered petroleum 

polluted soils 

Illumina MiSeq sequencing of the 40 soil samples after the FTCs produced 2143348 
raw and 2069096 quality sequence reads. OTU clustering at a similarity level of 97% 
resulted in 133264 OTUs. The obtained bacterial sequences were classified into 46 
known phyla. 

According to the pie charts, the relative abundance of the genus differed 
dramatically among the clean, short-term and weathered polluted soils during the 
preincubation phase (Fig. 2a-d). Arthrobacter (7.11%), Janthinobacterium, (8.40%) 
and Flavobacterium (7.96%) were the dominant groups in the clean soil group (Fig. 
2a). The dominant genus groups in the SS1 were Pseudomonas (13.60%), Massilia 
(7.19%), and Arthrobacter (5.96%) (Fig. 2b). Thermomonas, Arenimonas and 
Aquabacterium accounted for > 50% of the total bacterial community in the SS2 
(Fig. 2c) while Pseudomonas (6.92%), Rhodoferax (5.97%), Lutibacter (3.96%), and 
Thiobacillus (3.75%) were the predominant genus groups in PS (Fig. 2d). In this 
study, although the pre-incubation phase lasted for 48 h, it is interesting to note the 
rapid changes that occurred in the short-term polluted soils within the short time 
frame. There was a distinct redistribution in the relative abundance of the bacterial 
community in the short-term polluted soils SS1 and SS 2 with community 
composition shifting in favour of the petroleum hydrocarbon degraders Pseudomonas 
and Massilia in SS1 while Thermomonas and Arenimonas were the dominant 
petroleum hydrocarbon degraders in SS2. This finding is consistent with previous 
studies in which petroleum contamination led to the selective enrichment of oil- 
degrading bacteria while others were suppressed (Jia et al., 2017; Wyszkowska and 
Kucharski, 2005). We further observed that the selective enrichment of petroleum 
degraders in SS1 and SS2 differed with respect to the oil types i.e., diesel fuel and 
crude oil suggesting that there may be a strong association between the predominant 
oil-degraders found in a soil and nature of oil contaminant present in that soil. A 
reasonable explanation for this occurrence is that petroleum products often differ in 
their abilities to disrupt of soil trophic and aerobic conditions and contribute to 
organic carbon pools (Borowik et al., 2019). The class level results (Fig. A1) in the 
short-term polluted soils further highlights the difference in selective enrichment of 
bacterial classes as a function of oil contamination type. The diesel amended soil SS1 
was dominated by Betaproteobacteria while Gammaproteobacteria exhibited highest 
abundance in the crude oil amended soil SS2 during this phase. The increase in the 
abundance of Beta- and Gammaproteobacterial classes in the short-term polluted soils 
is in line with observations made in previous studies on bacterial shifts upon 
contamination with petroleum (Korenblum et al., 2012; Baek et al., 2007). Hence, 
pollution of soil with different petroleum products may not produce similar changes in 
the soil microbiome. 

At the phylum level, Proteobacteria was the dominant group in the clean and polluted 
soils during this phase of the study (Fig. A2a-d). They accounted for 48.56% in the 
clean soil, for 53. 51%, 88.98% and 74.84% in polluted soils SS1, SS2 and PS 
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respectively. The short-term pollution of soil with petroleum products elicited notable 
changes in the abundance of the dominant phylum. Proteobacteria in SS1 and SS2 was 
higher by 4.95% and 40.42% respectively than in the clean soil CS. This finding was 
consistent with previous reports on cold temperate soils where Proteobacteria was the 
predominant phylum (Shen et al., 2014; Sun et al., 2015). Borowik et al. (2019) 
reported that Proteobacteria was higher by 35.3% in the soil exposed to diesel 
contamination compared to the control soil. The difference in relative abundance of 
Proteobacteria between the clean and polluted soils could be attributed to presence of 
alternative carbon sources. In addition, Wu et al. (2019) and Liu et al. (2020) found that 
the relative abundance of Proteobacteria in soil was positively correlated with 
hydrocarbon content. Hence, the higher hydrocarbon contents in the polluted soils might 
partly account for the increase in Proteobacteria in SS1, SS2 and PS. 

During the freezing phase (F 10 ℃ to F -20 ℃), the identified sequences from the 
different soil types were affiliated with 47 bacterial genera (Figs. 3-6). At the beginning 
of the freezing phase (Fig. 3a-d), the bacterial genera Arthrobacter (8.67%) and 
Janthinobacterium (8.09%) were predominant in the clean soil. The short-term polluted 
soil SS1 was characterized by lower relative abundance of Pseudomonas (12.51%) 
whereas SS2 showed higher relative abundance of Thermomonas (55.89%) when 
compared to their population during the pre-incubation phase. Consistent decrease in 
temperature at the hypothetical rate of 2 °C per day resulted in decreased relative 
abundance of the predominant bacterial genera in SS1 while the abundance of 
Thermomonas in SS2 increased in response to lower temperatures (Figs. 3c, 4c, 5c and 
6c). Thermomonas is a gamma proteobacterium that has been identified as 
psychrotolerant with a wide growth range from 18-50 ℃ (52). In this study, 
Thermomonas was able to adapt to sub-zero freezing temperatures and selective 
pressure exerted by pollutants in the short-term polluted soil SS2. Further studies are 
however needed to confirm its suitability as a bioaugmentation candidate in remediating 
oil polluted temperate soils. 

Among the abiotic environmental factors, temperature exerts a more direct 
influence on microbial populations in soil (Buckeridge et al., 2013). The relative 
abundance of the dominant bacterial genus (Pseudomonas) in the weathered polluted 
soil PS however remained constant through-out the freezing phase. This buffering 
potential observed in PS may be attributed to the ability of the dominant bacterial 
genus to adapt to the presence of hydrocarbon contaminants over extended period, 
hence they were very stable and not affected by perturbations likely to arise from the 
freezing phase. Ramadass et al. (2015) reported a similar trend in their microcosm 
study of the microbial community in weathered hydrocarbon contaminated arid 
soils. In this study, we also found that bacterial populations related to sulphur 
cycling (Sulfuritalea and Sulfuricurvum) occurred only in the weathered polluted 
soil PS. This was a major difference among the four soils in our study as the sulphur 
oxidizing genera were absent in CS and the short-term polluted soils SS1 and SS2. 
Generally, sulfur oxidation processes occur wherever reduced inorganic sulphur 
compounds are available (Meyer and Kuever, 2007). This suggests that sulphur 
mineralization was higher in PS compared to the clean soil and short-term polluted 
soils. 

At the phylum level, the members of Proteobacteria were dominant in all the soil 
samples, accounting for more than 45% of bacterial phyla in both clean and polluted 
samples (Figs. A3–A6 in the Appendix). After repeated freezing processes, SS2 had the 
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highest relative abundance of Proteobacteria (91.79%) among the soils in the study. We 
found that the average abundance of Proteobacteria increased in SS2 during the 
freezing phase when compared to the Pre-incubation phase whereas it remained 
constant in PS. The results correspond roughly with previous reports. Labbe et al. 
(2007) suggested that cold-adapted bacteria belonging to Proteobacteria phylum can 
rapidly adapt to low sub-zero temperatures and retain metabolic activity for growth and 
survival. From our results, it was evident that repeated freezing did not influence the 
abundance of the dominant bacterial phyla present in PS. This means that the bacterial 
community composition in PS may have attained a form of equilibrium and stability 
prior to this phase. 

During the transition phase (T -20 ℃), temperature was kept constant at -20 ℃ 
over a period of five days and we observed that there were some distinct changes in 
the relative abundance of the predominant genera in the experimental soil groups 
(Fig. 7a-d). In the clean soil CS, Arthrobacter increased in relative abundance while 
the abundance of Pseudomonas and Thermomonas decreased in SS1 and SS2 
respectively when compared to the freezing phase. Of the classified genera in PS, 
the relative abundance of Pseudomonas (9.07%) and Lutibacter (5.85%) were higher 
when compared to their respective values during both pre-incubation and freezing 
phase. The observed variations in the soil types suggested that apart from 
temperature and the nature of oil contaminants present in the soil, there may be 
some other factors that might affect the composition of bacterial communities in the 
soil. 

The thawing phase (T -10 ℃ to T 20 ℃) in this study was of particular importance 
because it represented a projection of increasing temperature consistent with global 
warming indices in Asia (Lin et al., 2018). During this phase, we observed higher 
relative abundance in the predominant bacterial genera in all the soil groups (Figs. 8-
11). By the end of this phase, Janthinobacterium (9.28%), Pseudomonas (11.31%), 
Thermomonas (80.27%) and Pseudomonas (7.09%) were the predominant genera in 
CS, SS1, SS2 and PS. Although this pattern of dominance was similar to what was 
observed during in the initial pre-incubation and freezing phases, there was a 
remarkable increase in their relative abundance. For instance, the relative abundance 
of Thermomonas by the end of thawing phase (Fig. 11c) was 2.04 and 1.50 times 
higher when compared to the pre-incubation (Fig. 2c) and freezing phases (Fig. 6c) 
respectively. The thawing phase in soil has been well interpreted. Koponen et al. 
(2006) earlier reported that soil freeze-thaw events can increase nutrient concentration 
by destroying microbes resulting in the increased activity of the surviving microbes. 
This phenomenon was most evident in SS2, where the relative abundance of the 
predominant genus Thermomonas responded most positively to the warm thawing 
phase. Another distinct occurrence during the thawing phase was the appearance of 
some new genera such as Hydrogenophaga (0.77%), Shingomonas (0.16%) and 
Tolumonas (0.7%) in SS1, SS2 and PS respectively. Overall, our findings suggest that 
rising temperatures in the thawing phase favoured the growth of both predominant and 
rare petroleum degrading genera in the polluted soils. 

Figures A7–A11 displayed the bacterial community composition at the phylum 
level, and we found that the thawing phase compensated for the decreases in relative 
abundance of the predominant phylum (Proteobacteria) in CS, SS1 and SS2 that 
occurred during the freezing phase. This is consistent with previous report that relative 
warmer temperature resulted in increased bacterial growth (Jiang et al., 2018). 
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a. b. 

c. d. 

 

Figure 2. a-d Bacterial genus composition in (a) Clean natural soil CS (b) Diesel-oil amended 
soil SS1 (c) Crude-oil amended soil SS2 (d) weathered petroleum-polluted soil PS at Pre-

incubation phase (F 20 ℃) 
 
 

 

a. b. 

c. d. 

 

Figure 3. a-d Bacterial genus composition in (a) Clean natural soil CS (b) Diesel-oil amended 
soil SS1 (c) Crude-oil amended soil SS2 (d) weathered petroleum-polluted soil PS during 

Freezing phase (F 10 ℃) 



Okonkwo et al.: Impact of experimental freeze-thaw events on bacterial community dynamics in petroleum polluted temperate soils 
- 5138 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):5129-5157. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_51295157 
© 2021, ALÖKI Kft., Budapest, Hungary 

 

a. b. 

c. d. 

 

Figure 4. a-d Bacterial genus composition in (a) Clean natural soil CS (b) Diesel-oil amended 
soil SS1 (c) Crude-oil amended soil SS2 (d) weathered petroleum-polluted soil PS during 

Freezing phase (F 0 ℃) 
 
 

 

a. b. 

c. d. 

 

Figure 5. a-d Bacterial genus composition in (a) Clean natural soil CS (b) Diesel-oil amended 
soil SS1 (c) Crude-oil amended soil SS2 (d) weathered petroleum-polluted soil PS during 

Freezing phase (F -10 ℃) 
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a. b. 

c. d. 

 

Figure 6. a-d Bacterial genus composition in (a) Clean natural soil CS (b) Diesel-oil amended 
soil SS1 (c) Crude-oil amended soil SS2 (d) weathered petroleum-polluted soil PS during 

Freezing phase (F -20 ℃) 
 
 

 

a. b. 

c. d. 

 

Figure 7. a-d Bacterial genus composition in (a) Clean natural soil CS (b) Diesel-oil amended 
soil SS1 (c) Crude-oil amended soil SS2 (d) weathered petroleum-polluted soil PS during 

Transition phase (T -20 ℃) 
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a. b. 

c. 
d. 

 

Figure 8 a-d. Bacterial genus composition in (a) Clean natural soil CS (b) Diesel-oil amended 
soil SS1 (c) Crude-oil amended soil SS2 (d) weathered petroleum-polluted soil PS during 

Thawing phase (T -10 ℃) 
 
 

 

a. b. 

c. 
d. 

 

Figure 9 a-d. Bacterial genus composition in (a) Clean natural soil CS (b) Diesel-oil amended 
soil SS1 (c) Crude-oil amended soil SS2 (d) weathered petroleum-polluted soil PS during 

Thawing phase (T 0 ℃) 
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a. b. 

c. d. 

 

Figure 10. a-d Bacterial genus composition in (a) Clean natural soil CS (b) Diesel-oil amended 
soil SS1 (c) Crude-oil amended soil SS2 (d) weathered petroleum-polluted soil PS during 

Thawing phase (T 10 ℃) 
 
 

 

a b. 

c. d . 

 

Figure 11. a-d Bacterial genus composition in (a) Clean natural soil CS (b) Diesel-oil amended 
soil SS1 (c) Crude-oil amended soil SS2 (d) weathered petroleum-polluted soil PS during 

Thawing phase (T 20 ℃) 
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Bacterial community alpha diversity and presence of unique bacterial species 

The results of the OTU richness and diversity analyses at the beginning of the study (F 
20 ℃) showed that the richness index (ACE and Chao 1) and the uniformity index 
(Shannon) varied among the soil samples (Table 2). It can be seen that the alpha diversity 
indices of CS was the highest while the Simpson index of SS2 was the highest. In all the 
samples, the order was CS > PS > SS1 > SS2 for ACE index and CS > SS1 > PS > SS2 for 
Shannon index. Therefore, compared to the polluted soils the bacterial diversity and 
richness in the clean soil was higher. Further comparison of the weathered petroleum 
contaminated soil PS to the short-term polluted soils revealed that the bacterial community 
diversity was reduced in SS1 and SS2 and this decrease was more evident in the SS2. 
Sutton et al. (2013) have previously reported that the presence of oil contamination 
significantly influences bacterial community structure and diversity, regardless of the soil 
matrix type, and suggested that clean samples had higher diversity than contaminated soil. 
From our results, we infer that the duration of oil contamination is a crucial factor that could 
affect bacterial community diversity and richness. The higher diversity seen in the 
weathered polluted soil may be attributed to a form of community adaptation to long term 
oil exposure. Earlier investigations conducted on long-term petroleum polluted soils also 
reported a trend of higher diversity when compared to newly contaminated soils (Bourceret 
et al., 2016; Jeanbille et al., 2016). Venn diagram (Fig. A12) showed the occurrence of 
unique bacterial species in the soil samples; 76, 85, 3 and 109 unique species were 
identified in the clean CS, diesel amended SS1, crude oil amended SS2, and weathered 
petroleum polluted PS soil respectively during the pre-incubation phase. This result 
indicated that the introduction of petroleum products in the soil had immediate impacts on 
the unique bacterial species with the number of unique species increasing and decreasing 
notably in the short-term polluted soils SS1 and SS2 respectively. In particular, sequences 
related to Thermomonas were found to constitute 39.27% of total sequences in the short-
term polluted soil SS1 suggesting that the selective enrichment of the genus Themomonas 
may have led to the suppression of other unique bacterial species in SS2. Hence, the 
number of unique bacterial species in the soil samples varied as a result of contamination 
type with diesel and crude-oil amended soils showing distinct bacterial responses. Borowik 
and Wyszkowska (2018) also reported that petroleum products induced noticeable changes 
at the species level in polluted soils. Our results are consistent with their findings. 

The alpha diversity indices of the clean and polluted soils during the freezing phase are 
presented in Table 3. The ACE index identified differences between the clean soil and the 
polluted soils indicating that PS had more variety of organisms than CS, SS1 and SS2 after 
repeated freezing. This suggests that the bacterial population in the weathered polluted soil 
PS are most likely cold-adapted microorganisms which are able to tolerate and survive sub-
zero freezing temperatures. By the end of the freezing phase, the order in the soil was 
PS > CS > SS1 > SS2 for ACE index and SS2 > CS = PS > SS1 for Simpson index. 
Interestingly, the richness remained constant in both CS and PS during the freezing phase 
while community decreased and increased in SS1 and SS2 respectively. In this study, we 
inferred that the observed changes in richness in the newly contaminated soils SS1 and SS2 
were more likely as a result of their recent pollution status rather than the exposure to 
freezing temperature amplitude since the community richness in the clean (control) soil 
remained constant. The environmental disturbance of oil contamination is one of the most 
significant anthropogenic activities that affect soil microbial communities (Liu et al., 2017). 
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Table 2. Bacterial diversity indices in the clean and polluted soils during the pre-incubation 
phase of the study 

Pre-incubation phase (20 °C) 

Soil type CS SS1 SS2 PS 

Sequencing analysis     

Sequence number 46700 50682 33068 30015 

OTUs number 4772 4413 1611 3118 

Diversity indices     

OTU diversity     

Ace index  9288.75 6492.4 5231.8 8832.5 

Chao1 index 7268.28 6144.1 3585.2 5814.3 

OTU richness     

Shannon index  6.09 6.03 3.67 5.56 

Simpson index  0.02 0.02 0.16 0.02 

Coverage 0.95 0.97 0.97 0.94 

CS: Clean soil, SS1: Short-term diesel-oil polluted soil, SS2: Short-term crude-oil polluted soil, PS: 
Weathered petroleum polluted soil 

 
 
Table 3. Bacterial diversity indices in the clean and polluted soils during the freezing phase 
(10 to -20 °C) of the study 

SOIL TYPE

Temp (ºC) 10 0 -10 -20 10 0 -10 -20 10 0 -10 -20 10 0 -10 -20

Sequencing analysis
Sequence number 40660 48121 44967 49853 40853 49482 52643 55260 34280 32302 29937 33077 33299 20717 44020 47781

OTUs number 4282 4715 4483 4724 4079 4522 4396 4709 1493 1692 1377 1653 2739 2631 441 3620

Diversity indices
OTU Richness
Ace index 9538 10774 9906 7745 78921 8318 8333 6713,.60 5177 5713 4982 5637 7654 8090 451.3 9679

Chao1 index 7097 7916 7470 7338 6196 6699 6581 6476 3072 3465 2999 3548 5250 5189 463.6 6672

OTU Diversity
Shannon index 5.87 5.87 5.91 5.98 5.91 6.04 5.96 6.3 2.93 3.39 2.86 3.13 5.47 5.61 1.93 5.51
Simpson index 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.31 0.21 0.33 0.28 0.02 0.02 0.36 0.02

Coverage 0.95 0.95 0.95 0.96 0.96 0.96 0.96 0.97 0.97 0.97 0.97 0.97 0.97 0.93 0.99 0.96

CS SS1 SS2 PS

 
CS: Clean soil, SS1: Short-term diesel-oil polluted soil, SS2: Short-term crude-oil polluted soil, PS: 
Weathered petroleum polluted soil 

 
 
The analysis of diversity indices during transition phase showed that CS had the 

highest bacterial diversity and richness when compared to the polluted soils (Table 4). 
The transition phase was characterized by a marked increase in the diversity in all the 
soil groups compared to the freezing phase thereby suggesting that the bacterial 
populations in the soil eventually develop coping mechanisms for extended period of 
lower temperature. Chattopadhyay (2002) reported that certain soil bacteria contain 
cryoprotective compounds such as mannitol, sorbitol, betaine etc. These low molecular 
weight compounds suppress the aggregation of cellular proteins during stress 
conditions. Other cold adapted bacterial populations have been reported to prevent cell 
death by using endogenous biopolymers such as extracellular polymeric substances 
(EPS, primarily polysaccharides). The EPS forms a capsule around the cell and prevents 
cell death from osmotic stress, and mechanical ice damage (Junge et al., 2006). The 
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presence of bacterial cryoprotectants may be responsible for the increased diversity in 
all the soil groups. However, further studies may be required to confirm the nature and 
mechanism of cryoprotection in the oil polluted temperate soils. 

 
Table 4. Bacterial diversity indices in the clean and polluted soils during the transition 
phase of the study 

 Transition phase (-20 °C) 

Soil type CS SS1 SS2 PS 

Sequencing analysis     

Sequence number 44899 59493 35225 35520 

OTUs number 4623 5039 1800 3143 

Diversity indices     

OTU richness     

Ace index  10203 10014 5939.8 8905 

Chao1 index 7715.6 7893.8 3785.1 6078.2 

OTU diversity     

Shannon index  6.09 5.98 3.61 5.51 

Simpson index  0.02 0.02 0.18 0.02 

Coverage 0.95 0.96 0.97 0.95 

CS: Clean soil, SS1: Short-term diesel-oil polluted soil, SS2: Short-term crude-oil polluted soil, PS: 
Weathered petroleum polluted soil 

 
 
The results of the OTU richness and diversity analyses during the thawing phase 

showed that bacterial diversity varied among the soil samples (Table 5). The order was 
PS > SS1 > CS > SS2 for ACE index and SS1 > CS > PS > SS1 for Shannon index. The 
diversity was higher in the polluted soils compared to the clean soil. In a previous study 
by Peng and colleagues (2015), they reported that oil-polluted soils supported more 
diverse bacterial community compared to the clean soil. Our findings during the 
thawing phase agree with their report. Although their study was for a single temperature 
regime, the present study highlights the changes in bacterial diversity that occurs when 
polluted soils are continuously subjected to warmer temperature regimes after a period 
of freezing. Similarly, the bacterial community richness changed after the thawing 
phase. A higher bacterial richness was observed in the crude oil contaminated soils 
when compared to the clean soil. 

 
Beta diversity of bacterial communities 

The principal component analysis (PCA) based on UniFrac distances (Fig. 12) 
revealed that the bacterial communities in the four soil samples clustered separately 
based on soil contamination levels. However, the bacterial communities of CS and SS1 
were grouped in a cluster. The result indicated that the bacterial communities in the 
clean soil and diesel polluted soil were more similar to each other than the bacterial 
communities in the crude-oil polluted soils SS1 and PS during freezing and thawing 
phases. When the bacterial communities in the clean and polluted soils were compared 
at the phylum level, the communities in the soil groups were clustered in different axes 
(Fig. 12). Regardless of the temperature regime, samples from each of the soil groups 
clustered in the same axis. The result indicated that the dissimilarity in bacterial 
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communities in the soil groups were more as a function of their contamination level 
rather than the freeze-thaw regime. Borowik et al. (2019) reported that the presence of 
petroleum product in a soil creates a new microenvironment which may greatly alter its 
biological properties. Our results are in consonance with their finding. 

 
Table 5. Bacterial diversity indices in the clean and polluted soils during the thawing phase 
of the study 

SOIL TYPE
Temp (ºC) -10 0 10 20 -10 0 10 20 -10 0 10 20 -10 0 10 20
Sequence number 45310 49162 45362 53116 49803 42728 41318 47468 36278 36982 35132 46393 27844 34179 38974 37844
OTUs num 4623 4895 4530 4787 4499 4229 3833 4485 1066 1521 801 1031 2596 3224 3330 3464

OTU Diversity
ACE index 10249 10343 9137 7446 8992 8602 5565 9057 4432 5485 3349 3521 7325 8506 9257 10134
Chao1 index 7641 7807 7087 6977 7067 6586 5334 6992 2729 3401 1796 2328 5001 5895 6294 6738

OTU Richness
Shannon index 5.88 5.97 5.97 5.89 5.89 6.05 6 5.91 1.93 2.48 1.32 1.56 5.49 5.56 5.55 5.53
Simpson index 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.52 0.42 0.68 0.62 0.02 0.02 0.02 0.02

Coverage 0.95 0.95 0.95 0.96 0.96 0.95 0.96 0.96 0.98 0.98 0.99 0.99 0.95 0.95 0.95 0.95

THAWING PHASE (-10 to 20 ºC)

CS SS1 SS2 PS

 
CS: Clean soil, SS1: Short-term diesel-oil polluted soil, SS2: Short-term crude-oil polluted soil, PS: 
Weathered petroleum polluted soil 

 
 

 

Figure 12. Weighted UniFrac principal component analysis (PCA) at the phylum level based on 
the 16S rDNA gene sequence in the soil samples. F1: CS, F11: SS1, F21: SS2, F31: PS (F 

20 ℃, Pre-incubation phase). F2: CS, F12: SS1, F22: SS2, F32: PS (F 10 ℃, Freezing phase). 
F3: CS, F13: SS1, F23: SS2, F33: PS (F 0 ℃, Freezing phase). F4: CS, F14: SS1, F24: SS2, 

F34: PS (F -10 ℃, Freezing phase). F5: CS, F15: SS1, F25: SS2, F35: PS (F -20 ℃, Freezing 
phase). F6: CS, F16: SS1, F26: SS2, F36: PS (T -10 ℃, Transition phase). F7: CS, F17: SS1, 

F27: SS2, F37: PS (T 0 ℃, Thawing phase). F8: CS, F18: SS1, F28: SS2, F38: PS (T 0 ℃, 
Thawing phase). F9: CS, F19: SS1, F29: SS2, F39: PS (T 0 ℃, Thawing phase). F10: CS, F20: 

SS1, F30: SS2, F40: PS (T 0 ℃, Thawing phase) 
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Functional prediction of bacterial communities 

For pathways prediction (Figs. 13 and 14), the clean and polluted soil samples were 
aggregated into two major clusters. 

 

PS CS SS1 SS2 

 

Figure 13. Heat map showing relative abundances of clusters of orthologous group (COG) 
categories predicted by PICRUSt. The relationship among specimens is determined by the 

complete clustering method with Bray-Curtis distance. In the heat map, the red and blue colors 
indicate high and low relative abundance, respectively 

 
 
Bacteria indicated that the pathways of amino acid and carbohydrate metabolism, 

cellular processes and signalling, energy production and conversion, glycan synthesis 
and metabolism, xenobiotic biodegradation and translation mechanisms were the 
functions most abundant in all samples during the freeze-thaw experiments. There was 
no clear cluster based on the freezing and thawing phases in the samples except SS2. 
This indicated that the predicted function of bacteria population was more related to 
their contamination level than freeze-thaw temperature regimes. Previous study by Auti 
et al. (2016) also identified xenobiotic biosynthesis, carbohydrate metabolism and 
glycan biosynthesis terms in their petroleum polluted soil samples. The results were 
indicative of the predictive microbiomes of polluted soils SS1, SS2 and PS having the 
metabolic capacity associated with the degradation of xenobiotic compounds in the 
company of carbohydrate metabolism. 
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Figure 14. Clustered heatmap of KEGG pathway enrichment analysis. F1: CS, F11: SS1, F21: 
SS2, F31: PS (F 20 ℃, Pre-incubation phase). F2: CS, F12: SS1, F22: SS2, F32: PS (F 10 ℃, 
Freezing phase). F3: CS, F13: SS1, F23: SS2, F33: PS (F 0 ℃, Freezing phase). F4: CS, F14: 
SS1, F24: SS2, F34: PS (F -10 ℃, Freezing phase). F5: CS, F15: SS1, F25: SS2, F35: PS (F -
20 ℃, Freezing phase). F6: CS, F16: SS1, F26: SS2, F36: PS (T -10 ℃, Transition phase). F7: 
CS, F17: SS1, F27: SS2, F37: PS (T 0 ℃, Thawing phase). F8: CS, F18: SS1, F28: SS2, F38: 
PS (T 0 ℃, Thawing phase). F9: CS, F19: SS1, F29: SS2, F39: PS (T 0 ℃, Thawing phase). 

F10: CS, F20: SS1, F30: SS2, F40: PS (T 0 ℃, Thawing phase) 

Conclusion 

This study provides important information on the impact of freeze-thaw events on 
the distribution characteristics of the bacterial communities in clean and petroleum 
polluted temperate soils with varying duration of oil exposure. The bacterial community 
compositions in the short-term polluted soils were more responsive to the freezing and 
thawing events while community richness remained relatively constant in the clean and 
weathered polluted soils during the freezing and thawing phases of the study. The 
important and interesting phenomenon found in the study was that the bacterial 
community composition in the short-term and weathered polluted temperate soils were 
more responsive to the presence of oil contaminants than the freezing and thawing 
events. Overall, our results provide insight on how the compositional structure of soil 
microbial communities in soils are modified as a result of oil contamination and freeze-
thaw events. Nonetheless, the results reported in the study must be interpreted with 
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caution considering the small sample size involved. Future work may focus on the 
studying the comparative influence of freeze-thaw events on polluted soils from 
different cold regions and also the biodegradation potentials of isolated microorganisms 
from short-term polluted soils and their application in on-field remediation approaches 
for cold sites. 
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APPENDIX 

 

a. b. 

c. d. 

 

Figure A1. Bacterial class composition in (a) Clean natural soil CS (b) Diesel-oil amended soil 
SS1 (c) Crude-oil amended soil SS2 (d) weathered petroleum-polluted soil PS during Pre-

incubation phase (F -20 ℃) 
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Figure A2. a-d Bacterial phylum composition in (a) Clean natural soil CS (b) Diesel-oil 
amended soil SS1 (c) Crude-oil amended soil SS2 (d) weathered petroleum-polluted soil PS at 

Pre-incubation phase (F 20 ℃) 
 
 

 

a. b. 

c. d. 

 

Figure A3. a-d Bacterial phylum composition in (a) Clean natural soil CS (b) Diesel-oil 
amended soil SS1 (c) Crude-oil amended soil SS2 (d) weathered petroleum-polluted soil PS at 

freezing phase (F 10 ℃) 
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a. b. 

c. d. 

 

Figure A4. a-d Bacterial phylum composition in (a) Clean natural soil CS (b) Diesel-oil 
amended soil SS1 (c) Crude-oil amended soil SS2 (d) Weathered petroleum-polluted soil PS at 

freezing phase (F 0 ℃) 
 
 

 

a. b. 

c. d. 

 

Figure A5. a-d Bacterial phylum composition in (a) Clean natural soil CS (b) Diesel-oil 
amended soil SS1 (c) Crude-oil amended soil SS2 (d) Weathered petroleum-polluted soil PS at 

freezing phase (F -10 ℃) 
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a. b. 

c. 
d. 

 

Figure A6. a-d Bacterial phylum composition in (a) Clean natural soil CS (b) Diesel-oil 
amended soil SS1 (c) Crude-oil amended soil SS2 (d) Weathered petroleum-polluted soil PS at 

freezing phase (F -20 ℃) 
 
 

 

a. b. 

c. d. 

 

Figure A7. a-d Bacterial phylum composition in (a) Clean natural soil CS (b) Diesel-oil 
amended soil SS1 (c) Crude-oil amended soil SS2 (d) Weathered petroleum-polluted soil PS at 

transition phase (T -20 ℃) 
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a. 

c. 

b. 

d. 

 

Figure A8. a-d Bacterial phylum composition in (a) Clean natural soil CS (b) Diesel-oil 
amended soil SS1 (c) Crude-oil amended soil SS2 (d) Weathered petroleum-polluted soil PS at 

thawing phase (T -10 ℃) 
 
 

 

a. b. 

c. 
d. 

 

Figure A9. a-d Bacterial phylum composition in (a) Clean natural soil CS (b) Diesel-oil 
amended soil SS1 (c) Crude-oil amended soil SS2 (d) Weathered petroleum-polluted soil PS at 

thawing phase (T 0 ℃) 
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c. 
d. 

 

Figure A10. a-d Bacterial phylum composition in (a) Clean natural soil CS (b) Diesel-oil 
amended soil SS1 (c) Crude-oil amended soil SS2 (d) Weathered petroleum-polluted soil PS at 

thawing phase (T 10 ℃) 
 
 

 

a. 
b. 

c. d. 

 

Figure A11. a-d Bacterial phylum composition in (a) Clean natural soil CS (b) Diesel-oil 
amended soil SS1 (c) Crude-oil amended soil SS2 (d) Weathered petroleum-polluted soil PS at 

thawing phase (T 20 ℃) 
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Figure A12. Venn diagram showing the unique bacterial species in the soil samples CS, SS1, 
SS2 and PS. F1: CS, F11: SS1, F21: SS2, F31: PS (F 20 ℃, Pre-incubation phase). F2: CS, 

F12: SS1, F22: SS2, F32: PS (F 10 ℃, Freezing phase). F3: CS, F13: SS1, F23: SS2, F33: PS 
(F 0 ℃, Freezing phase). F4: CS, F14: SS1, F24: SS2, F34: PS (F -10 ℃, Freezing phase). F5: 
CS, F15: SS1, F25: SS2, F35: PS (F -20 ℃, Freezing phase). F6: CS, F16: SS1, F26: SS2, F36: 
PS (T -10 ℃, Transition phase). F7: CS, F17: SS1, F27: SS2, F37: PS (T 0 ℃, Thawing phase). 

F8: CS, F18: SS1, F28: SS2, F38: PS (T 0 ℃, Thawing phase). F9: CS, F19: SS1, F29: SS2, 
F39: PS (T 0 ℃, Thawing phase). F10: CS, F20: SS1, F30: SS2, F40: PS (T 0 ℃, Thawing 

phase) 


