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Abstract. The relationship between plant diversity and productivity has been hotly debated over the last 
two decades. What makes the relationship complex is, in part, the interplay of several biotic and abiotic 
effects, which include rainfall variability, soil characteristics and grazing. We investigated the influence 
of grazing intensity on the diversity-productivity relationship in a wide range of soil pH along a rainfall 
gradient in semi-arid grassland. Vegetation and soil surveys were conducted in high grazing (HG) and 
low grazing (LG) grasslands around Bethlehem (716 mm mean annual rainfall, moderately acidic soil), 
Bloemfontein (543 mm, slightly acidic/neutral soil) and Kimberley (467 mm, neutral/slightly alkaline 
soil) in South Africa. Plant species occurring in the study area were recorded, and aboveground biomass 
was estimated by clippings. Soils sampled were analysed for chemical properties. Species richness 
increased with increasing biomass and decreasing pH in Kimberley and Bloemfontein and subsequently 
declined with increasing biomass and decreasing pH in Bethlehem. The relationship between species 
richness and biomass was hump-shaped across the study area but when we differentiated between the 
degrees of grazing, we found linear positive relationships at both LG and HG sites. This suggests that the 
diversity-productivity relationship needs to be carefully examined in grazing land.  
Keywords: biodiversity; biomass; geographical gradient; species richness; soil pH 

Introduction 

The relationship between biodiversity and habitat productivity is a hotly debated issue 
among ecologists and there is no consensus on the nature of the relationship. There is 
prevailing contention on whether biodiversity depends on productivity or productivity 
depends on biodiversity (Tilman, 1999), but most importantly, the burning question 
revolves around the form of the relationship across different ecosystems (Bai et al., 2007; 
Waide et al., 1999). In natural mature ecosystems, the dominant and classic view is that the 
productivity-biodiversity relationship most frequently assumes a hump-shaped (unimodal) 
form in terrestrial ecosystems (Michalet et al., 2006; Mittelbach et al., 2001), while some 
studies also report a linear positive relationship (Bai et al., 2007; Gillman and Wright, 
2006). In experimental assemblages where species richness is controlled, a positive linear 
relationship is often reported (Hector et al., 1999; Tilman et al., 2001); others attest species 
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richness has no significant or consistent effect on productivity (Huston et al., 2000). This 
suggests that the productivity-biodiversity relationship is complex and there is no single 
general pattern, but rather the form of relationship varies with the spatial and temporal 
scales of observation (Waide et al., 1999; Willig, 2011). 

The relationship is determined by several biotic and abiotic effects at interplay, including 
soil characteristics, climate and grazing. Climatic conditions, specifically precipitation, 
influence plant diversity and productivity (Knapp et al., 2006; Adler and Levine, 2007), as 
well as soil conditions such as decomposable organic matter and pH (Troeh and Thompson, 
1993). Chemical and physical soil properties influence biomass production, species richness 
and species composition (Critchley et al., 2002). Most importantly, productivity is strongly 
affected by the rates at which limiting nutrients such as nitrogen (N), phosphorus (P), and 
potassium (K) are supplied (Hejcman et al., 2010), while species richness is known to 
decline with increasing soil nutrient availability (Hejcman et al., 2010; Janssens et al., 
1998). In effect, increasing nutrient availability in grasslands favours a few competitive 
species which have the capacity to rapidly capture resources and accumulate biomass 
(Critchley et al., 2002). The increased productivity promotes intense competition for light, 
making it possible for only a few tall, fast growing grasses to replace the slower growing 
herbs or shrubs (Roem and Berendse, 2000). In arid and semi-arid environments, however, 
productivity is for the most part limited by precipitation and plant available moisture rather 
than plant available nutrients (Sullivan and Rohde, 2002).  

Grazing also plays an important role in regulating the structure and function of grassland 
ecosystems (Anderson et al., 2006). Animal trampling may have a major impact on soil 
structure and subsequently alter the soil water infiltration and availability to plants (Yates, 
2000). Grazing is further associated with changes in soil pH and organic carbon, and soil 
nutrients such as N, P and K (Cui et al., 2005; Jeddi and Chaieb, 2010; Tefera et al., 2010; 
Yates, 2010). Accordingly, species composition and biomass production may be influenced 
through the direct effects of defoliation and trampling, and the indirect effects of nutrient 
enrichment and depletion (Snyman, 1998; Fernandez-Gimenez and Allen-Diaz, 2001). 
There is, however, discord in the literature as to the effect of livestock grazing on species 
richness and productivity. Low grazing pressure has been reported to increase species 
richness (Oba et al., 2001) while reduced diversity has also been reported with little or no 
grazing pressure (Anderson et al., 2007). Other studies have failed to detect any grazing 
effects (Stohlgren et al., 1999). The general view is that species richness may increase or 
decrease depending on grazing intensity and the amount of biomass (Oba et al., 2001). At 
low and high grazing pressure, plant richness is low, at intermediate pressure there is 
maximum species diversity (Oba et al., 2001). Slight or moderate grazing intensity is 
therefore generally beneficial to maintain biodiversity and aboveground biomass production 
of grassland ecosystems as compared with grazing exclusion (Milchunas and Lauenroth, 
1993). This hump-shaped model is however still an ongoing debate and has, for example, 
been refuted in a recent review by Fox (2013). 

Understanding the interactions among resources availability, species richness and 
productivity is fundamental to the management and preservation of biodiversity (Mittelbach 
et al., 2001). Our study is therefore an attempt at gaining better insight into the interactions 
between productivity, biodiversity and livestock grazing in semi-arid grasslands. We 
focused on the following question: How does grazing (intensity) affect the productivity-
biodiversity relationship in a wide range of soil chemical properties along the rainfall 
gradient? We use aboveground biomass and species richness as proxies for productivity and 
biodiversity, respectively. 
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Materials and Methods 

Study area 

The study was carried out on Themeda triandra dominated semi-arid grassland around 
Bethlehem and Bloemfontein in the Free State Province of South Africa, including parts of 
Kimberley which is situated on the eastern part of the Northern Cape Province (Fig. 1). The 
vegetation is categorised as climatic climax grassland, a highly productive grassland 
dominated by sweet grasses (Tainton, 1999), i.e. grasses with high nutritional value that 
remain palatable throughout the year (Van Oudtshoorn, 1999). According to long-term 
(1961-2011) rainfall data collected at the three study locations by the Agricultural Research 
Council-Institute for Soil, Climate and Water and the South African Weather Service, there 
is a west-east gradient of increasing mean annual rainfall from Kimberley, to Bloemfontein 
and then Bethlehem. The mean annual rainfall and the standard deviation is 716 ± 164 mm 
in Bethlehem, 543 ± 165 mm in Bloemfontein and 467 ± 145 mm in Kimberley, of which 
82%, 79% and 80% are summer (October-March) rainfall, respectively. The aridity index 
(Middleton and Thomas 1992) is lower in Bloemfontein (0.29 for the period of 2004-2010) 
and Kimberley (0.28) than Bethlehem (0.46). The FAO soil classification shows the soil 
types across the province to be Luvisol and Lixisol found mainly in the central part of the 
province, Vertisol in the northeast, Plinthosol in the east, Arensol in the northwest, and 
Cambisol in the west (FAO/IIASA/ISRIC/ISSCAS/JRC, 2009). 

 

 

Figure 1. The location of Bethlehem and Bloemfontein in the Free State Province, and 

Kimberley in the Northern Cape Province, South Africa. 

 
 

Data collection 

Vegetation surveys were conducted in December 2010 and 2011, in grasslands with 
differing degrees of utilisation by livestock. We surveyed grassland in private farms, 
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communal lands, and also vast open grassland on Municipality land. At each sampling 
location, we selected roughly 1 km2 portions of grassland, each of which shall be referred to 
as a site henceforth. The selection of sites was largely dictated by the availability of natural 
grassland since large areas of grassland in the Free State are utilised for crop farming. We 
distinguished survey sites into two categories: areas characterised by high grazing (HG) in 
communal/private farm lands where overgrazing was evident, and low grazing/ungrazed 
(LG) areas in private farm/protected lands. The communal and private farm lands in 
Bethlehem were grazed by cattle, and those in Bloemfontein and Kimberley by cattle and/or 
sheep. LG sites in Bethlehem and Bloemfontein included grazed sites with 0.015 and 0.08 
heads ha–1 of cattle grazing intensity, respectively. Grazing intensity in HG sites was not 
quantified, but the grassland condition of HG sites where the vegetation survey was 
conducted was clearly different from that of LG sites. Indicators of HG used were 
considerable amount of defoliation and trampling, increased area of bare soil, and soil 
disturbance. 

 
Vegetation and biomass sampling 

Five sites were surveyed in each of the three study locations. At each site, we sampled 2 
to 5 plots (4 m by 4 m in size), depending on the condition of the vegetation. We sampled a 
total of 70 plots as follows: 11 and 8 plots in LG and HG sites, respectively, in Bethlehem; 
23 in LG and 10 in HG in Bloemfontein; 7 in LG and 11 in HG in Kimberley. In each plot, 
all vascular plant species present were recorded. Species that were problematic to identify in 
the field were identified at the Geo Potts Herbarium (BLFU) of the University of the Free 
State. Aboveground biomass was estimated by near-ground clippings of 0.25 to 1 m2 
patches in 41 of the 70 sample plots; we excluded plots which were severely overgrazed or 
where permission was not granted to harvest biomass in private farm land. The clippings 
were oven dried at 70°C for 72 hours. 

 
Soil sampling and analysis 

Three soil samples were taken from 0 to 10 cm depth in each plot, except at sites 
surveyed in both 2010 and 2011, where samples were only taken in 2010 (making a total of 
44 sample plots). This is mainly because the sample plots suveyed in 2011 were in very 
close proximity to those in 2010; we therefore worked on the assumption that the soil 
characeristics were not different. The samples were analysed for chemical properties, i.e. 
cations (Ca2+, K+, Mg2+ and Na+), P(Olsen), total N, total carbon (C), and pH(H2O). All 
analyses were done according to the methods compiled by the Non-Affiliated Soil Analysis 
Work Committee (1990), except for total N and total C which were analysed with a 
Carbon/Nitrogen Determinator (LECO Corporation, St. Joseph, MI, USA). 

 
Statistical analysis 

We carried out a nested ANOVA to test the effects of rainfall and grazing on soil 
chemical properties, aboveground biomass and species richness. The three study locations 
(i.e. Bethlehem, Bloemfontein and Kimberley) were treated as three levels of rainfall. 
Grazing with two levels (i.e. LG and HG) was nested within locations. When significant 
difference was detected, a post-hoc test was conducted: t-test for the grazing effect at each 
location and Tukey’s HSD for the rainfall effect. We used regression analysis to examine 
the relationship between species richness and aboveground biomass across all three 
locations, thereafter distinguishing between each grazing pressure (LG and HG). The 
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relationship for LG was compared with that for HG by using t-test. Cook’s distance (D) 
analysis, which detects outliers, indicates that all the data points did not exceed the 
threshold (i.e. D < 1). All statistical analyses were conducted using SPSS® software. 

Results 

Soil chemical properties 

The nested ANOVA results show the effect of rainfall on total N (Table 1). Bethlehem 
(0.16 ± 0.04%) had significantly higher N than Bloemfontein (0.11 ± 0.04%) and 
Kimberley (0.08 ± 0.03%). In contrast, there was a significant decline in soil pH (7.4 ± 0.5 
in Kimberley, 6.6 ± 0.8 in Bloemfontein, and 5.8 ± 0.3 in Bethlehem). The results further 
show the effect of grazing on Ca, Mg, total C and pH. A comparison of the soil variables 
between LG and HG sites revealed Ca (p = 0.007), total C (p = 0.024) and pH (p = 0.015) to 
be higher at LG than HG sites in Bethlehem; Bloemfontein HG sites had higher Ca (p = 
0.005), Mg (p = 0.011) and pH (p = 0.046) than its LG sites; and in Kimberley none of the 
soil variables was significantly different between LG and HG sites (Table 2). 

 
Table 1. Results of the nested ANOVA for the effects of location and grazing on soil chemical 

properties, aboveground biomass and species richness 

Variable Source F p 

Ca Location 2.358 ns 
 Grazing (Location) 4.769 ** 

K Location 7.305 ns 
 Grazing (Location) 0.436 ns 

Mg Location 3.188 ns 
 Grazing (Location) 4.636 ** 

Na Location 1.011 ns 
 Grazing (Location) 1.729 ns 

P Location 0.704 ns 
 Grazing (Location) 1.789 ns 

N Location 11.752 * 
 Grazing (Location) 1.210 ns 

C Location 5.423 ns 
 Grazing (Location) 3.994 * 

pH Location 9.909 * 
 Grazing (Location) 3.179 * 

Aboveground biomass Location 2.515 ns 
 Grazing (Location) 9.759 *** 

Total species richness Location 1.099 ns 
 Grazing (Location) 15.310 *** 

Grass species richness Location 0.705 ns 
 Grazing (Location) 14.266 *** 

Forb species richness Location 1.352 ns 
 Grazing (Location) 3.831 * 

Grazing (Location) refers to grazing effect nested within locations. 
Soil properties df = 2 for Location, 3 for Grazing (Location), 38 for Error 
Biomass df = 2 for Location, 3 for Grazing (Location), 35 for Error 
Species richness df = 2 for Location, 3 for Grazing (Location), 64 for Error 
*, ** and *** indicate significant at p < 0.05, 0.01 and 0.001, respectively; ns denotes not significant. 
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Table 2. Comparisons of soil chemical properties between low and high grazing sites (LG 

and HG, respectively) in semi-arid grasslands of South Africa. The values are means ± 
standard deviations 

 Kimberley  Bloemfontein  Bethlehem 

 LG HG  LG HG  LG HG 

n 5 8  12 5  8 6 
Ca (mg kg-1) 1937±1146 2797±1282  1017±300 2509±1549  945±198 657±98 
K (mg kg-1) 226±70 275±155  290±118 344±138  206±119 204±37 

Mg (mg kg-1) 487±293 308±90  363±121 583±190  202±64 186±35 
Na (mg kg-1) 48±24 32±26  27±15 34±28  57±28 35±15 
P (mg kg-1) 5.2±4.1 2.4±0.6  3.3±2.9 5.2±5.2  2.9±0.7 2.4±0.4 

N (%) 0.06±0.01 0.09±0.03  0.10±0.04 0.13±0.03  0.16±0.05 0.15±0.04 
C (%) 0.53±0.27 0.67±0.22  0.69±0.33 0.81±0.15  1.67±0.48 1.09±0.32 

pH 7.3±0.5 7.4±0.6  6.4±0.4 7.2±1.1  5.9±0.3 5.5±0.2 
n: the number of samples 

 
 

Species richness 

The nested ANOVA shows only grazing to have a significant effect on species 
richness (Table 1). Between the LG and HG sites, Bethlehem had significantly higher 
total species richness at LG than HG sites, and so did Bloemfontein, but in Kimberley 
no significant difference was found between LG and HG sites (Fig. 2). In addition, we 
found that species richness for grasses was lower at HG than LG sites in Bethlehem, 
while species richness for forbs was lower at HG than LG sites in Bloemfontein. 

 

 

Figure 2. Total (A), grass (B) and forb (C) species richness at low and high grazing sites (LG 

and HG, respectively) in semi-arid grasslands of South Africa. The grey and black bars indicate 

LG and HG, respectively. The values are means and standard deviations. n is the number of 

samples. 
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Relationship between biomass and species richness 

When we regressed species richness with biomass, we found a quadratic (hump-
shaped) relationship (r = 0.500, n = 41, p = 0.004; Fig. 3), although there was also a 
weaker positively linear relationship (r = 0.366, n = 41, p = 0.019). This pattern was 
sensitive to grazing intensity, and this was evident when we differentiated between LG 
and HG sites. We found positively linear relationships at both LG and HG sites across 
the study area (r = 0.493, n = 28, p = 0.008 for LG sites; r = 0.554, n = 13, p = 0.049 for 
HG sites; Fig. 3). The slope of the fitted line was 0.01 for LG and 0.003 for HG; a one-
tailed t-test was used to examine if there was a significant difference in slope and it 
confirms the alternative hypothesis (t = -1.879, df = 37, p = 0.034). 

 

 

Figure 3. Relationship between species richness and aboveground biomass at regional scale 

(Bethlehem, Bloemfontein and Kimberly) in semi-arid grassland of South Africa. The white and 

black dots represent sites under low grazing (LG) and high grazing (HG), respectively. The 

solid hump-shaped curve indicates the relationship between species richness and aboveground 

biomass with all sites included, without differentiating between grazing intensities; the dashed 

and dotted lines show the relationship with LG and HG sites, respectively. 

Discussion 

Soil properties, biomass and species richness along the rainfall gradient 

Soil properties are important determinants of biomass production, species richness 
and species composition (Berendse et al., 1998; Janssens et al., 1998; Laughlin and 
Abella, 2007). In particular, plant growth and biomass production largely depend on the 
supply of soil N. Although soil N can be an explanatory factor of biomass production 
across locations when soil water availability is not different between the locations, the 
relationships of biomass with soil properties are however not simple for wide 
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environmental gradients (Schaffers, 2002a). This is evident in our study, where the 
rainfall gradient of the study area was relatively large, ranging between 467 mm and 
716 mm. As in other semi-arid grasslands, soil water availability is the most limiting 
factor to plant growth in our study area. Variation in annual net primary productivity of 
semi-arid grasslands is by and large associated with variation in summer (plant growing 
season) rainfall (Knapp et al., 2006) as well as annual rainfall (O’Connor et al., 2001). 

In our study area, the spatial variation in rainfall is characterised by an increasing 
trend from west to east. Accordingly, there is an increasing trend of aboveground 
biomass with increasing rainfall. The positive geographical gradient is also detected 
with N accumulated in the soil, which can partly be linked to the effect of biomass 
production. This is mainly because more biomass is produced in the relatively high 
rainfall area of Bethlehem than the low rainfall areas (Bloemfontein and Kimberley), 
resulting in more decomposable organic matter and subsequently more soil N in 
Bethlehem. In addition, species richness positively influences soil N accumulation 
(Fornara and Tilman, 2008) and thus, the higher N in Bethlehem can be partially 
ascribed to high species richness and vice versa for Bloemfontein and Kimberley. On 
the contrary, the higher accumulation of soil organic matter results in lower soil pH 
(Berendse et al., 1998) and this explains why we observed a negative geographical 
gradient for soil pH, decreasing with the increasing rainfall from Kimberley to 
Bethlehem. According to FAO/IIASA/ISRIC/ISSCAS/JRC (2009), the soils of the Free 
State Province are generally acidic in the east (relatively high rainfall) and alkaline in 
the west (relatively low rainfall). The main driver responsible for less acidic soils in 
semi-arid grassland is the lower intensity in leaching of the soil in drier areas than in 
high precipitation areas (Troeh and Thompson, 1993). 

 
Grazing and soil chemical properties 

Our results showed that the macronutrients (N, P and K) were not different between 
LG and HG sites, but two cations (Ca and Mg) were shown to be different and hence pH 
(Table 1). We can use our two grazing categories (LG and HG) and the soil pH 
classification of USDA Soil Survey Division Staff (1993) to classify the grasslands 
surveyed in our three study locations as follows: both LG and HG sites in Bethlehem 
are regarded as moderately acidic grasslands, LG and HG sites in Bloemfontein as 
slightly acidic and neutral grasslands, respectively, and LG and HG sites in Kimberley 
as neutral and slightly alkaline grasslands, respectively. The classification of the LG and 
HG sites into acidic and alkaline grasslands is by no means an inference on the role of 
grazing on the acidity/alkalinity of the soils of our study area. This is largely because 
there is no consistency in the findings of studies on the impact of grazing on soil pH, for 
example, Cui et al. (2005), Jeddi and Chaieb (2010), Steffens et al. (2008), Tefera et al. 
(2010) and Xie and Wittig (2004). 

The present study has also highlighted this inconsistency between our three study 
locations. In the moderately acidic grasslands (Bethlehem), higher soil acidity is likely 
to occur with HG than LG sites (Table 2). In other similar acidic soils, studies often 
report no impact of grazing on soil pH e.g. semi-arid savannas of Swaziland (Tefera et 
al., 2010). In Bloemfontein, relatively high soil pH occurs under high grazing, 
compared with low grazing (Table 2). In the Inner Mongolia region of China, a similar 
result was found by Cui et al. (2005), who reported that soil pH decreased with a long-
term (30 years) exclusion of livestock grazing, but on the contrary Steffens et al. (2008) 
reported that soil pH increased with seasonal grazing or an exclusion of livestock 
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grazing, compared with continuous grazing. As to alkaline grasslands, Jeddi and Chaieb 
(2010) reported that a long-term (12 years) exclusion of livestock grazing increased 
species richness and decreased soil pH from moderate alkalinity to slight alkalinity in 
degraded arid steppe of Tunisia. The present study showed no difference in soil pH 
between LG and HG sites in the relatively alkaline soils in Kimberley (Table 2). This is 
further supported by Xie and Wittig (2004), who reported no change in pH of a 
moderately alkaline soil with a long-term (18 years) exclusion of livestock grazing in 
the Ningxia Hui region of China. These inconsistencies among studies may be due to 
differences in grazing management conditions and climatic zones. 

 
Patterns of species richness and composition with grazing 

The impact of grazing intensity on species richness does not follow a single general 
pattern either. In semi-arid environment, the relationship is known to be negatively 
linear (Milchunas and Lauenroth, 1993), but the hump-shaped relationship, which is 
generally observed in sub-humid environment (Taddese et al., 2002), may exist under 
semi-arid conditions (Oba et al., 2001). According to Olff and Ritchie (1998), the 
relationship rather depends on the environmental gradient of soil fertility and 
precipitation. In concurrence, we found no significant difference in species richness 
between LG and HG sites in Kimberley. In this region, rainfall is low and so is soil 
fertility observed through the main indicator N; biomass production is consequently low 
and so is species richness. Thus precipitation and soil ferility have an overriding effect 
on species richness, and not grazing.  

With regard to species composition, Oba et al. (2001) reported that the species 
richness of grasses (and also shrubs) in an Acacia-bushed grassland of Kenya was 
higher in seasonally grazed land (dry-season grazing and wet-season non-grazing) than 
year-round grazed land, while there was no difference in forb species richness between 
the grazing practices. Similarly, comparisons between HG and LG sites in our study 
showed a lower number of grasses in HG sites and no difference in forb richness with 
high grazing in Bethlehem (Fig. 2). In Bloemfontein, however, no difference in grass 
species richness was detected but the significantly lower number of forb species in HG 
sites mostly contributed to the discrepancy in total species richness between HG and LG 
sites. On the contrary, Rutherford and Powrie (2011) reported a significant increase in 
the number of forb species with heavy grazing of communal land in the Eastern Cape 
Province of South Africa. Regardless of these inconsistencies, total species richness can 
be modified by grazing. This indicates that grasslands under semi-arid conditions need 
to be well maintained at a moderate level of grazing intensity, as suggested by several 
previous studies in other grasslands. 

 
Biodiversity-productivity relationship in semi-arid grassland 

The relationship between species richness and biomass is complex and shows no 
single general pattern (e.g. Bai et al., 2007; Mittelbach et al., 2001; Gillman and Wright, 
2006; Tilman et al., 2001). Adler et al. (2011) revealed the relationship to be hump-
shaped (although weak) at global scale, while the meta-analysis of Mittelbach et al. 
(2001) shows that hump-shaped relationships are mostly seen at local to landscape 
scales. The observations of Mittelbach et al. (2001) are consistent with our findings, as 
well as those of Oba et al. (2001), who also reported a similar hump-shaped model at 
local scale. What makes the relationship complex are the confounding effects of 
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environmental stress conditions and disturbance. Several studies, including Michalet et 
al. (2006) have shown biomass to explain only a limited proportion of the variation in 
species richness, indicating that environmental factors are also important. Furthermore, 
Schaffers (2002b) reported a hump-shaped relationship but suggested that such a 
relationship may arise from the covariation of biomass with other factors, especially soil 
pH, moisture content, the available N:P ratio and management (mowing). Gough et al. 
(1994) found elevation, salinity and organic matter to be better predictors of species 
richness than biomass alone. Similarly, in our study we examined the effect of soil 
properties and livestock grazing on the relationship and found soil N, pH and grazing to 
be important explanatory variables. We can interprete the hump-shaped relationship in 
relation to soil characteristics, especially pH as follows: species richness increases with 
increasing biomass in association with decreasing pH from the slightly alkaline/neutral 
soil to the slightly acidic soil (Kimberley and Bloemfontein) and subsequently declines 
with increasing biomass associated with decreasing pH in the moderately acidic soils 
(Bethlehem). 

 
Effect of grazing on the biodiversity-productivity relationship 

The relationship between species richness and biomass is sensitive to grazing 
because the hump-shaped model revealed in our study becomes positively linear when 
LG and HG sites are differentiated (Fig. 3). This is supported by findings in other 
similar studies. For example, Adler et al. (2011) showed the global hump-shaped model 
to be sensitive to land-use history (i.e. becomes positively linear under fire management 
and grazing). Likewise, the hump-shaped model reported by Oba et al. (2001) for arid 
grazing land becomes positively linear in year-round high grazing. In our study, the 
hump-shaped relationship could result from low species richness with low biomass at 
both LG and HG sites in Kimberley, an increase in species richness from HG to LG 
with increasing biomass in Bloemfontein, and a decline in species richness from LG to 
HG with increasing biomass in Bethlehem (Fig. 3). It is worth noting that the perceived 
discrepancy of higher biomass in HG than LG sites in Bethlehem could be due to 
selective grazing. The majority of HG plots were dominated by the unpalatable grasses, 
i.e. Cymbopogon plurinodis and Elionurus muticus (Brockett, 1983; Snyman, 2007). 
These species potentially grow larger than the other species observed at the sites. 

Conclusion  

The findings of our study have revealed the biodiversity-productivity relationship to 
be hump-shaped across the study area, but it is sensitive to grazing and its potential 
effects on soil pH. The relationship therefore has to be carefully interpreted in grazing 
land. Although a number of studies have shown the overriding effect of rainfall 
variability on vegetation change, rather than grazing variables in arid and semi-arid 
environments (Cheng et al., 2011; Milchunas and Lauenroth, 1993; Sullivan and Rohde, 
2002), we did not detect this effect because the climatic conditions were relatively wet 
in both the two years when we conducted this study. A further examination needs to be 
undertaken to understand the inter-annual variability of the relationship, especially in 
relation to seasonal rainfall. 
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Abstract: The Verbascum L. Group A with 4 stamens (30 taxa) were grouped which encompass 
ecological range, climatic specificity (temperature and precipitation), altitude and phenology (flowering 
and seed bearing periods) in Irano-Turanian, East Mediterranian and Euro-Siberian phytogeographical 
regions in Turkey. For this purpose Single Linkage (Nearest Neighbour) Hierarchical Cluster method was 
used. The results of cluster analyses suggested that the plant species which were collected from Irano-
Turanian, East Mediterranean and Euro-Siberian regions might be divided into three groups with respect 
to 5 characteristics based on cophenetic correlation, Delta coefficient, the pooled standard deviation of all 
the variables forming the cluster (RMSSTD) and determination coefficient (R2). Pearson correlations 
were also computed in order to investigate linear relations between the phenological characteristics of 
regions. It was observed that there was a negative relation between temperature and flowering time (r=-
0.678; p=0.008), temperature and seed bearing time (r=-0.657; p=0.011) in Irano-Turanian region. 
However, the correlation between temperature and flowering time (r=-0.096; p=0.767) and temperature 
and seeding time (r=0.176; p=0.584) was not statistically significant for the East-Mediterranean region. 
Keywords: distribution, ecology, phenology, temperature, Verbascum 

Introduction 

Plant phenology is relevant to plant growth and reproduction. Phenological changes 
differ from species to species (Crick et al., 1997; Schwartz et al., 2000). Climate sets the 
limits for biota and all phenological changes in plants highly correlated with 
temperature changes (Jenny, 1941; Peñuelas et al., 2001). During the past several 
decades especially from the late 1970’s, records of phenological changes for both plants 
and animals are being used for quantifying the response of biota to recent climate 
change (David et al., 2005; Schwartz, 1999; Abu-Asab et al., 2001; Peñuelas et al., 
2001; Walter, 2002; Parmesan, 2003). Climate policy includes agriculture and food 
production, land use, energetics, industry and transport, environmental and nature 
conservation and public health, but it also has sociological, educational, communication 
aspects (Eppich et al., 2009). The most sensitive indicators of the effects of the climatic 
changes are phenological processes of the biota (Ferenczy et al., 2010). Phenological 
recording is a potential source for monitoring of climate change (Sparks et al., 2000).  

The interaction between genetic and environmental factors such as rainfall and 
temperature determine the flowering period of plants (Cenci and Ceschina, 2000), 

mailto:glcnylmz@gmail.com
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which leads to seed bearing. Climate warming is expected to alter seasonal biological 
phenomena such as plant growth and flowering which depend on temperature, that is, 
the total heat required for an organism to develop from one point to another in its life 
cycle (Peñuelas et al., 2001). One of the determinants of the temperature is the altitude 
so it also plays an important role on the changes of phenology. Alba and Hufbauer 
(2012) found out that introduced V. thapsus populations often perform better than their 
native conspecifics for biogeographic data describing performance. 

Turkey has an extremely rich flora due to its geographical position, ecological and 
climatic diversity. Turkey is located at the connection of 3 phytogeographical regions; 
Irano-Turanian, East Mediterranean and Euro-Siberian (Figure 1). It was estimated that 
there were 9000 plant taxa naturally distributed in Turkey and 30% of them are endemic 
(Taskin, 2000; Ekim et al., 2001). 

 

 

Figure 1. The phytogeographical regions in Turkey 

 
 
Scrophulariaceae family comprises 280 genera and 3000 species in the world and 30 

genera and 466 species in Turkey. Genus Verbascum is represented by 360 taxa in the 
world and by 234 taxa in Turkey (Vural and Aydogdu, 1993; Karaveliogullari et al., 
2004). Endemism of the genus in Turkey is very high with 196 endemic species (80%) 
(Cecen et al., 2015; Karavelioğulları, 2012, 2014a, 2014b). Verbascum group A, which 
has been revised, could be easily distinguished from the other Verbascum groups with 
having 4 stamens. In Turkey, its neighboring countries and Europe, there are 45 
Verbascum species with 4 stamens. General distribution of the Verbascum species with 
4 stamens is given in Table 1 and Figure 2. (Huber-Morath, 1973, 1974, 1978, 1981; 
Meikle, 1985). The genus Verbascum includes species that grow in different habitats, 
such as sandy places, rocks, open and semi-open natural habitats (Catara et al., 2016). 
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Figure 2. Distribution of Verbascum Group A taxa in Turkey and neighboring countries. 

 

 

Table 1. Comparison of number of species belonging to genus Verbascum, group A and the 

number of endemic species from Turkey and neighboring countries. 

Countries / 

Regions 
Turkey Europe Russia Iran Palestine Cyprus 

Total taxa 234 99 51 49 20 6 

Taxa with 4 

stamen 
25 17 5 18 5 2 

Endemic taxa 17 - - 10 - - 

 
 
As seen in Table 1, when we compare with other countries and Europe, Turkey is 

rich for taxa of Verbascum genus and species with 4 stamens. Turkey is a rich center 
and most appropriate for solving taxonomic problems related to this genus.  

Although the taxa found in group A are distributed in all regions of Turkey, they are 
localized especially in the Mediterranean and East Anatolia regions. Genus Verbascum 
Group A is represented by 30 taxa in the Flora of Turkey, 11 members of them are 
Irano-Turanian, 12 are Mediterranean and 4 of them are Euro-Siberian element 
(Karaveliogulları and Aytac, 2008). 

The species of Verbascum genus group A belongs to Irano-Turanian, East 
Mediterranean and Euro-Siberian phytogeographical regions according to their 
distribution dominance respectively. Especially, although there are some transitions 
between Irano-Turanian and East Mediterranean regions, in this study, the 
phytogeographical regions in which the species density is high because of its origin 
were taken into account (Table 2, Figure 3, 4, 5, 6). 
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Table 2. The list of Verbascum taxa; including origin, life form and habitat characteristics of collection sites. 

Species Origin Region Habitat Characteristics 

V. natolicum Turkey, Russia Irano-Turanian  Steppe and Stony slopes 
V. spodiotrichum Turkey E.Mediterranean  Forest and  Limestone rocky 
V. orientale Balkans,Crimean,Syria,Lebanon Palestina,Iraq E. Mediterranean  Steppe and  Stony place 
V. orientale Turkey E.Mediterranean  Steppe and  Pebble slopes 
V. cilicicum Turkey Irano-Turanian  Steppe and Volcanic rocky 
V. flabellifolium  Turkey E.Mediterranean  Steppe and Serpentine rocks 
V. trapifolium Turkey E.Mediterranean  Steppe and  Serpentine rocks 
V. pyroliforme  Turkey Irano-Turanian  Steppe and Salty marshes 
V. dudleyanum  Turkey Irano-Turanian  Steppe and  Wet places 
V. coronopifolium Turkey Irano-Turanian  Forest and  Rocky mountain slopes 
V. serratifolium Turkey Irano-Turanian  Steppe and Serpentine rocks 
V. basivelatum Turkey Irano-Turanian  Steppe and Serpantine rocks 
V. bourgeauanum Turkey E.Mediterranean  Steppe and Alpine slopes 
V. serpenticola Turkey E.Mediterranean  Steppe and Serpentine rocks, 
V. sorgerae Turkey E.Mediterranean  Juniperus and Cedrus and Juniperus 
V. nudicaule Turkey, Iran Irano-Turanian  Steppe and Serpentine rocks 
V.suworowianum var. suworowianum Turkey, Iran Irano-Turanian  Steppe and Pebble place 
V. suworowianum var. papilloseum Turkey, Iran Irano-Turanian  Steppe  and Volcanic tuff 
V. luciliae Turkey E.Mediterranean Steppe and Volcanic slopes 
V. rupicola Turkey E.Mediterranean  Forest and Rocks 
V.agrimoniifolium subsp. Turkey, Iraq, Iran, Afghanistan Irano-Turanian  Steppe and Riversides wet places 
V. levanticum Turkey,Cyprus, Lebanon, E.Mediterranean  Maquis  and Limestone rocky place 
V. bugulifolium Turkey, Bulgaria Euro-Siberian  Forest and Longoz forest 
V. ponticum Turkey Euro-Siberian  Steppe and Meadows 
V. bornmuellerianum Turkey, Iraq Irano-Turanian  Steppe and Limestone slope 
V. oreophyllum var. oreophyllum Turkey, Russia Irano-Turanian  Steppe and Meadow, 
V. oreophyllum var. joannis Turkey, Iran, Iraq, Lebanon Irano-Turanian  Steppe and Meadow, 
V. gaillardotii Turkey, Syria, Lebanon, Filistin E.Mediterranean Maquis and Limenstone slopes 
V. freynii Turkey Euro-Siberian  Steppe and  Waste places 
V. transcaucasicum Turkey, Russia Euro-Siberian  Steppe and Rocky damp places 
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Figure 3. Distribution of Verbascum taxa in Turkey ( )V. agrimoniifolium subsp. 

agrimoniifolium, ( ) V. bugulifolium, ( ) V. ponticum ( ) V. levanticum, ( )V. 

Suworowianum var. suworowianum, ( ) V. suworowianum var. papillosum, ( ) V. 

luciliae, ( )V. rupicola, ( ) 

 
 

 

Figure 4. Distribution of Verbascum in Turkey ( )V. coronopifolium, ( ) V. dudleyanum, 

( ) V. pyroliforme ( ) V. serratifolium, ( )V. trapifolium, ( )V. flabellifolium, ( )V. 

oreophilum var. oreophilum 
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Figure 5. Distribution of Verbascum in Turkey (■)V. anatolicum, (▲) V. spodiotrichum (●), V. 
cilicium, ( ) V. bornmuellerianum, ( ) V. gaillardotii, ( ) V. freynii, ( ) V. 

transcaucasicum, ( ) V. basivelatum, ( ) V. sorgerae, ( ) V. bourgeauanum, ( ) V. 

nudicaule 

 
 

 

Figure 6. Distribution of Verbascum taxa in Turkey ( )V. orientale, ( ) V. 

brachysepalum, ( ) V. oreophilum var. joannis 

Materials and Methods 

All the taxa of Verbascum Group A were collected at their flowering and seed 
bearing periods from May to September between 2001 and 2003. Identification of 
these specimens were done according to Flora of Turkey (Davis, 1988) and also the 
type specimens of these specimens or their photos in different herbaria; AEF, ANK, 
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EGE, GAZI, HUB, ISTF, KNYA, VANF G, GB, P, K, B, were investigated. In 
addition to Rabinowitz’s rarity criteria the threaten categories were examined and 
re-evaluated according to IUCN and field observations (IUCN 2001; Ekim et al., 
2001). The Verbascum Group A (with 4 stamens) were grouped which encompass 
ecological range, climatic specificity, altitude and vegetative period (flowering and 
seed bearing).  

The Single Linkage (Nearest Neighbour) Hierarchical Clustering was used to 
group the taxa from Irano-Turanian, East Mediterranean and Euro-Siberian 
phytogeographical regions according to their ecological, climatological and 
phenological characteristics. All the measurements and data were standardized to 
avoid influences of different measurement units. R2 (determination coefficient), 
RMSSTD (the pooled standard deviation of all the variables forming the cluster), 
Cophenetic Correlation coefficient (this is the Pearson correlation between the actual 
distances and the predicted distances based on this particular hierarchical 
configuration) were used as goodness of fit criteria for clustering. A value of 0.75 or 
above needs to be achieved in order to consider clustering statistically meaningful 
and Delta (values close to zero are desirable) were used (Sharma, 1996; Anonymous, 
2005). In analyzing the data set NCSS for windows, SAS and Minitab for windows 
(version 13.0) statistical package programs were used.  

Results and Discussion 

Verbascum Group A which comprises the taxa that have 4 stamens are spreading 
all over Turkey. Competition and environmental conditions determine the limits of 
the distribution of these taxa. The descriptive statistics of altitude, climatic 
parameters (temperature and precipitation) and phonological characteristics 
(flowering and seed bearing periods) in phytogeographical regions can be seen in 
Table 3.  

 
Table 3. Descriptive Statistics with Phytogeographical Area 

 
Phytogeographical Area 

Irano-Turanian East Mediterranian Euro-Siberian 

Variables 
X

SX   
X

SX   
X

SX   

Altitude (m.) 1415.8 ±85.8 756 ±102 633 ±313 
Temperature (°C) 9.35 ±0.35 15.4 ±0.85 11.2 ±1.43 

Rain (mm) 429.4 ±21.1 719.5 ±68.5 555.6 ±33.6 
Flowering (month) 6.4 ±0.11 5.5 ±0.16 5.6 ±0.33 

Seed bearing (month) 7.4 ±0.14 6.6 ±0.16 6.2 ±0.36 

 
 
The results of clustering for Irano-Turanian phytogeographical region were given 

in Figure 7. According to the cluster analysis V. serratifolium (Hub.-Mor.) Hub.-
Mor. and V. dudleyanum (Hub.-Mor.) Hub.-Mor. are joined by the horizontal line 
that intersected the distance axis at the value of approximately 0,45. This situation 
indicates that these two species are closely related with each other than the others.  
This is also true for V. basivelatum Hub.-Mor. and V. suworowianum var. 
suworovianum (C.Koch) O.Kuntze; V. suworowianum var. papilloseum (C.Koch) 
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O.Kuntze and V. orephilum C. Koch var. joannis (Bordz.) Hub.-Mor. There is an 
obvious outlier; V. agrimoniifolium (C. Koch) Hub.-Mor. In Irano-Turanian 
phytogeographical region there are three obvious clusters; the first one is V. 

serratifolium, V. dudleyanum, V. anatolicum Somrn. & Lev., V. pyroliforme (Boiss. 
& Heldr.) O.Kuntze, V. cilicicum Boiss., V. bornmuellerianum Hub.-Mor., V. 

coronopifolium (Boiss. &Bal.) O. Kuntze; the second one is V. basivelatum, V. 

suworowianum var. suworowianum and V. nudicaule (Wydler) Takht., and the last 
cluster is V. suworowianum var. papilloseum, V. oreophilum var. oreophilum, V. 

oreophilum var. joannis and V. agrimoniifolium (Table 4 and Figure 7). The most 
similar species are V. serratifolium and V. dudleyanum pair and V. anatolicum. The 
species most different from the others is V. agrimoniifolium subsp. agrimoniifolium, 
because it merges with others at a relatively high dissimilarity of 0,92. Generally, in 
the separation of plant taxa from this phytogeographical region in 3 groups, the 
cophenetic correlation was measured as 0,79, Delta (0,5) as 0,56 and R2 as 0,80 from 
the measurements of the success of grouping or the goodness of fit. Hence it can be 
suggested that grouping of these 14 taxa with respect to these 5 characteristics is 
appropriate. 

The species of third cluster which are V. suworowianum var. papilloseum, V. 

oreophilum var. oreophilum, V. oreophilum var. joannis and V. agrimoniifolium are 
more similar to each other than the species belong to first and second clusters 
(RMSSTD=0,358) (Table 4). 

 

 
Figure 7. Clusters dendrogram for Irano-Turanian Region 
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Table 4. The Summary of Clustering 

 

 
*RMSSTD is the pooled standard deviation of all the variables forming the cluster. 

The smaller the value, the more homogenous the observations are with respect to the 
variables and vice versa. *R2 measures extent to which groups or clusters are different 
from each other. Alternatively, one can say it also measures extent to which the groups 
are homogenous. 

The cluster analysis results for East Mediterranean phytogeographical region was 
given in Figure 8. V. spodiotrichum (Hub.-Mor.) Hub.-Mor. and V. rupicola (Hayek & 
Siehe) Hub.-Mor. were joined by the horizontal line that intersected the distance axis at 
a value of approximately 0,72, which indicates that these are the most similar species in 
this phytogeographical region. The pairs V. orientale (L.) All. and V. brachysepalum 

(Fisch. &Trautv.) O. Kuntze, V. trapifolium (Stapf) Hub.-Mor. and V. serpanticola 

(Stapf) Hub.-Mor., and V. bourgeauanum Hub.-Mor. and V. gaillardotii Boiss. are more 
similar to each other than the others. V. bourgeauanum and V. gaillardotii is the pair 
that is most dissimilar to the others and the outliers with the dissimilarity value of 1,28. 
There are 3 obvious clusters; first one is V. bourgeauanum, V. gaillardotii, the second 
one is V. orientale, V. brachysepalum, V. flabellifolium (Hub.-Mor.) Hub.-Mor., V. 

trapifolium V. serpenticola, V. sorgerae (Hub.-Mor.) Hub.-Mor., V. luciliae (Boiss.) O. 
Kuntze and the third one is V. spodiotrichum, V. rupicola and V. levanticum I. K. 
Ferguson (Table 4, Figure 8). Generally, in separation of plant specimens collected 
from this region in three groups, the cophenetic correlation was found as 0,82 and Delta 
(0,5) as 0,33, and R2 as 0,79 from the measurements of the success of grouping or the 
goodness of fit. A high value for R2 indicates that the clusters are well separated and 
consequently the clusters are quite homogenous.  

There are 4 species from Euro-Siberian phytogeographical region. According to the 
cluster analysis the most similar species are V. freynii (Sint.) Murb. and V. ponticum 

(Boiss.) O.Kuntze, the dissimilarity value of these two species was found as 0,75. There 
were 3 clusters found for Euro-Siberian phytogeographical region.  V. transcaucasium 

Wulf is the most different from the others (Figure 9).  
The summary of the statistics for evaluation of cluster solution was given in Table 4. 

From Table 4 it appears that there are three clusters in the data set. Furthermore, the 
three clusters are well separated suggested by R2, and the clusters are homogenous as 
evidenced by the low value of RMSSTD. 

Irano-Turanian Phytogeographical Region 

Cluster Frequency RMSSTD* 
Overall 
R2

**
 F Statistics 

Cophenetic 
Correlation 

1 7 0.589 

0.80 9.12 0.78 
2 3 0.426 
3 3 0.358 
 1 - 

East-Mediterranean Phytogeographical Region 
1 3 0.629 

0.79 6.42 0.82 2 7 0.511 
3 2 0.677 
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Figure 8. The Cluster dendrograme for East Mediterranean Region 

 
 

 

Figure 9. The Cluster dendogram for Euro-Siberian Region 
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The correlations between mean annual temperatures, altitude, mean annual 
precipitation of localities from where the plant species were collected and the flowering 
and seed bearing periods can be seen from Table 5. For Irano-Turanian 
phytogeographical region there is a negative linear correlation between temperature and 
both flowering (r=-0,678, P=0,08) and seed bearing (r=-0,657, P=0,011) periods. There 
is also negative linear correlation between precipitation and both flowering (r=-0,465, 
P=0,094) and seed bearing (r=-0,534, P=0,055). On the other hand there is a positive 
linear correlation between altitude and both flowering (r=0,413, P=0,142) and seed 
bearing (r=0,460, P=0,098) periods. These results confirmed that if the temperature 
increases the flowering and seed bearing periods become earlier.  

When the correlation between, mean annual temperature, altitude, mean annual 
precipitation of the localities from where these 12 plants were collected at East- 
Mediterranean region, and the flowering and fruiting periods of these plant species were 
investigated, it was found that; temperature has a poor negative correlation with 
flowering time (r=-0,096, R=0,767) and positive correlation with seedling time 
(r=0,176, P=0,584). There was a positive correlation between precipitation and 
flowering (r=0,077, P=0,813) and seedling time (r=0,47, P=0,123). On the other hand, 
although there was a poor negative linear correlation between altitude and seedling time 
(r=-0,180, P=0,577), there was a poor positive correlation between altitude and 
flowering time (r=0,147, P=0,649) (Table 5). 

 
Table 5. Pearson Correlations between the variables and Phytogeographical Regions 

Phytogeographical 

Region 
Variable Temperature Precipitation Altitude Flowering 

Irano-Turanian 

Rain (mm) 0.643    
Altitude (m) -0.667 -0.710   
Flowering 
(month) 

-0.678 -0.465 0.413  

Seed bearing 
(month) 

-0.657 -0.524 0.460 0.926 

E. Mediterranean 

Rain (mm) 0.806    
Altitude (m) -0.652 -0.579   
Flowering 
(month) 

-0.096 0.077 0.147  

Seed bearing 
(month) 

0.176 0.470 -0.180 0.693 

 
 
Baltzoi et al. (2015) reported that V. olympicum is one of the drought tolerant 

suggested species which is recommended for Mediterranean gardens. Group A species 
have also been used as ornamental plants for ecologically suitable areas. Gabriele et al. 
(2014) determined the potential effects of climate change on 22 plant species whose 
range is restricted to central-northern Mediterranean region and one of these species was 
V. conocarpum which lives between 0-1800 m altitudes and geographically restricted in 
several habitats. Gabriele et al. (2014) also emphasize the need of monitoring and 
conservation actions immediately and suggest that rare species might be useful for 
monitoring the effects of global warming in the Mediterranean region. Verbascum 
(Group A) species, mentioned in this study, have importance to monitoring the climatic 
issues for Mediterranean, Euro-Siberian and Irano-Turanian regions. Motamedi and 
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Souri (2016) V. stachydiforme is under intense grazing threat and its communities have 
confidential degree of resilience that can self-restored to its original state. In Turkey, 
grazing is a big problem of Irano-Turanian region especially, but self-restoring 
capability of Verbascum species shows the importance of weeds in terms of vegetation 
durability. Nagase et al. (2013) found out that V. phoeniceum and other 53 species were 
used to build a green roof and just 9 species were grown, V. phoeniceum was not one of 
them. Suchkova et al. (2014) reported that V. undulatum could be classified as heavy 
metals hyper accumulator and Wójcik et al., (2014) determined that V. phlomoides 
potentially suitable for biomonitoring and phytoremediation. It seems Verbascum 
species was appropriate for monitoring climatic change in natural habitats, not in urban 
habitats, although some of them have surviving capacity for polluted areas. Petanidou et 
al. (2014) determined that annual plant species were much more affected than 
perennials from phenological shifts. This may clarify the ability of perennial Verbascum 
species against climatic changes. 
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Abstract. Pharmaceuticals in water and soil ecosystems increasingly become a problem for 
environmental protection and agriculture. They may be transferred to soil and plants even in organic 
production systems as they often occur in manure. This paper presents assessment of sparfloxacin effect 
on protein profile and activity of guaiacol peroxidase in pea roots. The obtained results show that 
sparfloxacin modifies pea root proteome. In proteomic profiles of roots from seedlings grown at the 
highest sparfloxacin concentration (800 mg kg-1) there were 41 proteins more than in protein separations 
of roots of control seedlings, in which 176 proteins were identified. A higher number of proteins, 
compared to control roots (21 more), were also obtained on separations of root proteins from plants 
grown in substrate „contaminated” with 40 mg kg-1 sparfloxacin. With increasing sparfloxacin 
concentration the expression of root proteins involved in cell bioenergetics decreased, while isoflavone 
reductase, responsible for free radicle scavenging, became up-regulated. Moreover, the presence of 
sparfloxacin in soil resulted in increased activity of guaiacol peroxidase. The sparfloxacin content in roots 
was directly proportional to the level of this pharmaceutical in soil. At the highest concentration of 
sparfloxacin in soil (800 mg kg-1) the level of this compound in roots reached 247 µg g-1 fresh weight. 
Soluble carbohydrate contents in pea tissues correlated with seedling growth (root and stem elongation), 
which decreased parallel to increasing concentrations of soil sparfloxacin. 
Keywords: 2D electrophoresis, drug uptake, pea, protein profile, antibiotics 

Abbreviations: Fluoroquinolons – FQ; Guaiacol peroxidase – POX; Reactive oxygen species – ROS; 
Sparfloxacin  – SPX 

Introduction 

Common use of antibiotics in human and veterinary medicine results in their  
increased presence in water and soil (Sukul and Spiteller, 2007). In 1999 total use of 
antibiotics in European Union and Switzerland amounted to 13288 tons, of which 8637 
tons were used in human medicine (65%), 3854 tons in veterinary medicine (29%) and 
797 tons were applied as growth stimulators (6%). However, in 2006 in France only, 
1300 tons of antibiotics were used (Awad et al., 2014). It is estimated that global use of 
antibiotics in recent years amounted to, on average, 100 – 200 thousand tons/year (Chen 
et al., 2012; Liu et al., 2009). During medication and after its completion, most of the 
applied antibiotics (30 – 90%) are released to the environment, in an unmodified form 
or transformed to active metabolites (Liu et al., 2009; Chen et al., 2012; Pinheiro et al., 
2013). For farmaceuticals the main route of entry to soil is through animal waste, used 
as organic fertilizers. Fluoroquinolons (FQ) are a group of antibiotics characterised by 
slow degradation in the environment, related to their strong adsorption to organic 
matter. Decay time of antibiotics and their active metabolites in manure and soil 
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depends on both environmental conditions and chemical properties of the antibiotic 
(Seo et al., 2010). FQs are chemotherapeutics commonly used for treatment of bacterial 
infections (Jia et al., 2012), which results in their presence in environment at rather high 
levels (Khetan and Collins, 2007). FQs contents in wastewater amount to 120 µg dm3, 
while in groundwater and surface water it occurred at 1.3 µg L-1, and it was even 
detected in drinking water (Jia et al., 2012; Wammer et al., 2013). 

In municipal wastewater among FQs the highest concentrations are reached by 
ofloxacin (1.3 µg L-1) and norfloxacin (77-87 ng dm3). Moreover, levofloxacin, 
pipemidic acid, enrofloxacin and sparfloxacin were also detected (Jia et al., 2012). 
However, by far the highest concentrations of antibiotics were found in manure, in 
which they were mainly represented by tetracyclines. According to Martínez-Carballo et 
al. (2007) chlorotetracycline, oxytetracycline and tetracycline concentrations in manure 
were 46 mg kg-1, 29 mg kg-1 and 23 mg kg-1, respectively. High concentrations of 
tetracyclines were found in soils of Turkey and Spain, amounting to 0.5 mg kg -1 and 0.2 
mg kg-1, respectively (Andreu et al., 2009; Karci and Balcioglu, 2009). In soils fertilised 
with manure the tetracycline content may even reach 7 mg kg−1 (Zhang et al., 2008).  

FQs are taken up and accumulated in plants and their levels in plants depend on drug 
concentration, time of exposure and properties of the plant (Lillenberg et al., 2010; 
Ziółkowska et al., 2015). The mechanism of antibiotics action on plants is still 
unknown. Antibiotic concentrations in plants are not documented. It is not clear if 
antibiotic accumulation may modify plant metabolism and affect plant quality. There 
have been very few reports assessing antibiotic contents in plants, in contrast to drug 
levels in animals. 

The purpose of this work was to determine the level of sparfloxacin in pea and study 
the effect of this drug on selected physiological-biochemical parameters of pea 
(peroxidase activity, protein content and 2D electrophoretic profile, as well as soluble 
carbohydrate contents).  

Materials and methods 

Germination and growth 

Seeds of pea (Pisum sativum L.) cv. Cysterski were germinated for seven days in 
Phytotoxkit plates (MicroBio Test, Inc., Belgium). Germination was carried out under 
controlled climatic conditions with temperature set at 25° C and 90% relative humidity 
(RH), under photoperiod conditions (16/8 day/night, light intensity 3.4 klx). Ninety 
millilitres of soil (sand:vermiculite:peat, 1:0.3:1, v/v/v) were placed in each plastic 
microbiotest plate. The soil was covered with Whatman No. 1 filter paper and watered 
with 27 ml distilled water supplemented with sparfloxacin (5-Amino-1-cyclohexyl-7-
(cis-3,5-dimethylpiperazino)-6,8-difluoro-1,4-dihydro-4-oxo-3-quinolinecarboxylic 
acid; Sigma-Aldrich) at final concentrations of 0.08; 0.4; 0.8; 4; 8; 40; 80; 200; 400; 
800 mg kg-1 of soil. The control plants were watered with pure distilled water. The root 
length was estimated after seven days of germination using Image Tool for Windows. 
Fresh weight of seedlings was determined according to standard seed testing 
recommendations ISTA (2011). The experiment was carried out with four replicates, 
each containing 40 seedlings.  
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Sparfloxacin content in roots 

The content of sparfloxacin in 7-days old roots was determined. Plant sap was 
squeezed from fresh plant material with mortar and pestle. Roots (500 mg) of were 
homogenized with 1 ml of methanol and centrifuged for 10 minutes at 13200g. The 
obtained supernatant was transferred onto nylon filters (mesh size 0.22) (Sigma). For all 
extractions SPE cartridges Chromabond®Easy, 3 ml/200 mg, Macherey-Nagel, Dtiren, 
Germany were used. SPE cartridges were rinsed with methanol and after loading with 
plant saps were eluted with 250 µl methanol. Tetracycline content in seedlings was 
analysed by HPLC according to Pailler et al. (2009) with small modifications. Briefly, 
the chromatographic system consisted of a Water Aliance 2695 HPLC system (Waters 
Corp.) with a binary high-pressure gradient pump, an automatic injector and a column 
oven. The chromatographic column was an Atlantis T3 column (150×3.0 mm, 3 μm) 
(Waters Corp.) at 40o C. The MS–MS analyser consisted of Quattro micro® API MS 
(Waters Corp.) using electrospray in the positive mode (ESI+). N2 was used as 
nebuliser, drying, curtain and collision gas. A chromatographic gradient was applied for 
the separation of the analytes depending on the ionization mode employed, with a total 
chromatographic run of 18 min. Gradient elution was carried out with aqueous 0.1% 
formic acid: 0.1% formic acid in acetonitrile at a flow rate of 45 ml min-1. Validation of 
the method included the assessment of selectivity, linearity (1 to 11 µg ml-1), limits of 
detection (8 ng ml-1) and quantification (26 ng ml-1). Chromatographic system and data 
collection were controlled with a MassLynx 4.1. chromatographic software interfaced to 
a personal computer. 

 

Activity of guaiacol peroxidase 

The activity of guaiacol peroxidase in the root tissues of seven day old pea was 
measured. Pea roots (500 mg) were homogenized (30 min) in a porcelain mortar at 4oC in 5 
ml of isolation buffer (0.1 M Tris-HCl (Sigma), 8.75% polyvinylpyrrolidone (Sigma), 0.1M 
KCl (PPH Stanlab), 0.28% Triton X-100 (Sigma)). The supernatant was passed through a 
nylon filter(mesh diameter 0.45). The extract was centrifuged for 30 minutes at 4000g at 
4oC. Next, the amount of isolated protein was determined by Lowry et al. (1951).  

Guaiacol peroxidase activity was determined spectrophotometrically (CECLI, CE2021 
2000 series). 50 µl of the plant extract and 20 µl of 0.06% H2O2 (Chempur) were added to 2 
ml of a reaction mixture (0.1 M KH2PO4 (Chempur), 100 µl 1% guaiacol (Sigma)). The 
growth rate of absorbance was measured at λ=470 nm wavelength at room temperature. 
One unit (U) corresponded to oxidation of 1 µM H2O2 during one minute.  

 

Soluble carbohydrate contents 

Soluble carbohydrate contents in roots were analysed by gas chromatography 
according to Piotrowicz-Cieślak et al. (2007). Roots (500 mg fresh mass) were 
homogenised in ethanol:water 1:1 (v/v) containing 100 μg xylitol as internal standard. 
The homogenate and the wash were combined in a 1.5 ml microfuge tube, heated at 
75C for 30 min and centrifuged at 13 200 g for 10 min. The supernatant was passed 
through a 10 000 MW cut-off filter (Lida, Kenosha, WI, USA). Aliquots of 0.3 ml 
filtrate were transferred to silylation vials and evaporated to dryness. Dry residues were 
derived with 200 μl of silylation mixture (trimethylsilylimidazole : pyridine, 1:1, v/v) in 
silylation vials (Thermo Scientific) at 80C for 45 min, and then cooled at room 
temperature. One μl of carbohydrate extract was injected into a split-mode injector of a 
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Thermo Scientific gas chromatograph equipped with flame ionisation detector. Soluble 
carbohydrates were analysed on a DB-1 capillary column (15 m length, 0.25 mm ID, 
0.25 μm film thickness, J&W Scientific). Soluble carbohydrates were identified with 
internal standards, and their concentrations were calculated from the ratios of peak area, 
for each analysed carbohydrate, to the peak area of respective internal standard. 
Quantities of soluble carbohydrates were expressed as mean ± standard deviation (SD) 
for 3-5 replications of each treatment. 

 

Two-dimensional gel electrophoresis  

Proteins were isolated from roots growing in the presence of water, or sparfloxacin at 
medium and the highest dose (0, 40 and 800 mg of the drug/kg of soil). The roots frozen 
in liquid nitrogen (2 g) were homogenized in a porcelain mortar in an extraction buffer 
(500 mM TRIS with pH 8 (Sigma), 50 mM EDTA (Sigma), 700 mM of sucrose 
(Sigma), 100 mM KCl (PPH Stanlab), 0.07% 2-mercaptoethanol (Sigma)). A 2.5 ml 
dose of phenol was added to the extract and the mixture was vortexed for 10 minutes. 
The extract was centrifuged at 4°C for 10 minutes at 5500g. After centrifuging, a phenol 
phase was collected and 1.8 ml of the extraction buffer was then added. Following 3-
minute mixing, the samples were centrifuged for 20 minutes at 3200g. The phenol phase 
was transferred to a new tube and mixed with a four-fold volume of 100 mM 
ammonium sulphate (Sigma) dissolved in cold methanol (Chempur). The mixture was 
incubated for 12 hours at -20°C. After 12 hours, precipitated proteins were centrifuged 
at 4°C/3200g/15 minutes and the obtained pellet was washed two times in cold acetone 
(Chempur) centrifuging it each time at 4°C/ 5500 g for 5 minutes. The pellet was dried 
at room temperature.  

The dried pellet was dissolved in 9 M urea (POCH), 20g/dm3 CHAPS (Sigma), 0.3% 
DTT (Sigma) and incubated for one hour at room temperature. Next, the samples were 
sonicated in an ultrasonic ice bath for 15 seconds and they were then centrifuged at 
14000g/5 minutes. The procedure was repeated three times. The prepared solution of 
proteins was used in further analyses.  

IPG, 7 cm, pH 4-7 strips (ReadyStrip™, Bio-Rad) were actively rehydrated for 12 
hours in a rehydration buffer (Bio-Rad) with 70 µg of isolated protein. 
Isoelectrofocusing was performed under the following conditions: 250 V/ 15 min, 4000 
V/ 2 h 30 min, and then with rapidly increasing voltage up to 20,000 V.  

After isoelectric focusing, the strips were equilibrated in a buffer containing 6M 
urea, 2% SDS, 0.375 M Tris - HCl with pH 8.8, 20% glycerol, 130 mM DTT (Bio-Rad) 
for 10 minutes and then in a buffer containing 6 M urea, 2% SDS, 0.375 M Tris - HCl 
with pH= 8.8, 20% glycerol, 135 mM jodoacetamid (Bio-Rad) for another 10 minutes.  

In the second stage of electrophoresis, the separation of proteins was performed with 
10% polyacrylamide gels (10.0 cm x 7.0 cm) in a Mini-PROTEAN Tetra System 
apparatus for electrophoresis (Bio-Rad). Electrophoresis was run for 60 minutes at a 
constant voltage of 200 V. Gels were stained in a 0.1% Commassie Brillant Blue G-250 
solution (Sigma) overnight and then visualization with a Gel Doc EZ Imager (Bio-Rad) 
and an analysis with PDQuest (Bio-Rad) were performed. 

 

MALDI TOF/TOF analysis 

Protein spots were excised out of the gels with a scalpel, placed in test tubes, washed 
and destained. Proteins were dehydrated in a vacuum centrifuge and subsequently 
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digested overnight in a solution of 15 ng.μl-1 trypsin (Promega) in 25 mM ammonium 
bicarbonate (Sigma). Incubation was conducted at 37°C. The sample was sonicated for 
5 minutes and dehydrated in a vacuum centrifuge and 1μl of a previously prepared 
solution of α-cyano-4-hydroxy-cinnamic acid (Sigma) was then added and dissolved in 
50% acetonitrile (SIGMA) with 0.1% trifluoroacetic acid (Sigma). The entire sample 
was then applied onto a steel MALDI plate. Mass spectra of the peptides were taken 
with a MALDI TOF/TOF Autoflex III SmartBeam mass spectrometer 
(BruckerDaltonics). The PMF search was conducted in the NCBI database. The 
statistical probability of the PMF was calculated in the MASCOT database. Results 
exceeding 72 were taken into account (p<0.05). 

 
Statistical analysis 

The experiment was conducted in four replicates. The results were statistically 
evaluated using analysis of variance (F test) for two factor experiments (split-plot). The 
mean values of the plots were compared using q SNK test (Student-Newman-Keuls). 

Result  

Germination and growth 

The effect of sparfloxacin (SPX) on elongation of roots of garden pea, cv. Cysterski, 
was studied after seven days of plant culture on control substrate or substrate 
supplemented with SPX (0.08; 0.4; 0.8; 4; 8; 40; 80; 200; 400; 800 mg kg-1 of soil). The 
longest roots were found in control seedlings and measured 84 mm. With increasing 
drug concentration in soil the length of roots decreased (Fig. 1A). In seedlings grown on 
soil contaminated with SPX at 40 mg kg-1 the rate of root growth decreased by 27% 
compared to control roots. Seedlings grown on soil with the highest SPX concentration 
(800 mg kg-1 of soil) had the shortest roots. The rate of root growth in these seedlings 
was lower by 54% compared to control roots (Fig. 1A). The length of pea seedlings 
stems also decreased with increasing antibiotic concentration (Fig. 1A). The longest 
stems (35 mm long) were found in control seedlings and those grown at the lowest SPX 
concentrations (0.08, 0.4, 0.8, 4, 8 mg kg-1). A slight decrease in stem length (by 6 and 
14%) was found in seedlings grown on soil with SPX at 40 and 80 mg kg-1, 
respectively. Seedlings growing in soil contaminated with SPX at 400 and 800 mg kg-1 
had the shortest stems. Stem growth inhibition was 32%, 37% and 46% for plants 
grown with SPX at 200, 400, 800 mg kg-1, respectively (Fig. 1A). 

Seedling fresh weight was also analysed, as well as their dry weight. With increasing 
concentration of SPX the seedling fresh weight decreased (Fig. 1B). Dry weight was 
lowest in control seedlings (24%) and in seedlings grown at the highest SPX 
concentrations in soil (400 and 800 mg kg-1) it was highest (30 and 32%, respectively). 

 

Sparfloxacin content in roots 

In 7-days old pea seedlings, grown in soil contaminated with increasing SPX levels, 
the concentrations of the content of this antibiotic in roots was 0.015 to 248 ng g-1 fresh 
weight and increased parallel to incremental doses of SPX in soil (Fig. 1C). In seedlings 
grown at SPX soil concentration of 40 mg g-1 the root content of SPX was 15 times 
higher than in seedlings affected by SPX at 800 mg g-1. 
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Figure 1. Panel A - root (●, mm) and shoot (▲, mm) length; Panel B – dry (Δ, %) and fresh 
mass (o, mg); panel C - sparfloxacin content (o, ng 

.
 g

-1
 fresh weight); panel D – activity of 

guaiacol peroxidase (■, U one unit of activity equals oxidation 1 µM H2O2 per 1 minute) in 

Pisum sativum after seven days on soil supplemented with different sparfloxacin concentrations 

(0; 0.08; 0.4; 0.8; 4; 8; 40; 80; 200; 400; 800 mg 
. 
kg

-1
 of soil). Panels A’, B’ C’ and D’ are a 

large image a gray square in the main panel (0, 1, 2, 3, 4 i.e. 0, 0.08, 0.4, 0.8, 4 mg 
.
 kg

-1
 of 

soil). Data points represent the means ± SD for nine replicate samples 
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Activity of guaiacol peroxidase 

Guaiacol peroxidase (POX) activity in pea roots increased parallel to increasing antibiotic 
concentrations (Fig. 1C). The lowest POX activity was observed in roots of control seedlings 
and the highest in those grown at the highest dose of SPX 800 mg kg-1). At low antibiotic 
doses (0.08, 0.4 and 0.8 mg kg-1) the POX activity was by 22, 29 and 33% higher than in 
control seedlings. In seedlings subjected to soil SPX at 200, 400 and 800 mg kg-1 POX 
activity was higher by 49, 53 and 55 %, compared to control seedlings, respectively. 

 

Soluble carbohydrate contents 

Soluble carbohydrates were studied in roots of pea seedlings grown for seven days in soil 
contaminated with SPX. Both in roots of control plants and plants affected by SPX 
contaminant the following sugars could be identified: fructose, glucose, myo-inositol and 
sucrose (Fig. 2). The highest contents of soluble sugars were found in roots of control 
seedlings and they amounted to 0.69, 3.14, 5.27, 3.07 mg g-1 dry mass for fructose, glucose, 
myo-inositol and sucrose, respectively. On the other hand, it was found that with increasing 
SPX concentrations the contents of soluble sugars decreased (Fig. 2). Sucrose content 
decreased by 4 and 6 % was found in roots of seedlings grown in soil containing SPX at  the 
two lowest concentrations (0.08 and 0.4 mg kg-1, respectively) whereas SPX at 8 mg kg-1 
decreased sucrose content by 20%, compared to control roots. The lowest sucrose content 
3.57, 3.56 and 3.71 mg g-1 dry weight was found in roots of seedlings grown in soil 
supplemented with SPX at the level of 200, 400 and 800 mg kg-1, respectively. 

 
Two-dimensional gel electrophoresis  

Protein profiles of garden pea roots were analysed using two dimensional 
electrophoresis (2D-PAGE). Roots of seedlings grown in control soil and at the medium 
and the highest SPX concentrations (40 and 800 mg kg-1) were studied. The obtained 
gel images were compared with one another using PDQuestTM Basic software (Fig. 3). 
The protein map obtained for control roots contained 176 spots (Fig. 2A), whereas for 
roots of seedlings growing at SPX levels 40 and 800 mg kg-1 197 and 217 proteins 
(spots) were observed, respectively (Fig. 2B and C). Of all spots obtained for pea root 
proteins 92 spots were common for all protein maps. Twelve proteins specific for roots 
of SPX treated pea plants (at 40 and 800 mg kg-1) were identified based on these maps 
(Table 1). In roots of plants grown at SPX level 800 mg kg-1 there were 8 identified up-
regulated proteins (Fig. 4). Two dimensional maps of control root proteins revealed that 
6 SPX-specific proteins, out of all 12 identified, were expressed at the highest level 
(Fig. 4). Increased presence of proteins involved in plant protection from stress factors 
or xenobiotics was observed in roots of SPX treated plants. Moreover, the amounts of 
proteins involved in bioenergetic metabolism (as judged by spot intensity) decreased. 
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Figure 2. Panel A - fructose (♦, mg . 
g

-1
), Panel B – glucose (●, mg . 

g
-1

 ) panel C – myo-inositol (▲, mg . 
g

-1
) ; panel D – sucrose (■,mg 

. 
g

-1
) in Pisum 

sativum after seven days on soil supplemented with different sparfloxacin concentrations (0; 0.08; 0.4; 0.8; 4; 8; 40; 80; 200; 400; 800 mg 
.
 kg

-1
 of soil). 

Panels A’, B’ C’ and D’ are a large image a gray square in the main panel (0, 1, 2, 3, 4 i.e. 0, 0.08, 0.4, 0.8, 4 mg 
.
 kg

-1
 of soil). Data points represent 

the means ± SD for nine replicate samples 
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Figure 3. 2D Electrophoresis of proteins of root pea (Pisum sativum L.) without (A) and with the sparfloxacin at the concentration of 40 mg 
.
 kg

-1
 of soil 

(B), 800 mg 
.
 kg

-1
 of soil. Protein separation was conducted at pH 4-7 
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Table 1. Proteins indentified by LC-MS-MS/MS analyses 

Spot  
No. 

Protein name Function Species Protein ID pI 
experimental 

Mass 
(kDa) 

pI 
theoretical 

Mascot 
Score 

1 Isoflavone reductase related protein Defense Pyrus communis Gi:3243234 6.65 36.1 6.02 98 
2 F1 ATPase Provides energy for 

the cell 
Pisum sativum Gi:2116558 5.63 60.3 6.63 119 

3 L-ascorbate peroxidase, cytosolic Detoxification Pisum sativum Gi:1351963 6.28 28.6 5.52 92 
4 Chain A, crystal structure of 

recombinant ascorbate peroxidase 
Detoxification Pisum sativum Gi:1420981 6.28 

 
 

27.3 5.52 93 

5 Heat shock protein hsp 70 Defense Pisum sativum Gi:445605 5.0 75.8 5.22 124 
6 Enolase Carbohydrate 

and energy 
metabolism 

Ricinus communis Gi:255575355 5.90 57.8 5.62 224 

7 Chalcone--flavanone isomerase 1B-2-
like 

Adaptation and 
protection 

Cicer arietinum Gi:502121457 6.0 26.4 5.55 96 

8 Ethylene-responsive enolase Energy 
metabolism, defense 

Solanum 

lycopersicum 

Gi:5669648 6.81 57.1 4.75 152 

9 S-adenosylmethionine synthethase, 
partial  

 Pisum sativum Gi:609557 6.02 43.9 6.60 98 

10 ATP-syntase subunit beta, 
mitochondrial 

Carbohydrate 
and energy 
metabolism 

Glycine max Gi:356536246 5.63 63.2 5.80 221 

11 V-type proton ATPase subunit E Proton pomp, 
adaptation and 

protection 

Gossypium hirsutum Gi:3334405 6.02 28.1 6.50 66 

12 Malate dehydrogenase, 
mitochondrial-like 

Energy 
metabolism 

Cicer arietinum Gi:502155344 6.47 36.6 8.71 102 
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Figure 4. Intensity of destaining (PDQuest, BioRad) of proteins from control seedlings (□) and 
with the sparfloxacin at the concentration of 40 mg 

.
 kg

-1
 of soil (■), 800 mg kg

-1
 of soil (■). 

Number of spots 1, 2....10 – see in Table 1 

Discussion 

Excellent antibacterial properties of some pharmaceuticals resulted in their wide use in 
human and veterinary medicine and agriculture (Sarmah et al., 2006). Floroquinolons 
belong to the most commonly applied drugs, worldwide (Khetan and Collins, 2007). 
Intensive use of pharmaceuticals results in their increased presence in the environment 
(Gartiser et al., 2007). Antibiotics are weakly metabolised, so they are passed to the 
environment unchanged or as active metabolites (Allen et al., 2011). Plants readily take up 
pharmaceuticals from soil which results in morphological and biochemical anomalies (Liu 
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et al., 2013). Plant sensitivity to pharmaceuticals may be exploited for assessment of rate 
environmental degradation of drugs (Pomati et al., 2004; Adomas et al., 2013).  

A biotest, based on seed germination and seedlings elongation measurements, may be 
applied for determination of the degree of environmental contamination by xenobiotics 
(Piotrowicz-Cieślak et al., 2010). Increasing soil concentrations of SPX lead to inhibition of 
root and stem growth in garden pea (Fig. 1A). The highest tested SPX concentration (800 
mg kg-1) decreased root and stem length by 54% and 46%, respectively, compared to 
control seedlings. The root and stem length correlated with seedling dry and fresh weight. 
Fresh weight of roots and stems decreased due to soil contamination with SPX, while dry 
weight slightly increased (Fig. 1B). 

Adomas et al. (2013) have described inhibitory effect of enrofloxacin on elongation of 
narrow leaved lupin seedlings. Root and stem growth inhibition was also documented for 
legume seedlings (lupin, pea and lentil) grown in soil contaminated with diclophenac 
(Ziółkowska et al., 2014). The SPX concentrations used in our experiments were higher (5 
and 8-fold higher), compared to those used in previous studies, 12 mM diclophenac 
(Ziółkowska et al., 2014) and 20 mM sulfamethazine (Piotrowicz-Cieślak et al., 2010), 
respectively. SPX (at 800 mg kg-1 i.e. 100 mM) inhibited root growth by 54% and stem 
growth by 46% (Fig. 1A) which suggests that it is less toxic than diclophenac (inhibiting 
pea root growth by 83% and stem growth by 91% at 12 mM concentration (Ziółkowska et 
al., 2014)). It is also less toxic than sulfamethazine (Piotrowicz-Cieślak et al., 2010). 

Soluble carbohydrate contents in seedlings correlate with their growth (Ziółkowska et 
al., 2014; Frias et al., 1996). During germination of legume seeds their monosacharide, 
disaccharide and cyclitol contents increase (Goyoaga et al., 2011). In our experiments a 
positive correlation was found between seedling length and sugar contents. The following 
sugars were identified in roots of pea plants, both control or affected by SPX: fructose, 
glucose, sucrose and myo-inositol (Fig. 2). It was noted that with increasing sparfloxacin 
concentration in soil the content of sugars in roots (as organs directly affected by the 
xenbiotic) decreased. Decreased quantities of soluble sugars were also found in seedlings 
grown in soil contaminated with diclophenac. Also with this pharmaceutical, like in our 
current experiments, a negative correlation was observed between plant soluble 
carbohydrate contents and drug concentrations in soil. We believe, therefore, that sucrose 
metabolism is a good predictor of seedling growth in contaminated soils, although it does 
not indicate the level of contamination. Therefore, determinations of soluble carbohydrates 
in plants may not be used for assessment of the level of soil contamination with antibiotics. 

Adverse environmental conditions cause oxidative stress in plants by enhancing 
production of reactive oxygen species (ROS). To protect tissues and subcellular systems 
from toxic actions of ROS plants activate adaptive (detoxification) reactions (Caverzan et 
al., 2012). Ascorbate, glutathione and guaiacol peroxidases participate in ROS scavenging 
(Faltin et al., 2010). Peroxidases (POX), in spite of their low substrate specificity, are 
considered good biomarkers of stress in plants. POX contribute to defence/protective 
reactions but also participate in developmental processes, auxin and ethylene metabolim, 
cell wall lignification and suberinization (Lepeduš et al., 2004).  

The experiments reported here show that with increasing SPX concentrations peroxidase 
activity in roots of pea seedlings increased (Fig. 1C). The results confirm pharmaceutical 
inducing effect on oxidative stress in plants (Caverzan et al., 2012). Even the lowest 
concentrations of SPX (0.08, 0.4 and 0.8 mg kg-1) resulted in significant increase of  POX 
activity in seedling roots (by 22, 29 and 33%, respectively). Sharp increase of enzyme 
activity under the influence of such low antibiotic quantities suggests imminent activation 
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of mechanisms protecting plants from ROS. In roots of pea seedlings subjected to the 
highest SPX concentration (800 mg kg-1 of soil) peroxidase activity increased by as much as 
55%. Plant adaptive reactions to oxidative stress may vary depending on plant species and 
chemical properties of the stress inducing substance. Plants may differ in their capability to 
take up various antibiotics (Pomati et al., 2004). Zabalza et al. (2007) observed decreased 
activity of guaiacol peroxidase in pea roots resulting from herbicide (imazetapir) action. In 
addition to antibiotics and herbicides, many other stressors may cause adaptive reactions in 
plants (Caverzan et al., 2012). Activity of guaiacol peroxidase in roots of common bean 
(Phaseolus vulgaris) was stimulated by salt stress (Jebara et al., 2005).  

Legume plants are a rich source of protein for human and animal nutrition. Pea and bean 
seeds abound in protein, which makes up 20% of their dry mass. Plant tissues are 
considered a rather challenging material for protein purification (Pavoković et al., 2012). 
Using the two-dimensional maps of pea root proteins differences in protein profiles of 
control plants (Fig. 3A) and plants treated with SPX (40 and 800 mM, Fig. 3 B and C) were 
shown. Much more spots (217) were visualised on the map of proteins from roots 
responding to the highest SPX concentration (800 mg kg-1) than from control roots (176 
spots). More spots were also visible on protein map obtained for pea subjected to SPX at the 
level of mg kg-1. Increased protein levels result from plant stress response. In 2D-
electrophoresis 92 proteins were detected that were common to all samples (from control 
and SPX-treated plants). Twelve proteins were selected for identification by mass 
spectrometry. Proteins involved in plant adaptation and protection from detrimental effects 
of environment were found. The most intense spots on protein maps of roots affected by 
SPX (40 and 800 mg  kg-1) were identified as isoflavone reductase related protein. 
Isoflavones are mainly identified in legumes. They participate in plant defence against 
phytopathogens, acting as phytoalexins (Shimada et al., 2000). A key role in isoflavonoid 
biosynthesis is played by isoflavone reductase (IFR). IFR catalyzes NADP+ reduction in 
biosynthesis of plant protective metabolites (derivatives of phenylpropanoids) (Franca et al. 
2001). Isoflavone reductase, like L-ascorbate peroxidase is involved in detoxication of 
reactive oxygen species (ROS). Chalcone synthase is another key enzyme in isoflavonoid 
and flavonoid biosynthesis (Dao et al., 2011). Chalcone-flavanone isomerise, catalysing an 
early step in flavonoid biosynthesis, was also detected on 2D maps of plant proteins. 
Chalcone-flavanone isomerase is also involved in plant adaptation and protection from 
environmental stresses (Shoeva et al., 2014). Induction of this enzyme in roots growing in 
the presence of SPX (40 and 800 mg kg-1) points to adverse action of this antibiotic on 
plants. According to the literature changes in content of chalcone synthase and chalcone 
isomerase in Arabidopsis mutants result in plant supersensitivity to UV radiation (Winkel-
Shirley, 2002). Adaptive role may also be played in plants by an identified S-
adenosylmethionine synthetase and subunit E of V-type proton ATPase. Yet another group 
of identified proteins are those involved in bioenergetic metabolism and suppressed by 
increasing concentrations of antibiotic. 

Differences in abundancy of proteins identified on proteomic maps of control roots and 
those subjected to SPX (40 and 800 mg kg-1) indicate a plant protection response activation. 
Abiotic stresses in plants result in gene activation and modification of metabolite and 
protein pools. Some of these proteins may be essential for conferring a certain level of plant 
protection from stressors (Bhatnagar-Mathur et al., 2008).  
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Abstract. The texture and geochemical parameters of soil in tropical mangrove ecosystems have been 
broadly studied, but the effect of environmental stress on mangrove soil with different levels of 
disturbance has not been established. This study aimed to compare the texture and soil geochemistry of 
mangrove ecosystems with two levels of disturbance in the tidal basin of Agua Brava Lagoon, National 
Wetlands Nayarit, Mexico. Forty eight soil samples were collected from two areas of the mangrove 
ecosystem during an annual cycle; one in high mangrove condition (according to estimated Leaf Area 
Index) with low disturbance (LD) and the other in poor mangrove condition with high disturbance (HD). 
Generally, soil texture tends to be softer in LD than HD sites. LD sites had higher concentration of total N 
and P, organic matter (OM) and organic carbon (OC). HD sites presented an environmental stress with 
high levels of Ca, Na, salinity and conductivity. We identified four processes that dominate the dynamics 
of soil in the study area; MO, OC, N relationship and acid-base relationship. In conclusion, the soil 
conditions of LD and HD sites are dissimilar according to the level of mangrove disturbance, thus 
demonstrating the importance to maintain healthy mangrove ecosystem. 
Keywords: cation exchange capacity, nutrient, organic matter, texture  

Introduction  

The tropical coastal wetlands have been considered a key ecosystem because they 
have complex physical, chemical, biological and ecological relationships. Furthermore, 
they turnover, transform and export particulate and dissolved organic and inorganic 
nutrients of terrestrial origin (Molnar et al., 2013), trap and stabilize sediments (Nerot et 
al., 2009). The annual cycle of inundation of coastal lagoons with cracking sediments is 
very relevant for the local biogeochemistry of organic matter and phosphorus (Arenas 
and De la Lanza, 1981). The processes occurring in the mangrove forests and salt 
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marshes soil are mainly affected by type of clays, organic matter, grain size, cation 
exchange capacity and mineral constituents (Vertacnik et al., 1995), as well as the 
activities of fauna and flora. All these factors contribute to determining the 
biogeochemical conditions of the soil (Chen and Ye, 2010). A number of geochemical 
parameters of soil in the subtropical mangrove forests and salt marshes along transects 
running landward to seaward have been studied; among those found are changes in soil 
particle size distribution (Lyu et al., 2015), texture and geochemistry of the sediments 
(Madkour et al. 2014), heavy metal (Tam and Wong, 2000; Otero et al., 2009; Sun et 
al., 2015), distribution of phosphorus and nitrogen (Ramos e Silva et al., 2007; Ranjan 
et al., 2011; Zhang et al., 2014; Ramírez-Fuentes et al., 2015), variations in nutrient and 
organic matter (Marchand et al., 2004; Aschenbroich et al., 2015), characteristics and 
vegetation structure (Cardona and Botero, 1998), gradients in salinity and nutrient 
resources (Chen and Twilley, 1999) and temporal variability of CO2 fluxes at the 
sediment-air interface (Leopold et al., 2015). 

Review of Literature  

The mangrove forests and salt marshes control the tidal wetland ecosystem dynamics 
and contribute to the development and condition of the tidal saline wetland ecological 
communities (Alongi, 2009). Mangrove forests and salt marshes are highly valued 
ecosystems; however, mangrove forests and salt marshes maintain divergent ecological 
communities and a different suite of goods and services (Barbier et al., 2011). Climate 
change, environmental stress and anthropogenic activities can cause the conversion of 
mangrove forest to salt marshes, with positive and negative expected and unexpected 
consequences (e.g., effects upon fish and wildlife populations, ecosystem resilience, 
nutrient cycling, and variation of texture and soil geochemistry). The physicochemical 
conditions and ecological implications of these mangrove forests to salt marshes 
conversions are poorly understood, but would likely include changes in soil, water, 
associated wildlife populations and supply of some ecosystem goods and services 
(Osland et al., 2013). However, few studies have shown soil characteristics of areas 
with different levels of disturbance in mangrove forests, salt marshes and estuaries. 
Although there have been a number of studies in mangrove ecosystems and salt marshes 
soil in other countries (Chen and Ye, 2010; Polania et al., 2015), few data are available 
in the tropical and subtropical regions; particularly in the northwestern Mexico (Arenas 
and De la Lanza, 1983; Kovacs, 2000; Kovacs et al., 2005; Hernández-Guzmán et al., 
2008; Kovacs et al., 2009; Zhang et al., 2014). That region is one of the largest 
mangrove forests on the western coast of the Americas (Fig. 1). The coastal study site 
ecosystem subject to considerable degradation caused by hydrologic changes, changes 
in salinity and tidal regime have adversely impacted over mangrove and salt marshes 
following the opening of a channel (Channel Cuautla) in 1976 aimed for increasing fish 
productivity (Flores-Verdugo et al., 2014). This has caused a significant disturbance to 
the mangrove ecosystem, salt marshes and estuaries, primarily due to environmental 
stress (Kovacs et al., 2009) which resulted to increased salinity in the system because of 
the increased input from sea water which has caused mass mortalities of the white 
mangrove primarily for being sensitive to increases in salinity (Pool et al., 1977; Flores-
Verdugo et al., 2014). The aim of this study was to compare the texture and soil 
geochemistry of the mangrove ecosystem with different levels of disturbance in the tidal 
basin of Agua Brava Lagoon in National Wetlands Nayarit, Mexico.  
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Figure 1. Location of study area Agua Brava Lagoon in National Wetlands Nayarit, Mexico. 

Sampling stations: LDQL = Lagoon Lacustrine Delta Quimichis; LDMM = Mangrove 

Lacustrine Delta Murillos; HDPF = Floodplains Pericos1 Lacustrine Delta San Miguelito-

Pericos1; HDPM = Mangrove Lacustrine Delta San Miguelito-Pericos2. 

Materials and Methods 

Surface duplicate samples (approximately 1 kg) of soil (0–10 cm deep) were collected 
monthly from two sites with high mangrove condition based on an estimated leaf area 
index mapping approach (Kovacs et al., 2005), with low disturbance (LD) in the lagoon 
lacustrine delta of Quimichis (LDQL; 22°16´02.89”N;105°32´54.23”W) and mangrove 
lacustrine delta of Murillos (LDMM; 22°13´41.61”N;105°32´11.39”W); an area in which 
there are riverine mangroves in tidal channels and lagoons surrounding, and two sites with 
poor mangrove condition with high disturbance (HD); one in the flood plains lacustrine 
delta of San Miguelito-Pericos (HDPF; 22°07´19.71”N; 105°19´42.62”W) and mangrove 
lacustrine delta of San Miguelito-Pericos (HDPM; 22°07´58.07”N;105°21´22.04”W), 
where there are basin, dwarf mangrove and seasonal flood plains during annual cycle 
(July 2014 to June 2015) using sediment samplers-Van Veen grabs. The soil was placed 
into plastic bags and brought to the laboratory for posterior analysis. In the laboratory, the 
soil samples were freeze-dried, slightly crushed, passed through 2 mm sieve, and stored in 
glass bottles for their respective analysis. 

The sand, silt and clay content of the samples were determined by modification of 
the Bouyoucos method (Beretta et al., 2014). The field moisture content was obtained 
by subtracting oven-dry weight from wet weight of the field samples. The soil pH was 
measured in l : 2 soil : water suspension using a glass electrode; electrical conductivity 
(EC) was measured in l : 1 soil : water suspension using a glass electrode; Sediment 
bulk density (D) was obtained from the wet weight of a known sediment volume; 
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organic carbon (OC) was obtained by the Walkley-Black method and residual organic 
phosphorus available (P) was measured after 1 h K2S2O8 digestion in an acidic medium 
(Joseph et al., 2011). Cations were extracted in ammonium acetate (pH 7) and evaluated 
by calcium (Ca), magnesium (Mg), potassium (K) and sodium (Na). Atomic absorption 
by flame photometry (Hendershot et al., 2008) and organic matter was determined by 
loss on ignition (550°C, 4 h; Parker, 1983). 

Prior to statistical analysis, sand, silt, clay, OM and OC data were arccosine (x+0.01) 
transformed, and nitrogen, P, K, Ca, Mg and EC were log (x+1) transformed and all the 
data were tested for homoscedasticity (Bartlett test) and normal distribution (Shapiro–
Wilk). Differences in concentrations or percent of texture and soil chemical 
characteristics parameters were tested using analysis of variance (ANOVA). Tukey's 
HSD post-hoc test was then used to determine the differences between groups. Pearson 
correlation coefficient matrix was constructed with each of the variables.  

Homogeneous groups of station and their temporal variations were displayed by 
Cluster analysis (CA) applied to a Pearson correlation coefficient matrix and all 
variables were applied principal component analysis (PCA), using Minitab ® 15.1.30.0.  

Results  

Sand and pH were similar in all sites (Table 1). A higher concentration (p<0.05) of 
clay, density, OM, OC, N and K were found in LD sites, and higher concentration 
(p<0.05) of Ca, Na, conductivity and salinity were found in HD sites. The P and Mg 
concentrations were higher in mangrove forest sites. The C/P proportion had a tendency 
to be higher in lagoon and flood plains than in mangrove forest. 

 
Table 1. Texture and soil chemical parameters of the tropical tidal basin Agua Brava 

Lagoon. *LDQL = Lagoon Lacustrine Delta Quimichis; LDMM = Mangrove Lacustrine 

Delta Murillos; HDPF = Floodplains Lacustrine Delta San Miguelito-Pericos1; HDPM  = 

Mangrove Lacustrine Delta San Miguelito-Pericos2. 

Parameter LDQL* LDMM HDPF HDPM 

Sand (%) 32.67± 5.70a 30.75± 4.52a 34.51± 4.35a 36.15± 4.29a 

Silt (%) 32.70± 3.52b 40.26± 5.32a 44.03± 5.16a 34.78± 3.82b 

Clay (%) 33.44± 3.72a 27.52± 3.24a,b 21.14± 3.65b 25.95± 2.19b 

Density (g mL-1) 1.22± 0.44a 1.15± 0.40a 0.87± 0.02b 0.87± 0.03b 

Texture clay loam clay loam silty loam clay loam 

Organic matter (%) 4.55± 0.72a 4.83± 0.59a 2.79± 0.29b 3.20± 1.54b 

Organic Carbon (%) 2.69± 0.41a 2.79± 0.34a 1.72± 0.17b 1.45± 0.89b 

Nitrogen (g/kg) 0.14±0.04a 0.14± 0.05a 0.08± 0.06b 0.09± 0.05b 

P (g/kg) 0.012± 0.008b 0.020± 0.005a 0.013± 0.003b 0.024± 0.005a 

C/N 19.21 19.93 21.50 16.11 

C/P 227.97a 138.81b 131.30b 60.67c 

Potassium (g/kg) 1.81± 0.26a 1.87± 0.26a 1.64± 0.11b 1.73± 0.13b 

Calcium (g/kg) 2.84± 0.41b 1.98± 0.29b 3.09± 0.34a 3.45± 0.38a 

Magnesium (g/kg) 0.85± 0.17b 1.90± 0.59a 1.32± 0.14b 1.81± 0.44a 
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Sodium (g/kg) 9.17± 4.67b 8.59± 1.59b 10.30± 1.83a 13.82± 5.22a 

pH 6.91± 0.17a 7.56± 0.28a 7.09± 0.17a 7.83± 0.30a 

Conductivity (dS/m) 7.04± 2.44b 9.43± 1.53b 16.28± 3.89a 11.72± 3.31a 

Salinity 13.7±9.6b 16.8±7.7b 21.1±20.5a 21.7±21.0a 

 
 
The percentages of sand majorly increases in the annual cycle in February and 

March, and September and January in the area of HD. The silt of the LD sites has three 
major increases in the annual cycle (January, March-April and August), and November, 
March and August in the HD sites . The clay showed a higher concentration in LD than 
HD sites. The percentage of clay showed an increase from February (dry season) to 
September (rainy season) in both sites.  

The concentration of nitrogen was higher in LD than HD sites (Fig. 2). However, LD 
sites have a higher increase in October. The P concentration had a higher increase in 
February in the two sites LD and HD with 0.058 g kg-1 and 0.086 g kg-1, respectively, 
and a hydrologically dominated phase. LD sites had another increase in September and 
HD sites in April and July. A mean higher concentration of OM was found in LD sites 
(4.55 to 4.83%) than in HD sites (3.20 to 2.79%). The highest concentrations were 
found in November (LD) and March (HD) with 10% and 12%, respectively. 

 

 

Figure 2. Variation annual of N, P and OM in LD (  ) and HD (  ) in soil collected from 

tidal basin Agua Brava Lagoon 
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Increased K from April to November was found in LD (Fig. 3) sites. The K was found 
with a variation of 1.2 to 2.2 g kg-1 throughout the year in HD sites. Increased Mg from 
January (0.16 g kg-1) to August (3.59 g kg-1) was found in LD sites. The HD sites had a 
tendency to decrease from January (3.65 g kg-1) to December (0.74 g kg-1). The Ca 
concentration was higher in HD (3.27 g kg-1) than LD (2.41 g kg-1) sites. The HD present 
two increases in June (5.0 g kg-1) and November (4.83 g kg-1) and LD was only in May 
(5.01 g kg-1). The Na was higher in HD (12.06 g kg-1) and presented two increases in 
February (44.41 g kg-1) and May (21.10 g kg-1). HD sites was only in May (42.51 g kg-1). 

 

 

Figure 3. Variation annual of K, Mg, Ca and Na in LD (  ) and HD (  ) in soil collected 

from tidal basin Agua Brava Lagoon. 

 
 
From the texture and soil chemical parameters, three principal components were 

extracted. The three components explained 61.2% of the variation. The relationship 
between soil parameters on the first and second PCA is shown in Fig. 4, while the 
parameters as grouped according to their loadings on the parameters components are 
presented in Table 2. 

 
Table 2. Loadings from the PCA of texture and soil chemical parameters data for the first 

three components of the tropical tidal basin Agua Brava Lagoon. PCA = Principal 

Component Analysis; *P < 0.05; PC1, PC2, PC3 = Principal component 1, 2, 3. 

Parameter PC1 PC2 PC3 

Sand -0.137 0.105 -0.099 

Silt -0.248 -0.154 -0.553* 

Clay -0.048 -0.079 0.622* 
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Bulk Density 0.354 0.264 -0.057 

Organic matter 0.432* -0.203 -0.122 

Organic Carbon 0.428* -0.202 -0.126 

Nitrogen -0.423* 0.173 0.051 

Phosphorus  0.007 -0.383* 0.040 

Potassium -0.148 0.370* -0.013 

Calcium -0.079 0.383* -0.042 

Magnesium 0.165 0.295 -0.280 

Sodium 0.130 0.434* 0.073 

pH 0.178 0.067 0.415 

Conductivity 0.374 0.260 -0.039 

 
 
The first component formed two groups with highest loadings of OM, OC and N, and 

the second group with pH, EC and D (Fig. 4). The second component with the largest 
loadings were P, K, Ca and Na and the third component with the largest loadings were 
silt and clay. The first component was identified as the dynamics of OM-N and acid-
basic relationship; the second component of the system with cation exchange capacity 
and the third component with soil texture dynamics mainly of clay. 

 

 

Figure 4. Principal component analysis (PCA) of texture and soil chemical parameters, on tidal 

basin Agua Brava Lagoon. 
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The texture and soil chemical parameters analyzed by cluster analysis showed two 
groups (Fig. 5). The first was represented by LD sites, and the second by the HD sites, 
with greater similarity between LD sites.  

 

 

Figure 5. Dendrogram of texture and geochemistry soil collected from tidal basin Agua Brava 

Lagoon. LDQL, LDMM, HDPF and HDPM sampling stations. 

Discussion 

The mangroves of this system (Agua Brava Lagoon) showed degradation within the 
last few decades (Kovacks et al., 2005). The opening of the Cuautla channel modifies 
the conditions of the sedimentary process in the area with a tendency to be the softest 
(Kovacs, 2000). The gravel, sand, and clay fractions of mangrove sediments are related 
to sediment source (Madkour and Mohamed, 2008).  

Geomorphological and geochemical processes and primary production control the 
formation, physical properties and chemical composition of soils in mangrove wetlands 
(Chen and Twilley, 1999). Physical and chemical characteristics of the soil constituted 
limitations of the structure of mangroves and productivity (Twilley, 1995). The soil 
texture revealed dominance of sands and silty clay in all the sites. An increase in the 
percentage of clay from January to November was found in both sites; it mainly 
increases in the hydrologically dominated phase (June to October). This was higher in 
LD sites. The particle size of mangrove soil in the coastal areas varies (Madkour et al., 
2014) and the LD sites are characterized by softest sediment than the HD sites, this 
agrees with Satranegara (2004) who found that soils with less disturbance in mangrove 
areas have a more silty clay texture. There was a trend of clay soils in the LD and 
apparent density showed the lowest values in the HD which was also found by Lopez et 
al. (2011) in disturbance mangroves of Northwestern Venezuela. The LD sites are high 
in materials derived from upriver and terrestrial sources, such as clays, silt, OM and fine 
sediment with minor amounts of sand. Salt marshes soils typically contain more fine 
sands and clays from marine sources (Odum, 1988). 
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The concentration of organic matter in soil varied seasonally in LD and HD sites. 
High concentrations occurred during biologically dominated phase. This is because the 
hydrological phase increases the bioturbation and the transportation of organic material 
from external sources as well as the removal and oxidation of OM within the sediments 
due to drying and cracking of the soil during dry season (Arenas and De la Lanza, 1981; 
Fagherazzi et al., 2013). 

The OM tends to be accumulated in the highly reducing environment (Madkour and 
Mohamed, 2008). The type of hydrology influences the accumulation of OM, by 
weather and flood conditions, as well as species of the vegetation constituent (Diaz-
Mendoza et al., 2010). It has been found that mangroves that are located in basins under 
steady flood and OM can be exported in dissolved form. In contrast, if the mangroves 
are areas of constant water flow, OM is exported as suspended particles (Lopez-Portillo 
and Ezcurra, 2002). In this study LD and HD sites tend to behave like this. Although 
there are no significant differences in the particle size, a tendency to an increase of soil 
OM in the LD sites with decrease in particle size was found, which agrees with 
Madkour and Mohamed (2008). Studies on fluxes of OM have focused on the entire 
estuarine system, including fluxes from the ocean and nearby fluvial watersheds 
(Fagherazzi et al., 2013). However, it is important to determine the mechanisms 
controlling fluxes and the nature of OM within the tidal basin following the results of 
Arenas and De la Lanza (1981 and 1983) on soil OM biodegradability in a nearby 
coastal lagoon. The organic matter was increased during the dry season; this has been 
found in nearby lagoons (Arenas and De la Lanza, 1981). The OC content increases as 
particle size decreases. This is because the organic materials that are present essentially 
are combined with the mud fraction (Madkour et al., 2014). 

The main reservoir for phosphorous and nitrogen was the soil (Silva, 2007), the 
results of OC and total N are related to the presence of OM, greater vegetation cover; 
fallen leaves, roots, stems, flowers, among others (Ramírez-Fuentes and Trujillo-Tapia, 
2015), provide more nutrients, and its concentration depends on the residence time of 
the OM in the soil and the type of plant residues. We found a higher concentration of 
OC and total N in LD sites.  

The P in wetland sediments exists in both organic and inorganic forms. Most studies 
have shown that Organic P is strongly influenced by factors that include vegetation, 
moisture, temperature, and grain size (Xiao et al., 2012). Phosphorus cycle in tropical 
mangroves is multicyclic because of the periodic flooding of sediments with both fresh 
and saline waters (Salcedo and Medeiros, 1995).  

Phosphorus retention and release in mangrove sediments depend on several factors 
including pH, redox potential, tidal inundation, the nature of phosphorus compounds 
supplied to the sediment–water interface, sedimentation rate, bioturbation, diagenetic 
processes, etc. It was found that P is retained more in the HD mangrove forest soil with 
a higher concentration of Ca in this site; as the P when combined with Ca is the main 
mechanism of P retention (Joseph et al., 2011). The content of potential bioavailable P 
was only 10–20% of the total P in the soil which has also been found for the mangrove 
soil of the Hun River and Taizi River (Lin et al., 2009).  

The P concentrations were lower in lagoon sites and flood plain soils than in 
mangrove forest, suggesting that the P could be limited which is in agreement with the 
findings of Tam and Wong (1998), and independent of the health status of mangroves. 

The differences between C/P of the LD and HD sites suggest different diagenetic 
processes as well as OM of a different nature. The variations in the concentration of P 
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and OM among areas are due to the different sources of OC (aloctone source, detritus 
transported by the river, autochthone source, roots, invertebrates and others). Little 
relationship between P and OM was found. This is probably because most of P is 
detrital, which has been reported by Madkour et al. (2008). It was also found that in 
areas with mangrove, greatest influence was high concentration of OM and total N and 
P regardless of the health status of the mangroves, which shows the role of mangrove 
ecosystems as phosphorus traps (LDMM and HDPM) and exporters of carbon in LD 
sites (Arenas and De la Lanza, 1983). The K, Ca and Na concentrations mean in 
sediment were highest during the dry season (biologically dominated phase) and lowest 
(hydrologically dominated phase) towards the end of the rainy season, similar to that 
found by Cohen et al. (1999) in the water column of a mangrove creek in Braganca, 
North Brazil. It was also found that K, Ca and Mg concentrations showed a strong tidal 
rhythm due to the mixing of estuarine and mangrove waters and its variation depend on 
salinity and primary aquatic production (Manju et al., 2012). 

A higher concentration of Na, EC and salinity in the mangrove HD site was found, 
which is in agreement with those reported by Cardona and Botero (1998). A tendency to 
decrease the concentration of Mg in LD soil in December and January was found that 
the pH was 6.7 to 8.1. This is explained by absorption on suspension containing 
amorphous silica and the precipitation of Mghydroxysilicate resembling sepiolite. These 
two chemical processes occur at pH 9 and above (Carmouze et al., 1998). It has been 
found that fringe mangroves were related to Ca concentration in the soil and increased 
dominance of Laguncularia racemosa and other non-mangrove tree species, while the 
riverine mangroves were associated with Mg concentration and the dominance of 
Rhizophora mangle (Polanía et al., 2015). 

Conclusion 

In general, soil texture tends to be softer in LD than in HD sites. There was a higher 
concentration of OM, OC, and N in LD sites. This was due to the degree of disturbance 
of the mangroves and physicochemical conditions of the soil and type of hydrological 
system flowing in tidal systems. The HD sites presented an environmental stress by 
high levels of Ca, Na, salinity and conductivity. The clay and K had a tendency to 
increase in the biologically dominated phase to the hydrologically dominated phase in 
LD and HD sites. The other parameters studied had a tendency to multicycle. Four 
processes that dominate the dynamics of the soil were identified to be mainly MO, OC 
and N relationship, and acid-base relationship. In addition, it was found that the texture 
and soil geochemistry of LD sites are more similar to themselves than those sites with 
HD. Finally we found that the soil conditions of LD and HD sites varies according to 
the level of disturbance in a mangrove and adjacent water body, thus demonstrating the 
importance of maintaining a healthy mangrove ecosystem. 
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Abstract. The objects of this pilot study were to determine the substrate threshold concentration for 
heavy metal toxicity, which is the highest permissible content in the substrates used in urban landscaping, 
and the maximum possible accumulation of heavy metals in shoots of Pachysandra terminalis and Vinca 

minor grown on substrate mixed with cadmium (Cd), lead (Pb), or zinc (Zn) for 90 days. Plants were 
transplanted into plastic containers filled with substrate, which had been previously treated with Cd (0, 
25, 50, or 100 mg·kg-1), Pb (0, 250, 500 or 1,000 mg·kg-1), and Zn (0, 500, 1,000, or 2,000 mg·kg-1). The 
shoot dry weights of P. terminalis and V. minor were affected by the heavy metals in the substrate with 
the greatest degree by Cd. A 25 mg·kg-1 of Cd caused a reduction of about 63% and 30% of shoot dry 
weights of P. terminalis, and V. minor, respectively, compared to controls (Cd 0 mg·kg-1). There was no 
reduction in P. terminalis, and V. minor grown under both Pb 250 mg·kg-1 and 500 mg·kg-1 treatments.  
Under the Pb 1,000 mg·kg-1 treatment, a 3.7% of dry weight loss observed in P. terminalis compared to 
control (Pb 0 mg·kg-1); however, no reduction was found in V. minor. Zn-treated V. minor had no 
reduction of dry weight compared to controls (Zn 0 mg·kg-1), whereas in P. terminalis, about 11%, 26%, 
and 52% reductions were observed under Zn 500, 1,000, and 2,000 mg·kg-1 treatments, respectively. 
These results reveal that V. minor is more tolerant to Pb and Zn toxicity than is P. terminalis, and provide 
reference ranges for heavy metal concentrations in substrate that will be useful in further studies. 
Keywords: accumulation; Pachysandra terminalis; polluted urban soil; heavy metal tolerance; Vinca 

minor 

Introduction 

Certain heavy metals in soil are essential to plants as trace elements, such as iron 
(Fe), copper (Cu), zinc (Zn), manganese (Mn), and nickel (Ni); they are important 
constituents of many enzymes and proteins (Hagemeyer, 2004; Naz et al., 2015). 
Though they are necessary in small quantities, these elements become toxic to plants 
when they are present at higher concentrations in the soil (Kumar et al., 2013). Lead 
(Pb) and cadmium (Cd) are not essential for the function of plants (Vesna et al., 2012). 
Heavy metals inhibit growth and development of plants by disturbing many biochemical 
and physiological processes (Lai et al., 2012; Maksymiec, 2007). Plants develop a 
number of unique defense mechanisms and acclimation strategies; these enhance their 
tolerance to heavy metal stress (Xu et al., 2008).  

Heavy metal contamination in soil occurs from both natural and anthropogenic 
sources in the local ecosystem (Gürcan et al., 2008). While natural occurrence is 
relatively rare, the number and intensity of anthropogenic sources, such as rubbish tips, 
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smelter stacks, waste incineration fertilizers, vehicle emissions, agricultural waste, and 
sewage sludge are important determinants of environmental heavy metal concentrations 
(Koch and Rotard, 2001). Anthropogenic sources of increased heavy metal content in 
both terrestrial and aquatic systems are common in urban areas (Kumar et al., 2013).  

Rapidly increasing population and unplanned urbanization are challenges to 
ecological balance (Gürcan et al., 2008). Anthropogenic soil pollution is usually not 
limited to a single pollutant. Several metals may be present at high concentrations in 
soil (Marchiol et al., 2004). Cd, Cr, and Ni have been found in contaminated urban soils 
(Lavado et al., 1998; Naz et al., 2015), as have Cu, Pb, and Zn (Kabala and Singh, 2001; 
Yoon et al., 2006). Therefore, it is necessary to identify plant species that are resistant to 
several different kinds of heavy metals, which are able to survive, grow, and reproduce 
by excluding or accumulating metals present at very high levels in the soil (Franiel and 
Babczyńska, 2011; Farrag et al., 2012). However, a limited amount of research has been 
dedicated to describing the behavior of plants capable of accumulating heavy metals in 
soils contaminated with a number of different metals. Heavy metal uptake is subject to 
antagonistic, additive, and synergetic effects that heavy metals exert on one another 
(Marchiol et al., 2004).  

Many studies have investigated the tolerance of groundcover plants to contaminated 
soil, mostly concerning turfgrass species suitable for urban environmental remediation 
(Dushenkov et al., 1995; Li et al., 2000; Qu et al., 2003), but only a few have focused 
on groundcover plants grown in an shady urban spaces. Scented geranium 
(Pelargonium sp.) was found to be tolerant to heavy metals via accumulation of the 
metals (KrishnaRaj et al., 2000; Arshad et al., 2008). In particular, Pelargonium 

hortorum was more tolerant of heavy metals than were other Pelargonium species 
(Orroño et al., 2009). However, there are also little available data on the growth 
responses of shady groundcover plants to metal stress. 

P. terminalis, known as Japanese spurge, is a member of the Buxaceae family; it is a 
frost-hardy evergreen plant widely used for groundcover in Europe and North America 
owing to its strong shade tolerance and effectiveness in controlling weeds (Lee et al., 
2002; Zhu and Beck, 1991; Zhou et al., 2005). Pachysandra is an East Asian–North 
American disjunct genus with two species in eastern Asia, P. axillaris and P. terminalis, 
and one species in eastern North America, P. procumbens (Zhihua and Jianhua, 2009). 
This plant displays a high rate of biomass production, tolerates polluted environments, 
and is useful for soil phytoremediation purposes. It grows best at 24ºC to 25ºC and can 
survive in Zone 5 in the United States, where the minimum temperature can drop to -
10ºC to -20ºC (Zhou et al., 2005). The genus Vinca in the Apocynaceae family 
comprises seven known species worldwide. Lesser periwinkle (Vinca minor L.) is used 
as an ornamental plant because of its lilac-blue flowers, and is also used as a medicinal 
plant as an important alkaloid, vincamine, is found in its leaves (Frahanikia et al., 2011). 
It is a perennial sub-shrub that is indigenous to northern Spain, western France, and 
central and southern Europe as far as the Caucasus; it has been naturalized in many 
regions (Mahnaz et al., 2010). 

The objects of this pilot study were to determine the heavy metal toxicity threshold, 
which is the highest permissible content in a substrate used in urban landscaping, and 
maximum possible accumulation of heavy metals in shoots of P. terminalis and V. 

minor grown on substrate containing Cd, Pb, or Zn.  
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Material and methods 

Plant and soil preparation 

One-year-old plants (P. terminalis and V. minor) grown in 12 cm-diameter pots 
filled with artificial substrates (coco peat:perlite (v/v) = 50:50) were purchased from 
a local nursery (San-nea Botanical Garden, Chenonan, Chungnam, Korea) on April 
15, 2014. All plants used in the experiments were 10-15 cm in height, and had 20-25 
fully grown leaves. The plants were placed in a controlled greenhouse with a shade 
net and allowed to acclimatize for one month prior to transplant. Three replications 
with ten plants were placed in a randomized complete block design in a greenhouse 
of KonKuk University, Chungju, located at latitude 35°49´N and longitude 
127°08´E. Ten P. terminalis and ten V. minor plants were transplanted into each of 
the plastic containers (50 cm wide × 35 long × 8.5 cm deep) on May 17, 2014. The 
inside of each container was covered with a white plastic sheet to avoid heavy metal 
leakage. The substrate used for this study was a commercially produced ridging 
(Shinshin Floricultural materials, Co., Seoul, Korea) composed of 20% peat moss, 
15% coco peat, 20% vermiculite, 10% pine bark, 0.5% peat, and 0.5% river sand 
with pH 6.5. Prior to transplant, each metal was thoroughly mixed with 1 kg of air-
dried substrate, and then the mixture was used to fill the containers. The Cd was 
added at the concentration of 25, 50, or 100 mg·kg-1. The Pb was added at the 
concentration of 250, 500, and 1,000 mg kg-1. The Zn was added at the concentration 
of 500, 1,000, or 2,000 mg kg-1. For control treatment, no heavy metal was added to 
the substrate. The plants were watered at three day intervals (approximately 100 - 
200 mL per pot each time) during the experimental period (Fig. 1). 

 

 

Figure 1. Images of plants grown on substrate containing heavy metals (Cd, Pb, and Zn) in 

various concentrations. 
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Growth conditions 

Plants were grown in a greenhouse under natural light. During the experimental 
period, the air temperature and relative humidity were measured by a thermo recorder 
(SK-1260, SATO, Japan), and photosynthetically active radiation (PAR) was measured 
by a digital light meter (Extech 401025, EXTECH, USA). Air temperature ranged 
between 17ºC and 35ºC, relative humidity between 30% and 70%, and PAR between 0 
and 300 μmol m-2·s-1. 
 

Measurements 

Growth parameters, including plant height, length and width of leaves, number of 
dead leaves, secondary shoots, number of living leaves, and survival rate of thirty plants 
per treatment were recorded during the active growth period. Plant height was measured 
as the distance between the stem base and the shoot apex. Leaf length and width were 
measured from the 3rd fully expanded leaf above the stem base line. Leaves longer than 
0.5 cm in length were counted as the number of leaves. Dead leaves and secondary 
shoots per plant were counted. Survival rates were calculated by comparing the number 
of plants in ideal and normal condition versus the number of plants in weakened and dry 
condition using the following formula: Survival rate = (surviving plants/ total plants) × 
100 (%). After 6 months of growth, the above-ground segments of the plants were 
harvested; they were washed with water and then rinsed with deionized distilled water 
to remove foreign objects; they were then oven dried at 60°C for 48 h and ground into 
powder using a grinder. 2.0 g of dried sample was placed into a 150 mL Erlenmeyer 
flask with 10 mL concentrated HNO3 for 24 h, which point 20 mL of ternary solution 
(HNO3:H2SO4:HClO4=10:1:4) was added. The sample was initially heated slowly on a 
100-200°C hot plate until frothing ceased, and then further heated until the solution 
became clear and white fumes appeared. Digested plant samples were filtered through 
Whatman filter paper (No. 42) before metal analysis, and then heavy metal 
concentrations were determined with an atomic absorption spectrophotometer (ICP, 
Optima 5300DV, Perkin Elmer, USA). All samples were analyzed in three replicates. 
Heavy metal concentration was calculated as C=P×V×KTS/m (Tian et al., 2013), where 
C is the heavy metal concentration in the plant (mg kg-1), P is the sample concentration 
measured by ICP (mg L-1), V is the constant volume of the sample liquid (50 mL), KTS 
is the divided multiples, and m is the weight of the dried samples (g). 

The soil thresholds for heavy metal toxicity and maximum possible accumulation 
were defined on the basis of a 10% reduction in shoot dry matter yield (Yang et al., 
2002). 
 

Statistical analysis 

Statistical analyses were done with the SPS program (SPSS Inc., Chicago, IL, USA, 
Version 18.0), using Duncan’s multiple range test (DMRT) to compare means at a 
significance level of 5%. Single correlation analysis was performed and Pearson’s 
correlation coefficients (r) were reported in order to assess the relationship between 
heavy metal concentration and growth, as well as that between heavy metal 
concentration in the substrate and metal accumulation in plants. 
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Results 

Plant growth in relation to heavy metals  

The growth and biomass of both P. terminalis and V. minor were significantly 
affected by all of the tested heavy metals; Cd affected both to the greatest degree. Cd 25 
mg·kg-1 treatment decreased the number of lateral shoots and the numbr of total leaves 
of P. terminalis by about 43% and 7%, respectively (Table 1). Cd 25 mg·kg-1 treatment 
decreased the total leaf number of V. minor decreased by 33%. There was no significant 
difference in the lateral shoot number of V. minor with either Cd 25 or 50 mg·kg-1 

treatments, however, the lateral shoot number decreased by 53% with Cd 100 mg·kg-1 

treatment. A 10% reduction in survival rate of P. terminalis was caused by both Cd 50 
and 100 mg·kg-1 treatments, while the survival rate of V. minor decreased only with Cd 
100 mg·kg-1 treatment by 10%.  
 

Table 1. Growth and survival rate of Pachysandra terminalis and Vinca minor as affected by 

the substrate cadmium (Cd) concentrations during actively growing period (July, 2014). 

Species 

Added 

Cd 

(mg kg-1) 

Plant 

height 

(cm) 

Leaf 

length 

(cm) 

Leaf 

width 

(cm) 

Secondary 

shoots 

(no. plant-1) 

Total 

leaves 

(no. plant-1) 

Dead  

leaves  

(no. plant-1) 

Survival 

ratey 

(%) 

P. 

termi-

nalis 

Control 13.3bz 4.00a 2.65a 7.50a 28.0a 0.25b 100 

25 12.3ab 3.50a 2.07ab 4.25b 26.0b 0.50ab 100 

50 12.3ab 3.40a 2.00b 3.25b 25.5b 0.65ab 90 

100 10.3b 3.38a 1.80b 3.00b 25.0b 1.80a 90 

V. 

minor 

Control 30.7a 2.77a 1.52a 3.75a 49.8a 0.50b 100 

25 16.6b 2.30ab 1.47a 3.75a 33.3b 1.75ab 100 

50 11.5bc 1.85bc 1.13b 3.25a 20.0c 3.25a 100 

100 6.75c 1.65c 1.12b 1.75b 7.00d 3.75a 90 

z Different letters in the same column indicate significant difference according to Duncan’s multiple range test at P ≤ 
0.05 (n=10). 
y Survival rate (%) = (surviving plants/total plants) × 100. 

 
 

Unlike Cd, Pb had no significant effect on the lateral shoot number of V. minor, and 
only affected P. terminalis at a concentration of 1,000 mg·kg-1 , which resulted in a 
59% reduction (Table 2). P. terminalis total leaf number was not affected by Pb 
treatment, while the total leaf number of V. minor decreased by 30% and 48% at Pb 500 
and 1,000 mg·kg-1, respectively.  

There was a significant difference in plant growth responses between the two species 
following Zn treatment. V. minor was more tolerant to Zn than was P. terminalis. At Zn 
500 mg·kg-1, the secondary shoot number of P. terminalis decreased by 53% (Table 3), 
whereas there was no significant difference in the secondary shoot number of V. minor 
under Zn 500 and 1,000 mg·kg-1 treatments, and there was a 27% decrease at Zn 2,000 
mg·kg-1. When treated with Zn 500 mg·kg-1, the total leaf number of V. minor actually 
increased by 54% compared to control plants. With both Zn 1,000 and 2,000 mg·kg-1 
treatments, there were no significant differences in total leaf number, dead leaf number, 
or survival rate of V. minor.  
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Table 2. Growth and survival rate of Pachysandra terminalis and Vinca minor as affected by 

the substrate lead (Pb) concentrations during actively growing period (July, 2014). 

Species 

Added 

Pb 

(mg kg-1) 

Plant 

height 

(cm) 

Leaf 

length 

(cm) 

Leaf 

width 

(cm) 

Secondary 

shoots 

(no. plant-1) 

Total 

leaves 

(no. plant-1) 

Dead  

leaves  

(no. plant-1) 

Survival 

ratey 

(%) 

P. 

termi-

nalis 

Control 13.3 a z 3.50a 2.65a 4.25b 25.5c 0.75a 100 

250 14.5 a 4.00a 2.20ab 7.50a 62.0a 0.75a 100 

500 12.5 a 3.75a 2.00b 5.00b 40.0b 1.00a 100 

1,000 9.75 b  3.25ab 1.75b 1.75c 33.0b 1.25a 100 

V. 

minor 

Control 30.7ab 2.77a 1.52a 3.75a 49.8ab 0.50b 100 

250 39.5a 2.67a 1.30ab 4.25a 72.0a 1.50a 100 

500 27.9b 2.42a 1.20ab 3.50a 35.0bc 3.25a 100 

1,000 12.8c 2.17a 1.05b 2.75a 25.8c 3.25a 100 

z Different letters in the same column indicate significant difference according to Duncan’s multiple range test at P ≤ 
0.05 (n=10). 
y Survival rate (%) = (surviving plants/total plants) × 100. 
 
 

Table 3. Growth and survival rate of Pachysandra terminalis and Vinca minor as affected by 

the substrate zinc (Zn) concentrations during actively growing period (July, 2014). 

Species 

Added 

Zn 

(mg kg-1) 

Plant 

height 

(cm) 

Leaf 

length 

(cm) 

Leaf 

width 

(cm) 

Secondary 

shoots 

(no. plant-1) 

Total 

leaves 

(no. plant-1) 

Dead  

leaves  

(no. plant-1) 

Survival 

ratey 

(%) 

P. 

termi-

nalis 

Control 13.3 az 3.50a 2.65a 7.50a 25.5a 0.75a 100 

500 14.3 a 3.32a 2.07ab 3.50b 31.8a 0.50a 100 

1,000 11.8 a 3.20a 2.07ab 2.75b 31.3a 0.50a 90 

2,000 11.6 a 2.87a 1.93b 2.50b 28.3a 0.25a 80 

V. 

minor 

Control 30.7b 2.77a 1.52a 3.75a 49.8b 0.50a 100 

500 42.5a 2.67a 1.55a 4.00a 76.8a 0.50a 100 

1,000 39.3ab 2.62a 1.52a 3.00a 56.8ab 0.50a 100 

2,000 29.3b 2.37a 1.50ab 2.75ab 47.3b 0.50a 100 

z Different letters in the same column indicate significant difference according to Duncan’s multiple range test at P ≤ 
0.05 (n=10). 
y Survival rate (%) = (surviving plants/total plants) × 100. 

 
 

Correlation coefficient analysis 

The Pearson correlation coefficients between the heavy metal concentrations in 
substrate and the growth of P. terminalis showed that, of the three heavy metals tested, 
substrate Cd concentration was the most positively correlated with shoot Cd 
concentration (r=0.98, P <0.01); substrate Pb and Zn concentrations were also 
positively correlated with shoot Pb (r=0.92, P <0.01) and Zn concentrations (r = 0.95, P 

<0.01) (Table 4). Substrate Cd concentration was negatively correlated with leaf width 
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(r=0.49, P <0.01), lateral shoot number (r=0.47, P <0.01), and total leaf number 
(r=0.48, P <0.01), while substrate Pb concentration showed a significant negative 
correlation only with lateral shoot number (r=0.38, P <0.05). Substrate Zn 
concentration was negatively correlated with leaf length (r=0.35, P <0.05), leaf width 
(r=0.39, P <0.05), and lateral shoot number (r=0.56, P <0.01). 
 

Table 4. The Pearson correlation coefficients between heavy metal concentrations and 

growth characteristics of Pachysandra terminalis. 

Metal 
Plant 

height 

Leaf 

length 

Leaf  

width 

Secondary 

shoot no. 

Total  

leaf no. 

Dead  

leaf no. 

Shoot metal 

concentration 

Cd -0.338* -0.385* -0.493** -0.473** -0.482** -0.231 0.979** 

Pb -0.025 -0.015 -0.273 -0.376* -0.122 -0.224 0.917** 

Zn -0.194 -0.345* -0.393* -0.561** -0.221 0.039 0.949** 

*, ** Significant at P < 0.05 or 0.01, respectively (n=10).  

 

  

Heavy metal accumulation in shoots in relation to substrate heavy metal 

concentrations 

The Cd 25 mg·kg-1 caused a reduction in shoot dry weight of about 63% and 30% in 
P. terminalis and V. minor, respectively, compared with control plants (Table 5). The 
Cd 100 mg·kg-1 treated P. terminalis and V. minor had 74% and 60% lower shoot dry 
weights than did their controls, respectively. Both Pb 250 and 500 mg·kg-1 treatments 
caused no reduction in shoot biomass of either P. terminalis or V. minor. The Pb 1,000 
mg·kg-1 treatment caused a reduction in P. terminalis dry weight of about 3.7%, 
whereas no reduction was observed in V. minor dry weight. Zn-treated V. minor had no 
reduction in dry weight, whereas for P. terminalis, about 11%, 26%, and 52% 
reductions were recorded under Zn 500, 1,000 and 2,000 mg·kg-1 treatments, 
respectively.  

The accumulation of Cd in the shoot tissues of both P. terminalis and V. minor 
linearly increased when Cd concentration in the substrate was increased to 100 mg·kg-1. 
Accumulation of Cd in the shoots was 3- to 4-fold higher in V. minor than in P. 

terminalis. With Cd 25 mg·kg-1 treatment, the shoot Cd concentrations were 2.1 mg kg-1 
for P. terminalis and 5.8 mg kg-1 for V. minor (Table 5). With Cd 100 mg·kg-1 

treatment, the shoot Cd concentrations were 4.5 and 11.5 mg·kg-1 in P. terminalis and 

V. minor, respectively. The shoot Pb concentrations for both species increased when the 
concentration of Pb in the substrate increased. The shoot Pb concentration of P. 

terminalis was 1.2 mg·kg-1 with Pb 250 mg·kg-1 treatment, almost 2-fold higher than 
that of control plants (0.71 mg·kg-1), however, very little change was seen in the shoot 
Pb concentration between Pb 250 and 1,000 mg·kg-1 treatments, with 1.43 mg·kg-1 being 
the maximum value at a substrate Pb concentration of 1,000 mg·kg-1. The shoot Pb 
concentration of V. minor increased 1.6-fold, from 1.25 to 1.96 mg·kg-1, when Pb 
concentration in the substrate was increased from 500 to 1,000 mg·kg-1. The shoot Zn 
concentration of both species increased with increasing external Zn levels. The shoot Zn 
concentrations of P. terminalis were 0.32, 5.21, 15.3, and 38.1 mg·kg-1, and those of V. 

minor were 2.12, 6.54, 11.8, and 34.2 mg·kg-1, when grown in substrate with Zn added 
at concentrations, 0, 500, 1,000, and 2,000 mg·kg-1, respectively.  
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Table 5. Shoot dry weight, shoot metal concentration and reduction of shoot dry weight 

relative to control plant of Pachysandra terminalis and Vinca minor as influenced by heavy 

metals added to substrate at different concentrations. 

Species 

Heavy metal 

treatments 

(mg kg-1) 

Shoot dry weight 

(g plant-1) 

Shoot metal 

concentration 

(mg kg-1) 

Reduction of shoot 

dry weight relative to 

control plant (%) 

P. 

terminalis 

Cd0  2.7 a z 0.04d - 

Cd25 1.0b 2.15c 63 
Cd50 0.9b 2.69b 67 

Cd100 0.7c 4.51a 74 

Pb0  2.7ab 0.71c - 

Pb250 2.9a 1.20b 0 
Pb500  2.8ab 1.33a 0 

Pb1,000 2.6b 1.43a 3.7 

Zn0 2.7a 0.32d - 
Zn500 2.4b 5.21c 11 

Zn1,000 2.0c 15.3b 26 

Zn2,000 1.3d 38.1a 52 

V. minor 

Cd0 1.0a 0.94d - 
Cd25 1.0a 5.78c 30 

Cd50 0.8b 8.38b 50 

Cd100 0.7b 11.5a 30 

Pb0 1.0b 0.43d - 
Pb250 1.3a 1.19c 0 

Pb500 1.2a 1.25b 0 

Pb1,000 1.0b 1.96a 0 

Zn0 1.0c 2.12d - 

Zn500 1.6a 6.54c 0 

Zn1,000 1.3b 11.8b 0 

Zn2,000 1.2b 34.2a 0 
z Different letters in the same column indicate significant difference according to Duncan’s multiple range test at P ≤ 
0.05. 

Discussion 

The results from this pilot study indicate that excessive levels of heavy metals added 
to substrate significantly affect the growth and development of two groundcover plants 
commonly used in urban landscapes. The Cd caused the greatest degree of growth 
inhibition in both species (Tables 1, 2, and 3). Some previous studies support this result. 
The Cd is more toxic than Cu, Pb, and particularly Zn (Kahle, 1993) because of its high 
solubility in water and its phototoxic effects (Wang et al., 2008). The Cd damages 
membranes and disrupts membrane electron transport, interacts with nucleic acids, and 
reduces mitotic activity (Zhang et al., 2009). Also, the Cd is the heavy metal most 
readily absorbed by plants. The Cd toxicity causes leaf rolls, chlorosis, and reduced 
plant growth (Zhang et al., 2009).  

The Pearson correlation coefficients between the heavy metal levels and the growth 
of P. terminalis shows that shoot numbers and metal accumulation in the shoots are 
good indicators of toxicity for all three tested metals (Table 4). This study aimed to 
determine the heavy metal toxicity threshold in the substrate that caused a reduction in 
shoot dry matter of at most 10%; however, the substrate threshold and maximum 
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possible accumulation in shoots was obtained only for Zn toxicity in P. terminalis 
(Table 5). The substrate Zn threshold was 500 mg·kg-1 and the maximum possible 
accumulation of Zn was 5 mg·kg-1 (Table 5). The lowest Cd concentration applied to 
the substrate in this study, Cd 25 mg·kg-1 treatment, caused shoot Cd accumulation of 
about 2.1 mg·kg-1 for P. terminalis and 5.8 mg·kg-1 for V. minor, which exceed 
acceptable tissue levels of Cd by between 0.02 and 0.5 mg·kg-1 (Ward, 1995).  

In contrast, the highest Pb concentration in the substrate, Pb 1,000 mg·kg-1, caused 
only a 3.7% reduction in biomass of P. terminalis, and no significant biomass reduction 
in V. minor was observed. The shoot concentrations of Pb in V. minor and P. terminalis 
were 1.4 and 2.0 mg·kg-1, respectively (Table 5), which are in the range of adequate 
tissue levels of Pb (between 0.1 and 10 mg·kg-1) (Bohn et al., 1989). Although plants 
are mainly sensitive to the presence of Pb (Pahlsson, 1989) because of its inhibitory 
effects on photosynthesis (Qureshi et al., 2007), a soil Pb concentration of 1,000 mg kg-

1 did not prove to be the absolute threshold value for hyperaccumulation (Baker, 2000). 
Pb concentration over 30 μg g-1 dry biomass is toxic to most plant species (Qureshi et 
al., 2007). These previous results indicate that the two species in the present study can 
be considered tolerant to Pb.  

The results of shoot biomass and shoot Zn accumulation measurements suggest that 
V. minor is more tolerant than is P. terminalis to Zn (Table 5). The maximum possible 
accumulation of Zn, 5 mg·kg-1, did not exceed the toxicity value, about 100 mg·kg-1 
(Anjum et al., 2015), but was in the range of adequate tissue Zn levels, variously 
reported as 15 to 20 mg·kg-1 dry weight (Marschner, 1995), and 10 to 100 mg·kg-1 dry 
weight (Frisberg et al., 1986). Although some crops show toxicity symptoms at Zn 
levels less than 100 mg·kg-1 dry weight (Chaney, 1997), the concentration of Zn that is 
toxic to most crops is between 100 and 300 µg·g -1 (Marschner, 1995). In the present 
study, the Zn level added to the substrate was much higher than is normal in soils; it 
comprised a total fraction of 70 to 400 mg·kg-1 of the soil (Anjum et al., 2015), 
indicating that V. minor is as a Zn tolerant plant, although it is not a hyperaccumulator. 
These results provide reference ranges for the heavy metal concentrations in substrate 
for further studies. 

According to a previous report, hydroponics is the most frequent method used to 
determine the effect of heavy metals as it allows for direct exposure of plants to toxic 
metals (Zeliha et al., 2011). A recent study, in which 18 populations were cultivated in 
18 different growth conditions, such as a soil mine tailing, soils supplemented with Zn, 
Cd, and Ni salts, and a hydroponic solution with two Zn concentrations, showed a large 
heterogeneity of responses among populations depending on the substrate used, 
although culture soils are closer to the conditions in fields than are hydroponics (Escarré 
et al., 2013). This report also suggests that it is necessary to conduct toxicity testing on 
different plant species using various substrates. 
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Abstract. A growing number of human activities are among the top factors causing habitat loss and 
fragmentation. The aim of this study was to investigate the temporal changes in habitat suitability, 
connectivity status and analysis of these changes using landscape ecology approach. Evidences indicate 
high probability of local extinction of Caspian red deer (Cervus elaphus maral Gray, 1850) in the current 
habitats of Guilan province in the north of Iran due to severe habitat destruction. In this study, habitat 
suitability layers and corridors were drawn with combining layers of land cover derived from the 
interpretation of satellite images, elevation, topography and distance to man-made in the period 1990-
2015. Accordingly, 35% decrease in area metric of habitat suitability, 34% increase in the number of 
patches, 89% in edge density and 53% reduction in the average size of patches indicate that the 
occurrence of habitat fragmentation along with habitat loss, severely disrupted the integrity of the habitat. 
As a result, in all corridors, the relative share of semi-dense and dense forest cover were reduced. 
Research results have given a clear picture of the extent of changes in habitat suitability and connectivity 
paths that can have an effective role in restoration process. 
Keywords: landscape ecology, fragmentation, habitat loss, suitability, biodiversity, corridors 

Introduction  

Currently, in most regions of the world, there is an unprecedented increase in the 
destruction of natural habitats (Ellis et al., 2010). In the last 50 years, human activities 
have grown faster and wider than in any other period in history, have altered the 
ecosystem; and more than 60% of global ecosystems have been destroyed during this 
time (Lopoukhine et al., 2012). Habitat loss has negative consequences on species 
richness (Laurance et al., 2002) and genetic diversity (Aguilar et al., 2008).  Moreover, 
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habitat loss can shorten the length of a food chain, change species interaction, and 
reduce levels of nutrition, breeding and dispersion (Fahrig, 2003). Habitat loss not only 
affects biodiversity, but also has direct consequences on humans by reducing resources 
and ecosystem services such as pollination (Potts et al., 2010; Ricketts et al., 2008), as 
well as soil and water management (Bruijnzeel et al., 2004).  In a study, after 
calculating the potential economic benefits of habitat loss, according to a conservative 
estimate, the final economic cost of habitat destruction was estimated at $ 250 billion 
per year (Balmford et al., 2002). 

Habitat fragmentation is the second major impact of human activities in which 
habitat is divided into smaller pieces (Ewers et al., 2006; Andren, 1994).  During the 
twentieth century, human activities with changes in land use and habitat fragmentation, 
in addition to reducing the effective area of habitat, have affected the status of 
connectivity within and between habitats and have created serious threats to biodiversity 
worldwide.  With destruction and fragmentation of landscape, their connectivity status 
is more discrete with negative impact on biodiversity. As populations and communities 
become more isolated, the possibility of dispersion and movement between habitats 
reduces. According to the metapopulation theory, the reducing potential of dispersion 
reduces the opportunity of the native endangered species to recolonize (Hanski, 2010), 
thereby resulting in large scale destruction of biodiversity. 

In the long term, a decrease in connectivity has negative effects on population 
viability by reducing the genetic diversity (Lienert, 2004). The loss of connectivity on 
landscape scale also has negative consequences at the regional and international levels; 
this is because connectivity is an important prerequisite for species to move over long 
distances in order to avoid extinction due to climate change (Krosby et al., 2010). 
Connectivity is the key factor to understand how ecological systems respond to the 
challenges of land use change, habitat loss and fragmentation (Auffret et al., 2015). 
Connectivity means show that the surroundings facilitate or impede the movement of 
organisms and ecological units (Taylor et al., 1993; Zeller et al., 2012; Trainor et al., 
2013; Pflüger and Balkenhol., 2014). It has two structural and functional components. 
Structural connectivity is the potential physical property of a land or habitat that allows 
the movement of organisms and ecological units, while functional connectivity is the 
actual conditions of a land or habitat that allows movement of living things and 
ecological units (Fischer and Lindenmayer, 2007). 

In the face of increasing habitat destruction, strengthening and expanding protected 
areas is one of the important strategies in biodiversity protection (Waldhart, 2003; 
Andelmand et al., 2003). Protected areas are natural areas officially protected within the 
administrative boundaries due to the presence of natural specific properties. Wiens 
(2009) presented the concept of the effective area of the protected areas and this area 
does not necessarily coincide with the administrative boundaries, but can be more 
limited or go beyond administrative boundaries. 

Therefore, the aim of this study was to investigate the temporal changes in habitat 
suitability as the basis of the effective area of protected areas, their connectivity status 
over time and analysis of these changes using metrics of landscape ecology. In this 
research, Lisar protected area in Guilan province in the north of Iran was chosen and the 
target species was Caspian red deer (Cervus elaphus maral Gray, 1850). Caspian red 
deer is the largest native deer in Iran and in recent years, its habitat has been severely 
degraded in the north of Iran (Kiabi et al., 2004). Evidences indicate high probability of 
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local extinction of Caspian red deer in the current habitats of Guilan province in the 
north of Iran due to severe habitat destruction. 

Similar to the present research conducted in Iran, previous studies have been 
conducted on the "Impact assessment of changes in land use and vegetation on habitat 
of Caspian red deer in Gorgan and Kordkoi region" (Parvian, 2012).  In this study, 8 
environmental variables, as independent parameters, were used to map the suitability 
habitat. The results of this study showed that the variable of distance to man-made is the 
most important. In a study on the "Determination of protection class of Caspian red deer 
under the conditions of uncertainty in the north of Iran" (Gholipour, 2012), 9 criteria 
were used to assess the habitat of Caspian red deeer. According to this survey, more 
than 75% of the habitat of Caspian red deer has been destroyed. Also, Kiabi et al. 
(2004), in their study on "Population status, biology and ecology of Caspian red deer 
(Cervus elaphus maral Gray, 1850) in Golestan National Park, Iran", examined the 
demographic characteristics and spatial distribution of Caspian red deer. 

This study can be distinguished from others based on the use of analysis of temporal 
changes of the habitat suitability layer as the basis of the effective area of protected 
areas and the analysis of temporal changes of connectivity. Also, in this study, 
landscape ecology metrics were used in levels of habitat suitability and corridors.   

Materials and Methods 

Materials 

Study area 

Lisar protected area, with an area of 32000 ha, is located in the west of Guilan 
province in the north of Iran with geographical coordinates of 4832'35'' to 4856'24'' 
east longitude and 3753'06'' to 3802'10'' north latitude (Fig.1). 

 

 

Figure 1. Location of Lisar protected area in the province of Gilan. 
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According to Köppen climate classification system, Lisar has Mediterranean 
climate (Csa). The average annual precipitation is 1224 mm and the average annual 
temperature is 15.5°C (Table1). (Guilan Department of Environment- Climate and 
Weather, 2005).   

 

Table 1. Precipitation and temperature condition. 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

mm 102 94 95 63 41 31 29 79 181 230 163 116 
°C(Mean) 6 6.1 8.3 13.1 18.5 23.0 25.6 25.5 22.2 17.4 1.2 8.4 
°C(min) 2.8 2.9 5.1 9.5 14.5 18.6 20.9 20.6 18.1 13.6 8.6 4.8 
°C(max) 9.2 9.3 11.5 16.8 22.6 27.4 30.4 30.5 26.3 21.3 15.9 12.0 

 
 

Elevation ranges between -100 to 3400 meters. The study area is located in 
Alborz zone, subzone of Central- West Alborz zone in Gorgan - Rasht unit. Based 
on stratigraphy, geological formations and rocks of studied area belong to the 
Precambrian and Quaternary. Main families of soil are sandy mixed (nonacid) 
mesic, fine loamy mixed (nonacid) mesic, clay mixed (nonacid) mesic, loamy 
skeletal mixed (calcareous) mesic, sandy skeletal (nonacid) mesic, loamy (nonacid) 
mesic. (Guilan Department of Environment - Geology and Geomorphology, 2005).  

Main forest types in the region are: Carpinus betulus- Parrotia persica, Parrotia 

persica- Carpinus betulus, Quercus castaneifolia- Carpinus betulus, Fagus 

orientalis, Fagus orientalis- Carpinus betulus, Fagus orientalis- Carpinus betulus-  

Acer velutinum, Quercus castaneifolia, Carpinus betulus- Parrotia persica- Quercus 

castaneifolia, Quercus castaneifolia- Parrotia persica- Carpinus betulus, Carpinus 

betulus- Tilia begonifolia- Acer velutinum, Parrotia persica- Carpinus betulus-

Diospirus lotos, Carpinus betulus- Diospirus lotos, Quercus castaneifolia- Tilia 

begonifolia- Carpinus betulus, Parrotia persica- Carpinus betulus- Gleditchia 

caspica. 
Main pasture types in the region are: Festuca-Trifolium, Astragalus- Poa, 

Astragalus- Acanthlimon, Trifolium – Festuca, Festuca – Dactylis –Trifolium, 
Festuca–Trifolium- Dactylis, Festuca –Trifolium –Agropyron, Festuca –Trifolium- 

Astragalus, Astragalus- Festuca- Acantholimon, Festuca- Trifolium -Hordeum, 
Astragalus- Agropyron, Festuca- Hordeum, Festuca- Astragalus, Festuca- 

Astragalus- Poa,Festuca -Agropyron- Astragalus, Astragalus- Festuca- Agropyron .  
Main typical agricultural plants of the region are: rice, cherry and 

kiwifruit(Guilan Department of Environment - Vegetation, 2005). 
There are 40  animal mamal species from 27 families in the region.The main 

families are: Cervidae, Suidae, Felidae, Canidae and Ursidae(Guilan Department of 
Environment - Wildlife, 2005). 

The diversity of deciduous forest species provide good food sources for Caspian 
red deer. Although, Caspian red deer is widely distributed in this region, but 
numerous access roads and in recent years, access to the country side with increased 
ease of access to the forest and pristine habitats have resulted in security challenges 
and increase in poaching. 

 
 
 

https://en.wikipedia.org/w/index.php?title=Mediterranean_climate&oldid=592865645
https://en.wikipedia.org/w/index.php?title=Mediterranean_climate&oldid=592865645
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Methods 

In this study, in order to analyze temporal changes in the habitat of Caspian red 
deer, the habitat suitability layer was built based on layers of land cover and land 
use, topography, elevation, and distance to man-made centers (Beier et al., 2009). In 
this regard, landsat satellite images of 1990-2015, used for the identification and 
extraction of land cover and land use, were interpreted as follows: 

 Low dense forest cover (Canopy cover less than 40%). 
 Semi-dense forest cover (Canopy cover 40-70%) 
 Dense forest cover (Canopy cover more than 70%) 
 Pasture 
 Agriculture 
 bare 
 Man-made 

The supervised classification method was used, and training samples needed in 
1990 were obtained from aerial photos and in the year 2015 from reference maps 
and field study. Elevation and topographic layer were derived from DEM maps of 
the area. Expert opinion and hierarchical analysis methods were used to obtain the 
value (0-100) of the weighting parameters and classes (Zeller et al., 2012; Trainor et 
al., 2013; Pflüger and Balkenhol., 2014). The habitat suitability layer for the period 
1990-2015 was produced using Corridor DesignerToolbox_v0.2 (Majka et al., 2007) 
and their changes were analyzed based on landscape metrics using the Patch analyst 
extension (Rempel et al., 2012). 

In order to present the situation of connectivity and compare both periods, four 
blocks on habitat suitability layer in 1990, as a base year, were created in different 
parts of the habitat suitability layer (Sawyer et al., 2011) and 6 corridors were drawn 
separately based on a maximum of 6 possible combinations of the four blocks during 
the period 1990-2015, and their temporal changes were analyzed based on landscape 
metrics using the Patch analyst extension. The distribution of blocks and corridors is 
a measure of the connectivity status of the study area. The cost-least corridor method 
was used to draw the corridors (Beier et al., 2009). 

Result and Discussion 

By combining the layers of land use and land cover during the period 1990-2015, 
based on the scores and weights defined for each layer and class, habitat suitability 
layer with a score of 50 and above was prepared during this period (Fig.2 and 

Fig.3). 
Based on the four defined blocks, 6 corridors between them was drawn on the 

habitat suitability layer during the period 1990-2015(Fig.4 and Fig.5). The images 
of land use and land cover show the displacement of corridors on the habitat 
suitability layer in the period 1990 (as the base year) (Fig.6). 
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Figure 2. Habitat suitability in 1990. 

 

 

Figure 3. Habitat suitability in 2015. 
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Figure 4. Corridors on habitat suitability layer in 1990. 

 

 

 

Figure 5. Corridors on habitat suitability layer in 2015. 
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Figure 6. Habitat corridors during the period 1990 to 2015 on habitat suitability layer in 

1990. 

 
 
During the twentieth century, human activities with changes in land use and habitat 

fragmentation, in addition to decreasing the effective area of habitat, have affected the 
connectivity within and between habitats and created serious threats to biodiversity 
worldwide. With destruction and fragmentation of the landscape, their connectivity 
status is more discrete that have negative impact on biodiversity. As populations and 
communities become more isolated, the possibility of dispersion and movement 
between the habitats reduces. Together with the current trend of habitat destruction 
around the world, analysis of temporal changes of Caspian red deer habitat suitability 
represents the simultaneous occurrence of severe habitat loss and fragmentation of Lisar 
protected area. The decrease in area metric of habitat suitability layer to 3444 ha (35%) 
during this period indicates widespread habitat loss in this region (Table2). 

 
Table 2. Comparison of metrics habitat suitability layer during the period 1990-2015. 

Metrics 1990 

 

2015 

 

Changes 

 

Change% 

Area (ha) 9837 6393 -3444 35 
Number of 

patches 
129 173 44 34 

Mean of 
patches (ha) 

76 36 -40 53 

Edge density 
(m/ha) 

28 53 25 89 

Total edge (m) 271837 341776 69939 26 
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In addition, 34% increase in the number of patches, 89% increase in edge 
density, 89% increase in total edge and 53% reduction in the average size of 
patches indicate  that the occurrence of habitat fragmentation along with habitat 
loss, severely disrupted the integrity of Caspian red deer habitat. These results 
confirm the findings of Golipor et al. (2012) who reported a 75% reduction of 
Caspian red deer habitat in the north of Iran. These results are also in line with the 
findings of Zebardast et al. (2011), who reported that habitat loss and 
fragmentation are the most important factors threatening habitat integrity of 
protected areas. This process could reduce the potential release of Caspian red deer 
in the Lisar protected area. According to the metapopulation theory, the reducing 
potential of dispersion reduces the opportunity for native endangered species to 
recolonize, resulting in the large scale destruction of biodiversity (Hanski, 2011).  

These evidences are in line with the report of environmental guards regarding 
the observed and recorded trend of concerned species and the possibility of local 
extinction. This result is also in line with the findings of Kiabi et al. (2004) who 
reported that habitat degradation is a major threat to Caspian red deer. The maps of 
land use changes show that the destruction of forests and development of human 
activities are the most important factors of habitat degradation in this study's 
region. In this regard, dense forest cover decreased from 5606 to 2703 ha and 
semi-dense forest cover decreased from 4462 to 4262 ha and the area affected by 
man (man-made) increased from 2364 to 2904 ha. The spatial distribution of 
changes, in addition to its quantity, caused an increase in edge effect, and a 
reduction of average patches reduced the habitat integrity. These results are in 
agreement with the findings of several researches (Farigh, 2003; Ewers et al., 
2006; Andren, 1994) in which human activities were reported to be the major 
cause of habitat degradation through habitat loss and fragmentation. Connectivity 
analysis within the protected area showed the displacement of corridors, 
fragmentation and inappropriate land cover composition within them (Tables 3, 4, 

5 and 6). 
 
Table 3. Metrics of corridors 1-3 in 1990. 

Metrics Low-

Dense 

Semi-

Dense 

High-

Dense 

Pasture Agriculture Man-

made 

Bare 

Area (ha) 22.4 191 69 3.1 0.09 7 - 
Number 
of patches 

231 97 183 21 3 65 - 

Mean of 
patches 
(ha) 

0.1 2 0.38 0.1 0.03 0.1 - 

Edge 
density 
(m/ha) 

104 203 178 13 0.9 31 - 

Total 
edge (m) 

20379 88656 52107 3865 251 9198 - 
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Table 4. Metrics of corridors 1-3 in 2015. 

Metrics Low-

Dense 

Semi-

Dense 

High-

Dense 

Pasture Agriculture Man-

made 

Bare 

Area (ha) 68.3 149 51 2.1 - 7.3 - 
Number of 
patches 

520 291 237 32 - 121 - 

Mean of 
patches (ha) 

0.1 0.5 0.2 0.1 - 0.1 - 

Edge 
density 
(m/ha) 

266 352 352 12 - 38 - 

Total edge 
(m) 

73869 97968 49970 3253 - 10601 - 

 

 
Table 5. Metrics of corridors 1-4 in 1990. 

Metrics Low-
Dense 

Semi-
Dense 

High-
Dense 

Pasture Agriculture Man-
made 

Bare 

Area (ha) 24 165 91 4/2 - 1.6 - 
Number of 
patches 

222 100 134 33 - 24 - 

Mean of 
patches (ha) 

0.1 1.6 0.7 0.1 - 0.1 - 

Edge 
density 
(m/ha) 

107 252 367 16 - 9 - 

Total 
edge(m) 

30682 72071 100991 4621 - 2507 - 

 
 
Table 6. Metrics of corridors 1-4 in 2015. 

Metrics Low-

Dense 

Semi-

Dense 

High-

Dense 

Pasture Agriculture Man-

made 

Bare 

Area (ha) 58 138 67 4.9 - - 7.3 
Number of 
patches 

487 309 221 37 - - 174 

Mean of 
patches (ha) 

0.1 0.4 0.3 0.1 - - 0.04 

Edge 
density 
(m/ha) 

271 367 191 22 - - 52 

Total edge 
(m) 

74457 100991 52627 5966 - - 14569 

 
 
As a result, in all corridors, the relative share of semi-dense and dense forest 

cover were reduced and the share of other land cover was added. Moreover, the 
quality of corridors indicated a decline in their integrity. As a result, the metrics of 
number of patches, edges density and total edges increased and the metric of 
average patch decreased. All these showed habitat fragmentation and loss of 
connectivity. 
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Habitat change in the region in general and for Caspian red deer in particular, 
indicated that the mere establishment of a region as a protected area, coupled with 
developing and determining rules and regulations for its control, is not a 
comprehensive strategy for the protection of biodiversity and habitats, but also 
operational requirements and more importantly, the monitoring of changes in these 
areas are very important. The results of the present study showed that the area is 
severely degraded and as such, the major approach towards resolving this issue 
should be based on reconstruction and restoration of the area through the 
restoration of indoor arenas and finding possible natural opportunities in the 
outside for the development of the protected area by natural corridors. This 
approach requires a change in traditional methods and the use of new methods 
based on maintenance of land integrity and development of habitat networks. The 
findings of this study are in line with the results of Feest et al. (2010) who reported 
that landscape metrics are good predictors of the structural and functional integrity 
of habitats.  
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Abstract. Climate change has been a serious matter in the last two decades and many studies focused on 
its different aspects. The question about the effect of a changing climate on organisms is valid for every 
single living soul. In this paper, we discussed the effect of climate change on geographical distribution of 
Bromus tomentellus Boiss. in Central Zagros, Iran. To do so, we used 19 bioclimatic variables and 8 
modeling approaches (Generalized Linear Model (GLM), Surface Range Envelope (SRE), , Flexible 
Discriminant Analysis (FDA) Classification Tree Analysis (CTA), Artificial Neural Network (ANN), 
Generalized Boosting Method (GBM),  Multivariate Adaptive Regression Splines (MARS) and Random 
Forest (RF)) to quantify the climate change in 2080 and scrutiny its effects on range shift of Bromus 

tomentellus. The results showed that annual precipitation (BIO12), mean temperature of wettest quarter 
(BIO8), mean diurnal range (BIO2) and temperature seasonality (BIO4) has the most importance for 
habitat suitability of this species. Bromus tomentellus will lose 65% of its climatically suitable habitats 
due to climate change in 2080, while 13.94% of current unsuitable habitats will become suitable. Thus, its 
habitat will shrink by 51%. Most of habitat loss will be in the plains and almost all of habitat gain, is on 
the highlands. 
Keywords: ecological niche; species distribution models, habitat modeling, Poaceae, BIOMOD 

Introduction  

Climate is known as the long-term average weather of a region (IPCC, 2001). A 
change in this average generally occurs in two forms: short-term fluctuations that are 
random and long-term changes that follow a specific trend. The latter is known as 
climate change and, in recent decades, has greatly increased in intensity. Many 
scientists regard global warming as the result of human activities and believe that these 
changes could largely affect the lives of many organisms (IPCC, 2007). Ecological 
modeling of species is among the methods that can monitor these effects and determine 
their dimensions. The results obtained from the modeling can be very useful in various 
managerial decisions (Araujo and Guisan, 2006). One of the major effects caused by 
changes in environmental conditions in general and climate changes in particular can 
have on plant life is the alteration in the geographical distribution (Lawler et al., 2006). 
Since plants cannot move fast and individually, they respond to environmental changes 
with a relatively long delay; they move in the geographical environment after climate 
change in order to find the environmental conditions, which are more suitable to their 
life (Iverson and McKenzie, 2013). Many studies have been dedicated to examining the 
dimensions and orientation of these changes. After investigating effects of climate 
change on a species of dragonfly, Attorre et al. (2007) concluded that climate changes 
could have dramatic effects on the biological ability of species in their habitat. 
Collevatti et al. (2011) studied the effect of climate change on a tree species and 
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expressed that climate change could cause loss in the parts of habitats and, 
subsequently, genetic diversity at the subspecies level. King et al. (2013) conducted 
their study on several species in ecotone between grassland and shrubland, in which 
they used dynamic vegetation model to measure and investigate the movement of 
distribution range of their studied species as a result of climate change. Morin and 
Thuiller (2009) compared different modeling methods and tried to maximize the 
efficiency of the models predicting movement degree of species due to climate change 
and finished their work by introducing process-driven models as the best models. Many 
studies have concluded that climate changes cause variations in geographical and spatial 
distribution of species; therefore, planning is needed to protect and revive these species.  
Aurambout et al. (2009) studied the effect of climate change on the spatial distribution 
of a citrus species in Australia and concluded that this species would undergo 
environmental stress as a result of climate change, which would restrict its life. They 
then concluded that, to maintain this species, specific measures should be taken. 
Zimbres et al. (2012) studied climate change and emphasized the role of protected areas 
in the conservation and maintenance of insectivorous species of armadillo and anteater. 
In one of the pioneering studies on the effect of climate change on the geographical 
distribution of species, Peterson et al. (2001) studied Curassow bird in the Central 
America and concluded that, if climate change continues at the current intensity, this 
beautiful species would face serious problems to survive in the region. Keith et al. 
(2008) investigate the extinction risk of different species as a result of climate change 
and concluded that most of their studied species would suffer from reduction in their 
climate distribution range as a result of climate change and some of them would be even 
placed at the risk of extinction. In one of the largest studies on the effect of climate 
change on species survival, Thuiller et al. (2005) examined 1350 plant species in 
Europe using 7 climate change scenarios and concluded that climate change could be a 
threat to plant biodiversity in Europe. 

Nevertheless, regarding the considerable biodiversity, there is urgent need to conduct 
studies of these kinds in Iran, especially for pasture plant species. This study was 
carried out in a semi-arid region (Central Zagros) in Iran and aimed investigate the 
potential impacts of change of the climate components on the geographical distribution 
of an important forage species in these pastures. 

Materials and Methods  

Studied species and region 

Bromus tomentellus Boiss. which belongs to Gramineae family, Pooideae sub-family, 
and Bromeae tribe (Fitter and Peat, 1994), is a perennial grass with a splay root and 
numerous leaves which are covered by white and dens fluff. Its global distribution is 
limited to western Asia and flora Iranica (Rechinger, 1963-1998) describe it as a semi-
steppe to steppe species which is found in 1500 to 3400 meters elevation. This species 
lives in rocky lands and freely disperse its root in the soil (Fitter and Peat, 1994). B. 

tomentellus establishes in different soil textures and have a significant role in runoff 
reduction, but cannot stand the salinity of the soil (Armaki et al., 2013). Elevation, 
precipitation and temperature are the most important environmental factors affecting this 
species. In Isfahan province (part of Central Zagros region), this species can be find from 
1900 to 3700 meters of elevation in semi steppe habitats. The precipitation of its habitats 
range from 200 to 450 mm which can alter regarding microclimate. Its populations are 
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more dense in the plains in comparison with mountains (Eftekhari et al., 2007). This plant 
is one of the important grasses of semi-steppe pastures in Iran (Mesdaghi, 2003). This 
species grows in the areas with the rainfall of about 400mm, and tolerates the minimum 
rainfall of 250mm. Forage yield of this species depends on annual rainfall and its 
distribution (Eftekhari et al., 2007) (Fig. 1). 

 
 

 

Figure 1. Bromus tomentellus 

 
 
The studied region in this research had the area of 2202659 ha in the central part of 

Zagros Mountains, which is very important in terms of biodiversity and ecological value 
(UNDP and GEF, 2005). Also, this region is economically and socially important for 
the nomadic and rural communities who use its pastures for grazing their livestock (Fig. 

2). Field studies including harvest of geographical coordinates of the presence of this 
species in Central Zagros were conducted in spring 2014 and 2015. 
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Figure 2. Central Zagros region, Iran 

 

 

Climatic variables 

In this study, 19 bioclimatic variables (Hijmans et al., 2005) were used as climate 
factors describing Bromus tomentellus habitat, which have been applied in many studies 
as the basis for monitoring effects of climate change on organisms (especially, plants) 
(Xu, 2014; Thuiller et al., 2005). These variables are mainly influenced by season, 
temperature, and rainfall; therefore, despite their climatic nature, they are also 
ecologically significant. Table 1 describes these variables. 
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Table 1. Description of bioclimatic variables 

Abbreviation Description Abbreviation Description 

BIO1 Annual Mean Temperature BIO11 
Mean Temperature of Coldest 
Quarter 

BIO2 
Mean Diurnal Range (Mean of monthly 
(max temp - min temp)) BIO12 Annual Precipitation 

BIO3 Isothermality (BIO2/BIO7) (* 100) BIO13 Precipitation of Wettest Month 

BIO4 
Temperature Seasonality (standard 
deviation *100) BIO14 Precipitation of Driest Month 

BIO5 Max Temperature of Warmest Month BIO15 
Precipitation Seasonality 
(Coefficient of Variation) 

BIO6 Min Temperature of Coldest Month BIO16 Precipitation of Wettest Quarter 

BIO7 
Temperature Annual Range (BIO5-
BIO6) BIO17 Precipitation of Driest Quarter 

BIO8 Mean Temperature of Wettest Quarter BIO18 Precipitation of Warmest Quarter 
BIO9 Mean Temperature of Driest Quarter BIO19 Precipitation of Coldest Quarter 

BIO10 Mean Temperature of Warmest Quarter     

Modified from: www.worldclim.org 

 
Indeed, it should be noted that, considering that the correlation between input 

variables to the used models can cause considerable error in the output of the models 
(Braunisch et al., 2013), first, the existence of correlation between bioclimatic variables 
modified by Pearson test was examined and the layers with more than 80% correlation 
with each other were determined. To solve this problem, some of them (based on 
correlation degree) were removed and this process was repeated until the correlation 
between the remaining layers reached below the specified limit. 

 
Used models 

The information presented here are largely borrowed and modified from Marmion et 
al. (2009); we have explored all the references though. 

 
Generalized Linear Models  

GLM was introduced to statistics by Nelder and Wedderburn (1972). McCullagh and 
Nelder (1989) describe a GLM as a mathematical extension of linear models. These 
models are not sensitive to different types of statistical distributions and are suitable for 
nonlinear relationships; besides, they use traditional practices used in linear modelling 
and analysis of variance (ANOVA). In this study we used biomod2 to run a stepwise 
GLM were akaike value to compute the best model (Thuiller, 2003). 

 
Flexible Discriminant Analysis  

Flexible discriminant analysis (FDA) is a method that uses linear discriminant 
analysis (LDA) developed by Fisher (1936) as the basis. In LDA, it is possible to 
choose several optimal variables from a large number of variables to determine and 
separate the groups available in the response variable. LDA performs this task by 
multiple linear regressions; but, if nonlinear equations dominate a relationship, it will 
face a problem. Therefore, Hasti et al. (1994) used a flexible series of equations rather 
than linear equations to fit the values. Using this flexibility, linear equations are not the 
only equations that are fitted and tested on the data, but also other types of equations 
(quadratic, cubic, logarithmic, etc.) are used and, finally, the best equation is selected. 
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Classification Tree Analysis 

CTA is an alternative to regression techniques and has been used rather often in 
biogeographical and environmental studies (Franklin, 2002). CTA uses recursive 
partitioning to split the data into increasingly smaller, homogenous, subsets until a 
termination is reached (Venables and Ripley, 2002). The optimal length of the tree is 
selected by a 50-fold crossvalidation. The advantage of CTA is that it allows capturing 
of non-additive behaviour and complex interactions. However, CTA has a tendency to 
produce overlycomplex models that lead to spurious interpretations (Breiman et al., 
1984). CTA is used frequently for biogeographical and environmental studies (De’Ath 
and Fabricius, 2000; Vayssière et al., 2000; Franklin, 2002; Thuiller, 2004). 

 
General Boosting Method 

GBMs were recently introduced in ecology. They are highly efficient in fitting the 
data, are non-parametric and combine the strengths of different modern statistical 
techniques (Ridgeway, 1999). Here, GBM was implemented into R (R Development 
Core Team, 2004) using the library GBM (Generalized Boosted Regression Modelling). 
GBM is based on the Gradient Boosting Machine developed by Friedman (2001). GBM 
proceeds via sequential improvements. Boosting is a numerical optimization technique 
for minimizing a loss function (such as deviance) by adding at each step a new tree that 
best reduces the loss function (Ridgeway, 1999; Elith et al., 2008). Environmental 
variables are input into a first regression tree, which maximally reduces the loss 
function. For each following step, the focus is on the residuals. For example, at the 
second step a tree is fitted to the residuals of the first tree. The model is then updated to 
contain two trees, and the residuals from these two trees are calculated. The sequence is 
repeated as long as necessary (Elith et al., 2008). The maximum number of trees was set 
to 3000, and ten-fold cross validations were performed. GBM belongs to the class of 
learning methods. 

 
Surface Range Envelope 

Statistical bases of SRE method, which is also known as BIOCLIM, were first 
founded by Nix in 1986 (Nix, 1986). This method is a distributed-centered algorithm 
that extracts the values of climate layers corresponding to the presence points of species 
and cumulatively sorts them. The set of values of all climatic layers corresponding to 
presence points of species constituents the so-called climatic "envelope" of species 
(climatic conditions including all presence parts of the species). Many studies have 
pointed out the statistical foundations of modeling and statistical limitations of the 
method (Fisher et al., 2001; Guisan and Zimmermann, 2000; Walther et al., 2004; 
Ward, 2007), and in some other studies, this method has been introduced as an 
appropriate method for modeling species distribution scope and niche (Elith et al., 2006; 
Hijmans and Graham, 2006). 

 
Random Forest 

RF belongs to the machine learning methods (Breiman, 2001). Random Forest 
generates hundreds of random trees. A selective algorithm limits the number of 
implemented parameters in each tree. A training set for each tree is chosen as many 
times as there are observations, among the whole set of observations. For each node of 
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trees, the decision is taken according to randomly selected environmental parameters. 
Trees thus constructed are not pruned and are as large as possible. After the trees have 
been built, data are entered into them and each grid square will be classified by all trees. 
At the end of the run, the classification given by each tree is considered as a “vote”, and 
the classification of a grid square corresponds to the majority vote among all trees 
(Breiman, 2001). RF was used by Prasad et al. (2006) for vegetation mapping under 
current and future climate scenarios. 

 
Multivariate Adaptive Regression Splines  

MARS combines classical linear regression, mathematical construction of splines 
and binary recursive partitioning to produce a local model in which relationships 
between response and predictors are either linear or nonlinear (Friedman, 1991). A pre-
processing algorithm of the explanatory variables uses the basic functions (BF) max 
(0,X – c) and max (0,c – X) to transform the environmental variables into a new set of 
variables. The main difficulty is to find appropriate “c” values, but a suitable choice 
makes it possible to approximate any functional shape (Briand et al., 2004). Then, 
MARS performs successive approximation of the system using different intervals of the 
transformed variables ranges, by a series of linear regressions. Examples of the use of 
MARS in biogeographical studies can be found in several articles (Muñoz and 
Felicísimo, 2004; Corte-Real et al., 1995; Heikkinen et al., 2007). 

 
Artificial Neural Networks 

ANN is a powerful rule-based modelling technique (Lek and Guegan, 1999), which 
is increasingly used in bioclimatic envelope modelling (Thuiller, 2003; Heikkinen et al., 
2006). A network contains three different types of layers: the input layer (in which the 
environmental variables are input), the hidden (intermediate) layers and the output 
layer. Each layer is composed of independent neurons; each of them treats separately 
the outputs of all neurons from the previous layer as inputs of multivariate linear 
functions. The process is continued until processing of the output layer. To avoid over 
fitting in neural networks, a fourfold cross-validation method was implemented to stop 
training of networks. Once the complete network is built, the different weighting factors 
of the multivariate linear functions are chosen by minimizing the quadratic error of 
estimate (Marmion et al., 2009). 

After calibration of models, their results used for evaluation purposes. Confusion 
matrix has been built and using classic equations, the area under the curve (AUC) of a 
receiver operating characteristic (ROC) plot of each model was calculated. Marmion et 
al. (2009) described this method as: “AUC is a graphical method assessing the ability of 
a model to predict the absence or presence of species on the basis of given criteria (e.g. 
climate variables), by representing the relationship between the false positive fraction 
and the true positive fraction of the related confusion matrix of the evaluated model 
(Fielding and Bell, 1997).” 

The applied models were implemented by biomod2 in R environment (Thuiller, 
2003). To do so, 20% of the species presence data was devoted to the evaluation and 
80% to the implementation of these models (finding the relationships between the 
species and environment). Also, the prevalence amount was considered equal to 0.5 in 
these models, which is a common practice in determining prevalence (McPherson et al., 
2004; Liu et al., 2005). This process was repeated for 10 times for each of the used 
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models; at each time, evaluation and implementation parts were randomly selected from 
the data. Finally, for each model, the results were obtained from these 10 runs. 

Results 

After conducting Pearson's correlation analysis and removing layers with high 
correlation, it was found that 8 layers (BIO8, BIO2, BIO3, BIO4, BIO12, BIO14, 
BIO15 and BIO18) were not highly correlated with each other and can be used to enter 
the final model. 

To assess the accuracy of the maps produced by the model, AUC of ROC plot was 
used (Table 2). This index were calculated and reported in two parts: sensitivity 
(probability of species presence in a place that is present in the reality) and specificity 
(probability of expressing the absence of the species in a place that is absent in the 
reality). 

 
Table 2. AUC, Sensitivity and Specificity of applied models 

Model ANN CTA FDA GBM GLM MARS RF SRE 

AUC 

Value 0.891 0.798 0.842 0.969 0.858 0.87 0.999 0.762 

Sensitivity 95.312 95.312 82.812 93.75 87.5 76.562 100 76.562 

Specificity 78.958 64.249 74.259 91.624 75.996 83.146 98.979 75.894 

 
 
Based on these results, all models are functioning good, because whenever an 

implemented model has the AUC values of more than 0.7 and 0.9, it will be considered 
a good and excellent model, respectively; otherwise, the model is weak (Swets, 1988). 
Also, relative contribution of each of the input variables to the models in predicting 
suitable sites for the species presence is shown in Table 3. 
 

Table 3. Importance of each climatic variable in the used models for studying Bromus 

tomentellus geographic distribution 

 
Importance of each climatic variable in models 

Variable ANN CTA FDA GBM GLM MARS RF SRE 

BIO12 0.34 0.47 0.18 0.51 0.38 0.2 0.31 0.28 

BIO14 0 0 0 0 0 0 0 0.001 

BIO15 0.04 0 0 0.06 0 0.23 0.06 0.18 

BIO18 0.12 0 0 0.006 0.03 0.018 0.10 0.04 
BIO2 0.11 0 0.25 0.03 0.08 0.15 0.10 0.10 

BIO3 0.006 0 0.10 0.02 0.09 0.07 0.06 0.12 

BIO4 0.09 0 0.20 0.025 0.14 0.17 0.10 0.027 

BIO8 0.29 0.53 0.27 0.35 0.27 0.16 0.26 0.24 

 
Maps in Figure 3 show the suitable regions predicted for the species by each of the 

used 8 models. 
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Figure 3. Current Bromus tomentellus geographical distribution based on climatic variables 

using different models 
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Finally, to obtain a general conclusion about the requirements and suitable regions 
for the species presence, results of the models that were appropriate in terms of 
assessment (all models) were summed up using consensus technique and the 
environmental needs of the studied species (Table 4) along with a single map of suitable 
regions for distribution were prepared. 

 
Table 4. Niche characteristics of Bromus tomentellus in Central Zagros  

Relative contribution in 

describing suitable 

climatic habitat (%) 

Occurrence range of species in 

variable 

Climatic variables affecting 

Bromus tomentellus habitat 

33 315-420 mm Annual Precipitation (BIO12) 

30 -5.5 - 0.0 °C 
Mean Temperature of Wettest 

Quarter (BIO8) 

10 15 - 16 °C 
Precipitation Seasonality 

(BIO2) 

10 8270-8650 (standard deviation *100) 
Temperature Seasonality 

(BIO4) 

 
 

Geographical distribution maps of the species 

By studying climate change in different time periods, species distribution maps in 
these periods were developed based on the climatic requirements. These maps were 
prepared for the present period and 2080. Figure 4 indicates the two relative suitability 
maps of habitats for Bromus tomentellus in the studied time periods. 

 

 
Figure 4. Consensus map of relative suitability of Bromus tomentellus climate conditions 

(Right: Present time, Left: 2080) 
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Changes in Bromus tomentellus geographical distribution 

To investigate the impact of climate change on the geographic distribution of species, 
first, a critical level was used (calculated based on ROC criteria) to classify habitat 
suitability maps into two classes of appropriate and inappropriate and, then, the 
difference in each of these two classes was calculated and prepared as a table and a map 
(Table 5, Fig. 5). 

 
Table 5. Changes in the geographic distribution of the studied species in the time steps 

 

Base 
Layer 

Presence 
(ha) 

Base 
Layer 

Absence 
(ha) 

Stable 
Presence 

(ha) 

Stable 
Absence 

(ha) 

Lost 
Habitat 

(ha) 

Gained 
habitat 

(ha) 

Habitat 
Loss 

(Percent) 

Habitat 
Gain 

(Percent) 

Habitat 
Change 

(Percent) 

Current vs 
A2 2080 

731248 1471411 252909 1369452 478339 101959 65.41 13.94 -51.47 

 
 

 
Figure 5. Changes of suitable geographical scope for Bromus tomentellus in the present 

climate conditions compared with 2080 

Discussion and Conclusion 

Results of the study were highly consistent with those of autecological studies that 
have been previously done on this species as far as determining the climate needs of 
Bromus tomentellus was concerned. For example, Saboohi and Khodagholi (2013) 
studied climatic needs of B. tomentellus and concluded that precipitation and cold 
season temperature are the most important factors affecting this species, similar results 
were also obtained in the present study. Results of this study showed that, in the studied 
region, Bromus tomentellus was moved toward the west as a result of climate changes 
(which generally has higher elevation). To be precise, we can say that the average 
height of the regions in which the species was present was 2,550 m. But, based on our 
modeling results, this value was stated as 2700 meters in 2080 (in A2 scenario). Similar 
results have been also obtained in many of the studies in which the movement of species 
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influenced by climate change has been studied. In an article published in Nature, 
Thuiller (2007) stated that the climate change will cause the movement of plant and 
animal species to the 160 m higher elevations, by average. A study that was conducted 
on plant communities located in the southwest region of the United States showed that 
most of the plant communities were moved pole ward or to the heights in response to 
climate changes (Archer and Predick, 2008). Stenothermic species which are present in 
the places that cannot move to higher altitudes, can sustain maximum damage by 
climate change (Anderson, 2013). Bakkenes et al. (2002) studied higher plants in 
Europe and found similar results. The studied species was a cool-season grass species 
with a relatively wide ecological niche, but it will be forced to shift its geographic range 
as a result of climate change. 

 

Three-dimensional space of the most important climate conditions related to the 

species 

To define the ecological niche of Bromus tomentellus in Central Zagros, concept of 
Hutchinson's ecological niche was used (Hutchinson, 1957). The three climatic 
components affecting the species were depicted in a three-dimensional space and the 
suitable ecological situation was determined for this species in this space (Figs. 6 and 7, 
respectively). 

 
Figure 6. Three-dimensional space of climatic conditions in the whole studied region 

 

 

 
Figure 7. Position of Bromus tomentellus ecological niche in three-dimensional space of 

climatic conditions 



Sangoony et al.: Range shift of Bromus tomentellus as a reaction to climate change 
- 97 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 85-100. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_085100 
 2016, ALÖKI Kft., Budapest, Hungary 

The Bromus tomentellus ecological position in the three-dimensional space of the 
environmental variables reflected its tolerance range against three components of this 
space. The more the number of the ecological environment dimensions of 
environmental variables, the more accurate the Bromus tomentellus ecological niche 
would be determined. Thus, complete ecological niche of each species could be 
determined in an environmental hyper volume (Hutchinson, 1957).  

According to the results obtained in this study, large changes are expected to happen 
in the distribution of this species along with climate change. These changes are in a way 
that could limit the suitable climatic conditions for the life of this important and 
effective species in the studied region. Therefore, to improve the conditions, the least 
thing that can be done is to control the destruction of Bromus tomentellus habitat 
through managing livestock grazing and preventing the landuse change of pastures. If 
we do so, we can hope that climate change cannot excessively attenuate or even 
completely eliminate this valuable species from the regional flora by itself and maybe 
physiological, phenological, and morphological adaptations of this species would help it 
fight the climate changes. 
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Abstract. Leaf Area Index (LAI) is one of the rare parameters that intend to represent the level of growth 
and productivity to some extent. Particularly from the ecophysiological and habitat frames, Fagus orientalis 
Lipsky is relatively less discovered species compared to European beech.The most suitable altitudinal ranges 
within Bartın watershed where multi-aged oriental beech (Fagus orientalis Lipsky) stands (mapobs) exist, 
were aimed to be determined based on the LAI measurements. Investigating the trends of the temperature 
and precipitation were also purposed in order to account the climate dynamics in the region. Bartın 
watershed is located at the northwestern of Black Sea Region in Turkey. Three sample altitudinal transects 
covered with mapobs were divided into 50 m imaginary gradients from where three hemispherical 
photographs were taken. LAI was derived from these photographs using the image analysis technique. The 
increase in the annual average temperature and decrease in the summer precipitation together with the rising 
winter precipitation indicate summer droughts and silent climate change. More than 60% of all mapobs 
concentrated at the hillsides with moderate slope degrees (15°-30°) on the gradients between 400 and 800 m 
asl. where annual total precipitation and mean temperature were 1370 mm and 9.6°C respectively. The 
sample mapobs with mean LAI higher than 2.00 occur within a broad range of altitudes between 450 and 
1150 m asl. The mean LAI was its minimum levels below 400 m asl. whereas it reached up to 2.71 at the 
700-750 m asl. where could be defined as optimum growth gradient for mapobs of this watershed landscape. 
South facing hillsides were relatively less favored aspects for all mapobs. The significant vegetation 
parameter; LAI can readily be used as a precise indicator of forest growth and productivity. Possible 
consequences of climate change on the forest ecosystems should be evaluated at the landscape scale which 
allow comprehensive forest landscape planning.  
Keywords: Fagus orientalis Lipsky, Leaf Area Index, landscape ecology, hemispherical photography, 

climate change 

Introduction 

Determining the growth and productivity of the forest trees is significant since these 
are signs for the ecological health of forest landscape. Although there are numerous 
factors that influence the growth and productivity of forest trees, the parameters which 
entirely are able to indicate this growth and productivity, are scarce. In this study, 

mailto:melihozturk@bartin.edu.tr
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optimum growth gradients of multi-aged pure oriental beech (Fagus orientalis Lipsky) 
stands (mapobs) along the altitudinal gradients were analyzed and proposed using the 
LAI parameter. Initially, all age groups (young, mature and multi-aged) of pure oriental 
beech stands (pobs) were involved within the spatial investigation to conceive general 
pattern of their distribution in the watershed landscape. Then, the investigation focused 
merely on multi-aged pure oriental beech stands (mapobs) to determine their 
topographical attributes consisting of altitude, slope and aspect, and to assess LAI 
differentiation along the altitudinal gradients of transects on sample hillsides. 
Consequently, the ultimate objective of this research is to provide thoroughly 
comprehension about climate based landscape ecology of relatively less observed 
species of Fagus; Fagus orientalis Lipsky, compared to the European beech (Fagus 

sylvatica L.) which has ultimately reached northern and eastern Poland and the southern 
regions of Baltic states (Bolte et al., 2007).  

Review of Literature 

Oriental beech grows up to 50 m in height and has larger leaves with more ribs than 
European beech (Yaltırık, 1993). It extends from the eastern limits of European beech; 
Bulgaria throughout northwestern and northeastern Anatolia reaching far to Caucasia 
and Crimea (Saatçioğlu, 1976; Davis, 1982). It has 7-15 × 5-9 cm dimensioned leaves 
with 8-12 pairs of lateral veins (Tutin et al., 1993). Since it can tolerate warmer 
temperatures, it can grow at lower altitudes (down to 150-200 m asl. under mild climate 
of Marmara) than do European beech which climbs up to 2000 m asl. under relatively 
warmer climate of Southern Europe (Saatçoğlu, 1976). Oriental beech is sensitive to 
saline soil and elevated water table, and attains the optimum growth conditions at 
around 6-8˚C where -20˚C and 40˚C are the extremes (Atalay, 1992, 1998). Minimum 
and maximum annual precipitations are 600 and 2000 mm respectively at the regions 
where oriental beech is prevalent (Atalay, 1992, 1998). 

Growth and productivity of forest trees are associated with physiological and 
environmental factors e.g. in majority, soil physical and chemical characteristics, 
availability of water and nutrients, meteorological conditions, and also involving 
ecological interactions such as mutual assistance among individual trees (Pretzsch, 2009; 
Forrester, 2014). Despite amplitude and variability of these influential factors, parameters 
that are indicators of total growth and productivity of trees are relatively restricted. Leaf 
area index (LAI) is the cumulative one-sided surface area of leaves over the projected 
crown area (Bonan, 2008), and is a key parameter indicating the plant productivity and 
growth (Landsberg and Sands, 2011). The efficiency of LAI as sign for growth and 
productivity of the canopy has been an interest of many researches (e.g. by Čermák et al., 
2008; Bequet et al., 2012) at stand level and of others (e.g. by Asner et al., 2003; Luo et 
al., 2004) at landscape and global scales. Most of these studies concentrated on the 
altitudinal gradients in order to account for the spatial variability of this parameter. From 
the point of tree growth and productivity, and integrated ecosystems concept, not only the 
spatial variability of this LAI parameter itself but also critical environmental factors 
particularly the climatic limits should be considered (Waring and Running, 2007). Major 
climate components e.g. temperature and precipitation differ along the altitudinal 
gradients of temperate mountainous regions (Barry, 2008), where a further climate change 
would be responded by a subsequent shifting of temperate forest tree species among the 
transects of these gradients (Peterson et al., 2005). 
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Materials 

Watershed characteristics 

Bartın Stream draining into Black Sea has a mesoscale watershed which covers 1943        
km2 (Figure 1). The watershed is located in between 41°17' and 41°45' northern 
latitudes, and between 32°13' and 32°60' eastern longitudes at the northwestern of 
Turkey (Figure 1). Altitude of the watershed ranges between 20 and 1735 m asl. where 
almost 2/3 of the land occupies the first gradients up to 600 m asl. About 71% of the 
remaining part is within the gradients between 600 and 900 m asl. The main stream is 
fed by three main tributaries; Gökırmak, Kocanaz and Arıt (Öztürk et al., 2013). 
Average slope of the watershed is about 15° and about 10% of the watershed is near flat 
with average slope of 5° mainly concentrated within the lowest altitudinal gradient. The 
relatively high slopes (30°+) cover only about 4% of the watershed. Aspect is almost 
evenly distributed to each of the four directions within watershed. On the other hand, 
hillsides facing the west, cover relatively the highest area with 26%. Except the lowest 
gradient, western facing hillsides are almost dominant up to 600 m asl. whereas 
northern facing hillsides dominate the higher gradients up to 1600 m asl. leaving the 
higher gradients (between 1600-1735 m asl.) again to the western facing hillsides. The 
watershed is associated with humid mesothermal climate regime (Atalay, 2011). 
Average annual total precipitation is 1046 mm whereas average annual temperature is 
12.6°C (TSMS, 2013). Based on the duration, the dominant wind direction is from west-
northwest and north-northeast where Black Sea is situated (Figure 1). 

The geology of the watershed is largely formed by sandstone-mudstone structures 
which constitute about 70% of the surface area (TGDMRE, 2007). These structures 
have been situated almost throughout the watershed. Limestones occur secondarily in 
the watershed followed by the alluvion which particularly is located at the riparian 
zones of the stream channels. Gravels, igneous-sedimentary rocks, andesite and 
rhyodasite are respectively the other geological formations within the watershed. Brown 
forest soils together with grey-brown podzolic soils have mainly been created on the 
sandstone-mudstones and they cover almost 80% of the surface area (TMFAL, 2005). 
Red-yellow podzolic soils, alluvium and colluvium soils exist relatively rare. More than 
half of the watershed soils are shallow with depths which range between 20 and 50 cm. 
The alluvium and colluvium soils are generally deep; higher than 90 cm, whereas grey-
brown podzolic soils are shallow. On the other hand, more than half of the brown forest 
soils are very shallow soils with depths which range between 0 and 20 cm. 

Agricultural areas, occupying about 37% of the total area, occur particularly at the 
lower altitudes (TMFAL, 2005; TGDF, 2011). Namely, almost 45% of the agricultural 
areas are below 300 m asl. whereas about 81% are below 600 m asl. They almost 
disappear at altitudes higher than 1000 m asl. Rural settlements are scattered around the 
agricultural areas particularly within the gradients between 200 and 900 m asl. These 
rural settlements in the form of villages inhabit only about 2% of the watershed. Urban 
settlements which occupy the other 2%, dominate the lowest altitudes establishing the 
Bartın province there. Forest which totally covers 58% of the area is the major land use 
in the watershed (TGDF, 2011). However, 14% of the forests are handicapped. 
Coniferous stands are only about 11% of the forests. Pinus nigra (black pine) and Abies 

bornmülleriana (Bornmüllerian fir) are the major coniferous trees in the watershed. 
Pure Pinus nigra stands appear at relatively broad range of gradients primarily between 
100 and 900 m asl. They also exist as mixed stands with deciduous trees i.e. Carpinus 
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betulus L. (European hornbeam), Quercus robur L. (pedunculate oak) and Quercus 

petraea (sessile oak) at altitudes between 200 and 1000 m asl. Pure stands of Abies 

bornmüllerina intensify at relatively the high gradients between 600 and 1200 m asl. 
where they also establish mixed stands with Pinus nigra. They also constitute mixed 
stands with Carpinus betulus L. and, Quercus robur L. and Quercus petraea at around 
the same altitudes. Among the minor coniferous trees, Pinus pinea L. (stone pine) 
constitutes rare pure stands particularly at low altitudes (20-200 m asl.), Pinus brutia 
(Turkish Pine) and Pinus sylvestris L. (Scots pine) constitute pure stands at mid-
altitudes (200-600 m asl.). Almost 2/3 of the forests are composed of deciduous trees. 
The Carpinus betulus L., Quercus robur L. and Quercus petraea also occur in the form 
of pure stands that are prevalent at the wide range of gradients from 20 m up to 1100 m 
asl. in the watershed. Platanus orientalis L. (oriental plane) generally dominates the 
riparian zones of the stream channels. 

 

 

Figure 1. Location of Bartın watershed within Turkey. Red line denotes the contour of 500 m 
asl. while orange patches are the pure oriental beech stands (pobs) in the watershed.  
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Characteristics of oriental beech stands and pobs 

Fagus orientalis Lipsky is also one of the major deciduous trees which covers the 
highest portion of forests (~23%) in the watershed among all the other pure stands of 
tree species (TGDF, 2011). Their pure stands (pobs) concentrate between 200 and 1000 
m asl., however they constitute mixed stands with Abies bornmülleriana particularly at 
the higher gradients between 700 and 1600 m asl. Carpinus betulus L., Quercus robur 
L. and Quercus petraea seldom accompany this mixture mainly at the gradients 
between 600 and 1200 m asl. The mixed stands of Fagus orientalis Lipsky, Abies 

bornmüllerina and Pinus sylvestris L. are generally met at the gradients between 1000 
and 1400 m asl. where is close to the crests of the mountains in the watershed. The 
deciduous mixtures of Fagus orientalis Lipsky occur primarily with Carpinus betulus 
L., with Quercus robur L. and Quercus petraea, with Castanea sativa (sweet chestnut) 
and with Tilia tomentosa (silver linden) between 200 and 700 m asl.  

Although pobs are widespread along the broad range of altitudinal gradients in the 
watershed, not all these stands are well-grown with a dense canopy closure. Relatively 
well-grown pobs with canopy closure of over 70% are only about 15% (164 km2) of the 
forests and they involve young, mature and multi-aged stands (Table 1). More than 3/4 
of these stands inhabit the gradients between 300 and 900 m asl. Despite they scarcely 
exist at the lower altitudes, they tend to perish at the higher altitudes (Table 1). The 
young well-grown pobs are in minority and cover 17 km2 whereas the mature well-
grown pobs are in majority and cover 77 km2. On the other hand, multi-aged pure 
oriental beech stands (mapobs) cover 69 km2 and therefore constitute about 42% of the 
pobs (Table 2). The distribution of mapobs along the altitudinal gradients is similar with 
the pobs. 
 

Table 1. Distribution of pure oriental beech stands (pobs-164 km
2
) and multi-aged pure 

oriental beech stands (mapobs-69 km
2
) within altitudinal gradients. The canopy closures of 

all these stands are higher than 70%.  

pobs in 163.85 km
2
 

(%) 

altitudinal gradients 

(m asl.) 

mapobs in 62 km
2
 

(%) 

0.07 0-100 0.11 
1.61 100-200 1.04 
6.03 200-300 4.21 

11.60 300-400 10.58 
13.36 400-500 14.03 
12.87 500-600 16.29 
14.22 600-700 17.63 
13.29 700-800 13.69 
11.70 800-900 8.52 
6.61 900-1000 3.85 
4.46 1000-1100 4.86 
2.90 1100-1200 3.32 
1.05 1200-1300 1.62 
0.23 1300-1400 0.25 
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Table 2. Based on age category, slope degree and aspect, distribution of multi-aged pure oriental beech stands (mapobs) within altitudinal 

gradients.  

mapobs ratio of slope degree ranges altitudinal 

gradients 

(m asl.) 

ratio of aspects 

0-15° 15-30° 30-45° 45+° Flat North East South West 

YD 0.09% 0.19% 0.21% 0.00% 100-200 0.00% 0.19% 0.15% 0.00% 0.15% 
YD 0.49% 2.14% 1.32% 0.02% 200-300 0.02% 1.08% 0.53% 0.44% 1.88% 
YD 1.12% 7.04% 2.48% 0.10% 300-400 0.00% 2.83% 2.31% 1.66% 3.94% 
YD 1.37% 11.93% 3.72% 0.11% 400-500 0.01% 4.19% 5.04% 3.00% 4.90% 

YD 2.25% 12.38% 4.15% 0.08% 500-600 0.00% 4.82% 7.01% 3.59% 3.43% 
YD 2.86% 10.98% 2.88% 0.04% 600-700 0.00% 4.99% 5.19% 2.59% 3.98% 

YD 1.85% 5.81% 1.28% 0.01% 700-800 0.04% 2.60% 2.99% 0.86% 2.47% 
YD 0.81% 3.38% 1.27% 0.04% 800-900 0.01% 1.47% 1.12% 0.66% 2.23% 
YD 0.59% 1.56% 1.03% 0.02% 900-1000 0.00% 1.36% 0.24% 0.49% 1.11% 
YD 2.31% 4.38% 1.37% 0.01% 1000-1100 0.02% 1.59% 1.21% 2.38% 2.86% 
YD 1.49% 2.62% 0.35% 0.00% 1100-1200 0.02% 1.14% 0.48% 0.83% 2.00% 
YD 0.26% 0.85% 0.31% 0.00% 1200-1300 0.00% 0.52% 0.43% 0.09% 0.38% 
YD 0.14% 0.29% 0.02% 0.00% 1300-1400 0.00% 0.02% 0.41% 0.03% 0.00% 

in total 15.65% 63.55% 20.36% 0.44%  0.13% 26.80% 27.12% 16.63% 29.32% 

ED 0.13% 0.09% 0.03% 0.00% 0-100 0.00% 0.06% 0.16% 0.03% 0.01% 
ED 0.54% 1.15% 0.37% 0.00% 100-200 0.01% 0.97% 0.67% 0.05% 0.36% 
ED 1.18% 3.22% 1.45% 0.03% 200-300 0.12% 2.07% 1.63% 0.80% 1.27% 
ED 1.70% 7.36% 2.88% 0.02% 300-400 0.01% 4.19% 2.50% 1.69% 3.57% 

ED 1.48% 6.98% 2.54% 0.02% 400-500 0.01% 3.65% 2.49% 2.17% 2.68% 
ED 1.95% 8.33% 2.81% 0.05% 500-600 0.00% 5.52% 2.58% 2.07% 2.97% 
ED 2.97% 12.24% 3.09% 0.15% 600-700 0.04% 7.07% 4.96% 2.27% 4.11% 
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ED 2.35% 9.73% 2.52% 0.11% 700-800 0.01% 4.53% 4.02% 2.57% 3.59% 

ED 1.74% 7.09% 1.72% 0.07% 800-900 0.04% 2.03% 2.20% 2.71% 3.63% 

ED 0.91% 2.68% 0.59% 0.05% 900-1000 0.00% 0.78% 0.43% 1.79% 1.24% 
ED 0.76% 1.65% 0.45% 0.06% 1000-1100 0.03% 0.70% 0.21% 1.15% 0.83% 
ED 0.73% 1.54% 0.42% 0.03% 1100-1200 0.04% 1.17% 0.29% 0.65% 0.57% 
ED 0.98% 0.80% 0.18% 0.01% 1200-1300 0.00% 0.14% 0.10% 0.79% 0.94% 
ED 0.06% 0.03% 0.00% 0.00% 1300-1400 0.00% 0.00% 0.02% 0.03% 0.04% 

in total 17.46% 62.89% 19.04% 0.61%  0.31% 32.88% 22.25% 18.76% 25.80% 

MD 0.46% 0.86% 0.28% 0.00% 200-300 0.03% 0.08% 0.65% 0.40% 0.45% 
MD 1.21% 5.27% 1.40% 0.01% 300-400 0.01% 1.04% 4.41% 1.53% 0.92% 
MD 1.67% 10.19% 3.13% 0.02% 400-500 0.01% 2.88% 5.17% 4.06% 2.90% 
MD 2.05% 12.96% 3.28% 0.01% 500-600 0.04% 3.92% 5.20% 4.58% 4.56% 
MD 3.17% 11.88% 2.28% 0.05% 600-700 0.00% 3.66% 3.83% 2.89% 7.01% 

MD 5.86% 11.30% 1.37% 0.00% 700-800 0.23% 7.16% 3.41% 1.52% 6.20% 
MD 2.75% 5.12% 1.19% 0.03% 800-900 0.07% 2.66% 2.57% 0.38% 3.40% 
MD 0.51% 2.23% 1.29% 0.05% 900-1000 0.03% 1.93% 0.06% 0.02% 2.04% 
MD 0.19% 2.79% 0.83% 0.01% 1000-1100 0.00% 1.27% 0.00% 0.04% 2.51% 
MD 0.41% 1.79% 0.58% 0.00% 1100-1200 0.00% 0.46% 0.00% 0.03% 2.30% 
MD 0.35% 0.75% 0.17% 0.00% 1200-1300 0.00% 0.30% 0.00% 0.04% 0.92% 
MD 0.10% 0.15% 0.00% 0.00% 1300-1400 0.00% 0.11% 0.00% 0.00% 0.14% 

in total 18.73% 65.28% 15.80% 0.19%  0.42% 25.47% 25.29% 15.47% 33.34% 
YD: Young Trees Dominated; ED: Evenly Trees Distributed; MD: Mature Trees Dominated 
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Methodology 

Climate and Map Analysis 

Vertical distribution of the precipitation and temperature within the watershed was 
based on the 31 years data (1982-2012) observed by the climate station at 30 m asl. 
(TSMS, 2013). In order to account for the altitudinal variability of the precipitation, 
annual total precipitation was assumed to heighten 54 mm for each 100 m gradient asl. 
(Barry, 2008). Furthermore, dependent upon the weighted averages of monthly 
precipitation within that annual total precipitation, additional 54 mm was allocated to 
each month. Lapse rate was assumed to be 0.5°C for each 100 m gradient asl. (Barry, 
2008). Besides the annual data, precipitation and temperature in April and June were 
particularly examined (Figure 2) since the budburst occurs in the former whereas LAI 
achieves the maximum in the latter month (Öztürk, 2015; Öztürk et al., 2015). 
 

 

Figure 2. April, June and annual mean temperature and total precipitation along the period 

between 1982 and 2012. 
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The model of Urban et al. (2000) suggested that the topographical attributes were 
effective on the distribution of forests in Sierran landscapes since they influence the 
water budget along the montane environmental gradients. The topographical analysis; 
particularly surveying the elevation, slope and aspect of the mountainous landscape 
were conducted using the Digital Elevation Models (DEM) data added to the 
Geographical Information Systems (GIS) through ArcGIS Software version 10. The 
watershed landscape was divided into 100 m altitudinal gradients which are totally 14. 
The slopes were ranged with 15° intervals; totally four of which the last one covers the 
hillsides higher than 45°. The aspects consist of the four main ones together with the flat 
areas. The existence portions of the pobs and mapobs within these altitudinal gradients, 
slope ranges and aspects were examined by the conjoint analysis agency of digital stand 
and topography maps.  
 

Hemispherical Photographing 

Hemispherical photographing technique which supplies strong estimates of LAI 
(Thimonier et al., 2010) was used to determine the LAI of the definite mapobs. In order 
to take the hemispherical photographs within these stands, Sigma 8 mm fisheye lens 
(Sigma F3.5 EX DG Circular Fisheye-Sigma Corporation, Japan) was mounted on a 
Canon EOS 5D digital SLR camera (Canon EOS 5D Mark II-Canon Corporation, 
Japan). Three altitudinal transects along the hillsides covered by mapobs of distinct age 
categories were divided into 50 m imaginary gradients. The photographing procedures 
were performed on June 12th and 13th, 2012. Mid-June was preferred for the 
hemispherical photography in order to avoid the impacts of shifting phenology among 
the altitudinal gradients where almost entirely maximum LAI was reached for the 
temperate deciduous trees within the same watershed landscape (Öztürk, 2015) and 
close coastal Black Sea Region (Gaydarova, 2003). Three hemispherical photographs 
were taken under three discrete canopy projections along the same gradients of three 
distinct mapobs. These projections relatively best symbolize canopy closure structure 
(>70% canopy closure) of that definite mapobs. From the first mapobs, 21 
hemispherical photographs were taken along 7 altitudinal gradients between 300 m asl. 
and 650 m asl. Also, 9 photographs from 3 altitudinal gradients between 700 m asl. and 
850 m asl. of the second mapobs, and 24 photographs from 8 altitudinal gradients 
between 850 m asl. and 1250 m asl. of the third mapobs were taken which ultimately 
amount 54 hemispherical photographs.     

Hemispherical photographs were processed using the Hemisfer software 1.5.3 
version (Swiss Federal Institute for Forest, Snow and Landscape Research; Schleppi et 
al., 2007) to analyze for LAI. During the analysis, automatic thresholding was based on 
the study of Nobis and Hunziker (2005), and Lang (1987) method was preferred for the 
determination of the LAI. Non-linearity and slope corrections were done according to 
Schleppi et al. (2007). For the clumping effect, the methodology of Chen and Cihlar 
(1995) was incorporated into the calculations to prevent the impact of stems and 
branches on LAI. Mean LAI of three discrete canopies was obtained to represent that 
altitudinal gradient concerned.  
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Results 

Precipitation and temperature (change) analysis 

The precipitation and temperature data belong to the meteorological station 
situated at the lowest altitudinal gradient (30 m asl.) of the watershed. The monthly 
mean precipitation and temperature data of 2012 were compatible with the long-
term (30 years between 1982 and 2011) monthly averages. According to the 
climatic analysis along the 31 years between 1982 and 2012, the wettest months 
were October and December each with the average total precipitation of 121 mm 
while the driest month was May with the average total precipitation of 49 mm. The 
long term averages of the spring months (March, April, May), summer months 
(June, July, August), autumn months (September, October, November)  and winter 
months (December, January, February) were 180 mm, 225 mm, 329 mm and 312 
mm respectively. The average annual total precipitation of the last eleven years 
(2002-2012) was only 12 mm (1.2%) higher than that of the first twenty years 
(1982-2001) manifesting relatively the regular annual precipitation regime. 
However, additional 41 mm (~14%) precipitation in winter and 43 mm deficient 
(~19%) precipitation in summer remarked shifting from relatively the year-round 
to unsteady precipitation conditions and alerted the possible summer droughts. The 
abundance of water was obvious for the March with approximately the extra 34 
mm (65%) precipitation. The summer droughts were particularly pronounced for 
the June when the precipitation suffered about 33 mm critical decline (37%).    

The hottest month was July with the mean temperature of 22.3°C while the 
coldest month was January with the mean temperature of 4.1°C. The long-term 
averages of the spring, summer, autumn and winter months were 11.2°C, 21.3°C, 
13.4°C and 4.7°C respectively. The average annual temperature of the last eleven 
years (2002-2012) was approximately 0.7°C higher than that of the first twenty 
years (1982-2001) indicating the silent climate warming. The warming was more 
apparent for the summer months (+1.0°C, +1.2°C, +1.3°C for June, July, Aug. 
respectively) with approximately 1.2°C increase in average temperature.  The 
warming was also valid for the succeeding autumn (+1.0°C, +1.0°C, +0.7°C for 
Sept., Oct., Nov. resp.) and winter months (+0.4°C, +0.3°C, +0.7°C for Dec., Jan., 
Feb. resp.) with almost 0.9°C and 0.5°C rising average temperatures.  However, the 
increase was only 0.2°C for the spring months.  
 

Overall mapobs 

About 62% of all mapobs concentrated at the gradients between the 400 and 800 
m asl. (Table 2) where annual total precipitation alternated between 1262 and 1478 
mm, and annual mean temperature between 10.6 and 8.6°C respectively. The rest 
of the mapobs at the lower and higher gradients, constitute the remaining 16% and 
22% respectively. The highest gradient where only about 0.25% of the mapobs 
exists is at 1300-1400 m asl. where annual total precipitation and mean 
temperature were 1775 mm and 5.9°C respectively. The mapobs consist of three 
age categories: young trees dominated (YD), almost evenly distributed (ED) and 
the mature trees dominated (MD) ones. They respectively cover about 34%, 42% 
and 24% of the total mapobs area. According to the conjoint analysis of the digital 
stand and topography maps, the YD of the mapobs occurs predominantly at the 
gradient of 500-600 m asl. with 18.9%, whereas ED and MD prevail at the 



Öztürk et al.: Growth gradients of multi-aged pure oriental beech stands along the altitudinal gradients within a mesoscale watershed 
landscape 

- 111 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 101-119. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online)  

DOI: http://dx.doi.org/10.15666/aeer/1404_101119 
 2016, ALÖKI Kft., Budapest, Hungary 

gradients of 600-700 m asl. and 700-800 m asl., each with 18.5% respectively 
(Table 2). On the other hand, more than 60% of all the mapobs exist at the hillsides 
with moderate slope degrees between 15° and 30°. The MD of the mapobs are 
situated relatively rare at the higher slopes compared to the YD and ED ones. West 
is relatively the prevalent aspect for the hillsides where YD and MD of the mapobs 
are located whereas north is for the hillsides covered with ED ones. For all the 
mapobs, hillsides facing the south are relatively less preferred habitat so that less 
than 19% of mapobs only are at those hillsides.  
 

Sample mapobs 

The sample mapobs represent each of the three age categories e.g. YD, ED and 
MD. The mean height and DBH (Diameter at Breast Height- at 1.30 m) of all these 
mapobs were approximately 27 m and 30 cm respectively. The mapobs which 
spread from 300 m asl. up to 650 m asl. are ED ones and are located on the 
northeastern facing side of Kınataş Hill (Figure 3). To the upward of this transect, 
the mean LAI almost linearly ascended from 1.66 up to 2.47 with only an 
exception of 1.63 at the altitudinal gradient of 350-400 m a.s.l (Figure 4). The 
mean June precipitation of about 93 mm at the 300-350 m asl. gradient increased 
up to about 105 mm at the 600-650 m asl. gradient. Conversely, the mean June 
temperature dropped from 18.3°C down to 16.8°C. Along the altitudinal gradients 
from 700 m asl. up to 850 m asl., YD of the mapobs extends on the northwestern 
facing side of Oluklar Hill. Among the sample mapobs, the mean LAI reached its 
maximum with 2.71 at the altitudinal gradient of 700-750 m asl. Then, the mean 
LAI descended to 1.96 at the altitudinal gradient of 800-850 m asl. Inversely, the 
mean precipitation increased from 110 mm at the altitudinal gradient of 700-750 m 
asl. up to 114 mm at the altitudinal gradient of 800-850 m asl. However, the mean 
temperature declined from 16.3°C to 15.8°C. Additionally, MD of the mapobs also 
exists on the northwestern facing side of the Oluklar Hill. The mean LAI initially 
increased from 1.73 at the altitudinal gradient of 850-900 m asl. up to 2.19 at the 
altitudinal gradient of 950-1000 m asl. Besides, the mean precipitation of about 
116 mm at the altitudinal gradient of 850-900 m asl. climbed to about 120 mm at 
the altitudinal gradient of 950-1000 m asl. On the contrary, the mean temperature 
diminished from 15.6°C to 15.1°C. Then, up to the altitudinal gradient of 1100-
1150 m asl., the mean LAI fluctuated between 2.16 and 1.94. At the higher 
altitudes up to the gradient of 1200-1250 m asl. the mean LAI receded back to 1.81 
where the mean precipitation and temperature were 130 mm and 13.8°C 
respectively (Figure 4).  
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Figure 3. Hemispherical photographing points of the sample mapobs along the gradients of 

altitudinal transects in the watershed. Yellow, green and red patches represent young trees 

dominated (YD), evenly distributed trees (ED) and mature trees dominated (MD) categories of 

mapobs respectively. White line in the watershed denotes the contour of 500 m asl. 
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Figure 4. Three dimensional model of sample altitudinal transects with the hemispherical 

photographing points along the gradients (left side). Variation of mean LAI values and 

temperature change along the corresponding altitudinal gradients (right side) 

Discussion 

Climatic analysis and mapobs 

The mapobs have been well suited at the altitudinal gradients between 400 and 800 
m asl. in the watershed landscape (Table 2). The mean April, June and annual 
temperatures were 8.1°C, 16.8°C and 9.6°C respectively within these gradients. Fang 
and Lechowicz (2006) insisted on the growing season warmth had been the prevailing 
factor for the spatial distribution of beeches and referred to 7.1-10.4°C mean annual 
temperature particularly for Fagus orientalis. Remarkably they mentioned about 20.5°C 
and 16.1°C mean warmest month temperatures respectively for the lower and upper  
limits of Fagus orientalis which roughly corresponds to 350-400 m asl. and 1200-1250 
m asl. gradients respectively in our watershed landscape. Namely, mean temperature of 
the warmest month; July was 20.5°C and 16.3°C respectively for the aforesaid 



Öztürk et al.: Growth gradients of multi-aged pure oriental beech stands along the altitudinal gradients within a mesoscale watershed 
landscape 

- 114 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 101-119. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online)  

DOI: http://dx.doi.org/10.15666/aeer/1404_101119 
 2016, ALÖKI Kft., Budapest, Hungary 

altitudinal gradients. Utilizing the forest growth models, Mette et al. (2013) tried to 
project climatic turning point for the mixed stands of European beech and sessile oak 
for the altitudinal gradient of 300-400 m asl. Ultimately, they estimated 11-12°C for the 
mean annual temperature and over 18.0°C for the July temperature. Not only the 
summer temperatures but also the winter temperatures were effective in the growth of 
old Fagus sylvatica L. trees (Di Filippo et al., 2007). The monthly mean temperature 
dropped down below 0°C for the March at the altitudinal gradients above 1350 m asl. in 
addition to the winter months; December, January and February when altitudinal 
gradients above 1150 m, 850 m and 900 m asl. were respectively the critical limits in 
the watershed landscape. As a matter of fact, the mapobs almost already disappeared 
above 1200 m asl. On the other hand, the mean April, June and annual total 
precipitation were 73 mm, 105 mm and 1370 mm indicating relatively higher 
precipitation during the vegetation period. Although Dittmar et al. (2003) reported that 
in low altitude sites, particularly during the vegetation period, high precipitation had 
stimulated the growth of European beeches, the annual total precipitation was far 
beyond the lower and upper criteria; proposed as in order of 745 mm and 912 mm by 
Fang and Lechowicz (2006). Nevertheless, Mette et al. (2013) estimated critical annual 
precipitation of 500-530 mm for the mixed European beech and sessile oak forest.   
 

Spatial and topographical distribution of mapobs and LAI 

According to the forest landscape model of Elkin et al. (2012), altitude; particularly 
above 1500 m asl., played a significant reducing role on the growth of Fagus sylvatica 
L. such as on some other coniferous and deciduous species. In other words, altitude is a 
limiting factor for the plant growth which is associated particularly with the resource 
availability (Moser et al., 2007). In our study, LAI of Fagus orientalis Lipsky obviously 
changed based on the altitudinal gradients. However, there should be edaphic causes of 
this change beyond the slope and aspect factors. On the other hand, the literatures have 
not defined pronounced correlation between LAI and soil organic C and total N (e.g. by 
Rodeghiero and Cescatti, 2005; Öztürk and Bolat, 2014; Etzold et al., 2014). Öztürk and 
Bolat (2014) suggested that the decreasing LAI had not led to significant change in the 
soil organic C and total N. In a study for the Western Black Sea Region of Turkey, it 
was confirmed that the optimum growth gradient of Fagus orientalis Lipsky was around 
1000 m asl. from the ecological and regeneration perspectives (Atalay, 1992). Here in 
this study, it was identified that the lower altitudes down to 700-750 m asl. could be the 
optimum growth gradient for the mapobs of the Fagus orientalis Lipsky in the Bartın 
watershed of Western Black Sea Region. Schleppi et al. (2011) reported that the 
maximum LAI had decreased by one third from 400 to 2000 m asl. at the Alpine regions 
of Switzerland. Similar with the LAI, Bresson et al. (2011) determined that the leaf size 
had diminished with the increasing altitude. Based on the study of Meier and Leuschner 
(2008), leaf size and LAI were harmonious for the Fagus sylvatica L. forest. Within the 
same watershed landscape, Öztürk et al. (2015) confirmed this relationship also for the 
Carpinus betulus L. trees remarking that the leaf expansion and LAI development were 
associated with the temperature particularly with the soil temperature. Besides, these 
two leaf parameters are directly and significantly correlated with each other (Öztürk et 
al., 2015). Luo et al. (2004) indicated that LAI was positively correlated with 
precipitation. Relatively cooler northern and western aspects of the hillsides were 
common for the majority of the mapobs (Table 2). In their study, Bresson et al. (2011) 
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also indicated that the Fagus sylvatica L. was associated with north-facing slopes of 
Western Pyrenees in France.  
 

Overall climate change analysis 

Impact of climate warming on the forest ecosystems has scientifically been a 
growing concern (Theurillat and Guisan, 2001) and first signs of global warming were 
declared indicating a mean 0.6°C increment in 100 years (IPCC, 2002). Notedly, the 
annual mean temperature was projected to increase in the Black Sea Region with the 
increasing annual mean precipitation and decreasing summer precipitation (Lindner et 
al., 2010). Therefore, several modeling procedures were applied in order to determine 
the potential and suitable landscapes for the deciduous (Kramer, 2010) and coniferous 
trees (Horikawa et al., 2009) and shrubs (Dullinger et al., 2004) where those climate 
warming impacts could adequately be compensated. According to the climatic results of 
this study, particularly for the summer months, impact of climate warming via increased 
summer temperatures associated with droughts was apparent for the watershed. Jump et 
al. (2006) found that particularly at the lower limits of altitudes, the population growth 
of Fagus sylvatica L. toward southern range edge had significantly been obstructed by 
drought. Also, the excess precipitation prevailed the winter months compared to the past 
which also was declared by Önol et al. (2014) based on the climate simulations for 
Black Sea Region. According to Geßler et al. (2007), water-logged soils as well as 
summer droughts are potential risks for the Fagus sylvatica L. forests in the central 
Europe. One of the scenarios, proposed during an earlier study on climate change 
indicated an increase of July temperature of 1.5°C which was evaluated under the 
concept of “moderate climate change” (Kienast et al., 1996). The scenario led up to the 
55% change in the potential natural vegetation type by 5-10% increasing the poorly 
adapted species. Almost the same increment in the July temperature was valid for our 
watershed which would threaten the species composition of the trees within particularly 
the natural forest stands. 

Conclusions 

Based on the LAI analysis, the optimum growth gradient for mapobs of Fagus 

orientalis Lipsky were determined as 700-750 m asl. along the altitudinal transects of 
this mesoscale watershed landscape. However, the mapobs with LAI higher than 2.00 
that indicates comparatively well-grown trees, have spread relatively broad altitudinal 
range between 450-1150 m asl. This broad altitudinal range would to some extent allow 
Fagus orientalis Lipsky to compensate the possible ecophysiological and vegetation 
dynamics impacts of climate warming. Impact of possible climate change not only the 
force the reorganization of the mountainous forest ecosystems themselves but also 
threaten the sustainable management objectives in order to protect these ecosystems, as 
reported by Seidl et al. (2011) and Elkin et al. (2013). On this context, the measures 
against possible climate change should involve structural alteration of the forest stand 
composition. Pretzsch et al. (2013) proposed the establishment of mixed stands rather 
than encouraging pure stands to compensate the potential consequences of climate 
change on forest productivity. 

Since the study area in the Western Black Sea Region has been managed and 
intervened by the concerned forestry administration, it would not likely lead to the 
natural reorganization of the Fagus orientalis Lipsky stands. Now that the issue does 
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involve nature conservation concept and land use perspective (Milad et al., 2011), these 
possible consequences of climate change on the forest ecosystems should delicately be 
handled at the landscape scale and the proposals and policies should be introduced in 
order to achieve comprehensive forest landscape planning objectives. Climate change 
based future modelling procedures which consider ecological, silvicultural and 
management principles will assist further forestry practices under ecological planning 
context. Nevertheless the results of this study reveal significant indicators for the 
altitudinal growth gradients of mapobs, further repetitive measurements involving the 
same and different forest species within the watershed landscape would support the 
findings of this study. Furthermore, the results supported the significance of the 
vegetation parameter; LAI for usage as a precise indicator of forest growth.    
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Abstract. Eldarian Pine has high forestry potential in dry regions. Its rate of biomass accumulation rivals 
the fastest growing conifer species. According to this feature in this article we studied plantation 
possibilities to new areas on the base of the data obtained by geoinformational technologies about 
ecological limits of Pinus brutia var. eldarica (Medw.) Silba growing in Azerbaijan. Ecological 
amplitudes of this species have been defined according to the following limiting environmental factors: 
the sum of active temperatures above 0°C. the annual amount of precipitation and temperature for the 
month of January. The obtained model previously allows to identify the possible zones of plantation  and 
perspective territories for the cultivation of this object. It was ascertained that the Pinus brutia var. 

eldarica (Medw.) Silba . is characterized by a wide potentiality of plantation  for its cultivation in Central 
Asia and Asia Minor in a number of regions of Southern Europe. Northern and Southern America and 
Australia.  
Keywords: area, Azerbaijan, modeling, planting 

Introduction 

Climate-change models predict a more intense hydrological cycle with both increases 
in rainfall and increased length and severity of droughts (Houghton, 1997). Changes in 
rainfall will likely affect ecosystem processes such as primary production and nutrient 
release from decomposing litter caused by direct effects of altered rainfall on plants and 
primary decomposers, respectively. From this point of the view drought resistant plants 
play an important role in plantations. Extension of area of these species due to 
reclamation by them new territories, differed from initial ones, creates preconditions for 
emergence of new ecotypes and finally morphogenesis and speciation. Prognostication 
of possibilities of re-planting of plants to new regions is one of the main problems in 
plant introduction. Study of historical and present-day areas of drought resistant species 
makes it possible to judge their ecology and prospects of their distribution to new 
regions where they did not grow earlier.  

Identification of potential areas of species distribution is of interest from theoretical 
and practical points of view. Modeling of spatial distribution of biological objects 
became a trend in researches and practical activities. Models of availability of habitat 
are good instrument of management in the field of applied biology. They can be used in 
development of the strategy of biodiversity conservation, plant introduction, forestry, to 
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predict behavior and dynamics of species distribution under alternative effects caused, 
for example, by climate change (Bakkenes et.al., 2002; Pearson et al., 2002; Thuiller, 
2003). Prognosis is vital for decision-making in planning, management and 
conservation of resources. 

Modeling technologies of spatial distribution of biological objects have got a powerful 
impulse with appearance and development of geo-informational technologies. Geo-
informational technologies and systems possess greater capabilities of reflection, analysis 
and modeling of geographical objects and the phenomena than traditional ways.  

Among the first tasks which were set by biologists in the researchers conducted with 
use of the geographical information systems (GIS) there were attempts of modeling of 
distribution of species with use of information on the actual distribution of species and 
maps of environmental factors (Booth, 1990; Busby, 1991; Cadwell et al., 1996).  

Symptoms of disruption of ecological equilibrium, degradation of environment and 
desertification of arid and semi-arid territories in Africa, Middle- and Central Asia, 
Australia etc. during the last half-centuries, especially after a long drought, began to 
appear more clearly. Centuries-old impact of a man on ecosystems of arid areas 
occupying about 30% of terrestrial land caused emergence and progressive growth of 
processes of desertification that presently gained global character (Babayev, 1995). 
Owing to the irrigation and flooding of these regions the possibility of their forestation 
arose. This ecological. social and economic problem has attracted attention of many 
scientists and experts of the world. In arid countries to protect the agricultural lands 
from water and wind erosion. crops and plantations from drought and hot dry winds it is 
necessary to increase the forest protective strips and planting of urbanized territories. In 
this case important problem is the choice of the most valuable woody and shrubby 
species available for cultivation in severe forest vegetation conditions. Numerous 
species of coniferous plants with a high economic and social potential grow in various 
droughty territories of the world. Both from esthetic and economic points of view pine 
species like: Pinus halepensis, P. brutia, P. eldarica and P. pinaster etc. naturally 
widespread in droughty territories have special significance. They successfully passed 
tests in various droughty areas of the world for the last 100 years. During investigations 
in various countries P. eldarica was more resistant species in comparison with others. It 
is connected with high adaptation possibility of the species (Safarov, 1972; Fisher and 
Widmoyer, 1978; Fisher, 1985; Wilson and Tran, 1995).  

Materials and methods  

P. eldarica as a Near Threatened and endemic species of the Caucasus (Farjon, 
2013). The conserved plantings of P. eldarica are (as it is recognized by the majority of 
the Caucasian authors) the remains of the coastal pine forests that once bordering the 
coast of the Tertiary Sarmatian basin (Prilipko, 1970). In the process of its development 
this species has developed special properties of adaptability to adverse environmental 
conditions that let it to remain up to present. A number of positive biological properties 
of Eldarian Pine - drought tolerance, not requiring  soil, wind-resistance, a certain salt-
resistance and adaptability to adverse environmental conditions that is developed in 
severe growing conditions make it irreplaceable to cultivate in areas with difficult soil 
and climatic conditions (Safarov, 1955).  

Eldarian Pine is widely used in Southern Caucasus in planting of settlements and 
forestation of droughty areas with dry and even partially salted soils. It was tolerant to 
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pollution as the few of the coniferous plants tolerant even in street plantings of air 
pollution by dust and exhausted gases. Eldarian pine is already introduced on quite 
considerable areas in the Caucasus, as well as in Central Asia, USA, etc. (Allegri, 1973; 
Eccher et al., 1982). P. eldarica successfully grows also in Tajikistan and 
Turkmenistan. In all research works devoted to P. eldarica the severe conditions of its 
natural growth that is developed its exclusively high drought resistance (Tutayuk, 1959; 
Kolesnikov and Agayev, 1961; Safarov, 1972; Eccher et. al., 1982; Reservations of the 
USSR, 1990; Mamedov and Halilov, 2002; Farzaliyev, 2010; Farzaliyev et al., 2010).  

The purpose of the present work is ecological and geographical study of P. eldarica 
development of the model allowing to predict the perspective territories for plantation of 
eldarian pine.  

Natural areas of Eldarian Pine growth and its planting in Transcaucasia have been 
observed and studied during numerous expedition researches conducted during 2008 to 
2014 in the research areas (Farzaliyev, 2010). Points of growth have been registered on 
maps and were accessed into base; coordinates were determined by a navigator of GPS 
in process of development of technologies of geopositioning. Additional source of data 
about places of growth of elder pine were the map of the forests of Azerbaijan (1986) 
and the map of distribution of forest formations of Azerbaijan (Red Book, 2013).  

Ecological maps for model development in the territory of Azerbaijan have been 
taken from the Agroatlas (Afonin et al., 2008). Layers of agroclimatic maps presented in 
the atlas were used: the sum of active temperatures above 0°C, the average temperature 
of the coldest month (map of temperature of January for the territory of Azerbaijan was 
used), map of annual precipitation for the year, hydrothermal coefficient of Selyaninov 
for summer. At compiling up the world map of areas potentially available to introduce 
elder pine world climatic maps prepared by Hijmans et al. (2005) were used. 
Recalculation of monthly layers of temperatures to the map of active temperature above 
0°C during vegetation period was carried out by Kelchevskaya's method (1978) using 
GIS Idrisi 32 (2001). In this study we are interested in ecological distribution of the 
specie. That is why we use only 4 ecological predictor for modeling. 

Working off an ecological model of elder pine for its growth area in Azerbaijan was 
the first step. Ecological amplitudes of species related to environmental factors limiting 
its distribution were determined by extraction of values of factors in the known points 
of the actual growth of the species. In this purpose points of growth have been accessed 
into the GIS Idrisi 32 and standard procedure of extraction of data was carried out on 
them. After determination of ecological amplitudes of species ecologically available 
areas related to each limiting factor of the environment were revealed and on the basis 
of these maps the generalized model of growth of species was made. The model was 
firstly made for the territory of Azerbaijan and then used for definition of regions of the 
Globe available for plantations of Eldarian Pine.  

Validation of the model was carried out by comparison of the known points of the 
actual growth of species outside of Azerbaijan with the territory predicted by the model. 

In the past the pine and pine-juniper open woodland was widespread on the steppe 
plateau and reached Cobistan and Absheron within Transcaucasia. D. I. Sosnovsky (1910) 
specifies that in former times the pine went down much below on Eller Oyughu slopes. At 
present, the open woodland of elder pine has remained only on hard-to-reach mountain 
range (Fig. 2). Though height of the mountain range is rather small very difficult relief 
caused hard-to-reach condition and partly completely hard-to-reach condition of its separate 
areas. It provided preservation of elder pine in these shelters up to now.  
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In more available places it was destroyed long ago by human being. Pinus brutia var. 

eldarica (Medw.) Silba. on the Eller Oyughu mountain range is accompanied by 
junipers: Juniperus rufescens Link., J. foetidissima Willd. and the juniper most 
widespread on the mountain range - J. polycarpos C. Koch that together with the P. 

eldarica forms a typical arid light forest (Kolesnikov and Agayev, 1961). 406 species 
relating to 56 families and 195 genera (Baghyrova, 2009) were revealed in the 
reservation area and in surrounding agroecosystems.  

The annual precipitation doesn't exceed 250 mm here; at the same time a precipitations 
drop out unevenly mainly in the early spring and late fall; number of days with a 
precipitation is 70; average relative humidity of air is 58%; average overcast is 53. Annual 
mean temperature is 12.9 °C; the sum of effective temperature for the whole vegetative 
period is about 3680°C; evaporation is 727 mm; number of days with a snow cover is 22.  

General indicator of soil samples is the high alkalinity, indicating the richness of the 
soil carbonate layers. Eldarian Pine substrate is a thick layer of conchoidal limestone 
covering the Sarmatian sandstones. Texture of the soil humus-carbonate and sandy. 
General index of soil tests is the high alkalinity that testify to richness of the soil by 
carbonate layers. A powerful layer of blistered limestone serves as substratum of elder 
pine covering Sarmatian sandstones. Mechanical structure of the soil is hummus and 
carbonate and sandy.  

According to geological structure the mountain range in the most high-altitude parts is 
covered with elder pine suite of Aghjagyl Stage that in proportion of relief lowering is 
replaced by the upper Sarmatian. The upper Sarmatian is gray, bluish and greenish gray and 
brown clays with layers of brown coal and plaster alternating with packages of gray middle- 
and coarse-grained carbonate sandstones. Except sandstones frequent pro-layers of shell 
limestone occur here. In the upper and middle parts of northern slope of the mountain range 
sandstones and shell rocks come to a surface being a substratum on which P. eldarica 
grows. Thanks to remarkable biological properties P. eldarica as irreplaceable coniferous 
genus has got wider prospects at cultivation in dry subtropical areas. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. State Natural Preservation's map of Pinus brutia var. eldarica (Medw.) Silba 
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Figure 2. Characteristic places of natural area of Pinus eldarica 

 
 
The major factors limiting distribution of P. eldarica are sum of active temperatures 

during vegetative period, low winter temperatures and sum of precipitation in a year. 
Active vegetation period of elder pine begins with transition of average air temperatures 
through 10°С. The minimum sum of active temperatures (effective heat unit) necessary 
for passing of a seasonal cycle of ontogenesis from spring growth up to formation of 
seeds and preparation of plants for winter is 4500°C.  

P. eldarica is not frost-resistant and can be easily damaged by low winter 
temperatures. It sustains single temperature falls up to -22°C but as the actual border of 
its distribution according to this factor the isometric line of January temperatures serves 
-3.5°C in Azerbaijan.  

Sufficient moistening is necessary condition for growth of plants. In this regard P. 

eldarica is very undemanding and capable to grow at 250 mm of precipitation per year. 
In condition of additional artificial irrigation of young plants and periodic watering P. 

eldarica is capable to grow in areas with the annual sum of precipitation of 200 mm in 
Absheron.  

The further assessment of predicativity of ecological model showed need of an 
additional factor registration – seasonality of a precipitation. P. eldarica both relatives 
and related to it types of Pinus brutia and P. halepensis according to ecological 
requirements grew only in the territories being characterized existence of the droughty 
period in summer months abroad. Apparently it is also associated with the possibility of 
withdrawal from competitive pine species. The factor of seasonality of moistening was 
considered by inclusion into the model of additional condition: Selyaninov's 
hydrothermal coefficient (HTC) for summer months shouldn't exceed 0.85.  

In accordance with the above mentioned as ecological limits of growth of P. 

eldarica. According to the main limiting factors of the environment limiting its 
distribution were chosen: the sum of active temperature above 10°С from 4500°C to 
7000°C, the annual precipitation were 270 to 1000mm; temperature for January was >-
3.5°C; HTC during summer was not higher than 0.85. The obtained data on ecological 
limits and existence of ecological maps allowed to carry out modeling of an area of 
possible distribution of Eldarian Pine.  
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Results and Discussion 

The presented model was used for compiling the prognostication map of world 
territories that are perspective from the point of view of an plantation of P. eldarica. 
Similar model calculations were carried out with use of the ecological maps made by 
Hijmans et al. (2005). Thus for the northern and southern hemisphere calculations of 
ecologically available areas according to temperatures of the coldest month counted 
separately: for the northern hemisphere according to January temperatures and southern 
– according to July. The final map united according to the mask in GIS Idrisi 32. 
Validation of the world prognostic map of territories, optimal for an introduction of P. 

eldarica was carried out by use of world data on known points of a successful plantation  
of eldarian pine.  

According to ecological maps areas ecologically available for growth of Eldarian 
Pine per each of 3 major limiting factors of the environment were allocated. As a total 
prognostication area of distribution was considered the area available for growth of 
Eldarian Pine according to set of all the considered factors. White dots show the actual 
places of growth of P. eldarica Medw. in Azerbaijan.  

 

 

Figure 3. Ecological - geographical model of distribution of Pinus brutia var. eldarica (Medw.) 
Silba in Azerbaijan: A) the area ecologically available for growth of Pinus brutia var. eldarica 

(Medw.) Silba  . according to the temperatures of the coldest month (above -3.5°C); B) on sum 
of active temperature above 0°С in vegetation period (4500°C to 7000°C); C) on amount of 

precipitation for year from 270 mm to 1000 mm; D) on the HTC for the summer period (not 

higher than 0.85); E) ecologically available territory on all set of the considered factors of the 

environment. 
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Comparison of the model area with known points of a successful plantation of plants 

show that territories ecologically available for plantations of Eldarian Pine according to 
ecological model substantially coincide with the actual places of successful growth of 
the introduced plants (Fig. 4., 5).  

 

 

Figure 4. Comparison of predicted ecologically suitable areas with places of the actual growth 

of P. eldarica in North America. 

 
 

 

Figure 5. Comparison of predicted ecologically available territories with places of the actual 

growth of Pinus eldarica (Medw.) and related to it species of Pinus brutia and P. halepensis in 

Europe. Front Asia and North  Africa. 
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Dark colour showed ecologically suitable areas. black dots – known places of growth 
of eldarian pine. It should be noted that the known places of growth of P. eldarica in 
North America as a whole  are dated for massifs of the territories prognosticated by the 
model. Some origins of the known  points of growth out of the frames of the modeled 
area particularly can be explained by regional features of places of cultivation of P. 

eldarica – redistribution of environmental factors not considered on small-scale 
ecological maps. More careful acquaintance to features of cultivation of  elder pine in 
the south of the United States showed that in some cases possibility of cultivation of P. 

eldarica outside of ecologically available territory is caused by agrotechnical features; 
for example use of intensive watering. It has been also ascertained that the introduced 
pine grows in a number of places but it experiences considerable difficulties. In 
particular in noted on the map in Fig. 4 four points of growth of pine in the southern 
Texas, going beyond ecologically available zone, grown-up plants experience 
considerable difficulties because of the raised humidity of climate. It is observed that 
pines not bad get accustomed but in the course of years the needles connected 
apparently with diseases of root system become brownish on them.  

The total predicative map of potential of P. eldarica Medw. for replanting along with 
new territories of the Globe is given in Fig. 6. Good coincidence of ecological model to 
known places of the actual growth of P. eldarica Medw. and related to it types testifies 
to universality of the developed model and its predicative value for drawing up plans of 
plantation of P. eldarica Medw. and to far distant regions.  

 

 

Figure 6. Globe territories ecologically available for plantation  of Pinus brutia var. eldarica 

(Medw.) Silba  . according to the data of ecological model. 

 
 
Thus territories ecologically available for growth of P. eldarica Medw. and 

perspective from the introduction point of view have been determined. As a result of the 
researches conducted by the GIS it has been revealed that conditions for the plantation 
of P. eldarica Medw. in the Globe are quite extensive. The P. eldarica Medw. is 
characterized by wide plantation potential for cultivation in Central Asia and Asia 
Minor, in a number of regions of Southern Europe, Northern and Southern America and 
Australia.  
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Conclusion 

Distribution of plants along with land surface depends on biological features and 
ecological properties of plants, their ability to replanting. It depends also on ecological 
and biological barriers like: mountains. seas - on climate, other living organisms and 
human beings. Human being is able to transfer species through ecological barriers to 
places potentially available for their habitation, expanding the areas of growth of 
valuable species. reducing the risk of disappearing of Near Threatened species.  

Ecological and geographical methods allow specifying places potentially available 
for growth of introduced species that makes such activity more effective. 
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Abstract. Annona squamosa L. has been recognized by having compounds with important in vitro 
biological activity against human disease or as insecticide. However, knowledge of the antiviral potential 
and micro molecules production of A. squamosa L. at different phenological stages is scarce. The 
secondary metabolites detection and biological activity from seeds and leaves in 4 and 14 years old trees 
from semi arid region were performed. Phytochemical identification was obtained by chemical 
bioprospection and histochemical localization in leaves and seeds’. Seeds acids content was analyzed by 
gas chromatography. Cytotoxic effect and antiviral activities against equine and suid herpesvirus were 
also performed. Results showed differences in the amount of flavonoids, carotenoids, and phenolic 
compounds between leaves and seeds and by stage of production. Carotenoids and phenolic compounds, 
especially tannins, were higher in older trees’ leaves. Fat acids detected in seeds were oleic, linoleic 
arachidic, Cis-11-eicosenoic, elaidic and palmitoidic acids. Cytotoxicity was higher in hydrophobic than 
hydroalcoolic extracts. Broad spectrum antiviral activity was more marked for younger trees’ aqueous 
extract. The high chemical adaptability of A. squamosa to semi arid environment was evident and the 
identification of A. squamosa secondary metabolites regarding the plant senescence may guide a better 
utilization of plant organs in order to obtain substances of pharmacological interest. 
Keywords: natural products, secondary metabolites, apoptosis, antiherpetic 

Introduction  

Annona squamosa L. (Annonaceae Juss.), popularly known as custard apple, fruta-

do-conde, ata or pinha, is recognized as one of the most important traditional edible 
medicine tree as well as by its economical sustainability (São José et al., 2014; Maas et 
al., 2014). The medicinal usage of A. squamosa includes the treatment of 
hypertireoidism, cancer, and heart and infectious diseases. The tea from root is used as 
purgative and the powder of unripe fruit is used to treat worms and protozoa (Di stasi 
and Hiruma-Lima, 2003). The leaves’ infusion is also used to treat ulcer, wounds and 
swoon, and the seeds are recognized by their pesticide effects (Gajalakshmi et al., 2011; 
Luna et al., 2015). Economically, A. squamosa crop has been characterized mainly by 
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small farmers using the family labor and presents increasing important socio-economic 
values considering international market because of its status as exotic fruit showing 
excellent qualities (São José et al., 2014).  

Review of Literature 

Several secondary metabolites have been identified from Annonaceae species, 
including phenolic acids, tannins, flavonoids, benzenics compounds, lipids, proteins, 
lactones, vitamins, carotenes and saponins (Leboeuf et al., 1980). From A. squamosa 
leaves, two main chemical classes were described: steroids and terpenoids 
(Savithramma et al., 2011). Particularly, acetogenins and benzylisoquinoline alkaloids 
isolated from this family have received special attention due to their variety and 
distribution in Annonaceae representatives in distinct stages of development, including 
A. squamosa (Yogesh, 1994; Araya et al., 2002; De-La-Cruz et al., 2013).   

In vitro studies have validated the medicinal potential of Annona secondary 
metabolites being Leishmanicidal (Vila-Nova et al., 2011), antioxidant (Panda and Kar, 
2007; Mariod et al., 2012), antimicrobial (Padmaja et al., 1995; Rahma et al., 2005), and 
antitumoral (Tormo et al., 2001; Yang et al., 2009; Chen et al., 2012) activities most 
described in the literature. Also, hyperglycemiant properties of fat acids from seeds 
(Sultana, 2008), anti-HIV activity of diterpenes from A. squamosa (Wu et al., 1996), 
and anti-herpetic activity of ethanolic (Padmaja et al., 1995) and methanolic (Betancur-
Galvis et al., 1999) extracts from A. muricata were reported. More specifically, 
acetogenins isolated from Annona seeds demonstrated cytotoxicity (Vila-Nova et al., 
2011) and immunosuppression related to antitumoral activity (Tormo et al., 2001; Araya 
et al., 2002; Yang et al., 2009; Chen et al., 2012). 

The relation between biological potential of plants and the plant-environment 
interface is another point of interest in the A. squamosa studies. Seasonality, circadian 
cycle, ultraviolet radiation, and temperature, can be considered the main environmental 
factors involved in reducing and increasing the production rate of secondary metabolites 
(Taiz and Zeiger, 2008) since A. squamosa seems to show a greater control of 
transpiration through stomata closure in water deficit situation (Endres, 2007). 

Although biological properties are evident, there is a lack of information about 
phytochemical prospection description, histochemical localization, and antiviral 
potential elucidation of A. squamosa tree which could guide the search for biologically 
active molecules. Consequently, in this study, two stage of cultivation of A. squamosa - 
initial production stage (4 years) and peak production stage (14 years) - were chosen to 
better understand the variability on secondary metabolites of A. squamosa in semi arid 
environment and its influence on antiviral activity against suid (SHV-1) and equid 
(EHV-1) alphaherpesviruses. 

Materials and Methods 

Botanical field collection  

The A. squamosa L., Annonaceae,  mature leaves and fruits from both 4 and 14 years 
of cultivation where collected  from a commercial rural property located in the 
municipality of Anage, Bahia state, Brazil (14°26.159' S; 41°05.216' WO), where 
cultivation is monitored from seed germination. The environment where the plants 
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grown is defined as caatinga area of Brazilian Northeast, characterized by a xeric 
shrubland (less dry) and thorny trees with an annual precipitation varying from 400 to 
600 mm. Plant material was identified and deposited at herbarium of Universidade 
Estadual Santa Cruz (HUESC) under register number HUESC#18501 
(http://inct.splink.org.br/) and identified by Prof. Luiz Alberto da Costa Matos. A. 

squamosa is not native from Brazil (Datiles and Acevedo-Rodriguez, 2016) and it is not 
considered an endangered or a protected plant once it is largely cultivated around the 
world.  
 

Extract production  

For extract production, leaves were submitted to dryness at 50ºC under forced 
ventilation and reduced a powder with mechanical knifes. Seeds from several fruits 
were cleaned and dried at room temperature. Seeds (S) and leaves (L) powder were then 
submitted to aqueous (Aq), hexanic (Hex) and ethanolic (Et) extraction. The aqueous 
extract of leaves was done by infusion at 10% for 1 hour, filtered and lyophilized. The 
ethanolic extracts from seeds and leaves were obtained by exhaustive extraction, using 
10 g of powder plant material in 100 mL of ethanol 99% (Biotec, Brazil). The solvent 
was evaporated under reduced pressure and the extract recovered.  The hexanic extract 
was obtained by Soxhlet method following the International Union of Pure ad Applied 
Chemistry (IUPAC) procedure with hexane for 6 hours. The solvent was evaporated 
under reduced pressure and the extract recovered.  The ethanolic extracts were stored at 
4ºC in the dark while hexanic and lyophilized extracts were kept at room temperature in 
the dark.  

For biological test, immediately before use, hexanic and ethanolic extracts were 
dissolved with 0.8 mL of dimethyl sulfoxide (DMSO, Sigma-Aldrich, Brazil) and 
Minimal Essential Medium (MEM - Vitrocell/Embriolife®, Atená-SP) to obtain an 8 
mg.mL-1 stock solution. Work solutions varied from 0.03 to 4 mg.mL-1. Aqueous 
extracts were dissolved directly in MEM at the same stock and work solutions.  

 
Phytochemical prospection 

To perform phytochemical prospection, the NI 1600 UV-VIS spectophotometer 
(Novainstruments®, São Paulo, Brazil) was used and all solutions were high purity 
quality. 
 

Carotenoid 

The carotenoids determination was performed according to the technique and 
equation described by Kimura and Rodriguez (2003). For that, to 0.3 g of plant powder 
material, 50 ml of acetone was added. After 30 minutes the solution was vacuum 
filtered and 1.5 mL of clarifying solution [1,5 mL de Ba(OH)2 (0.3 M) e 1.5 mL de 
ZnSO4(5%)] was added and after 30 minutes, all solution was vacuum filtered again. 
Next, 30 mL of petroleum ether was added to the mixture directly in the filter funnel. 
The ether phase was harvested and exhaustively washed. The ether extract was then 
transferred to a volumetric flask and the 50 mL final volume was completed with 
petroleum ether. The ether extract was transferred to a 50 mL volumetric flask by 
adjusting the volume of solutions with petroleum ether. A 450 nm wave length was used 
to read samples.                    



Silva et al.: Annona squamosa L. (Annonaceae): Chemical bioprospection and biological activity in two phenological stages 
- 136 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 133-147. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_133147 
 2016, ALÖKI Kft., Budapest, Hungary 

Total phenolic compounds 

To determine phenolic compounds, the Folin-Ciocauteau reagent (RFC) was used 
following the method described by Wettasingue and Shahidi (1999) and Brito et al. 
(2013). To a final volume of 10 mL, 0.5 ml of RFC, 0.5 mL of the plant extract and 1 
mL of saturated NaHCO3 solution were added to water.  After 25 minutes, the analysis 
at 773 nm wavelength was performed. Gallic acid (GA, 1 mg.mL-1 stock solution) was 
used to prepare an analytical curve varying from 5 to 217.5 μg.mL-1. The analytical 
curve were made in triplicate and presented the equation y=0.0034x + 0.0194 with 
R2=0.990 being detection (DL) and quantification (QL) limit values of 1.973 μg.mL-1 
and 6.576 μg.mL-1, respectively. The total phenolic compounds were expressed in mg of 
GA equivalents per 100 g of dried plant. 
 

Flavonoid 

The quantification of flavonoid followed Sobrinho et al. (2008) procedures. In a 25 
mL volumetric flask 1.0 mL of methanolic solution was added to the sample, followed 
by 0.6 mL glacial acetic acid (concentrated), 1 mL of methanolic piridin (20% v/v)  and 
2.5 mL methanolic AlCl3 (50 mg. L-1), reaching a final volume with destiled water. 
After 30 minutes at room temperature, samples were detected by espectophotometry at 
420 nm wave lenght. Rutine (RU, 0.5 mg.mL-1 stock solution) was used to prepare an 
analytical curve varing from 5 to 30 μg.mL-1. The analytical curve were made in 
triplicate and presented the equation y=0.0075x + 0.1, R20.998 being detection (DL) 
and quantification (QL) limit values of 0.4799 μg.mL-1 and 1.599 μg.mL-1, respectively. 
The flavonoids content was expressed in mg of RU equivalents per 100 g of dried plant.  
 

Tannin 

The tannins content was determined following Tiitto-Julkunem (1985) procedures. 
For that, 0.5 g of sample was soaked in 30 mL of 80% aqueous acetone (80:20, PA 
acetone, water, v.v-1) under continuous stirring at room temperature (24 ° C ± 2 ° C) for 
20 minutes. The mixture was filtered and another extraction was done. The procedure 
was repeated twice. Then, extractions were combined and 3 mL of a methanol solution 
of vanillin (4% MV-1) was added to the 50 mL final volume adjusted with water. Then, 
in a tube covered with aluminum foil, 0.5 mL of the extract was put together with 3 mL 
of vaniline methanolic solution (4% w/v) and 1.5 mL of concentrated HCl. The mixture 
was stirred vigorously, and read at 500 nm wave length. Catechin (25 mg.mL-1 stock 
solution) was used to prepare an analytical curve varying from 5 to 125 μg.mL-1. The 
analytical curve were made in triplicate and presented the equation y = 0.0024x + 
0.2173, R2= 0.9990 being detection (DL) and quantification (QL) limit values of 
0.62500 μg.mL-1 and 2.0833 μg.mL-1, respectively. The tannins content was expressed 
as catechin equivalents per 100 g of dried plant.  

 
Histochemical localization 

Leaves and seeds of 4 and 14 years of cultivation of A. squamosa L. were selected 
for in situ localization of their main chemical compounds. Some fresh samples were cut 
by hand using a razor blade. Additionally, part of the samples were fixed in 2.5% 
glutaraldeyde, 4.0% formaldehyde and 0.2 M cacodylate buffer solution, pH 7.2 
(modified from Karnovsky, 1965), embedded using the HistoResin Embedding Kit 
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(Leica, Heidelberg, Germany) and sectioned using a RM 2145 rotary microtome (Leica, 
Heidelberg, Germany) with glass knife. All the sections obtained were mounted onto 
glass slides and submitted to specific tests, including their respective controls. All the 
analyses were made using a DM 2500 light microscope (Leica, Heidelberg, Germany) 
equipped with a DFC 295 digital camera (Leica, Heidelberg, Germany). Also, scanning 
electron microscopic (Quanta 250 (FEI Company) was used to verify 
micromorphological aspects of the the epidermal cells. 
 

Gas chromatography analysis from hexanic extract 

Ester methyl production 

Three mL of hexane and 4 mL of NaOH (0.5 N) methanolic solution were added to a 
50 mg of oil. The mixture was heated at 65-70oC for 3 to 5 minutes until total 
solubilization. After cooling down, 5 mL of transestherifing solution [NH4Cl (10 g) in 
methanol (300 mL) + H2SO4 concentrated (15 mL)] and again heated at 65-70oC. Five 
minutes later, the mixture was cooled down and transferred to a separation funnel, 
where 4 mL of NaCl saturated solution was added. The hexane phase was selected, 
stored under refrigeration and analyzed by GC. 
 

CG analysis 

The methyl ester were analyzed by gas chromatography using Varian Saturno 3800 
equipped with flame ionized detector (FID) and melted silica capillary column (30 m x 
0.25 mm) with Carbowax (0.25 µm film thin) stationary phase, having helium as drag 
gas, flow of 1.0 mL/minute. The injector and detector temperatures were 220°C e 
240°C, respectively. The column temperature began at 60°C and it was increased from 
5°C to 200°C, maintaining the latest for 5 minutes more. One µL of hexane phase (split 
1:10) was injected. A fat acids certified standards mixture varying from 8 to 24 carbons 
(Sigma-Aldrich - USA) was used to identify the sample fat acids content by 
comparison. The fat acid methyl esters’ concentrations were obtained through integral 
area of picks related to all sample components total area, normalized method. 

 
Biological assay 

Vero cell lines, (Vero, ATCC-CL 81) kindly provided by Instituto Butantan (São 
Paulo, Brazil), were used to perform cytotoxic and antiviral assays. Cells were 
cultivated in MEM supplemented with 8% of fetal bovine serum (FBS, 
Vitrocell/Embriolife®, Atená) with 5% CO2 atmosphere at 37°C. For all tests, cells 
were seeded in a 96 well plate at 3.0x104 cell/well density. After 24 h seeding, cells 
were treated with different concentrations of extracts (0.03 mg.mL-1 a 4 mg.mL-1) and 
incubated at 5% CO2 atmosphere and 37°C for 48-72 h. 

To verify citotoxicity of hexanic, ethanolic, and aqueous extracts, the 3-(4, 5-di-
metilazol-2-il)-2,5-difeniltetrazolium bromide (MTT, Sigma-Aldrich, Brazil) 
mitochondrial reduction assay was used (Valadares et al., 2007). Also, cells were stained 
with May-Grünwald-Giemsa to analyze cell morphological changes. 

The cytotoxic concentration to 50% of cell culture (CC50) was calculated using 
GraphPad Prism version 7.00 for Windows, GraphPad Software, San Diego California 
USA (free trial version) and the maximum non cytotoxic concentration (MNCC) for this 
study was considered the concentration 50% below the CC50.  
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For cytotoxic experiments, controls consisted of cells treated with MEM only, 
DMSO  at 0.5% and DMSO at 1.25%. 

The antiviral activity assay was performed using suid alphaherpesvirus type 1 
(SuHV-1; EMBRAPA: BRMSA 3, 00588 strain) and equid alphaherpesvirus type 1 
(EHV-1; 4/72 strain). Due to high cytoxicity of some extracts, only aqueous extracts 
from seeds and leaves and hexanic extract from seeds were tested for antiviral activity. 
The methodology was adapted from Kaziyama et al. (2012). After 24 h seeding and 
75% confluence of Vero cells, supernatants were removed and cells were treated with 
MNCC extracts and MNCC extracts with virus. Controls with only virus or cells were 
also used. Cells were incubated at 37°C and 5% de CO2 atmosphere for three days. 
Cytopathic effects (cell tumefaction and death) were observed every day and tissue 
culture infectious dose to 50% of the cell culture (TCID50) was determined.  The viral 
inhibition index (VII) was obtained through Reed and Muench (1938) method giving 
the proportional difference between viral titer from extract treated cells and not treated 
cells. Following criteria established by Simoni et al. (2007), the extract was antiviral 
eligible when VII was ≥ 1.5 corresponding to  percentage of inhibition (PI) of 97%.  

 
Statistical analysis 

Student’s t test and one-way ANOVA, followed by Tukey’s test were done. 
Statistical analyses were performed with the Prism software (version 7.00; GraphPad 
Software, 2007, San Diego, California, USA). All experiments samples were made in 
replicates and repeated at least three times. 

Results  

Phytochemical prospection 

Phytochemical difference was seen between plant organ and tree age being 
carotenoides and flavonoids found in significatively higher amounts in leaves from 
older trees (Table 1). Also, phenolic compounds were found only in leaves of 14 years 
individuals with more then a half of components constituted by condensed tanins. 
 

Table 1. A. squamosa L. leaf and seed chemical bioprospection according to two plant tree 

age. Anagé,  Bahia State, Brazil, 2015. 

 Leaves Seed 

Tree age (years) 4 14         4        14 

Carotenoids 
(mg.100g-1) 

0.11b ** 0.29a ** 0.011B ** 0.014A ** 

Flavonoids 
(mg.100g-1) 

240.37b * 488.25a* 21.06A * 12.13A * 

Total phenols 
(mg.g–1GAE)  

ND 562.25 ND ND 

Condensed tannins 
(mg.100g-1) 

ND 343.98 ND ND 

ND – not detected. *p<0.1 **p<0.001 
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Histochemical localization 

Through histochemical technique plant metabolites such as alkaloids, lipids, phenolic 
compounds, terpenoids, and starch were located in leaves and seeds from both 4 and 14 
years trees (Table 2). The differences observed were more at plant organ level then at 
phenological stage, highlighting the presence of acid lipid and starch only in seeds and 
phenolic compounds in leaves.  
 

Table 2. Histochemical analysis of Annona squamosa seeds and leaves regarding two plant 

tree ages. 

 Leaves Seeds 

 4 years 14 years 4 years 14 years 

Alkaloid + + + + 

Total lipid (Sudan) + + + + 

Acid lipid - - + + 

Structural phenolic compounds + + - - 

Total phenolic compounds + + - - 

Terpenoids (essential oil) + + + + 

Terpenoids (resinified acid) + + + + 

Starch - - + + 

Presence of compound (+); Compound not detected (-) 

 
 

In situ localization associated to scanning electron microscopy technique revealed 
the micromorphological aspects of the wax covering all the epidermal cells, including 
those which form the stomata apparatus (Fig. 1A). In leaves, the results showed the 
presence of total lipids in the mesophyll idioblast (Fig. 1B) and essential oil in the 
petiole cortex idioblast (Fig. 1C) (Fig. 1D). Tannic Acid and Ferric Chloride reaction 
revelead the presece of mucin in the larger mesophyll idioblasts as well as condensed 
tannin in the idioblasts of the mesophyll main vein (Fig. 1E). In seeds, total lipids (Fig. 

1F), acid resin (Fig. 1G), essential oil and oilresin (Fig. 1H) were detected in the 
endosperm cells. In this same plant organ, alkaloids were detected only in some 
peripheral endosperm cells (Fig. 1I-J).  
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Figure 1. In situ localization of the major chemical compounds detected in the A. squamosa L. 

leaves (A-E) and seeds (F-J). (A) Scanning electron microscopy technique revealing the micro 

morphological aspects of the wax covering all the epidermal cells, including those which form 

the stomata apparatus (arrow). (B) Sudan IV test showing positive result for total lipids in the 

mesophyll idioblast (red color, arrow). (C) NADI reaction showing positive result for essential 

oil in the petiole cortex idioblast (blue color, arrow). (D) Tannic Acid and Ferric Chloride 

reaction showing positive result for mucin in the larger mesophyll idioblasts (black color, 

arrow). (E) Chlorine Vanillin reaction showing positive result for condensed tannin in the 

idioblasts of the mesophyll main vein (reddish orange color, arrows). (F) Sudan IV test showing 

positive result for total lipids in the endosperm cells (red color, arrow). (G) NADI reaction 

showing positive result for acid resin in the endosperm cells (red color, arrow). (H) NADI 

reaction showing positive result for essential oil (blue color, arrow) and for oilresin (purple 

color, arrowhead) in the endosperm cells. (I, J) Dittmar (I) and Wagner (J) reactions showing 

positive result for alkaloids in peripheral endosperm cells (reddish orange color, arrow). 

Symbols: ep=epidermis; pp=palisade parenchyma; sp=spongy parenchyma; vb=vascular 

bundle. 
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Gas chromatography  

To elucidate lipid compounds detected in seeds by qualitative analysis, gas 
chromatography was performed from hexanic extraction (Table 3). The majority of fat 
acids analyzed had similar amount considering the two tree ages studied. However, 
differences were found between tree age in relation to arachidic acid and Cis-11-
eicosenoic acid contents, being this compound found only in older trees seed. 
 

Table 3. A.squamosa fat acids from seed hexanic extraction by gas chromatography 

analysis according to two plant tree age. Anage, Bahia State, Brazil, 2015. 

A. squamosa tree age   4 years 14 years 
Methyl esters standards RT

1
 

 

RT
2
 Content 

(%) 

RT
2
 Content 

(%) 

Palmitoleic acid (C16: 1n9-c) 22,080 22,101 6.20 22,141 7.50 
Elaidic acid (C18: 1n9 t) 25,606 25,627 16.04 25,695 11.55 
Oleic acid (C18: 1n9C) 25,941 25,956 52.72 26,080 49.50 
Linoleic acid (C18: 2n6-c) 26,651 26,676 21.78 26,760 25.80 
Arachidic acid (C20: 0) 27,655 ND ND 27,698 0.98 
Cis-11-eicosenoic acid (C20: 1) 28,857 ND ND 28,905 1.37 

 
 

Biological assay 

The biological assay results indicated the more functional plant organ and 
phenological stage regarding antiviral activity potential. Significant differences between 
phenological stages was not seen, however compounds extraction had a role in the 
toxicity. In relation to antiviral activity, a difference in virus sensibility was seen. In 
general, SuHV-1 was more sensitive than EHV-1, including an unusual elevation on 
virus titer observed. Exception was seen for 14 years tree aqueous extract from seeds 
which was more active against EHV-1. Regarding compounds selected, aqueous 
extraction from leaves showed the best effect. Finally, with exception of the seeds 
aqueous extract for EHV-1, the tree age did not play a significant role in antiviral 
activity when comparing same extraction solvent (Table 4).   
 

Table 4. Cytotoxic concentration (CC50), Viral inhibition index (VII) and percentage of 

inhibition (PI) of A. squamosa extracts, obtained from two plant tree age against SuHV-1 

and EHV-1. 

Plant Extracts  Tree age CC50 SuHV-1 EHV-1 
 [mg.mL

-1
] IIV PI (%) IIV PI (%) 

LAq 4 0.32  0.55 71.60 0.60 74.88 
14 0.42  0.50 68.38 0.59 68.86 

SAq 4 1.43  -0.16 -46.78 0.00 0.00 
14 1.51  0.17 32.91 0.50 53.58 

SHex 4 0.49  0.50 68.38 0.13 25.87 

14 0.40  0.25 44.02 0.39 37.77 

CC50 - 50% cytotoxic concentration for cell culture. LAq – leaves aqueous extract; SHex – 
seeds hexane extract; SAq – seeds aqueous extract. 
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Discussion 

The genus Annona has been studied by its biological potential in health and 
agriculture. In this study some secondary metabolites and biological activity of seed and 
leaves extracts obtained from A. squamosa are reported. Differences in cultivation stage 
and plant organ were seen. Through bioprospecting, mainly secondary metabolites such 
as carotenoids, phenolic compounds including flavonoids and condensed tannins were 
detected and quantified in leaves and seeds (Table 1). The histochemical localization 
analyses allowed identifying plant organ and the cell types in which the major chemical 
compounds were produced and stored (Table 2, Fig. 1). Palmitoleic, elaidic, oleic, 
linoleic, arachidic, and cis-11-eicosenoic acids were also identified and quantified in 
seeds hexanic extract by gas chromatography (Table 3).  

Carotenoids content was significantly higher (p <0.01) in leaves and seeds of 14 years 
trees when compared to 4 years ones. Carotenoid levels usually remain constant in leaves 
until early senescence (Uenojo et al., 2007), however an increase during ripening can be 
seen, at which there is an intensification of the synthesis of this compound (John et al., 
1970). Here, the higher content found is in accordance with the stage of production of 
older trees at the moment of collection. Moreover, the high content of carotenoids may be 
connected to photo protection process against oxidative damage in function of the 
adaptability to climate (Taiz and Zeiger, 2008; Mertz et al., 2009). It is worth to note that 
there is a tendency to recover this metabolite from the leaves instead of seeds, since the 
amount of this metabolite was very close to lower detection limit by the method used. 
Naturally, regarding to photo protection, seeds are protected by fruit tissues.  

The presence of phenolic compounds in A. squamosa leaves has been already 
reported (Mariod et al., 2012), however differences between trees of different stage of 
production is one notable point of our study. Flavonoids were significantly higher 
(p<0.5) in leaves of 14 years individuals when compared with plants in the beginning of 
fruit production (4 years). Total phenolic compounds were observed only in leaves of 
14 years production (562.25 mg GAE.g–1), and it is worth to note that from total 
phenolic compounds, 343.98 mg.100g-1 were condensed tannins. The sites of tannin 
production were the large cells located in the leaf mesophyll, where its protective 
feature became evident against the UV radiation damage (Wang et al., 2014) and 
herbivory (Lokvam and Kursar, 2005). Interestingly, phenolic substances such as 
flavonoids and tannins have allelopathic function contributing to the establishment of 
seedlings photo protection and plant adaptability along their development (Waterman 
and Mole, 1994; Giner-Chaves, 1996; Rawat et al., 1998; Hassanpour et al., 2011). In 
this study, the microclimate adaptability, more specifically the high incidence of 
sunshine in the semiarid area, lead us to think that the amount found in older trees is due 
to protection against oxidative stress or as accessory pigments on photosynthesis 
(Hassanpour et al., 2011).  

The fat acids from A. squamosa seeds deserve attention for their quantitative and 
qualitative variation, being considered the seeds as the main lipid storage organ (Corner, 
1949). The fat acids in the seeds where histologically detected in almost every 
endosperm cells, which are the main storage tissue of the Annonaceae species (Kessler, 
1993). In this context, differences in fat acids content have been reported in relation to 
seeds stage of development representing the potential of the plant to plasticity (Endres, 
2007; Chacón et al., 2013). In this study, an expressive amount of polyunsaturated fat 
acids (PUFAs) such as oleic and linoleic acids were detected in seeds from both tree age 
of production. However, arachidic and Cis-11-eicosenoic acids were detected only in 
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seeds of later production stage (14 years) and higher amount of elaidic and palmitoidic 
acids were detected in seeds of initial production stage (4 years) trees. Although less 
expressive, the fat acids from leaf where derived from the epidermal wax, a layer that is 
related to the dry protection among other functions (Samuels et al., 2008), and also from 
some mesophyll and petiole cells, reinforcing the great importance of this class of 
compounds to plant adaptation.    

As plant metabolism reflects its plasticity, the variety of secondary metabolites 
originated from this adaptation gives to the vegetal a great potential for biological 
proposals. In this study, cytotoxicity and antiviral tests were biological properties 
explored for A. squamosa biological potential. The cytotoxic morphological findings 
confirmed the potential of A. squamosa compounds to cause apoptotic effects on 
tumoral cells (Pardhasaradhi et al., 2005). Cells treated with hexanic and aqueous 
extracts showed apoptosis signs characterized by reduction of cell volume, nuclear 
fragmentation, and the presence of apoptotic bodies (Table 4 and Fig. 2). It was also 
noted that aqueous extract from leaves were more toxic than aqueous extract from seeds 
(Tables 4 and 5) which is in agreement with their tannins content. Although tannins 
have biological properties, they can be very harmful to mammalian cells and removing 
them from extract can help other phenolic compounds to positively act on infection 
agents and in the mammalian systems as reported elsewhere (Schmitt et al., 2001; 
Hassanpour et al., 2011; George et al., 2012; Zhao and Hu, 2013). Furthermore, the high 
cytotoxicity of hexane extract from seeds and ethanolic extracts from seeds and leaves 
was verified in our study.  

 The antiviral activity of Annona extracts is an additional biological activity not yet 
described in the literature. However these data confirmed the antiviral potential of the 
Annona species, following the criteria established by Simoni et al. (2007), the antiviral 
activity of A. squamosa extracts was considered weak. Both viruses tested seemed to be 
sensitive to water-soluble compounds such as tannins, for which inhibition related to 
virus protein interaction has been reported in the literature Kikulskie et al. (1992). On 
the other hand, it is worth to note that although some flavonoids have already been 
identified as anti-herpetic (Cushnie and Lamb, 2005; Lin et al., 2011; Kumar and 
Pandey, 2013), in the 4 years trees seeds aqueous extracts, which are rich in 
flavonoides, there was no antiviral activity on EHV-1. In addition, in our study, the 
influence of some A. squamosa products on SuHV-1 cell interaction seen by enhanced 
virus titer (%PI of -46.78%) should receive more attention in the future.  

Analyzing the effect of hexanic extracts from seeds against both viruses it seems to 
confirm the interaction between virus and PUFAs reported in the literature (Apostolov 
et al., 1989; Leu et al. 2004; Orhan et al., 2011). For example, the pretreatment of cells 
with extracts having oleic and linoleic acid as major compounds, lead to maximal 
antiviral effect against hepatitis C virus (HCV) (Oh and Chung, 2014). In addition, the 
elaidic acid has shown promising action against herpesvirus compared to gancyclovir 
(Andrei et al., 2000) and it was found in A. squamosa seeds reported here. Finally, the 
stronger action of seeds’ hexanic extracts from 4 years trees compared to 14 years trees 
on SuHV-1 indicate a potentiating on antiviral action in the absence of arachidic and, or 
eicosanoic acid.   

Finally, the great diversity of secondary metabolites provides plants distinct 
therapeutic properties. One point of concern is to have substances of interest at 
qualitative and quantitative level at the right moment of plant’s life. Thereby, through a 
chemical and biological approach, the diversity of substances in seeds and leaves of two 
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different ages of A. squamosa showed the adaptation of these plants to the hostile 
condition of a xeric shrub land and thorn forest environment and indicated the leaves of 
plants in the beginning of production (4 years) as the suitable ones to obtain biological 
potential directed to viral-natural products interaction. Besides those chemical 
compounds analyzed here, we considered the importance of the alkaloids and 
mucilaginous substances, which are detected by our histological evaluation in the seeds 
and leaves, respectively. We emphasize that these kinds of metabolites are often related 
with the protection for plants that grown in dry environments (Di Stasi and Hiruma-
Lima, 2003) and has some pharmacological properties (Gajalakshmi et al., 2011) and, 
for these, deserve accurate attention. 
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Abstract. Cattle behaviour depends both on internal factors (breed, age, oestrus, hierarchy, body 
homeostasis) and external factors (air temperature, humidity, wind speed, paddock size, grass quality and 
quantity). In our study we present how weather conditions modify behaviour and daily walked distance. 
Direct observations of Hungarian grey cows and calves were carried out in Eastern Hungary on a 
rangeland called Hortobagy. Meteorological, spatial and behavioural data were collected using weather 
stations, GPS collars and ethogram recordings. Data showed a positive correlation between daily walked 
distance and atmospheric pressure (r=0.389, P<0.05). Animals consistently used the same daily routes 
and resting sites. Moreover, frequency of metabolic behaviour (grazing, rumination, drinking, defecation, 
and urination) depended significantly on type of weather fronts experienced on the day following the 
examined day (r=0.445, P<0.05). These weather fronts were classified according to the system developed 
by Peczely. In summary, our study suggests that Hungarian grey cattle show specific behavioural patterns 
during low-pressure conditions. Therefore, understanding their behavioural responses to different 
environmental factors may help to improve the handling techniques of extensively farmed beef cattle. As 
behavioural adaptation is usually driven by the neuroendocrine system, we suggest that this type of 
regulation could also depend on environmental changes, therefore, this relationship needs further 
research.  
Keywords: atmospheric pressure; front; GPS; serotonin; zoometeorology 

Introduction  

Zoometeorology is an interdisciplinary science, merging the principles of ethology 
and meteorology. The effects of environmental factors, such as temperature, humidity 
and wind speed, which all impact on the animals, need to be examined in a broad 
context (Anda et al, 2010; Lovelock, 2010; Yin and Zheng, 2011). Previous 
zoometeorological observations pointed out that grazing cattle react differently to 
various weather conditions (Malechek and Smith, 1975). Abiotic environment, animal 
physiology and behaviour are significantly correlated. 

 
Atmospheric pressure / Weather front effect 

Depending on their nature, weather fronts have various effects on both behaviour and 
physiology. Warm fronts have pre-frontal effects, and amplify parasympathetic nerve 
reactions, like higher heart and respiratory rate (Krueger and Smith, 1960; Soyka, 1977; 
Kalmar, 1987; Kovacs, 2010). Whereas cold fronts usually cause reactions in 



Halasz et al.: Weather regulated cattle behaviour on rangeland 
- 150 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 149-158. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_149158 
 2016, ALÖKI Kft., Budapest, Hungary 

sympathetic system (e.g. higher blood pressure and adrenalin level), which appear post-
frontal. According to the literature, Hungarian cattle breeds are well adapted to cold 
fronts (Kovacs, 2010). The Hungarian Grey cattle population lives at a relatively low 
altitude, where atmospheric pressure, under weather front-free conditions, is between 
1000 and 1010 hPa. This value can decrease or increase rapidly throughout the day. The 
receptors of the inner ear and the pressure-sensitive mechano-receptors (Kovacs, 2010) 
of the upper skin notify both the neuro-endocrine and the autonomic nervous systems 
about atmospheric pressure changes. Weather fronts also deliver differently charged air, 
and through ionized oxygen-concentration, they determine the animal’s blood-serotonin 
level (Krueger, 1960; Kerdo et al., 1972; Soyka, 1977; Sulman, 1980; Pfeifer and 
Sulman, 1982; Adams et al, 2012). Serotonin is a neurotransmitter, responsible for 
controlling mood (behaviour), appetite, sleep and also has important role in exploratory 
behaviour (Sánchez, 1995). Under warm or cold weather fronts the atmospheric 
pressure is erratic, and air electricity (ionization) also changes dramatically. This has 
direct influence on serotonin hormone synthesis (Phelps, 2005).  

Our objective was to observe the complexity of the grazing cattle/pasture/weather 
system. We present correlations between cattle behaviour and grass supply just as with 
individual weather factors.  

Material and methods 

This research was carried out between 2010 and 2013. During the four grazing 
seasons the distribution of precipitation varied greatly, as 2010 was an extremely wet 
year, whereas 2012 was an extremely dry year. The study area was 1191 ha of 
rangeland, and consisted of two major parts: the North (688 ha) and South (503 ha). The 
Hortobagy River and two local sweep-pole wells were the only water sources. The herd 
consisted of 200 mid-age (8-10 years) Hungarian Grey cows. We marked 10 cows of 
identical age (age 10 in 2010) using coloured calf rope for visual identification. The 
differently coloured pieces of rope were clearly visible on the neck, cows were not 
bothered by it during the behavioural observations. Observations were made regularly 
during the active day period. We recorded the behavioural status of marked individuals 
and the herd itself every 20 minutes. At the end of each day a descriptive behavioural 
report was made. The animals maintained a 50-100 m flight-zone. Only a gallery forest 
and the riverbank provided wind shelter. The herd did not receive supplementary feed 
along the year. In the winter housing period animals received only hay and salt. The 
cattle always returned to the herd-hut, equipped with a sweep-pole well and an elevated 
calving-mount. As Hafez (1968) and Stookey (1997) suggested, we also observed 
“home drift” every time the herd returned from their daily route. The marked cows had 
different ranks within the herd, and they represented every aspects of the hierarchy. We 
applied the Czako (1985) terminology to describe animal behaviour, and organized the 
behavioural traits into 4 main groups. We determined social actions (fighting, playing, 
communication, suckling, licking and scratching), grazing-metabolic actions (grazing, 
rumination, drinking, defecation, and urination), locomotion and sexual actions 
(copulation, oestrus). 

Two types of GPS receivers were used (Snewi Trekbox, Bluetooth, GT-750 GPS 
data logger) to describe the spatial positions of the animals and calculate their speed and 
daily walked distances. The loggers were recording the daily route of animals for 5 
days. Reviewing positional data, we verified Bailey’s (1989) observation about the 
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spatial memory of cattle. Animals consistently used regular daily routes and they found 
their way without the herdsman’s control. The most typical behavioural patterns were 
logged. To find the labelled animals, we used a binocular. The problem of the “flight 
zone” (distance kept from strangers) was managed using a pick-up truck (Malechek and 
Field, 1975; Kilgour et al., 2012). The typical behavioural patterns (grazing, fighting, 
and nursing) were recorded with a digital video camera. Meteorological data were 
collected from the national weather survey database, and complemented with our own 
local measurements (atmospheric pressure, temperature). SPSS 19.0 software package 
(SPSS Inc., Chicago, IL, USA) was used for statistical analysis of collected data. 
Spearman non-parametric correlation was calculated (P<0.05 was considered 
statistically significant) between the examined weather conditions and cattle behaviour. 
For weather classification, we applied the Peczely-method (Peczely, 1961) standardized 
to sea level. 

Results 

Using Peczely-typification we categorized the weather fronts into two major 
groups. The first group included cyclonic fronts. One of their major characteristics is 
the low atmospheric pressure which results in air flow disturbance and unstable 
conditions. Anticyclonic fronts are accompanied by high atmospheric pressure 
(typically over 1010 hPa), and stabilize weather conditions for a longer period. Our 
findings show that in a high (normal) pressure environment, movement behaviour 
occurs more frequently (Fig. 1).  

 

Figure 1. Correlation between atmospheric pressure and daily walked distance of the herd 

 
 
Both front-free and cold-front weather systems create high atmospheric pressure 

(P≥1005 hPa). We found moderate correlation (r=0.445, p=0.007) between metabolic 
behaviour and the dominant weather front type on the following day (Table 1). 
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Table 1. Average number of events within the main behavioural groups based on the 5 most 

frequent Peczely-front types. 

Behavioral trait 

 

 

 

 

 

 

Front type 

 

Feed intake-

metabolic 
Moving Social Sexual 

Avg. no. 

of event 

±SE 1
 

p 2 
Avg. no. 

of event 

±SE 

p 
Avg. no. 

of event 

±SE 

p 
Avg. no. 

of event 

±SE 

p 

Front 

today 

10-An3 46.3±6.7 

0.716 

22.4±3.7 

0.271 

5.4±2.5 

0.950 

0.4±0.3 

0.467 
1-mCc 4 42.9±6.1 16.9±6.0 3.9±1.7 0.1±0.1 
5-Ae 5 49.2±15.4 8.2±4.3 4.6±2.4 0 
8-Aw 6 50.2±11.2 10.8±4.7 5.0±1.9 0 
12-A 7 53.5±15.1 18.3±3.4 4.8±2.0 0 

Front 

tomorrow 

1-mCc 38.7±8.3 

0.049 

3.8±2.3 

0.004 

2.3±1.0 

0.039 

0 

0.164 
10-An 50.3±6.4 21.7±2.9 3.0±0.7 0.43±0.3 
12-A 71.2±4.5 17.3±3.1 7.5±1.4 0 
5-Ae 39.3±15.8 11.8±3.0 6.5±3.0 0 
8-Aw 51.3±3.2 9.3±3.5 1.7±0.3 0 

1
standard error;

 2
Kruskal-Wallis test (level of significance: p≤0.05); 

3
Anticyclone north of the Carpathian 

Basin; 
4
rear flow system of meridional cyclon; 

5
Anticyclone above Ukraine; 

6
Anticyclone stretching from 

west; 
7
Anticyklone above the Carpathian Basin 

 

 

As rising atmospheric pressure has a calming effect on cattle, cows walk their normal 
daily route and spend about 8 hours feeding, and walk about 6 km on normal, non-
stressed days. However, as the pressure starts to decline, the herd shortens its daily 
walked distance significantly or does not move at all if a stress-causing warm front is 
above them (r=0.389, P<0.05, Figure 1.). It is possible that differences in precipitation 
might slightly change the behavioural trait distribution (Fig. 2). The year 2010 was 
extremely wet with 1000 mm of annual rainfall – average annual rainfall in Hungary is 
about 500-750 mm. This caused serious floods in the Hortobagy region in early 
summer, but there was an abundance of water that covered the ground in August and 
September also, which refreshed the vegetation. The social and moving behaviour ratio 
was similar in 2010-11 and 2012-13 as well. There were no significant differences 
between the studied years. This suggests although animals walk slightly more for the 
less available, tasty (high carb) grass, but the four main behavioural traits ratios did not 
change significantly in the period. Results did not present significant connections 
between behaviour trait appearance and individual meteorological factors (temperature, 
precipitation). The difference between years was not significant. 

During data processing we also found an obvious negative correlation between wind 
speed and walking direction (r= -0.371, p= 0.026). Movement and social activity are 
also appearing together frequently (r= 0.347, p= 0.007) such as playing behaviour. We 
discovered a promising connection between metabolic-grazing behaviour and the 
dominant Peczely-front type on the next day (r= 0.445, p= 0.007) (Table 2). 
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a) 

b)  

 
Figure 2. Distribution of the four major behavioural groups (a) and 

average precipitation (b) between 2010-2013 

 
 

Table 2. Significant correlating factors on behaviour 

Correlating factors Spearman Correlation 
Atmospheric pressure-daily 

walked distance 
r= 0.374, p= 0.025 

Wind speed-metabolic-grazing 
behaviour 

r= -0.371, p= 0.026 

Movement-social behaviour r= 0.347, p= 0.038 
Peczely-front type on the next 

day-metabolic-grazing 
behaviour 

r= 0.445, p= 0.007 

 
 
Examining the relationship between grass supply and animal behaviour (Table 3), 

significant association was found between the event number of feed intake-metabolic 
group and grass supply of the area (p=0.033). 
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Table 3. Associations between grass supply and the most frequent behavioural tratits and –
groups. 

Behavioural trait  
 

 
 

Grass supply 
category 

Feed intake-metabolic Moving Social 

SG
 

MG
 

LR
 

SR
 

Avg. no. of 
events 
(S.E.) 

p 

 
Avg. no. of 

events (S.E.) 
p Watch Scratch 

Avg. no. 
of events 

(S.E.) 
p 

No 0 10 0 0 30.3±11.8 

0.033* 

20 

15.1 
±2.2 

0.964 

0 0 

30.83 
±2.3 

0.304 Low 109 158 63 7 29.7±8.1 156 24 9 

Appropriate 255 173 121 47 52.8±5.3 226 30 31 

 Graze (standing)  Graze (in motion)  Ruminate (lying)  Ruminate (standing) 

 Kruskal-Wallis test (level of significance: p≤0.05) 
 
 
Every time when the herd stopped for ruminating we recorded the exact positions 

(Figure 3.). With the help of Trotter’s (2010) Livestock Residence Index (LRI) we can 
illustrate the favourite camping spots (e.g. riverbank at the south-eastern corner). 
Favourite routes – along the river – are clearly visible as well. Cattle avoided dense 
reeds (dark green spots on map). 

 

 

Figure 3. Preferred areas on Malomhaza-pasture in 2011 September-Livestock Residence Index 

(6 days, 6 hours/day grazing time; by Trotter et al., 2011) 
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Discussion 

Solar radiation, atmospheric pressure, maximum temperature, wind speed and 
relative humidity determine the outdoor comfort level, as Yin (2011) suggested that a 
strong relationship may exist between microclimatic and comfort conditions. In the 
present work, biometeorological observations were carried out on Hungarian Grey 
cattle. Because this breed is well adapted to unregulated semi-wild conditions in 
rangelands, therefore it is an ideal subject of such kind of examinations. Positive 
correlation between daily walked distance and atmospheric pressure (r=0.389, P<0.05) 
was found, and also a promising association between metabolic-grazing behaviour and 
the dominant Peczely-front type on the next day (r= 0.445, p= 0.007) was revealed by 
data analysis. Daily walked distance never exceeded 8 km which is in accordance with 
other authors (Haraszti, 1977; Holmes, 1986; Brosh et al., 2010; Napolitano et al., 2011; 
Popp and Scheibe, 2014), and typical riverbank route and camping spots strengthen 
Gerrish’s observation (Gerrish et al., 1997), that water proximity define pasture 
utilization and grazing distribution. We suppose that the examined meteorological 
factors take effect through the neuro-endocrine network. The physiological processes 
(serotonin reuptake response, thermoregulation) create a particularly flexible bio-system 
(Phelps, 2005; Hainsworth et al., 2007), which may have a great influence on cattle 
behaviour. Results show that warm-weather fronts – low atmospheric pressure 
(P≤1005hPa) – may cause more stress, because the changing (dropping) atmospheric 
pressure has an effect on the parasympathetic nervous system (Hainsworth et al, 2007; 
Kovacs, 2010). Warm-weather fronts are often accompanied by high temperature and 
humidity. Relaxed cattle spend more time by grazing (Grandin, 1980). Seeking fresh, 
nutritious grass is a natural herbivore behaviour (Gere, 1977), therefore a non-stressed 
herd’s pasture- activity is 80 % grazing and ruminating.  Stressed animals gather in one 
group and spend more time in shade at nearby water-sources (Tucker et al., 2007). It is 
well-known that ionized air is essential for a healthy respiratory system (Tchijewski, 
1960; Soyka, 1977). Ions are charged particles, and because of their electrostatic nature, 
they connect to the functional groups of proteins. Through a complex process negatively 
charged air (oxygen) molecules are able to block serotonin production (Krueger, 1960), 
whereas positively charged carbon-dioxide causes a higher release of plasma serotonin. 
In the atmosphere positive and negative ions are both present, but radioactive minerals 
(radium, uranium), radioactive gases (e.g. radon), cosmic rays, lightning, wildfire and 
high voltage discharge may change their ratio (Wahlin, 1989; Lee, 1993; Cote, 2003; 
Komov, 2003; Serrano et al., 2006). Evaporating water produces negative ions, in 
contrast to the ionizing radiation which, interacting with air components, mostly 
produces positively charged particles. We suggest that the approaching weather systems 
through changing air ion concentration might result in serotonin neuro-transmitter 
stress. Throughout this process the animal gets more agitated (after the short serotonin 
induced calm period) and spends less time grazing and engaging in comfort 
behaviour. Furthermore, the changing weather may also have an effect on atmospheric 
pressure, which is easier to measure in real time. If we understood the deeper 
connections between behaviour and those structural changes of the prefrontal cortex 
which are caused by the characteristics of electromagnetic environment (Wang et al. 
2014), we could explain certain behaviours through electrophysiology in the future. 
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Conclusions 

Our findings revealed connections between behaviour and grass supply and also 
presented evidence, how weather effects on cattle during low pressure conditions. This 
environmental relationship can help farmers to understand the reactions of grazing cattle 
and daily animal handling procedures would be more flexible. Vaccination in treating 
pens and cattle crush would be less stressful, if handlers consider weather fronts one day 
prior veterinary inspections.  Hungarian grey cattle well adapted to the local pastures 
and its environment. In the future radically new treatments can occur if further research 
enlighten relationship between behaviour, environmental factors, neuroendocrine 
system and atmospheric conditions. 
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Abstract. Wheat (Triticum aestivum L.) is the most widely adapted and cultivated cereal grain in the 
world. In 2013 cropping season, wheat was harvested on 1.3, 7.8, and 214 million ha in south-eastern 
Turkey, Turkey and World, respectively. Breeding programs in the Turkey have achieved tremendous 
gains in grain yield over past two decades. However, yield fluctuated over the years due to change in 
environmental conditions and genotype by environment interactions. Therefore, this study was conducted 
with overall objectives to identify high yielding and stable candidate genotypes for release in south-
eastern Turkey. A total of 25 genotypes with 20 advanced experimental lines and five check cultivars 
were planted at 10 locations in south-eastern Turkey in 2010-11 cropping season. Grain yield stability 
was determined using Eberhart and Russel, AMMI and GGE -biplot methods. Based on these results G1, 
G12, G13 and G19 were identified as the potential candidate genotypes for release. GGE-biplot classified 
south-eastern Turkey into two mega-environments. AMMI and GGE biplot explained 86.49% and 
86.43% of the total variation for grain yield, respectively. These result suggested that all three methods 
were equally efficient in determining the stability of the genotype. However, the GGE biplot 
methodology is more preferred than AMMI and Eberhart and Russel because it facilitates clearly 
visualize which-won-where pattern and the discriminating ability of environments.  
Keywords: multivariate analysis, biplot, grain yield, stability, wheat 

Introduction 

Wheat (Triticum aestivum L.) accounts for more than a quarter of total world cereal 
production and provide calories for more than 1.5 billion people (Ekboir, 2002). Wheat 
is grown in different environmental conditions, predominantly under rainfed conditions 
in southeastern Turkey. Different classes of wheat encompassing spring, winter and 
facultative wheat are grown across 1.3 million ha in southeastern region of Turkey. 
Environmental differences, i.e., in precipitation, soil productivity, abiotic and biotic 
stresses and altitude within and across agroclimatic regions resulted in limited 
productivity and adaptability of currently available wheat varieties (Aktaş et al., 2010; 
Kılıç et al., 2010). Therefore, breeding for grain yield, stability, and adaptability has 
become primary areas of interest for breeders in the region. 

Grain yield, stability, and adaptability are highly influenced by environment (Singh 
et al., 2014). Wheat genotypes must be tested in multi-environment yield trials (MEYT) 
to determine grain yield, stability, genotype by environment interaction (GEI), 
adaptability, and to identify a potential candidate to release for commercial cultivation 
(Yan et al., 2001; Kaya et al., 2006). The GEI plays a critical role in determining the 
stability of the genotype (Verma et al., 2015). The GEI reduces the correlation between 
phenotypic and genotypic variances and confounds selection of the best genotypes 
(Ebdon and Gauch, 2002). Variability among the test environments is also one of the 
most important factors for determining of stability of genotypes (Mohammadi et al., 
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2012). Therefore, determining and understanding the structure of GEI is very important 
for any plant breeding program.   

Combined analysis of variance (ANOVA) does not estimate non-additive interaction 
components. Therefore, there is a need to identify different statistical techniques to 
determine GEI. Statistical methods such as Eberhart and Russel (1966) regression, 
AMMI (additive main effect and multiplicative interaction) and GGE biplot (Genotype 
main effect and genotype by environment interaction) have been successfully utilized 
by plant breeders to estimate the stability of genotypes. Adaptability of genotypes can 
be further classified into general and specific adaptability. The genotypes that yield 
better across different environments are known to have general adaptability and the 
genotypes that yield better in specific environment are known to have specific 
adaptability. 

In Eberhart and Russel (1966) regression method stability of genotypes is determined 
by regressing the mean value of each genotype on the environmental index or means of 
the environment. In this method both regression coefficient (bi) and deviation from 
regression   are taken into consideration to measure stability of genotypes. 

According to Eberhart and Russell (1966), genotype with higher mean yield, a 
regression coefficient of unity (bi = 1), and deviation from regression of zero ( = 0) 

showe better general adaptability across environments.  Genotypes with bi>1.0 are more 
responsive to high yielding environments and those with bi<1.0 are more responsive to 
low yielding environments.  

Multivariate techniques such as AMMI and GGE biplot methods are used to 
characterize genotype and environment main effects and principal component analysis 
to characterize their interactions. Hagos and Abay (2013) reported that AMMI model 
and GGE-biplot analysis are powerfull methods for determining GEI patterns. AMMI 
can determine genotype stability across locations by principal component analysis 
(PCA) and AMMI stability value (ASV). Genotypes with small PCA and ASV scores 
are considered as a stable in AMMI method. However, AMMI biplot doesn’t have inner 
product property of a biplot, which is underpinning the biplot analysis (Samonte et al., 
2005). Hence, AMMI biplot does not display the discriminating ability and 
representative view of a biplot which is effective in evaluating test environment (Yan 
and Hunt, 2001). The GGE biplot analysis considers genotype and GE simultaneously 
thus comprehensively explains GEI and is more informative than AMMI. Therefore, 
GGE biplot is more commonly used in MEYT to effectively identify best genotypes for 
each test environment, across environments, and mega-environments. It is constituted 
by first two main components (PC1 and PC2), which originated from environment, 
genotype, and GEI variations. Genotypes with high PC1 and small PC2 (close to zero) 
scores are considered as stable genotypes (Yan and Hunt, 2001).  

We evaluated 20 advanced breeding lines and five bread wheat cultivars for grain 
yield and statistical analysis were performed following AMMI, GGE biplot 
methodology and non-parametric methods (bi and s2

di). The aims to use these methods 
were (i) to determine grain yield and stability of 25 bread wheat genotypes in 
southeastern Turkey (ii) to compare GGE biplot and AMMI with Eberhart and Russel 
(1966) and graphically display relation among genotypes and environments (iii) to 
determine mega-environments in southeastern Turkey for wheat cultivation, and (iv) to 
identify potential candidate lines for registration and release as a variety(s).  
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Materials and methods 

Twenty bread wheat genotypes and five largely grown check cultivars (Table 1) were 
evaluated across ten rain-fed locations (environments) (Table 2 and Fig. 1) in 
southeastern Turkey in 2010-11 growing season. South-east Anatolia Region has semi-
arid climatic conditions, in summer hot and in winter cold, most of precipitation occurs 
in winter months. The soil character in test environments is red-brown and deep with 
ABC zonal profile. Soil in region has high pH, alkaline, high calcium content, low 
organic matter, high potassium and moderate phosphorus content.   

Trials were laid out in a randomized complete block design (RCBD) with four 
replications. All trials were planted in six row plots measuring an area of 6 m-2 with a 
seeding rate of 200 kg ha-1. The trials were supplemented with 60 kg ha-1 urea and 120 
kg ha-1 DAP (Di ammonium phosphate) fertilizers at planting. Planting dates varied 
from 5th to 20th November, depending on weather conditions at each location. Topic-15 
WG at 37 g a.i. ha-1 were used for weeds control in all test environments. 

Data were collected for grain yield (GY; t ha-1), thousand grain weight (TGW; g), 
test weight (TW; kg/hl), plant height (PH; cm), days to heading (HD) according to Kılıç 
et al. (2010); protein content (PC; %) and Mini Sds sedimentation (MSDS; ml) 
according to Payne et al. (1984). Yield stability statistics were calculated across ten 
locations using Eberhart and Russel (1966) regression method, AMMI, and GGE biplot 
methods. Combined ANOVA, AMMI, and GGE biplot analysis were done by using 
GenStat 12th (Gen Stat 2009) statistical software. Eberhart and Russell stability statistics 
were computed by SAS software (SAS Institute, 1999).  
 
Eberhart and Russell analysis 

Eberhart and Russell model (1966) was used to determine yield stability of 
genotypes for bi (Regression Coefficient) and (deviation from the regression) 

according to the following formula: 
 

 Yij=µi+bilj+s2dij (Eq.1) 
 

Where Yij is the mean performance of ith genotype in jth location, µi is the mean of ith 

genotype acroos all environments; bi is the regression coefficient which calculated the 
response of the i

th
 genotype to varying environments, s

2
dij is the deviation from 

regression of ith
 genotype in the jth

 environment, and lj is the environmental index of jth
 

environment. 
 

AMMI analysis 

For AMMI model following formula was used: 
 

 Yger = µ + αg + βe +∑nλn γgnδen + εger + ρge (Eq. 2) 
 
where Yger is yield of genotype (g) in environment (e) for replication (r).  
Additive parameters: µ is the grand mean; αg is the deviation of genotype g from the 
grand mean; βe is the deviation of environment (e)  
Multiplicative parameters: λn is the singular value for (IPCA) n, γgn is the genotype 
eigen vector for axis n, and δen is the environment eigen vector; εger is error term and ρge 
are PCA residuals. Genotypes with low IPCA scores expresses general adaptability 
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whereas genotypes with high IPCA have specific adaptability (Gauch and Zobel, 1996; 
Lule et al., 2014). 

GEI was analyzed in AMMI model (Zobel et al., 1988; Gauch, 2006) to determine 
large adaptability genotypes. AMMI’s stability value (ASV) was calculated for each 
genotype and environment according to Purchase (1997) using formula: 
 

  [(SSIPCA1 / SSIPCA2) (IPCA1 score)]
2
 + (IPCA2 score)

2 (Eq. 3) 

 
Where SSIPCA1 / SSIPCA2 is the weight given to the IPCA1 by dividing IPCA1 SS by 

the IPCA2 SS. IPCA1 and IPCA2 scores are genotypic scores in the AMMI model.  
ASV is a distance between a coordinate point and the origin on a two-dimensional 

plot of IPCA1 scores against IPCA2 scores in AMMI model (Purchase, 1997). ASV 
was calculated for each genotype and environment according to the relative contribution 
to IPCA1 to IPCA2 and to interaction sum of square. Because the IPCA1 score largely 
contribute to GEI sum of squares genotypes with low ASV is considered largely 
adapted. Similarly IPCA2 score close to zero show higher stability while higher values 
of IPCA2 indicate more specific adaptation and lower stability.   
 

GGE-biplot analysis 

GGE biplot was performed according to Yan and Hunt (2001). GGE biplot is a 
multivariate analytical technique that graphically displays a two way table and allows 
visualizing the relation among entries, testers, and their interactions (Yan, 2001). The 
GGE-biplot shows the first two principal components (PC1 and PC2) derived from 
subjecting environment-centered yield data (yield variation due to GGE) to singular 
value decomposition (Yan et al., 2000).  
 

Table 1. Genotypes with code and origin   

Code Genotypes Origin Code Genotypes Origin 

G1 Spn/Nac//Attila Cimmyt G14 

Kauz//Star/Luco-
M/5/Bow/Crow//Buc/Pvn/3/Vee
#10/4/ CIMMYT 

G2 
Shuha-7//Seri82/Shuha 
‘S2 Icarda G15 Cemre (Check) TURKEY 

G3 Wh542//Galvez/Weave Cimmyt G16 Finsi F 2000 CIMMYT 
G4 Sunco/2*Pastor Cimmyt G17 Mv17//Atila/Bcl IWWIP 

G5 Nurkent (Check) Turkey G18 
3/4/Ppb8-
68/Chrc/3/Pyn//Tam101/Amigo CIMMYT 

G6 
Sara/Thb//Vee/3/Bjy/Co
c//Prl/Bow Cimmyt G19 

Vee#8//Jup/Bjy/3/F3.71/Trm/4/B
cn/5/Kauz/6/163hamidiye//Vee/
Koel/6/Tam200/Kauz                      IWWIP 

G7 Attila//Pgo/Seri/3/Pastor Cimmyt G20 Sagitario (Check) ITALY 

G8 
Pastor/3/Prl/Sara//Tsivee
#5 Cimmyt G21 Kauz/Pastor CIMMYT 

G9 Fret2/Tukuru//Fret2 Cimmyt G22 Mino CIMMYT 
G10 Pehlivan (Check) Turkey G23 Krichauff/Finsi  

G11 
Nac/Th.Ac//3*Pvn/3/Mir
lo/Buc/4/2*Pastor Cimmyt G24 T.Tau.83.2.36/Attila IWWIP 

G12 
Nac/Th.Ac//3*Pvn/3/Mir
lo/Buc/4/2*Pastor Cimmyt G25 Adana -99 (Check) TURKEY 

G13 Wbll1*2/Tukuru Cimmyt    
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Table 2. Test environments with code, altitude, coordinate and rainfall in cropping seasons 

of 2010-11. 

Test environment 
 

 

Rainfall in 
2010-11season 

Code Location Altitude (m) Coordinates  (mm) 

E1 Hazro 1050 380 15’N 400 46’E 550 

E2 Derik 850 370 21’N 400 16’ E 391 

E3 Silvan 840 380 08’N 410 05’E 610 

E4 Diyarbakır 600 370 54’N 400 14’E 685 

E5 Adıyaman 582 370 46’N 380 30’E 602 

E6 Ergani 950 380 16’N 390 45’E 670 

E7 Kızıltepe 484 370 11’N  400 35’E 315 

E8 Bismil 535 370 50’N  400 39’E 450 

E9 Cınar 680 370 43’N 400 24’E 494 

E10 Sanlıurfa 360 360 55’N 390 54’E 480 

 
 

 

Figure 1. Map of South-East Anatolia Region and test environments  

Results 

Combined ANOVA 

Combine ANOVA analysis across ten environments showed that there is a highly 
significant difference between genotypes and environments for grain yield (Table 3). 
Significant GEI indicated that wheat genotypes showed different responses across test 
environments. Therefore, determining the stability of genotypes will help in identifying 
potential genotypes to be released with broad and specific adaptability. Combined 
ANOVA showed that environment explained a major portion of the total variation 
(75.9%) followed by GEI (8%) and genotype (2.6%) (Table 3). Mean grain yield of 
genotypes was 6.02 t ha-1 and ranged from 5.4 to 7.0 t ha-1. Grain yield average of test 
environments ranged from 3.57 to 8.89 t ha-1. Environments E1, E3, E4, E5, and E6 had 
higher grain yield than the average, whereas E2, E7, E8, E9, and E10 displayed lower 
grain yield than the average. 



Aktaş: Tracing highly adapted stable yielding bread wheat genotypes  
- 164 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 159-176. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online)  

DOI: http://dx.doi.org/10.15666/aeer/1404_159176 
 2016, ALÖKI Kft., Budapest, Hungary 

Eberhart and Russell regression model 

Eberhart and Russell regression was performed with nonparametric stability (bi and 

s
2
di) parameters to calculate the stability of 25 wheat genotypes (Table 6). The 

regression coefficient (bi) values of 25 genotypes were between 0.65-1.24 in the present 
study (Table 6). The large variation in bi values indicated that 25 genotypes showed 
different performance across various environments. Deviation from regression (s2

di) 
values of tested genotypes ranged from 0.04 to 5.01. 

The genotypes G19 and G13 were determined as the best genotypes for wide scale 
release (broad adaptability) since they had higher grain yield than other genotypes, 
regression coefficient values (bi) close to one (1.01 and 1.03, respectively) and small 
deviation from the regression (0.99 and 0.63, respectively) (Table 6; Fig. 2). The 
genotypes G12 and G7 were classified as the most stable genotypes (Table 6; Fig. 2) 
since their regression coefficient is close to one and had a low squared deviation from 
the regression coefficient. The genotype G4 classified as moderately stable genotype 
since its regression coefficient was close to 1 and had high deviation from regression 
value (S2

di = 1.52). The genotypes G10, G11, G17 and G21 had a regression coefficient 
less than one (bi<1.00), therefore these genotypes are recommended for low-yielding 
environments that require good agronomic practices (Table 6; Fig. 1). The genotypes 
G1, G23 and G9 with regression coefficient higher than one (bi>1.0) are better adapted 
to high-yielding areas and suitable for favorable growing conditions with apropropriate 
agronomic practices (Table 6; Fig. 2). The genotypes G5, G6, G14, G15 and G22 were 
classified as the worst genotypes for these environments; these genotypes had low grain 
yield, high bi, and high S2

di. values (Table 6; Fig. 2)  
 

Additive main effects and multiple interaction (AMMI) model 

The result of AMMI analysis showed highly significant (P < 0.01) variation among 
genotypes, environments, GEI, and IPCAs (Table 4). In AMMI, a total variation of 
86.49% was explained by G+E+GEI. Environment explained highest variation (75.9%) 
of total variation followed by GE interaction (7.99%) and genotype (2.60%). This result 
indicates that the contribution of environmental effect was much higher than the effect 
of genotype for the variation in grain yield, possibly due to environmental variation. 
This suggests that environments of the current study can be sub-grouped into mega 
environments. The first three PCs explain 69.7% of total variation, while the first IPCA 
had 41% and second IPCA 17.1% (Table 4; Fig 3). The results of AMMI analysis with 
IPCA1 and IPCA2 are presented in Table 6. The higher IPCA scores either positive or 
negative, the more specifically adapted a genotype to certain environment. The more 
IPCA scores close to zero, the more stable the genotype is across environments (Gauch 
and Zobel, 1988). Small AMMI stability value (ASV) is an indicator of stable 
genotypes (Purchase, 1997). Genotypes displayed different ASV and IPCA1 scores in 
the present study. ASV score of G2, G5, G6, G9, G10, G14, G15, G20, G21, G22 and 
G25 were the highest and ranged from 1.15 to 2.94 while G3, G4, G7, G8, G11, G17, 
G18, G19 and G23 had moderate ASV scores ranged from 0.44 to 0.96. The lowest 
ASV scores were displayed by G1, G12, G16 and G24 that ranged from 0.11 to 0.33. 
Genotype G1 was the most stable genotypes with lowest IPCA1 and ASV scores, and it 
had higher grain yield than the average of MEYT. G12 was another stable genotype 
with low ASV score and yield performance almost equal to the average of MEYT. G19 
and G13 were the moderately stable genotypes with moderate ASV and IPCA1 scores 
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and reported to have highest mean grain yield. The genotypes G2, G14, G15, G20, G22, 
and G25 were classified as most unstable and interactive genotypes because of high 
ASV and IPCA score and these genotypes had low grain yield. G21 and G9 were also 
identified as most unstable genotypes with high ASV and IPCA1 scores but were 
reported to have appreciable yield performance. The genotype G24 had a lowest ASV 
score but its yield was lower than the average of MEYT.  

The results of yield performance within a test environments are displayed in (Fig. 3). 
According to AMMI biplot and ASV score G12, G2, G24, G18, and G1 were the more 
stable genotypes, the genotypes G20, G21, and G22 were unstable genotypes. AMMI 
biplot (Fig. 3) also indicated a relationship between test environments and demonstrated 
that environments can be classified into two mega-environments. These results showed 
that the first group of environments E1, E3, E5, E6, and E4 can be classified into mega-
environment one and E2, E8, and E9 into mega-environments two. A list of best three 
genotypes for each test environment based on AMMI biplot analysis is presented in 
Table 5. According to AMMI biplot analysis the genotypes G10 and G13 were best for 
environments E1, E2, E3, E4, E5, E6 and E7; the genotype G19 is best for E2, E4, E5, 
E6 and E7, whereas genotype G21 is best for  E8 and E9. 
 

Genotype and Genotype by Environment Interaction (GGE) biplot analysis 

The results of GGE biplot analysis for 25 bread wheat genotypes tested across ten 
environments are presented in Figure 4 to Figure 8. In this study, PC1 captured 53.60% 
and the PC2 captured 32.84% of the total variation, these two PCs accounted for 
86.43% of the total variation.  

 
Table 3. Combined ANOVA of grain yield and other traits for 25 bread wheat genotypes in 

10 environments 

Grain yield  Mean squares 

Source Df SS MS 
F 
Ratio 

Exp. 
(%) TW TGW PH Msds PC 

E 9 31092849 3454761 194** 75.9 1438.7** 3209** 11520** 933** 932.7** 
Rep   30 534271 17809 2.57** 1.3 0.2 ns 194  ns 0.07 ns 15.6* 15.7** 
G 24 1046390 43599.6 6.28** 2.6 78.2** 805** 1906** 117** 117.4** 

G x E 216 3271555 15146.1 2.18** 8.0 5.8** 468** 108** 
12.9 
** 12.9** 

Error 720 4998928 
   

720 154** 6.6** 0.61** 0.58** 
Total 999 40943994 

   
17.1 267** 178** 14.9** 14.9** 

CV (%)  13.8    1.5 2.1 1.3 4.5 2.3 
d.f. = degree of freedom; SS = sum of square; MS = mean square; ** = Significant at 1% probability 

level; * = Significant at 5% probability level; TW= test weight; TGW= thousand grain weight; PH=plant 

height; Msds= mini sds sedimentation; PC= protein content 

 

 

Relationship between environments and traits by GGE biplot 

The GGE biplot for seven traits in ten environments showed that PC1 explained 
60.18 % of the genotype and GEI effects while PC2 explained 19.1% of the total 79.28 
%. (Fig. 7). Interrelationship among the traits is presented in Fig. 6. An obtuse (> 90°) 
angle indicates a negative correlation, an acute angle indicates a positive correlation, 
and a right angle is indicative of absence of correlation. These results showed negative 
correlations between yield components (GY, TKW, TW, and PH) and quality traits 
(Msds and PC), as well as GY and HD. 
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Table 4. Combined AMMI analysis of variance              Table 5. AMMI selections of best 

genotypes per  for grain yield                                          environments         

 

 ** = Significant at 1% probability level; * = Significant at 5% probability level 

d.f. = degree of freedom; SS = sum of square; MS = mean square   
 
 

Relationship among genotypes and traits by GGE biplot 

The GGE biplot for seven traits of 25 bread wheat genotypes in 10 environments 
showed that PC1 explained 33.82% and PC2 explained 19.64% of the total 53.47% 
variation (Fig. 8). GGE biplot showed that the genotypes G19, G11, G14, G16, and G24 
were the vertex genotypes for this study. The genotype G19 had the highest values for 
GY and HD, therefore, it could be used as parent to increase yield potential in breeding 
programs. The genotypes G11, G10, and G15 were the superior genotypes for TKW and 
PH. The genotype G16 had the highest value for TW. The genotype G14 had the best 
performance for MSDS and PC, hence it can  be used as potential parent for quality 
improvement. Vector view of the genotypes by trait biplot (Fig. 8) reflected strong 
positive correlations between GY and TGW; TW and TGW; PC and MSDS.  

 

Which-Won-Where pattern of genotypes and environments based on grain yield 

Genotypes had different yield performances across environments. The polygon view 
of the GGE biplot for grain yield presents that which genotype is best for which mega 
environment (Fig. 3). The polygon is formed by connecting the genotypes that are 
furthest away (good or bad) from the origin of the biplot so that all genotypes are 
grouped within the polygon. The genotypes that formed the vertex of the polygon are 
more responsive to the environment. A sector is formed by drawing a perpendicular line 
between two adjacent genotypes that form the polygon (Yan and Kang, 2003).  
Genotypes G19, G13, G21, G6 and G20 were located in polygon corners and were far 
away from the origin. Overall, the genotypes G19, G13 and G21 were classified as best 
yielding genotypes, whereas G20 and G6 as the lowest yielding genotypes across the 
test environments. These genotypes are highly responsive to environmental variation. 
On the other hand, the genotypes G1, G16 and G12 that are located close to the center 
of origin were classified as least responsive to environmental changes and the grain 
yield capacity of these genotypes are moderate. Robio et al. (2004) indicated that 
genotypes located near the plot origin are less responsive to the environmental changes. 

Env. Mean Score 1 2 3 

E1 6.28 0.38 G13 G19 G9 

E2 4.23 -0.36 G19 G21 G4 

E3 7.48 0.62 G13 G19 G9 

E4 8.89 0.58 G19 G22 G25 

E5 6.91 0.76 G19 G13 G9 

E6 8.44 0.63 G19 G9 G13 

E7 3.57 -0.07 G19 G13 G21 

E8 5.31 -1.15 G21 G19 G4 

E9 4.85 -1.57 G21 G20 G10 

E10 4.31 0.18 G19 G13 G9 

Source DF SS MS F val. 
Exp. 
(%) 

Total 999 40944 41.0  

 Treatments 249 35411 142.2 20.5** 

 Genotypes 24 1046 43.6 6.3** 2.60 

Environment 9 31093 3455 193.9** 75.9 

Blocks 30 534 17.8 2.6 

 Interactions 216 3272 15.1 2.2** 7.99 

IPCA 32 1343 42.0 6.1** 41.00 

IPCA 30 557 18.6 2.7** 17.10 

IPCA 28 380 13.6 1.3** 11.60 

Residuals 126 991 7.9  

 Error 720 4999 6.9  
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Other useful features of the GGE biplot is the identification of mega-environments and 
their winning genotypes (Yan, 2001). The present investigation suggested the existence 
of two bread wheat growing mega-environments (ME1 and ME2) in the southeastern 
Turkey (Fig. 3). Among the testing environments, E1, E2, E3, E4, E5, E6, E7 and E10 
fell inside ME1 while E8 and E9 fell inME2. The genotypes G19, G13, and G9 were 
high yielding genotypes in the ME1 and G21 in ME2.  
 
Relationship between test environments based on grain yield data 

Correlation between environments was calculated by using cosine of the angel 
between environments. A wide, obtuse angle between environments indicates a strong 
negative correlation, an acute angle indicates a positive correlation, and a close-to- 90° 
angle indicates a lack of correlation (Yan and Tinker, 2006). Determination of the 
similarity of test environment helps to reduce numbers of the test environments required 
to discriminate genotypes. If two test environments are closely correlated consistently 
across years, one of them can be dropped without loss of much information about the 
genotypes (Farshadfar et al., 2012). GGE biplot results showed that environments in this 
study can be classified into two mega-environments. The environments E1, E4, E5 and 
E6 formed mega-environment one and E2, E7, E8, E9 and E10 as mega-environment 
two (Fig. 5). An environments with long vector indicates that the environment had 
greater discriminating ability  and hence greater variation among genotypes, vice-versa 
for environments with short vector (Yan and Kang, 2003; Yan et al., 2007). Thus, the 
environments E4, E8, and E9 that had shorter vector were the least discriminating 
environments; E5, E6, and E7 that had medium vector were moderately discriminating 
and the environment E10 that had longest vectors was the most discriminating 
environment (Fig. 5). The test environment E10 is the best environment and E4 is worst 
environment to be able to the see differences between the genotypes. 

 
Average yield and stability of bread wheat genotypes based on grain yield 

The yield stability of genotypes was evaluated by an average environment 
coordination (AEC) method (Yan and Hunt, 2001; Rad et al., 2013). A line that is 
drawn through the biplot origin is called as the average environment axis and serve as 
absisca of the AEC. Genotypes are separated by AEC ordinate (Axis) and genotype 
which has a shorter absolute length of projection in either of the two directions of AEC 
ordinate (located closer to AEC abscissa) represents a smaller tendency of GEI, which 
means it is the most stable genotype across different environments (Yan and Kang, 
2003). In the present study, genotypes with above average means were from G1 to G23 
while genotypes with below average were from G25 to G2 (Fig. 5). Genotypes G21, 
G9, and G23 had high yield but longer vector indicating that these are suitable only for 
specific areas (Fig. 5). The genotypes G19 and G13 had the highest yield and shorter 
vector from the AEC lines indicating that these had better adaptability than G21, G9, 
and G23.  Overall, the genotypes G20 and G6 classified as low yielding and low stable 
genotypes; G1, G12 and G16 as moderately yielding and highly stable and G21 and G9 
as high yielding and unstable genotypes.  
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       Table 6. Mean grain yield (t ha

-1
) for each environment with AMMI and regression analysis parameters 

Code E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 Mean bi s2di ASV IPCA1 IPCA2 
G1 6.19 4.26 7.39 9.46 6.96 8.61 3.56 5.58 4.70 4.40 6.11 1.06 0.31 0.15 0.057 -0.32 
G2 5.95 4.33 7.03 8.73 6.44 8.08 3.50 5.91 5.49 4.15 5.96 0.89 1.07 1.18 -0.49 -0.13 
G3 6.39 4.32 7.56 8.27 6.81 8.23 3.66 5.24 5.30 4.25 6.00 0.9 0.39 0.59 -0.19 0.35 
G4 6.15 4.59 7.25 9.69 6.84 8.60 3.74 6.36 5.43 4.54 6.32 0.98 1.52 0.93 -0.33 -0.50 
G5 6.31 3.83 7.64 8.86 7.11 8.54 3.33 4.42 3.83 4.18 5.80 1.13 1.17 1.28 0.53 0.08 
G6 6.46 3.51 7.87 7.67 7.08 8.21 3.18 3.34 3.52 3.89 5.47 1.09 4.98 1.89 0.72 0.77 
G7 5.97 4.23 7.12 9.41 6.71 8.42 3.45 5.78 4.85 4.28 6.02 1.02 0.74 0.52 -0.13 -0.42 
G8 5.83 3.84 7.03 8.83 6.55 8.14 3.16 5.05 4.34 3.96 5.67 1.04 0.10 0.44 0.05 -0.18 
G9 6.66 4.28 7.97 9.47 7.50 8.98 3.75 5.02 4.29 4.62 6.25 1.13 0.84 1.17 0.49 -0.05 

G10 6.58 4.57 7.70 7.70 6.76 8.08 3.87 5.41 6.03 4.29 6.10 0.78 1.78 1.39 -0.50 0.70 
G11 6.40 4.56 7.52 8.64 6.83 8.35 3.81 5.80 5.69 4.42 6.20 0.88 0.49 0.93 -0.38 0.15 
G12 6.42 4.21 7.65 8.67 7.02 8.46 3.61 5.05 4.78 4.32 6.02 1.00 0.19 0.30 0.09 0.19 
G13 6.94 4.57 8.22 9.08 7.58 8.97 4.03 5.21 4.96 4.76 6.43 1.03 0.63 0.69 0.26 0.27 
G14 6.57 3.78 7.95 8.13 7.22 8.44 3.40 3.84 3.85 4.13 5.73 1.08 3.34 1.61 0.62 0.59 
G15 6.18 3.74 7.54 9.51 7.20 8.74 3.24 4.50 3.38 4.24 5.83 1.22 1.79 1.77 0.73 -0.28 
G16 6.40 4.21 7.61 8.36 6.90 8.30 3.60 5.03 4.97 4.24 5.96 0.95 0.32 0.33 -0.03 0.32 
G17 6.41 4.57 7.53 8.59 6.82 8.33 3.82 5.79 5.72 4.41 6.20 0.88 0.53 0.96 -0.39 0.18 
G18 5.93 4.13 7.07 8.74 6.51 8.12 3.37 5.51 5.00 4.08 5.85 0.95 0.34 0.61 -0.25 -0.12 
G19 6.90 5.23 8.04 10.39 7.63 9.36 4.43 6.86 5.92 5.25 7.00 1.01 0.99 0.65 -0.19 -0.46 
G20 5.39 4.09 6.31 7.15 5.43 7.00 3.12 5.85 6.28 3.47 5.41 0.65 5.01 2.94 -1.21 0.31 
G21 6.19 4.89 7.18 9.33 6.64 8.40 3.94 6.90 6.35 4.57 6.44 0.84 3.27 1.94 -0.79 -0.34 
G22 6.00 3.92 7.30 10.21 7.12 8.87 3.29 5.22 3.62 4.37 5.99 1.24 2.03 1.51 0.55 -0.74 
G23 6.63 4.23 7.92 8.96 7.33 8.74 3.70 4.86 4.46 4.48 6.13 1.07 0.73 0.90 0.37 0.18 
G24 5.93 3.94 7.12 8.75 6.60 8.17 3.26 5.12 4.53 4.02 5.74 1.01 0.04 0.11 -0.01 -0.10 
G25 6.13 3.99 7.41 9.76 7.11 8.76 3.38 5.14 3.92 4.36 5.99 1.17 0.98 1.15 0.44 -0.46 

Mean 6.28 4.23 7.48 8.89 6.91 8.44 3.57 5.31 4.85 4.31 6.03 
 

1.34 1.04 0.00 0.00 
Lsd 1.39ns 0.96** 0.10** 1.62* 0.10** 0.73** 0.62** 0.93** 1.89** 0.95** 0.37** 

            ** = Significant at 1% probability level; * = Significant at 5% probability level; E=Environment, G=Genotype 
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     Figure 2. Scatter plot of regression coefficient against mean yield of 25              Figure 3. AMMI biplot of wheat genotypes and environments for grain yield 
                                             bread wheat genotypes 

 

        
         Figure 4. The which-won-where feature of GGE                     Figure 5. GGE biplot showing ranking for stability                  Figure 6. GGE biplot showing relation between test          

                                 biplot for grain yield                                                                   across environments                                                                           environments                                                                           
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    Figure 7. The which-won-where feature of the       Figure 8. The which-won-where feature of the GGE  

   GGE biplot showing relation among traits and      biplot showing relation among traits and genotypes 

                               environment        

Discussion 

Plant breeders are using different statistical models to describe GEI and to 
recommend best genotype for each mega environment. Eberhart and Russell model 
(1966), AMMI, and GGE biplot methods were used to display stability and to explain 
variation among genotypes and the GEI. Presence of significant GEI illustrates 
differential response of genotypes across the test environments. The presence of GEI in 
the study affects the usefulness of the genotypes by confounding genotype performance, 
this necessitates estimating stability using Eberhart and Russell model or AMMI or 
GGE biplot. Results of grain yield and stability facilitate breeders to recommend best 
genotype for each specific environment.   

In our study GGE biplot and AMMI explained 86.43 and 86.49% total variation, 
respectively. This results indicated that both AMMI and GGE biplots were similary 
efficient in determining stability of a genotypes. Similar results were reported by Rad et 
al. (2013). On contrary Gauch (2006) reported that AMMI is not as efficient as GGE in 
visualizing GEI. Samonte et al. (2005) explained that GGE biplot is better than AMMI 
and others statistical methods in evaluation of mega environment and genotype because 
it explains more G+GGE interactions. Yan et al. (2007) suggested that AMMI is 
superior to GGE biplot in presenting conclusions but for which-won-where patterns 
AMMI is not effective compared to GGE biplot.  Also, in Eberhart and Russell model it 
is possible to visualize position of genotypes on scatter plot that explain stability level 
and specific adapted genotypes. But this model is not informative for discriminating 
level of test environments (Namorato et al., 2009). 

According to visually displaying of stability of genotypes with GGE biplot (Fig. 5), 
scatter plot of regression coefficient (Fig. 2), and AMMI biplot (Fig. 3) G12 was most 
stable genotype. Present study indicated that GGE biplot, AMMI biplot and scatter plot 
of regression coefficient showed similar results for the stability of genotypes, i.e. G1, 
G9, G10, G12, G13, G15, G20, G21, G22 and G24.  

According to average enviroment coordination (AEC) of GGE biplot (Fig. 5), AMMI 
stability value (ASV; Table 6.) and two non-parametric stability parameters (bi and s

2
di; 
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Table 6.) gave the similar results related to stability of G9, G13, G19, G21, G23 and G20. 
Genotype G13 was high yielding also moderate stable by three methods. G13 and G19 were 
attractive for selection or recommendation in both favorable and unfavorable conditions 
with their appropriate GE interaction and highest yield for all stability methods and 
parameters of present study. Several research reported that an ideal genotype should have 
appreciable yield with good stability parameters (Farshadfar et al., 2012: Robio et al., 
2004). Genotypes G1 was stable and high yielding according to both GGE biplot and ASV, 
wheares it was moderately stable by regression coefficient (bi) value. Several researchers 
have reported that although stability of the genotypes can be determined  using different 
methods but GGE biplot method provides a better understanding of adaptation level of 
genotypes across different environments (Mortazavian et al., 2014; Hassanpanah, 2011). 
The GGE biplot is also suitable to determine level of discrimination of environments and 
specific adaptability of genotypes in a visual form thus is more useful compared to other 
methods (Abate et al., 2015). 

Ability of test environments for effective selection of superior genotypes is also 
important features of GEI and biplot analysis. AMMI and which-won-where pattern of 
GGE biplot gave the similar results related to best genotypes across test environments 
(Table 5 and Fig. 4). These results indicated that GGE biplot and AMMI methods were 
similar in grouping the test environments and genotypes. Test environments by their 
effects E and PCA scores are displayed by AMMI biplot but it dosen’t give information 
regarding environment’s ability in identifying superior genotypes (Zobel et al., 1988). 
Nevertheless, GGE biplot provides selection of large and specific adaptable genotypes 
based on discriminating ability of environments and representativeness (Yan et al., 
2007). Based on yield data, AMMI biplot (Fig. 3) and GGE biplot (Fig. 6) gave the 
same results for relationship among environments for both biplots; E1, E4, E5, E6 were 
similar environments included in first group, while E2, E7, E8, E9 and E10 were  
strongly correlated and included in second group. According to both GGE and AMMI 
biplots, test environments coluld be divided into two mega environments (ME). Similar 
results were obtained by Kaya et al. (2006) in a study conducted at Central Region of 
Turkey which also indicated that the Central Region of Turkey could be divided into 2 
mega environments for wheat cultivation.  

Testing of genotypes in an environment that has highest discriminating ability would 
help to reduce the number of trials required and hence the total cost (Tesfaye et al., 
2008). According to vector view of GGE biplot, E10 had long vector length and small 
angle to average environment axes, this suggests that E10 environment had more 
discriminating ability of genotypes than other environments (Fig. 6). Kaya et al. (2006) 
reported that under limited resources trials in ME should include limited number of 
environments that have high discriminating ability of genotypes. According to present 
results E10 and E6 may be the better test environments to discriminate genotypes.  

Conclusion 

It was determined that AMMI and GGE biplot analyses have similar results but they 
are more effective than Eberhart and Russell analysis. This study also concluded that 
AMMI, Eberhart and Russel (1966) and GGE biplot gave similar results regarding the 
stability of the genotypes and also proved that GGE biplot was more useful and efficient 
method to evaluate discriminating ability of test environments to identify genotypes 
compared to AMMI and Eberhart and Russell. The genotypes G19 and G13 were 
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determined to be the best genotypes for release in high yielding environments and were 
reported to have highest grain yield with moderate stability. The genotype G12 reported 
to be the most stable genotype with moderate grain yield and this can be a potential 
candidate for multi-environmental release. Also, it was concluded that G14 could be 
used as parent in breeding programs to improve quality traits. Test environments were 
divided into two Mega Environments which means that identification of genotypes in 
breeding program for southeast Turkey coluld be done with limited resources.  
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APPENDIX 

 Thousand grain weight data (g) Test weight data (kg/hl) 

Genotype E1  E2 E3 E4 E5 E6 E7 E8 E9 E10 Mean E1  E2 E3 E4 E5 E6 E7 E8 E9 E10 Mean 

G1 33.3 37.5 33.7 44.6 33.0 41.0 30.5 40.4 42.0 28.0 36.4 79.5 81.0 79.6 82.7 86.1 86.1 85.3 85.6 78 75.5 81.9 

G2 33.4 39.4 32.4 45.3 34.0 41.3 33.3 40.4 42.5 31.8 37.4 71.4 77.9 74.2 77.7 82.1 82.1 81.3 83.6 72.6 70.1 77.3 

G3 32.9 35.7 35.0 43.2 33.1 37.8 31.0 39.9 39.3 28.0 35.6 71.8 78.2 77.9 80.4 84.1 84.1 83.4 84.3 74.5 72 79.1 

G4 30.7 39.4 29.5 43.4 30.3 36.3 29.8 36.6 34.5 25.5 33.6 76.2 80.0 77.5 81.5 84.7 84.7 81.2 84.6 75.2 72.7 79.8 

G5 32.7 40.0 35.1 46.9 32.6 43.1 33.0 40.5 35.5 28.0 36.7 76.8 80.1 77.9 79.4 81.8 81.8 82.8 84.2 73.4 70.9 78.9 

G6 33.3 37.5 34.8 46.9 37.3 38.6 32.0 39.5 38.8 29.3 36.8 79.2 81.8 80.6 82.9 85.6 85.6 85.8 85.3 80.2 77.7 82.5 

G7 32.9 38.2 36.5 44.7 34.5 40.8 34.3 39.8 35.0 29.3 36.6 76.7 79.6 78.6 80.9 84.5 84.5 84.8 83.9 75.1 72.6 80.1 

G8 29.9 35.7 32.6 46.8 31.3 39.9 32.0 40.0 34.0 25.5 34.8 71.5 78.4 77.8 80.9 84.2 84.2 83.7 84.0 73.7 71.2 78.9 

G9 39.4 44.4 41.4 53.2 39.6 47.1 37.3 46.4 42.0 35.5 42.6 80.8 79.2 78.3 80.8 84.1 84.1 83.2 82.6 77.3 74.8 80.5 

G10 40.4 43.2 37.9 50.8 43.8 50.6 37.8 46.0 46.8 38.0 43.5 77.8 79.9 79.4 81.6 84.3 84.3 82.8 83.8 78.4 75.9 80.8 

G11 34.2 61.4 35.2 47.2 34.9 43.5 35.3 41.9 44.5 25.5 40.3 73.8 79.7 78.3 80.15 83.8 83.8 82.4 82.2 72.6 70.1 78.7 

G12 33.1 41.3 37.7 46.6 34.1 40.1 32.3 38.8 35.3 24.3 36.3 73.2 79.1 77.3 80 83.3 83.3 83 80.9 70.6 68.1 77.9 

G13 38.2 43.4 39.9 49.8 37.0 43.8 31.5 40.8 43.8 31.8 40.0 73.6 81.9 81.3 82.8 84.9 84.9 85.8 85.1 78.1 75.6 81.4 

G14 39.9 41.9 42.0 49.5 42.3 45.5 33.8 42.1 44.0 31.8 41.3 79.8 81.2 81 83.7 84.8 84.8 84.4 83.9 77.9 75.4 81.7 

G15 37.6 40.1 39.7 46.5 35.4 42.1 34.3 39.1 42.0 29.3 38.6 76.4 79.4 78.3 79.9 83.5 83.5 82.9 82.6 75.3 72.8 79.4 

G16 32.1 33.8 33.0 43.6 29.3 35.0 28.5 36.3 35.8 24.3 33.1 75.9 80.9 81.6 82.9 86.3 86.3 85.5 86.7 79.7 77.2 82.3 

G17 38.2 40.1 39.9 51.1 33.1 45.1 36.0 44.0 43.0 30.5 40.1 77.9 80.0 79.4 80.4 83.4 83.4 83.5 83.3 76.9 74.4 80.2 

G18 30.7 39.4 33.4 41.2 27.9 33.5 31.3 38.6 37.0 26.8 34.0 75.0 79.7 78.6 80.7 81.9 81.9 83.2 83.8 75.2 72.7 79.3 

G19 33.4 36.9 38.7 44.4 34.6 40.0 31.5 40.1 37.5 30.5 36.8 78.4 79.1 78.8 81.1 84.2 84.2 83.2 84.1 77.5 75 80.5 

G20 36.6 40.7 33.7 46.7 35.1 40.0 32.0 40.6 30.0 33.0 36.8 75.4 79.2 77.7 80.8 83.9 83.9 82.5 82.2 78.5 76 80.0 

G21 32.4 35.0 32.0 43.2 34.8 36.9 28.8 38.0 36.0 28.0 34.5 75.7 80.7 80.1 83.3 84.9 84.9 83.9 85.7 79.6 77.1 81.6 

G22 28.5 33.8 30.9 40.2 28.0 35.4 28.8 34.5 33.3 24.3 31.8 77.5 81.1 79.9 82.2 86.4 86.4 84.8 85.2 77.9 75.4 81.7 

G23 39.7 40.7 40.6 49.3 40.5 45.5 35.5 42.5 40.3 30.5 40.5 75.0 81.1 81.2 81.6 84.7 84.7 85.3 85.0 79 76.5 81.4 

G24 32.2 34.4 31.0 39.4 32.0 36.5 28.0 34.3 34.5 26.8 32.9 78.9 80.3 79.1 81.3 84.7 84.7 85 85.5 78.2 75.7 81.3 

G25 33.5 37.5 33.3 43.2 32.6 37.0 32.5 39.5 42.0 26.8 35.8 78.8 80.8 79.1 82.5 85.6 85.6 85.1 82.0 78.8 76.3 81.4 

Mean 34.3 39.6 35.6 45.9 34.4 40.7 32.4 40.0 38.8 28.9 37.1 76.3 80.0 78.9 81.3 84.3 84.3 83.8 84.0 76.6 74.1 80.3 
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Heading days (days from January 1) Plant height (cm) 

Genotype E1  E2 E3 E4 E5 E6 E7 E8 E9 E10 Mean E1  E2 E3 E4 E5 E6 E7 E8 E9 E10 Mean 

G1 123 124 126 108 128 123 130 122 118 124 123 105 95 105 100 105 105 75 95 90 75 95 

G2 122 121 124 107 122 121 125 113 114 122 119 95 90 105 100 95 95 75 95 90 75 92 

G3 123 123 125 111 123 122 128 115 116 123 121 108 100 108 115 110 115 80 100 95 85 102 

G4 124 124 120 111 128 123 130 118 118 123 122 100 95 100 105 100 105 75 90 90 75 94 

G5 130 127 131 112 126 123 132 120 117 124 124 120 105 120 115 120 125 80 105 105 95 109 

G6 123 119 124 105 121 120 125 115 113 128 119 110 95 113 110 110 110 90 95 100 80 101 

G7 125 126 130 109 123 126 130 116 116 123 122 110 95 113 110 105 110 95 95 100 85 102 

G8 126 128 131 112 126 127 131 119 120 124 124 110 95 98 115 115 110 80 90 100 95 101 

G9 120 115 123 104 120 120 123 113 113 121 117 105 85 115 100 105 105 75 95 100 90 98 

G10 131 132 133 115 130 126 132 121 122 125 127 115 100 115 120 110 110 70 90 90 100 102 

G11 130 128 131 114 130 126 132 122 119 124 126 110 100 115 110 110 110 85 100 100 90 103 

G12 130 127 131 113 129 127 132 122 118 124 125 110 95 113 120 115 110 80 95 100 95 103 

G13 120 114 122 103 120 118 123 112 113 118 116 110 95 115 115 110 110 80 105 90 90 102 

G14 120 113 122 104 120 119 123 112 113 120 117 100 85 103 110 105 95 80 95 90 85 95 

G15 134 132 135 114 130 129 134 121 121 125 128 113 95 110 105 115 120 75 110 105 105 105 

G16 123 125 125 109 122 122 126 113 115 122 120 95 95 108 105 100 100 70 90 85 85 93 

G17 125 126 129 111 128 123 130 117 119 122 123 118 105 125 110 110 115 75 95 100 95 105 

G18 126 128 129 112 127 123 131 118 119 124 124 105 85 115 110 115 105 75 95 90 95 99 

G19 131 126 133 115 129 128 133 120 122 125 126 110 105 115 100 115 115 75 95 95 95 102 

G20 127 127 130 114 129 128 130 116 122 124 125 85 80 90 95 75 70 60 75 75 75 78 

G21 123 123 124 109 123 123 126 114 115 122 120 90 90 103 100 85 85 60 80 80 80 85 

G22 124 124 124 110 125 124 129 115 117 121 121 103 100 113 105 115 115 75 95 95 90 101 

G23 122 123 123 108 121 122 127 114 114 121 120 103 100 110 100 110 110 65 100 100 90 99 

G24 120 124 123 107 122 122 128 114 114 122 120 93 80 103 100 90 90 70 90 85 80 88 

G25 124 127 129 111 125 122 130 116 118 123 123 108 95 113 110 110 105 75 100 95 90 100 

Mean 125 124 127 110 125 123 129 117 117 123 122 105 94 110 107 106 106 76 95 94 88 98 
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 Mini Sds Sedimentation data(ml) Protein content data (%) 

Genotype E1  E2 E3 E4 E5 E6 E7 E8 E9 E10 Mean E1  E2 E3 E4 E5 E6 E7 E8 E9 E10 Mean 

G1 11.0 15.8 10.0 8.5 13.6 9.7 18.0 11.5 14.0 13.0 12.5 11.1 11.9 10.4 10.3 10.9 10.4 13.1 12.2 12.6 12.7 11.6 

G2 11.5 11.2 12.0 8.5 7.3 12.0 16.0 13.5 10.5 13.5 11.6 12.1 11.2 9.3 8.8 11.7 11.3 12.1 10.6 11.0 12.3 11.0 

G3 13.0 15.0 12.0 9.0 12.5 13.6 23.0 14.5 13.0 16.5 14.2 11.5 11.4 9.0 9.4 12.2 11.8 13.3 12.3 12.7 12.9 11.7 

G4 11.0 15.1 12.0 8.5 12.3 10.9 20.0 13.0 14.5 13.5 13.1 12.2 10.6 9.5 9.2 11.2 10.8 12.7 11.5 11.9 13.0 11.2 

G5 10.0 11.9 9.5 8.5 10.9 12.8 15.0 13.0 9.5 12.0 11.3 11.6 12.5 8.3 8.6 11.8 11.4 12.4 11.5 11.9 11.6 11.2 

G6 10.0 16.7 11.0 9.0 17.1 14.6 23.0 14.5 11.0 14.5 14.1 11.7 12.3 10.4 11.7 12.1 11.7 14.1 12.7 13.0 12.5 12.2 

G7 13.0 18.0 12.0 10.5 17.6 16.2 22.0 15.0 14.0 13.5 15.2 11.9 13.1 11.5 11.1 12.6 12.2 13.0 12.4 12.9 12.9 12.4 

G8 12.0 11.6 10.0 9.0 14.5 8.6 19.0 11.5 11.0 12.5 12.0 11.7 12.4 11.5 10.7 11.1 10.7 13.3 11.2 11.6 13.2 11.7 

G9 12.0 11.3 10.5 8.0 13.4 8.6 19.0 11.5 10.0 14.5 11.9 11.1 12.6 10.5 10.9 11.2 10.7 13.3 10.9 11.9 11.6 11.5 

G10 11.0 14.7 9.0 7.5 13.6 10.6 18.0 11.5 11.5 11.5 11.9 13.0 11.9 10.5 11.3 11.7 11.2 13.4 12.3 12.8 12.3 12.0 

G11 13.0 14.8 12.0 11.0 15.8 11.0 23.0 12.5 15.0 15.5 14.4 12.1 13.6 10.4 11.0 11.9 10.8 13.4 12.7 13.0 13.0 12.2 

G12 13.0 18.7 11.0 11.5 14.9 12.9 22.0 13.5 15.5 16.5 14.9 11.7 10.1 11.2 10.1 11.8 11.2 13.4 12.8 13.2 13.5 11.9 

G13 11.5 13.5 10.0 10.5 17.3 12.7 21.0 13.5 6.0 14.0 13.0 11.1 10.3 11.0 10.1 12.0 11.6 14.2 11.9 7.3 14.1 11.4 

G14 13.0 22.8 11.5 11.0 19.1 18.8 23.0 15.0 15.5 14.5 16.4 11.3 12.8 11.9 9.7 13.2 12.9 14.5 15.1 15.3 14.3 13.1 

G15 9.0 17.1 8.5 7.5 19.3 12.6 18.0 10.5 6.5 13.5 12.2 12.0 11.6 11.2 9.3 12.0 11.4 14.4 12.4 12.9 13.2 12.0 

G16 13.0 17.9 12.0 11.0 14.6 10.5 25.0 16.5 18.5 16.5 15.5 12.7 12.6 12.5 10.6 11.7 11.2 13.7 12.5 12.9 14.6 12.5 

G17 11.0 13.9 7.5 8.5 16.8 8.5 18.0 11.5 8.0 12.5 11.6 12.8 12.5 10.4 9.8 11.0 10.6 13.9 11.9 12.4 11.6 11.7 

G18 12.0 10.2 10.0 8.5 13.4 10.5 18.0 12.0 7.0 15.5 11.7 10.9 12.3 9.7 9.9 11.7 11.2 13.1 11.3 11.8 14.1 11.6 

G19 10.0 10.3 7.5 8.0 9.3 8.5 17.0 11.0 9.0 12.5 10.3 11.1 11.5 11.1 9.7 10.8 10.3 12.3 10.6 11.0 11.4 11.0 

G20 11.0 12.9 10.0 10.0 15.5 13.7 21.0 14.0 15.0 12.5 13.6 10.8 13.1 11.3 11.4 12.6 12.0 13.9 11.6 12.0 11.7 12.0 

G21 11.5 16.6 9.0 8.0 16.3 13.1 21.0 9.5 11.5 11.0 12.8 10.7 12.5 10.3 10.8 12.0 11.5 13.7 12.5 12.9 12.7 12.0 

G22 14.0 18.6 12.0 11.5 16.1 15.7 23.0 16.0 17.5 14.5 15.9 12.8 11.4 11.9 11.3 12.8 12.3 14.0 13.3 13.6 13.7 12.7 

G23 13.0 16.9 10.0 11.0 17.0 13.3 24.0 15.0 15.0 14.5 15.0 11.1 12.6 10.7 12.3 12.3 11.8 14.2 13.5 13.8 13.8 12.6 

G24 7.0 17.5 6.0 6.0 14.8 9.1 15.0 10.5 9.5 8.5 10.4 10.3 11.6 10.1 11.5 11.1 10.7 13.5 12.6 13.0 11.5 11.6 

G25 10.0 15.5 9.0 10.0 15.4 11.0 19.0 13.0 11.5 13.0 12.7 11.9 11.7 10.7 10.8 11.3 10.8 13.4 12.4 12.9 11.6 11.8 

Mean 11.5 15.1 10.2 9.2 14.7 12.0 20.0 12.9 12.0 13.6 13.1 11.6 12.0 10.6 10.4 11.8 11.3 13.4 12.2 12.4 12.8 11.9 

E: Environments, G:Genotypes 
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Abstract. The present study was performed to determine performance of selected four synthetic derived 
bread wheat genotypes, four bread wheat landraces and four modern wheat genotypes under rain-fed and 
supplemented  irrigation experiments based on randomized complete block design with four replications 
at GAP International Agricultural Research and Training Center, Diyarbakır, Turkey in 2013-2014 and 
2014-2015 growing seasons. According to results of pairwise correlation and biplot analysis, significant 
and positive correlation was observed between grain yield in stress condition (Ys) and stress tolerant 
index (STI), geometric mean productivity (GMP), mean productivity (MP), harmonic productivity (HM), 
yield stability index (YSI), yield index (YI), drought resistance index (DI) and stress non-stress 
production index (SNPI) indicating these indices can be used as parameters for evaluating drought 
tolerant genotypes. Negative correlation between grain yield in stress (Ys) with SSI and no correlation 
with TOL indicated that these indices should be used in severe drought conditions for screening 
genotypes. Number seed in spike (NSS), plant height (PH) and thousand kernel weight (TKW) correlated 
with grain yield in stress conditions (Ys) according to biplot analysis, also genotypes with lower 
reduction relating to these traits had higher yield in stress conditions. According to results SEN-DER 
genotypes G7, G10, landrace group genotype G11 (Sorık) were determined as the most tolerant genotypes 
to be used to improve drought tolerant varieties, while modern wheat genotypes G4 (Ceyhan-99) and G2 
(Tekin) were high productive in irrigation conditions and low productive in rain-fed conditions.  
Keywords: abiotic stress, grain yield, spad, grain number, Triticum aestivum L, correlation, biplot 

Introduction 

Wheat (Triticum aestivum L.) is the main human consumption that provides food for 
35 % of world population (Nouri et al., 2011). Increasing world’s population expected 
to hit ∼9 billion by 2050. It is expected that wheat’s demand will increase by 40% by 
the year 2030 (Dixon et al., 2008). It would aggravate the environmental impacts by 
intensifying the water and land conflicts. Thus, a congruent effort for mounting 
consumptive needs with environmental protection seems obligatory (Koh-Banerjee et 
al., 2004). 

Environmental stresses are the major constraints to the world food production. 
Although, wheat is probably the only cereal crop that can survive large range of 
temperature, altitudes and water availability ranges (Reynolds and Rebetzke, 2011), its 
production fluctuates from year to year and from location to location due to unpredicted 
climatic conditions. Therefore, improvement of wheat production under drought has 
become a primary objective of breeding programs around the globe particularly in arid 
and semi-arid regions. Food security in present and future will rely on the improved 
resistance to drought and high yielding cultivars (Ogbonnaya et al., 2008). 

Traits that related to drought genetic resistance is very limited because of lack of 
genetic variability in modern wheat cultivars. Due to land limitations, the enhancement 
of wheat production must come from higher absolute yields by increasing efforts in 
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plant breeding along with biotechnological tools and expanded genetic diversity 
(Rajaram, 2001). For example in the past 20 years CIMMYT (International Maize and 
Wheat Improvement Center) have created synthetic hybrid wheats (SHW) to 
incorporate novel resistance genes/traits for biotic and abiotic stress in modern wheat 
cultivars (Ogbonnaya et al., 2008). This exiting new resource is created by artificially 
crossing durum wheat (Triticum turgidum; 2n=4x=28 AABB) with Aegilops tauschii 

(2n=2x=14 DD). Also, researcher have screened landrace to determine drought tolerant 
traits. Wheat landraces have a good adaption in drought stress condition but their yield 
potential under favorable conditions is limited because of lodging sensitivity, and low 
nitrogen use efficiency, thus their using in Turkey National Wheat programs has been 
neglected (Akçura, 2001b).  

Wheat production of 65-70% in Turkey depends on rainfall conditions, where 
drought stress occurs most often, thus improving and determination of drought tolerant 
wheat genotypes is very important. Determination of drought tolerant genotypes in 
breeding programs is also very complicate since the lack of drought tolerant indicators. 
Genotypes have been evaluated in dry and normal conditions to estimate drought 
resistance level of genotypes. Mathematical relationship based on grain yield loss 
between favorable and stress conditions provide several selection indices to determine 
drought resistance difference between genotypes. These indices measure productivity of 
genotypes under dry condition that are indicator for drought tolerance and used in 
investigations such as TOL (Tolerance), SSI (Stress susceptibility index), MP (Mean 
productivity) and STI (Stress tolerant index).  

The aim of present study was to (i) investigate drought tolerant of synthetic 
hexzaploid wheat, landraces and modern bread wheat genotypes under rain-fed 
conditions of Southeast Anatolian Region of Turkey, (ii) determine the efficiency of 
tolerance indices to grouped bread wheat genotypes into sensitive and tolerant (iii) 
investigate of relationships between tolerance indices and also relation between 
investigated traits and grain yield.  

Material and Methods 

Four modern bread wheat genotypes that largely grown in southeast of Turkey, four 
bread wheat derived from synthetic hexzaploid wheat and four bread wheat landrace 
were chosen for study based on their yield performance in regional yield trials. The 
origin and status of genotypes are given (Table 1). Experiments were conducted at GAP 
International Agriculture and Training Center, Diyarbakır province under supplemented 
irrigation and rain-fed conditions during both 2013-2014 and 2014-2015 growing 
seasons. The experimental station of GAP International Agricultural Research and 
Training Center is located 37º55'36" N 40º13'49" E at 640 m above sea level. According 
to soil analysis, the soil of experimental area was clay-loam, pH of 8.1, content of 
organic matter 1.75%, ECe of 1.98 dSm-1, CaCO3 of 15.1 g kg-1 and suitable P for plant 
18.86 kg ha-1. Climatic condition of Diyarbakır province is characterized by a semi-arid 
climate (humid winters and dry summers). Rainfall distribution is fluctuate in 
Diyarbakır province and most of precipitation occurs between November and May, and 
precipitation of long term is 455 mm. Annual rainfall were 365 and 445 mm during 
2013-2014 and 2014-2015 growing seasons respectively in Diyarbakır. Genotypes were 
planted by a sowing-machine into 4 replication with randomized complete block design 
(RCBD) experiments. Plots were 6 rows, 5 meters long, and spaced 20 cm. Plots were 
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seeded 200 kg ha-1 and fertilized with 60 kg ha-1 Urea and 120 kgha-1 DAP fertilizers. 
Herbicide, Topic-15 WG at 33 g a.i. ha-1 were used for weeds control in all experiments. 
110 mm water were applied for irrigated plots at tillering (55 mm) and booting stages 
(55 mm).  

Grain yield (GY) explained as ton per hectare (t ha-1), and the other traits number of 
spike m-2 (NS), number of grains spike (NSS) plant height (PH), days to heading (HD), 
thousand kernel weight (TKW), protein content (PRT), and spad values (SPAD-
chlorophyll content) were recorded.  

For drought tolerance indices below formulas were used as follow: 
 
Stress susceptibility index (Fernandez, 1992) = SSI= (1-(Ys/Yp))/SI (Eq.1) 
 
Stress tolerance index (Fernandez, 1992) = STI= (Yp*Ys)/ Ȳp2 (Eq.2) 
 
Tolerance (Hossain et al., 1990) = TOL=Yp-Ys (Eq.3) 
 

Geometric mean productivity (Fernandez, 1992) = GMP =  (Eq.4) 

 
Mean Productivity (Rosielle and Hambline, 1981) = MP=(Yp+Ys)/2 (Eq.5) 
 
Harmonic Mean (Chakherchaman et al., 2009) = HM=2*(Yp*Ys)/(Yp+Ys) (Eq.6) 
 

Yield stability index (Bouslama and Schapaugh, 1984) = YSI= Ys/Yp (Eq.7) 
 
Yield index (Gavuzzi et al., 1997) = YI =  Ys/ Ȳs (Eq.8) 
 
Drought resistance index (Lan, 1998) = DI = Ys x(Ys/Yp)/ Ȳs  (Eq.9) 
 
Abiotic tolerance index (Moosavi et al., 2008) = ATI= [(Yp-Ys)/( Ȳp/ Ȳs)] x 

[ ]  (Eq.10) 

 
Stress susceptibility percentage index (Moosavi et al., 2008) = SSPI = [ Yp-Ys/2(Ȳp)] x 
100  (Eq.11) 
 
Stress non-stress production index (Moosavi et al, 2008) = SNPI = 

] x [ ]  (Eq.12) 

 
Where, Yp is the yield under non-stress; Ys the yield under stress condition; Ȳp is 

the mean yield of all genotypes; Ȳs is the mean yield of all genotypes; and  
 

SI = 1-(Ȳs/Ȳp)  (Eq.13) 
 

Combined analysis of variance based on Random Complete Block Design (RCBD), 
correlation and biplot analyses were carried out using GenStat 12th (Genstat, 2009). 
Comparison of the means were calculated by LSD test (p< 0.01 and p< 0.05). 
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Table 1. Wheat genotypes with their code, cross and origin 

Genotypes Code Status Cross Origin 
Asure G1 Landrace -  
Tekin G2 Cultivar Wbll1*2/Tukuru Turkey-CIMMYT 
Sagitario G3 Cultivar - ITALY 
Ceyhan-99 G4 Cultivar Bjy/Coc (Cimmyt) Turkey-CIMMYT 
Karakılçık G5 Landrace - Turkey-CIMMYT 

Karacadağ-98 
G6 

Cultivar 
Rrv/Ww.15/3/Bj/2Bon 
//4/Nac Turkey-CIMMYT 

Vorobey 
G7 

Cultivar (SEN-DER) 
Croc_1/Ae. squarrosa 
(224)//Opata/3/Pastor CIMMYT 

Sokoll 
G8 

Line (SEN-DER) 
Pastor x Altar 84/Aegılops 
Squarrosa (Taus)//Opata CIMMYT 

SEN-DER 2. 

G9 

Line (SEN-DER) 

Altar 84/Ae.Squarrosa 
(219)//2*Seri/4/Pfau/Bow// 
Vee#9/3/Ducula CIMMYT 

SEN-DER 3. 
G10 

Line (SEN-DER) 
Croc_1/Ae.Squarrosa(205)// 
Kauz/3/Pastor CIMMYT 

Sorık G11 Landrace - Turkey 
Bejireş G12 Landrace - Turkey 

Results 

Evaluation of Grain Yield and Investigated Traits 

According to combined ANOVA analysis of Ys, Yp and drought tolerance indices, 
there were highly significant differences (p<0.01or p<0.05) among environments, 
genotypes, and GE interaction for grain yield and investigated another all traits (Table 2). 
These results indicating presence of consideration variability in irrigated and rain-fed 
conditions for investigated traits such as grain yield (GY), thousand kernel weight 
(TKW), plant height (PH), number of spike in square meter (NS), number seed in spike 
(NSS). Also, drought stress caused decreasing of GY, TKW, PH, NS and NSS values 
(Table 4). Mean grain over two year yield in stress condition ranged from 3.46 to 5.50 t 
ha-1 and from 4.56 to 6.80 t ha-1 in irrigated conditions (Table 3). The mean grain yield 
was decreased by 30% in stress condition compare to non-stress condition over two years 
(Table 3). These results provide also possibility of select genotypes under both stress and 
non-stress conditions for high yield potential and drought tolerance. According to mean 
yield of two years for irrigation condition, G7 (SEN-DER), G4 and G10 (SEN-DER) 
showed best performances with 6.83; 6.80 and 6.74 t ha-1 respectively (Table 3). For 
mean yield in rainfall condition the highest yield were given by synthetic derived bread 
wheat genotypes G10, G7 and G 8 with 5.50; 4.98 and 4.76 t ha-1 respectively. These 
results indicated that genotypes derived from synthetic wheat genotypes G7 and G10 had 
high yield potential also tolerant against to water limited conditions.  

According to average of two years, plant height was reduced 13.8 cm (12.1%) compare 
to irrigated condition (Table 4). The less plant height reduction is indirect indicator of 
tolerance for drought (Mursalova et al., 2015). Plant height were positively correlated 
with grain yield in rain-fed condition (r = 0.67*) and grain yield in irrigated condition (r = 
0.50ns) (Table 7). Genotypes originated from synthetic wheats G7 and G10 showed low 
plant height reduction and also their yield were highest (Table 4). Average of heading 
days were 119 days in irrigation condition and 116 stress condition. Correlation between 
grain yield and heading days in water limited condition and irrigation conditions was 
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negative, which means that earliness provide tolerance against to drought or provide 
escape from drought stress effect.  Mean number spike m-2 was 541 in irrigation condition 
and 422 in rainfall condition over two years, also positive correlation was determined 
between NS and grain yield in both irrigation (r= 67**) and rainfall condition (r= 0.66) 
(Table 7). The mean of TKW were 36.6 g in irrigated and 31.4 g in rainfall conditions, 
and 14.1% reduction was recorded for TKW compare to irrigated condition. Mean of the 
number seed in spike that contribute grain yield were 33.2 seed/spike in irrigated and 29.8 
seed/spike in rain-fed conditions, also positive and significant was determined among 
NSS and grain yield in irrigated (r= 0.81**) and rain-fed conditions (r= 0.54*) (Table 7). 

 
Table 2. Mean squares of investigated traits of 12 wheat genotypes 

Source DF GY TKW NS NGS HD PH Spad Prt 

Stress conditions 
         Year (Yr) 1 52.2** 682** 111657** 392** 1743** 938** 155.0** 119.3** 

Rep (Yr) 6 1.3 1.3 228.2 0.85 0.73 31.30 10.3 0.97 
Genotype (Gen) 11 3.0** 64.7** 11857.7** 40.4** 57.96** 250** 29.5* 3.92** 
Yr*Gen 11 1.4** 29.7** 1054.1 13.7** 12.51** 221** 8.1 4.40** 
Error 66 2.0 0.96 645.2 1.7 0.26 18.9 15.3 0.32 

R2 (%) 
 

0.84 0.96 0.86 0.9 0.99 0.83 0.39 0.91 
CV (%) 

 
13.4 3.1 0.6 4.3 0.5 4.30 10.7 4.7 

Non-stress cond. 
         Year (Yr) 1 73.5** 882** 79063** 121.5 18.64** 551 221.4* 0.18ns 

Rep (Yr) 6 0.23 1.06 1797 ns 0.97 0.34 8.2 14.5 1.05 
Genotype (Gen) 11 4.37** 60.1** 20447** 49.7** 61.5** 56** 32.0 1.38** 
Yr*Gen 11 1.23** 6.1** 4039** 12.3** 7.6** 27** 6.7 0.76** 
Error 66 1.56 0.86 838.2 1.29 0.42 7.97 17.9 0.15 

R2 (%) 
 

0.92 0.96 0.87 0.91 0.98 0.75 0.4 0.75 
CV (%) 

 
6.9 2.5 5.5 3.4 0.6 2.5 9.9 3.3 

* : significant at level 0.05, **: significant at level 0.01, GY: Grain yield, NS: Number spike, NGS: Number grain in 

spike, TKW: Thousand kernel weight, HD: Heading days, PH: Plant height, Spad: Chrolophil content, Prt: Protein 

content 

 
 

Drought Tolerance Indices 

According to drought indices that used for discriminating of genotypes (Table 5); 
G7, G8, G10 and G11 were determined as a candidate drought tolerant genotypes with 
their small values of SSI, TOL, ATI, SSPI and high values of STI, GMP, MP, HM, YSI, 
YI, DI, SNPI. Also, G5 seem to be drought tolerant according to YSI results, but its 
yield performance in both irrigated and rainfall conditions was lower than other 
genotypes. For TOL G3, G4, G6 and G9 were highly sensitive genotypes. Although G1 
and G5 seem to be tolerant genotypes according to TOL, ATI and SSPI values, but their 
productivity under irrigation conditions were limited. G1, G5, G9 and G12 were also 
determined as a drought sensitive genotypes for GMP, MP, HM and YI. G4 had one of 
highest grain yield in irrigated condition but it’s yield in rainfall was limited. According 
to stress susceptible index (SSI) G1 (Aşure; landrace) and G11 (Sorık; landrace) were 
drought resistance but they did not give high yield performance in stress condition, 
because of their limited yield potential. 

Correlation analysis between grain yield under two conditions and drought tolerant 
indices (Table 6) indicated that grain yield in non-stress conditions were correlated with 
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Ys (r = 0.72**), SSI (r = 0.26ns), STI (0.89**), TOL (r = 0.58*), GMP (r = 0.91**), MP 
(0.94**), HM (r = 0.88**), YI (r =0.72**) ATI (0.80**) and SSPI (0.59*). Also, high 
and significant correlation were determined between grain yield in stress conditions 
(Ys) and SSI (r = - 0.48*), STI (r = 0.95**), GMP (r = 0.94**), MP (r = 0.91), HM (r = 
0.96**), YSI (r = 0.50**), YI (r = 0.97**), DI (r = 0.93**) and SNPI (r = 0.95**).  

 
Table 3. Grain yield (t ha

-1
) of wheat genotypes in both conditions and reduction of yield 

 Genotypes 
  

Season of 2013-2014 Season of 2014-2015 Average of Two Years 

SIR NIR R% SIR NIR R% SIR NIR R% 
G1 3.70 2.32 37 5.88 4.60 22 4.79 3.46 28 
G2 5.45 3.75 31 7.30 4.98 32 6.38 4.37 32 
G3 5.89 3.35 43 6.90 4.49 35 6.39 3.92 39 
G4 6.49 3.69 43 7.11 4.41 38 6.80 4.05 40 
G5 3.09 2.01 35 6.03 5.13 15 4.56 3.57 22 
G6 5.56 3.60 35 6.75 4.47 34 6.16 4.03 34 
G7 6.39 4.87 24 7.27 5.09 30 6.83 4.98 27 
G8 5.35 3.99 25 7.52 5.54 26 6.43 4.77 26 
G9 4.51 2.61 42 7.62 5.12 33 6.07 3.86 36 
G10 5.89 4.74 19 7.59 6.25 18 6.74 5.50 18 
G11 4.98 3.61 28 6.96 5.39 22 5.97 4.50 25 
G12 4.94 3.39 32 6.33 4.17 34 5.64 3.78 33 

Mean 5.19 A 3.49 B 33 6.94 A 4.97 B 28 6.06 A 4.23 B 30 

Lsd 0.48** 0.52** 
 

0.70** 1.03** 
 

0.56** 0.42** 
 SIR: Supplemented irrigated, NIR: Non-irrigated, * : significant at level 0.05, **: significant at level 0.01, R: 

Reduction 

 

 

Evaluation of investigated traits and drought indices by GGE biplot analysis 

The GGE biplot for ten drought tolerance indices of twelve bread wheat genotypes 
showed that PC1 explained 59.86% and PC2 explained 39.90% of the total variation (Fig. 

1). According to results YI, YSI, DI and SNPI were highly correlated with yield in 
rainfall conditions (Ys), while yield in both irrigation and rain-fed conditions were 
correlated with GMP, HM, MP and STI. Abiotic stress index (ATI), TOL, SSPI and SSI 
had a negative correlation with Ys, hence they can be discarded for determining drought 
tolerance genotypes. The GGE biplot for observed traits of twelve bread wheat genotypes 
in rain-fed conditions, 38.62% of variation explained by PC1 and 25.79 % by PC2 (Fig. 

2). The total variation in irrigated conditions was 60.56% that of 37.96 % explained by 
PC1 and 22.66%  by PC2. Examined traits were divided into three groups in both rain-fed 
and irrigated conditions, which means that traits in the same group correlated each other. 
According to relationship between traits in rain-fed condition grain yield (Ys), NSS, PH, 
TKW were similar and included in first group, NS, PRTC and SPAD were strongly 
correlated each other and included the second group and HD included third group. In 
irrigation condition, grain yield (Yp), NSS, PH and TKW strongly correlated traits that 
included in first group, PRTC, NS included second group and HD and SPAD included 
third group (Fig. 3). Plant height (PH), number seed in spike (NSS) and thousand kernel 
weight (TKW) were correlated with grain yield in both conditions. Heading days (HD) 
correlated as the negatively with grain yield in both conditions.  
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Table 4. Investigated traits of genotypes (averaged over 2 years) 

Genotypes 
   

TKW 
  

NS 
  

NGS 
  

HD 
  

PH 
  

SPAD 
 

PRT 
 SIR NIR %R SIR NIR %R SIR NIR %R SIR NIR %R SIR NIR %R SIR NIR %R SIR NIR 

G1 39.3 34.7 11.8 489 416 15 28.5 24.3 14.9 117.0 113.8 2.8 114.4 101.3 11.5 40.7 36.4 10.6 12.4 12.9 
G2 36.2 30.0 17.2 535 435 19 35.1 32.0 8.9 114.3 111.8 2.2 113.1 104.4 7.7 42.1 39.2 6.9 12.3 12.9 
G3 37.9 33.3 12.1 543 397 27 33.3 30.3 9.0 116.6 114.4 1.9 113.8 96.9 14.8 43.9 38.4 12.5 12.5 12.7 
G4 36.5 31.8 12.8 533 380 29 38.1 33.0 13.4 118.4 114.8 3.1 110.6 98.8 10.7 39.8 34.5 13.5 12.1 12.3 
G5 32.8 29.5 10.0 448 366 18 30.1 28.9 4.1 121.1 118.6 2.1 105.6 89.4 15.4 43.3 36.5 15.7 12.6 12.1 
G6 31.2 26.8 14.2 625 475 24 34.1 28.9 15.4 117.3 114.8 2.1 116.3 103.1 11.3 43.8 39.9 8.9 12.9 13.6 
G7  36.7 31.3 14.6 628 471 25 34.5 30.1 12.7 118.0 115.0 2.5 118.1 106.9 9.5 39.9 34.9 12.5 12.9 12.8 
G8 36.3 31.3 13.8 564 462 18 34.0 30.4 10.5 122.5 120.1 1.9 112.5 99.4 11.7 44.1 37.6 14.9 12.1 12.4 
G9 35.5 26.8 24.6 570 432 24 31.4 29.0 7.6 122.1 119.4 2.3 112.5 93.8 16.7 45.3 35.0 22.7 12.4 12.7 
G10 41.8 35.6 14.8 544 467 14 33.0 31.1 5.9 115.4 112.6 2.4 116.9 109.4 6.4 43.9 38.4 12.6 12.3 12.3 
G11 37.0 34.3 7.4 476 401 16 34.1 31.6 7.3 116.6 114.3 2.0 112.5 96.3 14.4 43.2 34.3 20.5 12.0 12.2 
G12 37.6 31.6 16.0 536 368 31 32.0 28.6 10.5 121.6 117.5 3.4 109.4 100.6 8.0 46.1 36.1 21.7 12.3 12.2 

Mean 36.6 A 31.4 B 14.1 541 A 422B 22 33.2A 29.9B 10.0 118A 116 B 2.4 113 A 100 B 11.5 43 A 36.8B 14.4 12.4 12.6 

Lsd 0.92** 0.98**   28.9** 25.4**   1.1** 1.3**   0.64** 0.56**   2.8** 4.4**   4.2** 3.9**   0.4** 0.3** 

  * : significant at level 0.05, **: significant at level 0.01, TKW: Thousand kernel weight, NS: Number spike, NGS: Number grain in spike, HD: Heading days, PH: Plant height, Spad: 

Crolofil content, Prt: Protein content



Aktaş: Drought tolerance indeces of selected landraces and bread wheat genotypes  
- 184 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 177-189. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online)  

DOI: http://dx.doi.org/10.15666/aeer/1404_177189 
 2016, ALÖKI Kft., Budapest, Hungary 

 

Figure 1. Biplot based on first two principal component axes (PC1 and PC2). 
 
 

 

Figure 2. Biplot based on first two principal component axes (PC1 and 2) for traits of  

genotypes in rain-fed conditions. 

 

 

 

Figure 3. Biplot based on first two principal component axes (PC1 and 2) for traits of 

genotypes in irrigated conditions. 
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Table 5. Drought indices of 12 wheat genotypes (averaged over 2 years)  

Code 

Drought Indices 

Yp Ys SSI STI TOL GMP MP HM YSI YI DI ATI SSPI SNPI 

G1 4.79 3.46 0.92 0.45 1.33 4.07 4.1 4.02 0.72 0.82 10.6 3.0 11.0 18.8 

G2 6.38 4.37 1.04 0.76 2.01 5.28 5.4 5.18 0.68 1.03 12.7 5.8 16.6 25.5 

G3 6.39 3.92 1.28 0.68 2.48 5.00 5.2 4.86 0.61 0.93 10.2 6.8 20.4 20.2 

G4 6.80 4.05 1.34 0.75 2.75 5.25 5.4 5.08 0.60 0.96 10.2 7.9 22.7 21.0 

G5 4.56 3.57 0.72 0.44 0.99 4.03 4.1 4.00 0.78 0.84 11.8 2.2 8.2 21.8 

G6 6.16 4.03 1.14 0.68 2.12 4.98 5.1 4.88 0.66 0.95 11.2 5.8 17.5 21.9 

G7 6.83 4.98 0.90 0.92 1.85 5.83 5.9 5.76 0.73 1.18 15.4 5.9 15.3 32.9 

G8 6.43 4.77 0.86 0.83 1.67 5.54 5.6 5.48 0.74 1.13 14.9 5.0 13.7 31.3 

G9 6.07 3.86 1.20 0.64 2.20 4.84 5.0 4.72 0.64 0.91 10.4 5.8 18.2 20.2 

G10 6.74 5.50 0.61 1.01 1.24 6.09 6.1 6.05 0.82 1.30 19.0 4.1 10.3 44.8 

G11 5.97 4.50 0.82 0.73 1.47 5.18 5.2 5.13 0.75 1.06 14.4 4.2 12.1 29.3 

G12 5.64 3.78 1.09 0.58 1.86 4.61 4.7 4.52 0.67 0.89 10.7 4.7 15.3 20.2 

 
 

Table 6. Correlation between drought tolerance indices and grain yield in both conditions 

based on mean of 2 years 

 
Ys SSI STI TOL GMP MP HM YSI YI DI ATI SSPI SNPI 

Yp 
0.72** 0.26 0.89** 0.58* 0.91** 0.94** 0.88** -0.24 0.72** 0.39 0.80** 0.59* 0.49* 

Ys 1 -0.48 0.95** -0.15 0.94** 0.91** 0.96** 0.50* 0.97** 0.93** 0.14 -0.15 0.95** 

*: Significant at level 0.05, **: Significant at level 0.01, Yp: Yield in irrigated cond., Ys: Yield in non-irrigated 

conditions 

 
 

Table 7. Correlation between investigated traits and grain yield in irrigated (Yp) and non-

irrigated (Ys) based on mean of 2 years 

  Ys NS PH HD TKW NGS SPAD PRT 

Yp 0.72** 0.67** 0.45ns -0.28ns 0.22 ns 0.81** -0.15ns -0.16ns 

Ys   0.66** 0.67** -0.27ns 0.33ns 0.54* -0.08ns -0.10ns 
*: Significant at level 0.05, **: Significant at level 0.01, ns: Non significant, NS: Number spike, NGS: Number grain 

in spike, TKW: Thousand kernel weight, HD: Heading days, PH: Plant height, Spad: Crolofil content, Prt: Protein 

content, Yp: Yield in irrigated cond., Ys: Yield in non-irrigated conditions 

Discussion 

Wheat breeder have been evaluating wheat genotypes in irrigated and rainfall 
conditions to discriminate genotypes regarding to level of drought tolerance with many 
drought indices. Fernandez (1992) reported that genotypes can be divided in to four group 
according to their yield in stress and non-stress conditions: genotypes that have high yield 
under both stress and non-stress (group A), genotypes with high yield response in non-
stress (group B), or stress condition (group C) and the last genotypes with low yield 
performance in both conditions (group D). Three synthetic derived genotypes (G7, G8 
and G10) and landrace G11 (Sorık) were the most productive in both conditions, thus, 
these genotypes stayed into group A. It was reported that wheat genotypes derived from 



Aktaş: Drought tolerance indeces of selected landraces and bread wheat genotypes  
- 186 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 177-189. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online)  

DOI: http://dx.doi.org/10.15666/aeer/1404_177189 
 2016, ALÖKI Kft., Budapest, Hungary 

synthetic wheat originated from CIMMYT were superior genotypes than modern bread 
wheat genotypes in mega environments yield trials regarding to grain yield and quality 
traits (Lage et al., 1998). Also, SEN-DER bread wheat genotypes have novel genes/traits 
related to biotic and abiotic stress, such as drought stress and rust diseases (Mujeeb-Kazi 
et al., 2008). In study performed at Mexico reported that synthetic derived wheat lines 
showed 26% more grain yield than parental hexzaploid wheat under drought stress (Lopes 
and Reynolds, 2011). Landrace genotypes G1 (Aşure), G5 (Karakılçık) and G9 (SEN-
DER) can be defined as group D genotypes, because of their poor yield performance in 
both conditions. Modern wheat genotypes (G2, G3, G4, G6) were defined as Group B, 
since their high yield performance in irrigation condition and poor yield in rainfall 
condition.  Two landrace genotypes G1 (Aşure), G5 (Karakılçık) showed poor 
performance in both irrigated and rainfall conditions, while the other two landrace 
genotypes G11 (Sorık) and G12 (Bejireş) had a appreciate grain yield in both conditions. 
Aynehband et al. (2011) indicated that modern bread wheat genotypes are more adapted 
to favorable conditions, while landrace have poor yield in favorable conditions because of 
their lodging problem and lower response to nitrogen, even their yield under drought 
stress is appreciate  On the other hand, wheat genotypes which carry dwarf genes provide 
lodging resistance, high nitrogen efficiency and more grain yield in the last decades 
(Mursalova et al., 2015).  

Our results based on correlation analysis indicated that selection based on indices 
(STI, GMP, MP, HM, YSI and YI) may increase yield in both conditions and using DI 
and SNPI as parameters may contribute yield increasing in drought stress conditions. 
Similar results reported by Mohammadi et al. (2011) indicated that GMP, MP and STI 
were suitable drought indices to identify RILs producing high yield in stress and non-
stress conditions. Also, it was found significant and high correlations between HM, YI, 
GMP in investigation related to exotic wheat genotypes (Anvar et al., 2011). TOL 
correlated positively with Yp and negatively with Ys which means that selection based 
on TOL will increase grain yield for irrigated conditions. Similar results concluded with 
investigation on landraces and modern wheat genotypes in Central Anatolia conditions, 
Turkey (Akçura et al., 2011a). Farshadfar et al. (2012) observed non-significant 
correlations between TOL, SSI, SSPI and yield in stress conditions; and high and 
significant correlation between DI and Ys.  

Biplot analysis were also used to identify relation between drought tolerant indices 
and grain yield in both conditions (Fig. 1). For drought tolerance indices, 59.84% of 
variation explained by PC1 correlated with GMP, HM, MP, Yp, Ys, YSI, YI, DI and 
SNPI (Fig. 1). The PC2 explained 39.90% of total variation and highly correlated with 
TOL, SSI and SSPI (Fig. 1). Genotypes with high PCA1 and low PCA2 are more 
productive under stress and non-stress conditions (Gauch, 2006). Thus, SEN-DER 
genotypes G7, G8 and G10, and also modern wheat genotype G2 (Tekin) are superior 
genotypes with their high PC1 and low PC2 for both irrigated and rain-fed conditions 
(Fig. 1). According to biplot analysis, YI, YSI, DI and SNPI were highly correlated 
with grain yield in rainfall conditions (Ys), these result suggested that selection based 
on these indices will provide increasing grain yield in stress conditions, while grain 
yield in both irrigation and rain-fed conditions were correlated with GMP, HM, MP and 
STI, which means that selection based on these indices will resulted increasing grain 
yield in both conditions. TOL and SSI positively correlated with Yp (grain yield in 
irrigated condition) and negatively with Ys (grain yield in rainfed condition). Biplot 
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analyse were discriminated that G7, G8, G10 and G11 as the most drought tolerance 
genotypes.  

Correlation between investigated traits in both irrigated and rain-fed conditions and 
grain yield was displayed by biplot (Fig. 2 and Fig. 3). Total variations in rain-fed 
conditions (64.41 %) was more than irrigated conditions (60.56 %), which means that 
genotypes showed more variable reactions in stress conditions. According to results of 
biplot grain yield in both conditions were strongly correlated with plant height (PH), 
numbers seed in spike (NSS) and thousand kernel weight (TKW), these results indicated 
that using traits related to grain yield in stress conditions can contribute to improving 
and determining of drought tolerance genotypes in breeding programs. Similar results 
reported by Jatav and Kandalkar (2014) claim that genotypes with lower plant height, 
thousand kernel weight and number seed in spike reduction in stress conditions are 
more productive and tolerant against to drought. It was reported that the reason low 
yield in stress condition was due to reduction in number seed in spike and number of the 
spike in square meter (Akçura et al., 2011a). SEN-DER., wheat genotypes G10 and G7 
also modern wheat genotype G2 (Tekin) were most productive in rain-fed conditions 
according to biplot results (Fig. 2). Biplot results (Fig. 3), also indicated that grain yield 
in irrigated conditions were correlated with numbers seed in spike (NSS) and thousand 
kernel weight (TKW). According to results obtained from biplot indicated that modern 
wheat genotype G4 (Ceyhan-99) and genotype G10 (SEN-DER) were most productive, 
in irrigated conditions (Fig. 3). Aktaş (2014) reported that Ceyhan-99 cultivar is largely 
cultivated in Turkey and more adaptable for favorable conditions.  

Conclusion 

According to pairwaise correlation, biplot analysis YI, YSI, DI and SNPI drought 
indices can be used as parameter in breeding programs to increase grain yield in stress 
conditions and GMP, HM, MP and STI in both stress and non-stress conditions. Also, it 
was concluded that genotypes derived from synthetic wheats valuable germplasm 
because of high performance of SEN-DER., genotypes G10 and G7. Also, results 
indicated that plant height, number seed in spikes and number spikes in square meter is 
important traits that can be used criterions to improving drought tolerant genotypes. 
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Abstract. Effective management and proper exploitation of each ecosystem requires a comprehensive 
understanding of its components. Climate can exert direct and indirect effects on all components of 
ecosystems. While most systems of bioclimatic classification depend on limited variables such as 
precipitation, temperature, and their combinations, describing the climate of a region requires the 
evaluation of more factors. The present study was an attempt toward the bioclimatic classification of 
central areas of Iran (including Isfahan, Yazd, and Kerman Provinces). Using multivariate statistical 
methods, 156 climatic variables, which affected the distribution of dominant plant species in the study 
area, were selected. After performing principal component analysis to identify the main factors, cluster 
analysis was conducted to determine the bioclimatic classes and their characteristics. Overall, seven 
climatic factors (i.e. temperature, warm season precipitation and relative humidity, spring and cold season 
precipitation, wind speed, cloudy and partly cloudy days, Radiation, and dust) were found to explain 
91.01% of the total variance in primary variables. Cluster analysis Ward’s method divided the study area 
into 13 bioclimatic zones. The comparison of the obtained results with the results of four common 
methods of climate classification (Köppen’s, Gaussen’s, Emberger’s, and de Martonne’s methods) 
suggested the higher ability of multivariate statistical methods to discriminate between bioclimatic zones. 
The dominant species in each zone were finally described. 
Keywords: factor analysis, bioclimatic classification, central Iran, multivariate statistical methods, 

common methods, climatic variables 

Introduction 

Climatic zoning involves the identification of zones and regions with similar climate. 
Numerous researchers including Köppen, Emberger, de Martonne, Ivanov, Hansen, and 
Silianinov have focused on developing methods of climate classification. Climate is the 
most important determinant of vegetation cover at the global scale. Despite their 
significance, other factors such as soil, topography, and human are less important than 
climate in determining plant species in an area (Retueto and Carballeira, 1992). Due to 
different weather conditions, a variety of climates and vegetation areas have developed 
on Earth. Climate also affects the biological properties and distribution of plants and 
creates distinguishable vegetation types in various parts of the world (Sabeti, 1962). 
Since plants can well reflect the effects of environmental and natural phenomena, they 
play a major role in climate classification (Jafarpour, 2000). Following the development 
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of accurate quantitative methods, conventional climate classification approaches have 
been preceded by novel methods such as factor analysis and cluster analysis. Such novel 
techniques distinguish climate zones based on statistical climate data rather than the 
researcher’s opinion (Masoudian, 2003). Sabeti (1969) and Javanshir (1975) were the 
first researchers who used multivariate techniques for climate classification in Iran. 
Masoudian (2003) evaluated 37 climatic factors at an annual level and concluded that 
Iran’s climate consisted of six climate factors and 15 climate regions. Pabout (1969) 
divided Iran to three bioclimatic zones, namely Caspian, Irano-Turanian, and Baluchi 
climates. This classification was performed mainly based on rainfall (although elevation 
was also taken into account in case of the Caspian climate). Despite its shortcomings, 
Pabout’s classification was a valuable system considering the lack of climatic 
information at that time. Javier Amigo et al. (1988) extracted rainfall and temperature 
data from 140 weather stations in Chile and classified the country into four bioclimatic 
zones, i.e. tropical, Mediterranean, temperate, and northern climates. Ndetto et al. 
(2013) performed a basis analysis of climate and urban bioclimate of Dar es Salaam city 
in Tanzania. They argued that in a world affected by urbanization and climate changes, 
it is necessary to clarify the urban microclimate and bioclimate in different areas. They 
hence used synoptic meteorological data (from 2001 to 2011) to assess urban climate 
and human biometeorological conditions. In an attempt toward the phytosociological 
and bioclimatic classification of Pacific coasts in North America, Peinado et al. (1997) 
adopted Blanquet’s approach and cluster analysis and identified 22 vegetation regions 
and floristic associations which were characterized by their floristic composition. 
Immediately after the end of World War II, Belasco (1988) created a vegetation map of 
Toulouse (France) and identified three vegetation zones, including Toulouse, 
Montpellier, and Granoble, in the area. According to Pedrotti (2012), numerous types of 
vegetation maps can exist since different intrinsic properties (e.g. floristic 
compositions), structures, and population dynamics of floristic associations can each 
yield a specific map. Moreover, maps may be different due to their scales and mixed 
characteristics. In a study on the application of climatic parameters in vegetation 
distribution, Gavilan (2005) used over 100 phytoclimatic indices and climatic 
parameters extracted from 260 weather stations in Iberian Peninsula (Spain). The results 
of multivariate and estimative statistical methods showed different levels of correlation 
between climatic parameters. After categorizing 111 climatic parameters into five larger 
groups, temperature and precipitation were found to have the greatest effects on 
vegetation distribution. DeGaetano and Schulman (1990) classified agricultural climates 
of USA and Canada using the principal component analysis and cluster analysis. 
Primary variables in this classification included maximum temperature, minimum 
temperature, relative humidity, wind speed, number of shiny hours and precipitation. 
This classification has similarities with boundary of natural perennial species in 
accordance with the use of many variables. In a study in Minas Gerias (Brazil), de Sá 
Júnior et al. (2011) applied Köppen’s method for climate classification using raster 
precipitation and temperature data during 1961-1990. They presented a map of the 
obtained climate classes, i.e. tropical rainy climate, dry climate, and temperate tropical 
climate. Yurdanur et al. (2003) specified climatic regions of Turkey using cluster 
analysis. In this study, five different techniques were applied initially to decide the most 
suitable method for the region. They concluded that Ward’s method was the most likely 
one to yield acceptable results. In this study, seven different climatic zones were found. 
Dinpajouh et al. (2003) used multivariate statistical methods for climate classification of 
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Iran in their agricultural studies. Using factor analysis, Saligheh et al. (2008) and 
Gerami Motlagh et al. (2006) reported Sistan and Baluchestan and Boushehr Provinces 
(Iran) to have respectively five and six climate zones. In an attempt toward bioclimatic 
classification of Chaharmahal and Bakhtiari Province (Iran), Soltani et al. (2011) 
adopted multivariate statistical methods and factor analysis using 71 climatic factors 
with greatest effects on distribution of vegetation. The most important factors in factor 
analysis were temperature, precipitation, and Radiation which explained 91.8% of 
variance in primary variables. Hierarchical cluster analysis based on Ward’s method 
lead to the identification of five bioclimatic zones in the province. Yaghmayi et al. 
(2009) used multivariate statistical methods for the bioclimatic classification of Isfahan 
Province (Iran). They found precipitation, wind, and Radiation to explain 92.3% of 
variance in primary variables. Cluster analysis of these three factors revealed seven 
bioclimatic zones in the province. It is critical to apply a comprehensive method which 
uses most effective climatic factors to provide a realistic image of an area’s climate. 
Statistical methods mainly aim to maximize intragroup homogeneity and intergroup 
heterogeneity, i.e. climatic zones need to have the greatest level of internal homogeneity 
while maintaining maximum difference with each other (Kaviani, 1999). The present 
study used multivariate statistical methods for the bioclimatic classification of central 
Iran (including Kerman, Isfahan, and Yazd Provinces). The results were then compared 
with the traditional (common) classifications based on Köppen, Gaussen, Emberger, and 
de Martonne methods. 

Materials and Methods 

Study area 

As Figure 1 shows, the study area was located in central Iran and covered three 
provinces (Isfahan, Yazd, and Kerman). 

 

Figure 1. The study area (includes: 3 provinces of Kerman, Yazd and Isfahan 
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Methods 

In the present study, 156 climatic variables with the greatest effects on the 
distribution of dominant plant species and vegetation types in the study area were 
extracted from the data provided by Iran Meteorological Organization (Table 1). Data 
were obtained from synoptic and climatology stations in the mentioned provinces and 
their adjacent areas. The collected data were checked for accuracy and then used to 
create a database. Evaluations were made over a 20-year period from 1990 to 2010. The 
geographical location of the studied points is presented in Figure 2. 

 
Table 1.Climatic and bioclimatic variables included within the classification 

Variable type(Monthly and annual) Unit Number 

of 

Variables 

The average of minimum temperature   oC 7 
Freezing days daily 4 
The average of maximum temperature oC 9 
The average of temperature oC 13 
The average of Relative humidity percent 7 
The average of maximum Relative humidity percent 7 
The average of minimum Relative humidity percent 6 
Monthly Precipitation mm 12 
Days with Precipitation greater than or equal to 10 mm 13 
Days with Precipitation mm 13 
Days with Thunder storm daily 6 
Days with Dust daily 7 
The average of Wind speed knote 13 
Days with partly cloudy daily 8 
Days with cloudy daily 6 
Sunshine hours 9 
Winter Precipitation mm 1 
Spring Precipitation mm 1 
Summer Precipitation mm 1 
Autumn Precipitation mm 1 
Days with Precipitation greater than or equal to 10 of winter season mm 1 
Days with Precipitation greater than or equal to 10 of spring season mm 1 
Days with Precipitation greater than or equal to 10 of summer season mm 1 
Days with Precipitation greater than or equal to 10 of fall season mm 1 
Days with Precipitation of winter season mm 1 
Days with Precipitation of spring season mm 1 
Days with Precipitation of summer season mm 1 
Days with Precipitation of fall season mm 1 
Days with Precipitation greater than or equal to 5 of winter season mm 1 
Days with Precipitation greater than or equal to 5 of spring season mm 1 
Days with Precipitation greater than or equal to 5 of summer season mm 1 
Days with Precipitation greater than or equal to 5 of fall season mm 1 
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Figure 2. Geographical location of investigation points under study area 

 
The results of climate analysis cannot be generalized to broad zones unless 

interpolation techniques are adopted to convert discrete data to continuous data 
(Khodagholi, 2006). Considering the density and variability of the selected variables in 
the current study, a variogram analysis using the most variable parameter, i.e. 
precipitation, was performed to determine the appropriate grid size. Ultimately, a 15 km 
× 15 km grid was used for the interpolation of climatic parameters in the study area. The 
result was a matrix with 156 columns (variables) and 1762 rows (locations). Kriging 
was then conducted to estimate all the 156 variables at all 1762 points (pixels). A factor 
analysis, with the obtained values as inputs, was performed to evaluate the climatic 
conditions of central Iran. 

Factor analysis serves as a data reduction tool. Predictions made by this tool about 
the unobservable factors will be used in subsequent analysis. The ultimate goal of factor 
analysis is to produce matrices of factor loadings and factor scores, which are used as 
the basis for all interpretations. Factor loadings are correlations between input variables 
and factors obtained from the analysis. Factor scores describe the spatial patterns of the 
factors throughout the study area. They are used not only in creating factor maps, but 
also as preliminary data in cluster analysis. Principal component analysis and varimax 
rotation were applied on the preliminary data matrix to reduce the number of variables. 
Since factors with eigenvalues below one are not superior to a main variable (which has 
a variance of one) (Seyedan et al., 1997), factors with eigenvalues more than one were 
selected.Also,based on results, the Scree Plot introduced seven factors were suitable for 
this research (Figure 3). Kaiser-Meyer-Olkin (KMO) measure was then used to 
determine the effectiveness of factor analysis (Table 2). The calculated KMO index 
(0.98) showed the perfect performance of the factor analysis. 

Since bioclimatic classification of the study area was the main goal of this research, 
hierarchical cluster analysis based on Ward’s method was applied on the factor scores 
matrix. Hierarchical cluster analysis applies a set of algorithms and techniques to build 
clusters based on the existing similarities and dissimilarities (Everitt et al., 2005). 
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Ward’s method actually minimizes the variance within clusters, while maximizing the 
variance between clusters (Farshadfar, 2001). After clustering the matrix of factor 
scores using the mentioned method, the scores of cells within each cluster were summed 
and the most significant factor in each area. Finally, the climate of central Iran 
(including Isfahan, Yazd, and Kerman Provinces) was classified and each class was 
named based on the sum of factor scores and primary climatic variables. Afterward, 
kriging was performed on the vegetation map of the study and vegetation types were 
determined at all 1762 locations (cells of the grid). The relations between vegetation 
types and climatic variables were then evaluated. The factor score of each area can best 
describe the most important climatic feature of that area since these scores are the 
outcome of numerous subgroup variables.  

Results 

The first step in the administration of factor analysis is to confirm its performance 
(through methods such as the KMO index). According to Kaiser, who considers KMO 
index values above 0.9 as indicators of excellent performance of factor analysis 
(Farshadfar, 2001), the factor analysis had great performance in the present study (KMO 
index = 0.98). Factor analysis of the matrix of preliminary data yielded seven factors 
with eigenvalues above one (Table 3). These seven factors explained 91.01% of the 
total variance in preliminary data and produced the bioclimatic classes in the study area 
(Isfahan, Yazd, and Kerman Provinces). 

 

 

Figure 3. The Scree Plot graph that represents the number of appropriate factors 
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Table 2. View about Coefficient K.M.O 

Data fit for factor analysis Amount of K.M.O 

perfect Greater than or equal to 90 

Very good 80-90 percent 

good 70-80 percent 

normal 60-70 percent  

weak 50-60 percent  

unacceptable Less than 50 percent  

 
 

Table 3. The Eigen Value, percent variance and the cumulative variance of each factor 

Cumulative (%) Variance (%) Eigen Value factors 

28.44 28.44 41.22 1 

48.86 20.42 23.45 2 

66.00 17.12 12.99 3 

75.13 9.13 4.89 4 

83.19 8.05 4.44 5 

87.80 4.61 2.99 6 

91.01 3.20 2.06 7 

 
 
The factor loading matrix, showing correlations between variables and factors, was 

also obtained from factor analysis and varimax rotation. The elements of the matrix 
were first arranged based on their absolute values. Values over ± 0.7 were then retained 
and others were eliminated (Table 4). Since absolute values below 0.7 were equal to or 
less than 0.3, a cut-off point of 0.7 was selected. Moreover, values over ± 0.7 could 
reflect correlations between parameters and factors. Factor scores are standardized 
values with a mean value of zero (which shows the factor score in that area) and a 
variance of one. 



Khatibi et al.: Bioclimatic classification of central Iran using multivariate statistical methods  
- 198 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 191-231. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_191231 
 2016, ALÖKI Kft., Budapest, Hungary 

Table 4. Rotated factor loading matrix greater than ± 0.7 
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Amin T
*
 in  

January 

0.9       DWTS in October        

Amin T in  

February 
0.9       DWTS in Annual        

Amin T in  March 0.9       DWD* in April       0.7 

Amin T in  October 0.9       DWD in May       0.7 

Amin T in  

November 
0.9       DWD in June       0.7 

Amin T in  

December 
0.9       DWD in July       0.7 

Amin T in  Annual 0.9       DWD in August     -0.7   

DW freeze
*

 in 

January 

-0.9       DWD in September       0.7 

DW freeze in 

February 
-0.9       DWD in Annual       0.8 

        AWS* in January    -0.7    

        AWS in February    -0.8    

        AWS in March    -0.8    

DW freeze in 

December 
-0.9       AWS in April    -0.9    

DW freeze in 

Annual 
-0.9       AWS in May    -0.9    

A Max T
*

 March 0.8       AWS in June    -0.9    
A Max T April 0.9       AWS in July    -0.8    
A Max T May 0.9       AWS in August    -0.7    
A Max T June 0.9       AWS in September    -0.9    
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A Max T July 0.9       AWS in October    -0.9    
A Max T August 0.9       AWS in November    -0.9    
A Max T September 0.9       AWS in December    -0.7    
A Max T October 0.9       AWS in Annual    -0.9    
A Max T Annual 0.9       PCD* in January        

AMDT
* 

 in January 0.9       PCD in February  -0.7      

AMDT  in February 0.9       PCD in March  -0.7      

AMDT  in March 0.9       PCD in April  -0.7      

AMDT  in April 0.9       PCD in May     -0.7   
AMDT  in May 0.9       PCD in November        
AMDT  in June 0.9       PCD in December  -0.7      
AMDT  in July 0.9       PCD in Annual        
AMDT  in August 0.9       CD* in January     0.8   
AMDT  in 

September 
0.9       CD in February        

AMDT  in October 0.9       CD in March     0.7   
AMDT  in 

November 
0.9       CD in April        

AMDT  in 

December 
0.9       CD in December     0.7   

AMDT  in Annual 0.9       CD in Annual     0.7   

ARHP
*

 in March  0.7      MTSH* in March        
ARHP in April        MTSH in April        
ARHP in May        MTSH in May      -0.9  
ARHP in June  0.9      MTSH in June        
ARHP in September  0.9      MTSH in July  -0.8      

ARHP in October  0.7      MTSH in August  -0.8      
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ARHP in Annual  0.8      MTSH in September  -0.8      

A Max RHP
*

 in 

March 

 0.7      MTSH in October      -0.7  

A Max RHP in 

April 
       MTSH in Annual      -0.8  

A Max RHP in May        PR* in winter   0.8     
A Max RHP in June  0.8      PR in spring   0.8     
A Max RHP in 

September 
 0.9      PR in summer  0.8      

A Max RHP in 

October 
 0.7      PR in autumn   0.8     

A Max RHP in 

Annual 
 0.8      DWP over than 

10(mm)* in winter 
  0.7     

A Min RHP
*

 in 

March 

       DWP over than 

10(mm) in spring 
  0.8     

A Min RHP in April        DWP over than 

10(mm) in summer 
       

A Min RHP in May        DWP over than 

10(mm) in autumn 
  0.8     

A Min RHP in June  0.8      DWP over than 

5(mm)
* 

in winter 

  0.7     

A Min RHP in 

September 
 0.9      DWP over than 

5(mm) in spring 
  0.7     

A Min RHP in 

October 
       DWP over than 

5(mm) in summer 
 0.8      

MTP
*

 in January   0.7     DWP over than 

5(mm) in autumn 
  0.8     

MTP in February   0.8     DWP
*

 in winter        
MTP in March   0.8     DWP in spring        
MTP in April   0.8     DWP in summer  0.8      
MTP in May        DWP in autumn        
MTP in June  0.7              
MTP in July  0.8              
MTP in August  0.8              
MTP in September  0.7              
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MTP in October   0.8             
MTP in November   0.9             
MTP in December   0.8             

MTP(10mm)
* 

in 

January 

               

MTP (10mm)in 

February 
  0.8             

MTP(10mm) in 

March 
  0.7             

MTP(10mm) in 

April 
  0.8             

MTP(10mm) in May                
MTP(10mm) in 

June 
               

MTP(10mm) in July                
MTP(10mm) in 

August 
 0.8              

MTP(10mm) in 

September 
               

MTP(10mm) in 

October 
  0.9             

MTP(10mm) in 

November 
  0.8             

MTP(10mm) in 

December 
  0.8             

MTP(10mm) in 

Annual 
               

DWP
*

 in January                
DWP in February                
DWP in March                
DWP in April                
DWP in May                
DWP in June  0.7              
DWP in July                
DWP in August  0.8              
DWP in September                
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DWP in October                
DWP in November                
DWP in December                
DWP in Annual                

DWTS
*

 in March                
DWTS in April                
DWTS in May                
DWTS in June  0.7              

 

The abbreviations marked with an asterisk (*) in Table 4 are: 

Amin T: Average  minimum  temperature, DW freeze: Day with freezing, A Max T: Average maximum temperature, AMDT: Average mean daily temperature, 

ARHP: Average relative humidity percent, A Max RHP: Average maximum relative humidity percent, A Min RHP: Average minimum relative humidity percent, 

MTP: Monthly total precipitation, MTP(10mm): Days with precipitation over 10 mm  in month, DWP: Days with precipitation, DWTS: Days with thunder storm, 

DWD: Days with dust, AWS: Average wind speed, PCD: Partly cloudy days, CD: Cloudy days, MTSH: Monthly total sunshine, PR: Precipitation .



Khatibi et al.: Bioclimatic classification of central Iran using multivariate statistical methods  
- 203 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 191-231. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_191231 
 2016, ALÖKI Kft., Budapest, Hungary 

Ultimately, the following factors were extracted and named. 
 

Temperature factor  
This factor, which owed its name to the incorporation of all variables related to 

temperature (i.e. maximum and minimum monthly temperature and daily temperature 
during the 12 months of the year), explained 28.45% of the total variance in primary 
variables. Temperature had positive or negative correlations over 0.7 with 33 variables 
(Table 4). Figure 4 shows the spatial distribution of this factor in the three studied 
provinces (central Iran). As seen, western areas in Isfahan and Yazd have lower 
temperature compared to their eastern parts (because of its proximity to the Zagros 
Mountains, according to the map of Figure 16). In Kerman, however, eastern areas had 
cold and negative temperature while eastern areas had hot and positive temperature 
(because of its proximity to the Dasht-E-Kavir and Dasht-e Lut, according to the map of 
Figure 16). 

 

 

Figure 4. Spatial distribution of temperature factor in the study area 

 
 

Relative humidity and warm season rainfall factor 

This factor alone explained 20.43% of variance in primary variables. It had strong 
correlations (> 0.7) with 30 variables including the mean relative humidity in March, 
June, September, and October, mean maximum relative humidity in the mentioned 
months, mean annual maximum relative humidity, and precipitation in June, July, 
August, and September (Table 4). Based on the spatial distribution of this factor (Figure 

5), its lowest level was observed in the northeastern parts of Kerman Province and 
eastern parts of Yazd Province. Relative humidity and warm rain was the highest in the 
southern areas of Kerman Province which are close to the Persian Gulf and Oman Sea 
(Figure 16). 
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Figure 5. Spatial distribution of relative humidity and warm season rainfall factor in the 

study area 

 
 

Spring and cold season rainfall factor 

This factor could explain 17.13% of the total variance in primary variables and 
had strong correlations (> ± 0.7) with 22 variables such as precipitation in January, 
February, March, April, October, November, and December and days with 
precipitation over 10 mm in February, March, and April (Table 4). According to 
Figure 6, the maximum level of this factor was detected in the western areas of 
Isfahan Province. This indicates high precipitation in these areas during spring and 
cold seasons of the year. 

 

Figure 6. Spatial distribution of cool and spring rainfall season factor in the study area 
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Wind speed factor 

All variables related to wind speed (e.g. mean wind speed in January, February, and March) 
were categorized in a factor called “wind speed”. This factor, whose spatial distribution is 
presented in Figure 7, explained 9.13% of the total variance in primary variables. Apparently, 
the distribution of this factor in the three studied provinces ranged between -1 and +3. Its 
highest distribution was seen in northern and eastern parts of Isfahan Province, eastern parts 
of Yazd Province, and southern parts of Kerman Province. 

 

Figure 7. Spatial distribution of wind speed factor in the study area 

 
 

Cloudy and partly cloudy days factor 

This factor explained 8.03% of the total variance in primary variables and had strong 
correlations (> ± 0.7) with number of partly cloudy days in May, number of cloudy days 
in January and March-December, and annual number of cloudy days. As its spatial 
distribution map (Figure 8) shows, this factor had the greatest distribution (ranging 
between 0 and +3) in Isfahan and Yazd Provinces. 

 

Figure 8. Spatial distribution of partly cloudy and cloudy days factor in the study area 
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Radiation factor 

This factor explained 4.62% of the total variance in primary variables and had strong 
correlations (> 0.7) with number of sunny hours in May-October and annual number of 
sunny days. Maximum levels of radiation were observed in the northern, northwestern, 
and eastern parts of Isfahan, Yazd, and Kerman Provinces, respectively (Figure 9). 

 

Figure 9. Spatial distribution of radiation factor in the study area 
 
 

Dust factor 

Dust was the least effective factor in the bioclimatic classification of the study area and 
explained 3.20% of the total variance in primary variables. It had strong correlations (> 0.7) 
with number of dusty days in April, May, June, July, and September and annual number of 
dusty days. As seen in Figure 10, the southwestern parts of Isfahan Province had maximum 
levels of dust. The eastern and western parts of Yazd Province and the southeastern parts of 
Kerman Province had the greatest levels of dust in these two provinces. 

 

Figure 10. Spatial distribution of dust factor in the study area 
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Bioclimatic classification of the study area (central Iran) using multivariate statistical 

methods 

Cluster analysis is a general term to describe a variety of mathematical methods 
seeking similarity among a set of observations (Farshadfar, 2001). Cluster analysis 
has been applied in numerous meteorological studies during the past decades and 
has progressed significantly since 1990s. Cluster analysis involves various 
algorithms and methods to classify similar observations based on 
similarity/dissimilarity criteria. The input into these algorithms is the data required 
for calculating similarities (Everitt et al., 2005). Using the hierarchical cluster 
analysis of factor scores based on Ward’s method, 13 bioclimatic zones were 
identified in the study area. Since factor scores show the significance of each 
factor, the name of each zone was determined based on the sum of factor scores 
within that zone. Moreover, considering the higher weight of factors 1-3 (discussed 
in the previous sections), these three factors were mainly used in the naming of 
bioclimatic zones. Finally, the central areas of Iran were divided into 13 
bioclimatic zones (Figure 11), which will be described in the following sections. 
Climatic classification of the study area was also performed using conventional 
methods (Figures 12, 13, 14 and 15). 

 

 

Figure 11. Bioclimatic classification of central Iran by Multivariate statistical methods 
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Figure 12. Bioclimatic classification of central Iran by Köppen method 

 
 

 

Figure 13. Bioclimatic classification of central Iran by Gaussen method 
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Figure 14. Bioclimatic classification of central Iran by Emberger method 

 

 

 

Figure 15. Bioclimatic classification of central Iran by De Matronne method 
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Figure 16. Geographical position of plains (Dasht-e kavir&Dasht- e Lut), mountains 

(especially Zagros Mts), seas and study area in Iran 

 

 

Cold and humid zone 

This zone covered an area of 318,085 ha located only in the western parts of Isfahan 
Province (Figure 11). The mean altitude, mean annual temperature, and mean annual 
precipitation of this zone were 1732 m above the sea level, 10.64 ºC, and 831 mm, 
respectively. Since temperature, spring and cold season rain, and cloudy and partly 
cloudy days had respectively high negative, high positive, and high factor scores (Table 

5), this zone was named “cold”. The severe cold, high precipitation, and short growing 
season in this zone made it suitable for the distribution of specific plant species such as 
Agropyron trichophorum (Link) Richter. and Astragalus adsendens (Caprini) 

vereskensis Maassoumi & Podl. (The dominant species in the area). 
According to de Martonne’s classification (Figure 15), parts of this zone were, very 

very humid and very cold and the remaining parts were very humid and very cold. 
Based on Emberger’s classification (Figure 14), the northern and northeastern parts of 
this zone had Low warm desert and sub-humid cold climates. The remaining parts of 
this zone were categorized as the highlands climate. This zone had cold steppe climate 
based on Gaussen’s classification (Figure 13) and Csa and Dsa climates based on 
Köppen’s classification (Figure 12). 
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Table 5. Factor scores and important climatic variables in thirteen bioclimatic zones in central Iran 

XIII XII XI X IX VIII VII VI V IV III II I Bioclimatic Zones 

 

 

Variables 

 

23.90 23.73 26.56 20.40 20.61 20.70 15.19 19.34 17.60 16.54 17.24 13.28 10.46 Average annual temperature 

31.20 25.21 37.48 38.65 33.27 28.79 32.14 30.20 31.53 32.75 38.26 38.73 42.89 Average annual relative 

humidity 

80.38 58.68 198.13 198.64 100.82 76.65 139.05 92.51 94.94 130.87 158.40 399.48 831.69 Annual precipitation 

41.03 26.56 26.13 13.47 37.89 24.70 13.01 22.56 32.26 14.97 16.67 9.68 7.23 Annual number of days with 

dust 

5.29 5.20 6.20 4.91 3.71 4.77 6.82 6.21 5.12 5.77 3.77 4.72 4.12 Average annual wind speed 

72.72 83.28 51.40 73.34 82.41 82.26 80.30 87.13 87.73 80.89 87.78 84.41 86.59 Partly cloudy days in annual 

16.74 15.78 13.34 17.83 29.60 29.22 24.28 34.08 31.52 24.25 35.56 29.38 38.85 cloudy days in annual 

0.98 1.08 2.02 0.16 0.16 0.30 -1.42 0.17 -0.74 -1.11 -0.54 -1.32 -0.85 Temperature factor 

0.28 -1.12 2.35 1.86 -0.16 -0.75 0.36 -0.32 -0.06 0.05 0.74 -0.05 -0.75 Relative humidity and warm 

season rainfall factor 

-0.08 -0.01 0.50 -0.04 -0.08 -0.19 -0.47 -0.17 -0.46 -0.36 -0.17 2.71 8.03 Spring and cool season 

rainfall factor 

-0.49 -0.23 -1.10 0.69 1.36 0.41 -1.32 -1.30 -0.73 -0.98 1.33 0.27 0.25 Wind speed factor 

-1.16 -1.48 0.06 -0.66 0.70 0.61 -0.53 1.64 0.39 -0.76 0.62 -0.4 0.63 Cloudy and partly cloudy 

days factor 

0.52 0.86 -0.92 0.05 -0.75 -0.60 0.07 0.76 0.53 -0.96 2.29 -0.02 0.65 Radiation  factor 

1.59 -0.43 -0.03 -0.74 1.73 -0.34 -0.30 -0.48 1.28 -0.40 -0.57 -0.20 0.37 Dust factor 
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Cold and sub-humid zone 

This zone, with the mean altitude of 2510 m above the sea level, covered an area of 
1,328,975 ha located only in the western and southwestern parts of Isfahan Province 
(Figure 11). It had different factor scores, i.e. lower precipitation score and very lower 
negative temperature score, compared to the previous zone. Radiation also had a 
negative score in this zone. Therefore, it was named as the “cold and sub-humid” zone. 
The mean annual temperature and precipitation in this zone were 13.28 ºC and 399.48 
mm, respectively. Due to its better climatic conditions (e.g. longer growing season), this 
zone had more diverse vegetation compared to the previous zone. A major difference 
between the two zones was the presence of Artemisia aucheri Boiss as the dominant 
plant species in the cold semi-humid zone. Daphne mucronata Royle, Bromus 

tommentellus Boiss and Astragulus (Caprini) vereskensis Maassoumi & Podl. were 
other important species in this zone. 

As seen in Figure 15, this zone was categorized as cold and arid, very cold 
Mediterranean, cold and semi-arid, and very cold and sub-humid based on de Martonne’s 
classification, as cold arid, cold semi-arid, and cold sub-humid based on Emberger’s 
classification (Figure 14), as cold semi-desertic based on Gaussen’s classification (Figure 

13), and as Bsh (semi-desertic) in Köppen’s classification (Figure 12). 
 

Cold and semi-arid zone 

This zone was located solely in the northern and northwestern parts of Isfahan 
Province. It covered an area of 2,399,222 ha and had a mean altitude of 1735 m above 
the sea level (Figure 11). Factor scores of this zone (Table 5) showed considerable 
reductions in cold and warm season precipitation (compared to the other two zones in 
this province). While the score of temperature remained almost unchanged, it had a 
negative score. This zone was hence named as “semi-arid and cold”. The mean annual 
temperature and precipitation in this area were 17.24 ºC and 158.40 mm, respectively. 
The dominant plant species in this area were Stipa arabica Desf and Artemisia Sieberi 
Besser. 

As Figure 15 shows, this zone was categorized as arid and cold, cold and very arid, 
and moderate very arid based on de Martonne’s classification, as moderate desert and 
arid cold based on Emberger’s classification (Figure 14), as desertic and cold semi-
desertic based on Gaussen’s classification (Figure 13), and as Bsk (or semi desertic), 
Bwh (or desertic), Csa (or Mediterranean) based on Köppen’s classification (Figure 12). 

 
Cold, semi-arid and relatively windy zone 

This zone covered 5,027,126 ha of the western parts of the study area (Figure 11) 
and had a mean altitude of 1875 m above the sea level. Temperature had a high negative 
factor score in this zone. The scores of precipitation were similar in this zone and 
previous zone (the cold and semi-arid zone) (Table 5). However, considering the high 
wind speed in this area, wind factor was included in its name and the term “Cold, Semi-
Arid and relatively Windy” was selected for its description. The mean annual 
temperature and precipitation in this zone was 16.56 ºC and 130.87 mm, respectively. 
Hammada salicornicum (Moq.) in DC and Zygophyllum eurypterum Boiss. & Buhse 

were the dominant species in this zone. 
This zone was categorized as cold and arid and very arid and cold  based on de 

Martonne’s classification (Figure 15), as cold arid based on Emberger’s classification 
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(Figure 14), as cold semi-desertic based on Gaussen’s classification (Figure 13), and as Bsk 
(or semi desertic) and Bwk(or desertic) based on Köppen’s classification (Figure 12). 

 
Arid and dusty zone 

This zone covered an area of 2,290,305 ha in the western, southeastern, and central 
parts of the study area (including parts of all three studied provinces) (Figure 11). The 
mean altitude, annual temperature, and annual precipitation of this zone was 1450 m, 
17.60 ºC, and 94.94 mm, respectively. According to the Table 5, factor score of 
precipitation in this zone was substantially lower than those in the above-mentioned 
zones. In fact, little precipitation was recorded in both cold and warm seasons and 
precipitation had negative factor scores in all seasons. Since dust had a very higher 
score in this zone (compared to the other zones), the term “dusty arid” was used to 
describe this zone. Artemisia Sieberi Besser was the dominant plant species in the area 
and occupied a large proportion of its lands. The climatic conditions (i.e. very high 
temperature, radiation, and aridity) and low altitude of this area made it an inappropriate 
habitat for other plant species such as Artemisia Sieberi Besseri. 

This zone was categorized as arid and cold,very arid and cold, and moderate very 
arid based on de Martonne’s classification (Figure 15), as arid cold and semi-arid cold 
based on Emberger’s classification (Figure 14), as cold semi-desertic and desertic based 
on Gaussen’s classification (Figure 13), and as Bwh and Bwk based on Köppen’s 
classification (Figure 12). 

 
Arid, warm and windy zone 

The area covered by this zone (3,016,687 ha) was limited to the eastern and 
northeastern parts of Isfahan and the north of Yazd Provinces (Figure 11). The mean 
altitude, annual temperature, and annual precipitation of this zone was 1300 m, 19.34 
ºC, and 92.51 mm, respectively. As seen in Table 5, precipitation (in both warm and 
cold seasons) had a very low negative factor score. Temperature, Radiation, and cloudy 
and partly cloudy days had positive scores and were identified as the most significant 
factors in this “arid and warm” zone. Also, according to Table 5, wind speed variable 
has a high value in this area therefore, this zone, arid warm and windy were named. The 
severe ecological and climatic conditions of this zone limited the distribution of plant 
species. As the dominant species, Artemisia Sieberi Besser comprised 55% of the 
vegetation in the hot arid bioclimatic zone. Other species in this zone were Convolvus 

fraticosa Pall, S. oreintalis, Stipa barbata Desf, and Noeae mucranata (Forsk.) Aschers 
et Schweinf. 

This zone was categorized as  very arid and cold , moderate very arid  based on de 
Martonne’s classification (Figure 15), as moderate desertic and arid cold  based on 
Emberger’s classification (Figure 14), as cold semi-desertic and desertic based on 
Gaussen’s classification (Figure 13), and as Bwh(or desertic) and Csa (or mediteranean) 
based on Köppen’s classification (Figure 12). 

 
Semi-arid, cold and windy zone 

This zone covered an area of 2,453,888 ha, and limited to area south western in 
Isfahan Province, North West of Yazd and approximately areas in the center of Kerman 
province (Figure 11). It had a mean altitude, annual temperature, and annual 
precipitation of respectively 926 m, 20.70 ºC, and 76.65 mm. The table of factor scores 
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shows that temperature had a Negative factor score in this area, the score of warm 
season precipitation is positive, cold and spring season precipitation were negative 
scores (Table 5), According to climatic variables in this table (5), we see that wind 
speed in this zone has high value, therefore this area were named Semi-arid, cold and 
windy zone. Due to severe climatic conditions, limited plant species, including 
Callingonum denticulatum Bge. ex Boiss, Zypophyllum eurypterum Boiss. & Buhse, 
and Salsola foetida Del, were found in the hot and very arid bioclimatic zone. 

As seen in Figure 15, and based on de Martonne’s method this zone was categorized 
as arid and cold, very arid and cold, based on Emberger’s method as arid cold (Figure 

14), based on Gaussen’s method (Figure 13) as cold semi desertic, and based on Figure 

12 and Köppen’s classification, this zone was categorized as Bsk (or semi-desertic) and 
Bwk (or desertic). 

 
Hyper arid and warm zone 

This zone covered an area of 8,892,194 ha including parts of East Isfahan Province, 
East and Northeast of Yazd Province and North area in Kerman province (Figure 11). It 
had a mean altitude, annual temperature, and annual precipitation of respectively 1246 
m, 15.19 ºC, and 139.05 mm, respectively. This zone owed its name to the very high 
and positive factor score of temperature, negative factor scores of warm season 
precipitation and relative humidity, and negative score of cold season precipitation 
(Table 5). Callingonum denticulatum Bge. ex Boiss., Zypophyllum eurypterum Boiss. & 
Buhse, and Salsola foetida Del. were the dominant plant species in this zone. 

This zone was categorized as moderate very arid based on deMartonne’s 
classification (Figure 15), as moderate desert region based on Emberger’s classification 
(Figure 14), as desertic region based on Gaussen’s classification (Figure 13), and as 
Bwh based on Köppen’s classification (Figure 12). 

 
Arid, warm and dusty zone 

This zone covered an area of 2,784,268 ha in the east of Yazd Province and northeast 
of the study area (Figure 11). It had a mean altitude, annual temperature, and annual 
precipitation of respectively 990 m, 20.61 ºC, and 100.82 mm. While the factor score of 
temperature was high and positive, factor scores of warm and cold season precipitation 
showed reductions. Due to the considerable increase in the factor scores of wind speed 
and dust (Table 5), this zone was named as “dusty, warm, and arid”. Because of its 
severe ecological conditions, only specific plant species, particularly halophytes favored 
by camels, were found on the sand dunes of this area. Stipagrostis pennata (Trin.) De 
Winter, Haloxylon persicum (Moq.) in DC, and Seidlitzia rosmarinus (Ehrenb.) Bge 

were the dominant plant species in this zone. 
This zone was categorized as moderate very arid, cold and very arid, arid and cold 

,based on de Martonne’s classification (Figure 15), as arid cold and moderate desert 
based on Emberger’s classification (Figure 14), as desertic, low semi-desertic, cold 
semi-desertic, and severe semi-desertic based on Gaussen’s classification (Figure 13), 
and as Bwh (or desertic) based on Köppen’s classification (Figure 12). 

 
Semi-arid and warm zone 

This zone covered an area of 2,178,543 ha (with a mean altitude of 1710 m) on the 
southwest of Kerman Province (Figure 11). The most important factor in this zone was 
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temperature (which had a positive factor score). While cold season precipitation had a 
low negative factor score, relative humidity and warm season temperature had very high 
positive factor scores (probably due to the proximity of the area to the Persian Gulf and 
Oman Sea in the south of Iran). Therefore, the term “hot, semi-arid” was used to 
describe this zone (Table 5). The mean annual temperature and precipitation in this zone 
were 20.40 ºC and 198.64 mm, respectively. Hammada salicornicum (Moq.) and 
Salsola foetida Del. were the dominant plant species in this zone. 

This zone was categorized as moderate arid, arid and cold, moderate very arid, warm 
and arid, and very arid and warm based on de Martonne’s classification (Figure 15), as 
arid cold, moderate desert, middle warm desert, and low warm desert based on 
Emberger’s classification (Figure 14), as desertic, severe semi-desertic, cold semi-
desertic, and low semi-desertic based on Gaussen’s classification (Figure 13), and as 
Bwh(or semi desertic), Bsk, and Bsh(or desertic) based on Köppen’s classification 
(Figure 12). 

 
Semi-arid, hyper warm and windy zone 

This zone was located at the southernmost part of the study area and covered an area 
of 2,215,759 ha (Figure 11). The data in Table 5 shows that the proximity of this 
climatic zone to the Persian Gulf and Oman Sea (huge water resources) affected all 
climatic factors, especially relative humidity, temperature, and warm season 
precipitation (which gained high positive scores). Considering the scores of other 
factors, particularly cold season precipitation, and the wind speed in Table 5, the term 
“Semi-Arid, hyper warm and windy” was used to name this zone. The mean altitude, 
annual temperature, and annual precipitation of this zone were 722 m, 26.56 ºC, and 
198.13 mm, respectively. The dominant plant species of this zone were Salsola foetida 

Del, Tamarix deserti Boiss, and Seidlitzia rosmarinus (Ehrenb.) Bge. 
This zone was categorized as arid and warm, very arid and warm based on de 

Martonne’s classification (Figure 15), as severe warm desert based on Emberger’s 
classification (Figure 14), as desertic and severe semi-desertic based on Gaussen’s 
classification (Figure 13), and as Bwh (or desertic) based on Köppen’s classification 
(Figure 12). 

 
Hyper arid and hyper warm zone 

This zone, covering an area of 3,805,215 ha, was located in the southeastern part of 
the study area (Figure 11). It had a mean altitude, annual temperature, and annual 
precipitation of 928 m, 23.73 ºC, and 54.68 mm, respectively. While temperature had a 
high positive factor score in this zone, scores of warm and cold season precipitation 
were low and negative. Moreover, Radiation had a positive score, but the scores of 
cloudy and partly cloudy days and wind speed were negative (Table 5). This zone was 
hence named as “Hyper arid and hyper warm”. The severe ecological and climatic 
conditions of the area justified the sparsity and very limited diversity of plant species 
(the plants grew in long distances from each other). The dominant species in this zone 
were Sueadea  fruticosa (L.) Forsk., Salsola  crassa M.B. in Mem., and Seidlitzia 

rosmarinus (Ehrenb.) Bge. 
This zone was categorized as very arid and warm, moderate very arid based on de 

Martonne’s classification (Figure 15), as low warm desert, middle warm desert, 
moderate desert and arid cold, based on Emberger’s classification (Figure 14), as 
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desertic based on Gaussen’s classification (Figure 13), and as Bwh and Bwk (or 
desertic) based on Köppen’s classification (Figure 12). 

 
Hyper arid, hyper warm and dusty zone 

This zone covered an area of 206,704 ha situated at a mean altitude of 818 m above 
sea level (Figure 11). According to Table 5, it can be seen that the factor score of 
temperature has high and positive score (close to one) in this zone; cold season 
precipitation has a very low negative score. Relative humidity and warm season 
precipitation has very low positive scores. In contrast, dust obtained a high positive 
score. The positive score of Radiation suggested that high levels of solar Radiation 
reached the earth in this area. Therefore, this zone was described as “Hyper arid, hyper 
warm and Dusty”. Due to the severe climatic conditions (mean annual temperature and 
precipitation equal to 23.90 ºC and 80.38 mm, respectively) limited plant species, 
including Salsola longifolia Forsk., Haloxylon ammodendron (C.A.Mey.) Bge, and 
Tamarix kotschyi Bge., grew in this area. 

This zone was categorized as very arid and warm, and moderate very arid based on 
de Martonne’s classification (Figure 15), as low warm desert and middle warm desert 
based on Emberger’s classification (Figure 14), as desertic based on Gaussen’s 
classification (Figure 13), and as Bwh (or desertic) based on Köppen’s classification 
(Figure 12). 

Discussion and Conclusion  

According to the results obtained in this study, from among climatic factors, the 
following 7 factors: temperature, relative humidity and rainfall in the hot season, rainfall 
in spring and the cold season, wind speed, cloudy and partly cloudy days, solar 
radiation, and dust and mist play a major role in the distribution of plant species habitats 
in the study area. These factors allocate 28.45%, 20.43%, 17.13%, 9.13%, 8.03%, 
4.62% and 3.20% of the total variance to themselves, respectively, which makes 
91.01% in total. These findings are consistent with the studies conducted by other 
researchers such as Torabi et al. (2001), Domroes et al. (1998), Tan et al. (2002), and 
Hossel et al. (2003). For example, Unal et al. (2003) defined the climatic areas of 
Turkey by using mathematical methods of cluster analysis. The research data from 113 
climate stations from 1951 to 1998 were used for temperature (average, minimum and 
maximum) and total precipitation. In addition, the hierarchical cluster analysis was 
selected for classification. In this study, five different techniques were primarily 
implemented to determine the most appropriate method for the region, and it was 
concluded that the Wards Method has the best and most acceptable results. Finally, 
seven climatic areas were obtained. Yaghmaie et al. (2009) investigated the bioclimatic 
classification of Isfahan Province using multivariate statistical methods. The results of 
their study showed that the three factors: precipitation, temperature, and solar radiation 
are the most important factors in the distribution of vegetation in Isfahan. Seven 
bioclimatic classifications were identified in this study using the factor analysis and 
cluster analysis techniques, and predominant vegetation types were introduced in each 
climate.   

Estrada et al. (2009) defined the climatic areas in Mexico City using the multivariate 
analysis. In this study, multivariate methods were used to reduce the dimensions of the 
variables reported by meteorological stations. In addition, by using multivariate 
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statistical methods, we dealt with defining climate indices, showing main climatic 
factors, and introducing geographical areas with similar climatic characteristics. Then, 2 
broad climatic areas and 4 climatic sub-areas were defined, and finally it was concluded 
that using multivariate analysis methods can be a useful tool for urban planning.   

In general, in this study and according to the table of factor scores (Table 5), it can be 
understood that temperature has allocated the highest percentage of variance to itself 
among other climatic factors, and has the highest positive scores and impact in zones 12 
and 13 in the south-eastern parts of the study area. Moreover, the highest negative score 
is related to the temperature of zones 2, 4 and 7, which are located in the western and 
south-western parts of the study area; the areas which have been called cold semi-arid, 
relatively windy, and cold sub-humid. Whereas in zones 12 and 13, the factor scores of 
precipitation in the hot and cold seasons are negative and low. On the other hand, the 
factor scores of dust and mist and solar radiation are positive and high, which indicates 
that in these zones, the role of precipitation in the distribution and dispersion of plants is 
much lower than that of temperature. However, in zone 12, relative humidity and 
precipitation in the hot season are high and positive. This is mainly related to the high 
level of relative humidity in this area, rather than precipitation in the hot season, which 
is because this zone is close to the Persian Gulf and the Sea of Oman (Fig. 16) where 
relative humidity is very high. Whereas in zones 1 and 2 the factor score of precipitation 
is the highest amount possible among the climatic zones, and this indicates that in these 
two zones the role of the factor precipitation (in the warm and cold seasons) is much 
more important in the distribution and dispersion of plants than that of other factors. In 
addition, since zones 12 and 13 are near Dasht-e Lut (Fig. 16), these areas have a very 
warm and arid climate, which has affected the climatic characteristics of these two 
areas. For example, the degree of the factor dust is high in zone 12, and this factor has 
had a significant effect on the designation of this zone. In addition, because Dasht-e Lut 
is very close to these two zones, the ecological climatic conditions governing these two 
zones are very hard and difficult. Hence, the diversity of plant species is low in these 
two zones, and species of the genera seidlitzia, salsola, Haloxylon, and Tamarix, which 
can only grow in these areas, are found there. In zones 4, 6, 7 and 12, the degree of the 
factor wind speed is high. Moreover, when we look at the table of factor scores (Table 

5), we realize that the degree of the factor wind speed is high in the above-mentioned 
zones, and it is considered an influential and effective factor in the distribution of 
vegetation in these zones. Hence, this factor has been used in the designation of these 
zones. In general, when we look at the results of classification by using multivariate 
statistical methods in this study, we find out that a very precise climatic classification 
has been done according to the climatic and ecological conditions governing each zone. 
Such that by hearing the climate's name in each zone, a researcher, in the first place, 
obtains a very detailed general idea about that climatic area, and this is one of the 
advantages of the multivariate statistical technique, which is very complete and 
accurate. Moreover, the climatic classification of the study area using some common 
climatic methods (Köppen, Gaussan, De Marton, and Emberger) indicates the inability 
of these methods to separate climatic areas compared to the multivariate statistical 
method; whereas the multivariate statistical method has a high ability to separate 
climatic areas. For example, due to their proximity to Dasht-e Kavir and Kavir-e Lut 
(Figure 16), zones 6, 8, 9, 12 and 13 are warm, and the heat of the desert has also 
affected these zones. In addition, according to the map of Figure 16, as we can see, 
zones 10 and 11 are attached to huge sources of water (the Persian Gulf and the Sea of 
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Oman), the relative humidity is high and the weather is warm and humid in these areas, 
and they affect their adjoining areas. Therefore, zone 10 is called semi-arid and warm, 
and zone 11 is called semi-arid and very warm. In addition, as shown in the map of Fig. 

16, since they are located near the Zagros Mountain Range, zones 1 and 2 have cold and 
rainy winters. Moreover, due to their being located in the highlands, they are cold with 
very low temperatures. Hence, they have been called humid cold and cold, sub-humid. 
As we know, mountain ranges, plains, deserts (topography), and water resources are 
effective in the development of climates, and affect them. Hence, according to the 
results obtained from the multivariate statistical method, all the 13 climatic zones in this 
study have been obtained separately and according to the ecological-climatic conditions 
governing them (as shown in the map of Fig. 11). On the other hand, the traditional 
methods of climatic classification, which are mainly used (Köppen, Gaussen, Emberger, 
and De Marton), are incapable in this regard, and do not have great accuracy in 
separating the Bioclimates. For example, in this study, as shown in Figure 13, more 
than 95% of the study area has been allocated to two zones; desertic and cold semi-
desertic, in the Gaussen method. In this method, about 50% of the entire area has been 
allocated to the desertic zone (Figure 12). Whereas, in the multivariate statistical 
method, this area has been divided into 6 different climatic zones; namely, (windy warm 
arid, dusty arid, warm very arid, dusty, warm, arid, very warm very arid and dusty ,very 
warm ,very arid). In addition, in the Gaussen method, the cold semi-desertic zone has 
allocated an area equivalent to about 45% of the entire region (the map of Figure 13) to 
itself. However, in the multivariate statistical method, this same zone has been divided 
into 5 different and separate climatic zones; namely, (cold and sub-humid, relatively 
windy cold and semi-arid, cold and semi-arid, dusty and arid, windy cold and semi-
arid). This indicates the high ability of the multivariate statistical method to separate the 
Bioclimates. In addition, in the Köppen method, as shown in the map of Fig. 12, zones 3 
and 4, which have been called Bwh and Bwk or desert climate, have allocated an area 
equivalent to about 70% of the entire region to themselves. Whilst, according to the 
multivariate statistical method, zone 3 or Bwh has been divided into 7 different climatic 
zones, namely dusty arid, windy warm arid, warm very arid, dusty warm arid, windy 
very warm semi-arid, very warm very arid, and dusty very warm very arid. Also, zone 
4, called Bwk or desert zone in the Köppen method, has been divided into 4 different 
and separate climatic zones, namely cold semi-arid, relatively windy cold semi-arid, 
dusty arid, and windy cold semi-arid, in the multivariate statistical method. They are in 
accordance with the climatic and ecological conditions governing each zone and affect 
the plant species in each zone, again indicating the high ability of the multivariate 
statistical method to separate the Bioclimates. The two methods, Emberger and De 
Marton, have carried out a better classification than the previous methods (Köppen and 
Gaussan), Köppen and Gaussan, did; nevertheless, some climatic areas (considering 
their climatic parameters) are still far from reality. For example, in the Emberger 
method, the cold arid climatic zone and the moderate desert climatic zone have 
allocated 90% of the entire region to themselves (Fig. 14). The region which has been 
called cold arid according to the Emberger method (the northeastern part of the study 
area) is not a cold region at all. Rather, it is quite warm (close to Kavir-e Lut and Dasht-
e-Kavir, which are considered the hottest points in Iran, map of Figure 16), and this is 
quite far from reality and it is one of the weaknesses of the Emberger method. In 
addition, according to the Emberger method, the moderate desert zone has allocated a 
broad area to itself (Fig. 14). While this region is not considered a moderate region at 
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all; rather, it is quite warm (according to the climatic parameters of this area). 
Moreover, in the multivariate statistical method, this broad area, itself, has been divided 
into 5 smaller and more accurate climatic zones. Such that the climatic factors; wind 
speed, and dust, were effective in the separation of these five climatic areas, and have 
made their designation match the climate realities, again indicating the inability and 
inefficiency of the Emberger method in the correct separation of the bioclimates. In 
addition, with regard to the De Marton method, even though it has correctly classified 
the climates in some parts (especially the western parts of Isfahan Province), it has some 
weaknesses, too. For example, the area it has called cold arid climatic zone, just as it 
was called in the Emberger method (the northeastern part of the study area), is not a 
cold area at all; rather, it is quite warm, and this is considered one of the weaknesses of 
this method in separating the climates. In addition, the zone called (cold and very arid) 
in this method has been divided into three different climatic zones; namely, (cold and 
semi-arid, dusty and arid, windy cold semi-arid) in the multivariate statistical method. 
According to Table 5 and considering their climatic characteristics, regions or zones 3, 
5 and 7, which have precipitations of 158 mm, 94.94 mm, and 139.05 mm, respectively, 
are not considered hyper-arid areas. Considering their climatic characteristics according 
to Table 5, these zones are called (semi-arid, arid and semi-arid areas) rather than hyper-
arid areas, which is also one of the weaknesses of the De Matron method in separating 
the climatic areas. Also, in this method (De Matron), the moderate very arid climatic 
zone, first: has allocated a broad area to itself, whilst this same zone has been divided 
into 4 zones in the multivariate statistical method. Second: designation of this zone as 
moderate very arid is completely far from the climatic fact of this region. As mentioned 
earlier, the multivariate statistical method has divided this zone into 4 sub-zones (windy 
warm arid, dusty and arid, warm and hyper arid, dusty and warm arid), which has been 
done based on the statistical facts of the climates of each zone. According to Table 5, 
the precipitations of these 4 zones are 94.94 mm, 92.51 mm, 100.82 mm, and 198.13 
mm, respectively. If we assume that these four zones are one zone, the mean 
precipitation in this zone will be 121.60 mm, and taking into account this amount of 
precipitation, designation of this zone as hyper-arid, as it was done in the De Matron 
method, is far from the reality. On the other hand, the De Matron method has called this 
zone moderate. Since it is located in central Iran, and these regions are warm and even 
very warm, the multivariate statistical method has called these zones warm according to 
Table 5. In addition, when we look at the annual temperature of these four zones (zones 
5, 6, 8, and 9 in the multivariate statistical method); we find that it is close to reality. In 
general, this research shows the ever-greater efficiency of multivariate statistical 
methods in determining the magnitude of each climatic factor in the distribution and 
dispersion of plant species and in determining different climatic zones in central Iran 
(including the 3 provinces of Kerman, Yazd, and Isfahan) in comparison to 
conventional and traditional climatic classification methods. Moreover, in the climatic 
classification of Saudi Arabia, using multivariate statistical methods, factor analysis, 
and cluster analysis; and comparing it with classical climatic classification methods 
such as Gaussen and De Matron, Ahmed, too, came to the conclusion that multivariate 
statistical methods have divided this country into nine different climatic zones. 
However, the classical methods have divided the whole country of Saudi Arabia into 2 
or 3 regions. In addition, he finally concluded that the diversity of climatic variables 
used in multivariate statistical methods makes this climatic classification method seem 
much more useful than classical and traditional methods (Ahmed, 1997). In general, the 
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predominant rangeland and forest species of each climatic zone is consistent with the 
climatic conditions of that area. For example, the species of the genera H. Salicornica, 
which are the predominant species of the warm, dusty and arid climatic areas, are 
consistent with the climatic conditions of this region. In the present study, a climate-
vegetation classification was conducted on a large scale in central Iran (including the 
three provinces of Kerman, Yazd and Isfahan), which only considered the effect of the 
macroclimate on the vegetation. In the end, it is suggested that more factors such as 
topography and soil are considered in the study of the climatic regions of vegetation 
distribution in order to improve the results of the bioclimatic classification. 
Nevertheless, this study paves the way for the next bioclimatic studies.  
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APPENDIX 

KMO and Bartlett's Test 

Kaiser-Meyer-Olkin Measure of Sampling Adequacy. .985 

Bartlett's Test of Sphericity Approx. Chi-Square . 

df 8 

Sig. . 
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Total Variance Explained 

Component 

Initial Eigenvalues Rotation Sums of Squared Loadings 

Total % of Variance Cumulative % Total % of Variance Cumulative % 

1 64.320 41.231 41.231 44.385 28.452 28.452 

2 36.594 23.458 64.688 31.872 20.431 48.883 

3 20.261 12.988 77.676 26.727 17.133 66.015 

4 7.634 4.894 82.569 14.244 9.131 75.146 

5 6.930 4.442 87.012 12.531 8.033 83.179 

6 4.675 2.997 90.008 7.209 4.621 87.800 

7 3.224 2.067 92.075 5.002 3.206 91.006 

8 2.650 1.698 93.774 2.635 1.689 92.695 

9 1.921 1.231 95.005 2.388 1.531 94.226 

10 1.493 .957 95.961 2.312 1.482 95.708 

11 1.174 .752 96.714 1.569 1.006 96.714 

12 .801 .513 97.227    

13 .711 .456 97.683    

14 .610 .391 98.074    

15 .543 .348 98.422    

16 .489 .313 98.735    

17 .302 .193 98.928    

18 .280 .180 99.108    

19 .200 .128 99.236    

20 .172 .110 99.346    

21 .159 .102 99.448    

22 .147 .094 99.542    

23 .109 .070 99.612    

24 .086 .055 99.667    

25 .082 .053 99.720    

26 .071 .046 99.766    

27 .060 .039 99.804    

28 .053 .034 99.838    

29 .045 .029 99.867    

30 .035 .023 99.889    

31 .030 .019 99.908    

32 .027 .017 99.926    

33 .024 .016 99.941    

34 .020 .013 99.954    

35 .019 .012 99.966    

36 .016 .010 99.977    
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37 .011 .007 99.983    

38 .008 .005 99.988    

39 .005 .003 99.992    

40 .005 .003 99.995    

41 .004 .002 99.997    

42 .001 .001 99.998    

43 .001 .001 99.999    

44 .000 .000 99.999    

45 .000 .000 99.999    

46 .000 .000 99.999    

47 .000 .000 100.000    

48 .000 8.524E-5 100.000    

49 6.488E-5 4.159E-5 100.000    

50 5.235E-5 3.356E-5 100.000    

51 4.245E-5 2.721E-5 100.000    

52 3.947E-5 2.530E-5 100.000    

53 3.446E-5 2.209E-5 100.000    

54 2.968E-5 1.902E-5 100.000    

55 2.659E-5 1.705E-5 100.000    

56 2.365E-5 1.516E-5 100.000    

57 2.282E-5 1.463E-5 100.000    

58 2.128E-5 1.364E-5 100.000    

59 1.921E-5 1.231E-5 100.000    

60 1.672E-5 1.072E-5 100.000    

61 1.546E-5 9.908E-6 100.000    

62 1.161E-5 7.445E-6 100.000    

63 9.628E-6 6.171E-6 100.000    

64 9.357E-6 5.998E-6 100.000    

65 9.097E-6 5.832E-6 100.000    

66 8.587E-6 5.505E-6 100.000    

67 7.805E-6 5.003E-6 100.000    

68 7.630E-6 4.891E-6 100.000    

69 7.127E-6 4.569E-6 100.000    

70 7.005E-6 4.490E-6 100.000    

71 6.956E-6 4.459E-6 100.000    

72 6.532E-6 4.187E-6 100.000    

73 6.188E-6 3.966E-6 100.000    

74 5.862E-6 3.758E-6 100.000    

75 5.489E-6 3.519E-6 100.000    

76 5.274E-6 3.381E-6 100.000    

77 5.144E-6 3.298E-6 100.000    
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78 4.984E-6 3.195E-6 100.000    

79 4.618E-6 2.960E-6 100.000    

80 4.546E-6 2.914E-6 100.000    

81 4.443E-6 2.848E-6 100.000    

82 4.390E-6 2.814E-6 100.000    

83 4.120E-6 2.641E-6 100.000    

84 3.765E-6 2.414E-6 100.000    

85 3.571E-6 2.289E-6 100.000    

86 3.177E-6 2.037E-6 100.000    

87 3.163E-6 2.027E-6 100.000    

88 2.986E-6 1.914E-6 100.000    

89 2.747E-6 1.761E-6 100.000    

90 2.549E-6 1.634E-6 100.000    

91 2.442E-6 1.565E-6 100.000    

92 2.206E-6 1.414E-6 100.000    

93 2.093E-6 1.341E-6 100.000    

94 1.970E-6 1.263E-6 100.000    

95 1.804E-6 1.156E-6 100.000    

96 1.569E-6 1.005E-6 100.000    

97 1.458E-6 9.344E-7 100.000    

98 1.354E-6 8.677E-7 100.000    

99 1.240E-6 7.951E-7 100.000    

100 1.135E-6 7.278E-7 100.000    

101 1.087E-6 6.970E-7 100.000    

102 1.019E-6 6.532E-7 100.000    

103 9.446E-7 6.055E-7 100.000    

104 9.349E-7 5.993E-7 100.000    

105 9.029E-7 5.788E-7 100.000    

106 8.626E-7 5.529E-7 100.000    

107 8.232E-7 5.277E-7 100.000    

108 8.017E-7 5.139E-7 100.000    

109 7.742E-7 4.963E-7 100.000    

110 7.491E-7 4.802E-7 100.000    

111 7.258E-7 4.653E-7 100.000    

112 7.037E-7 4.511E-7 100.000    

113 6.969E-7 4.467E-7 100.000    

114 6.695E-7 4.291E-7 100.000    

115 6.644E-7 4.259E-7 100.000    

116 6.434E-7 4.124E-7 100.000    

117 6.374E-7 4.086E-7 100.000    

118 6.181E-7 3.962E-7 100.000    
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119 6.106E-7 3.914E-7 100.000    

120 5.998E-7 3.845E-7 100.000    

121 5.788E-7 3.710E-7 100.000    

122 5.678E-7 3.640E-7 100.000    

123 5.557E-7 3.562E-7 100.000    

124 5.399E-7 3.461E-7 100.000    

125 5.332E-7 3.418E-7 100.000    

126 5.192E-7 3.328E-7 100.000    

127 5.056E-7 3.241E-7 100.000    

128 4.851E-7 3.110E-7 100.000    

129 4.634E-7 2.971E-7 100.000    

130 4.593E-7 2.944E-7 100.000    

131 4.472E-7 2.867E-7 100.000    

132 4.334E-7 2.778E-7 100.000    

133 4.257E-7 2.729E-7 100.000    

134 4.064E-7 2.605E-7 100.000    

135 3.982E-7 2.553E-7 100.000    

136 3.628E-7 2.325E-7 100.000    

137 3.436E-7 2.203E-7 100.000    

138 3.249E-7 2.083E-7 100.000    

139 2.714E-7 1.740E-7 100.000    

140 2.600E-7 1.666E-7 100.000    

141 2.160E-7 1.385E-7 100.000    

142 1.931E-7 1.238E-7 100.000    

143 1.854E-7 1.188E-7 100.000    

144 1.720E-7 1.102E-7 100.000    

145 1.558E-7 9.986E-8 100.000    

146 1.443E-7 9.248E-8 100.000    

147 1.379E-7 8.838E-8 100.000    

148 1.127E-7 7.223E-8 100.000    

149 9.867E-8 6.325E-8 100.000    

150 9.101E-8 5.834E-8 100.000    

151 7.819E-8 5.012E-8 100.000    

152 6.846E-8 4.389E-8 100.000    

153 6.074E-8 3.894E-8 100.000    

154 5.368E-8 3.441E-8 100.000    

155 1.607E-8 1.030E-8 100.000    

156 7.744E-9 4.964E-9 100.000    
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Rotated Component Matrix
a 

 

Component 

1 2 3 4 5 6 7 8 9 10 11 

AMinTJAN .947 .121 -.205 -.044 -.170 -.079 .049 -.059 .014 .002 .001 

AMinTFEB .947 .066 -.198 -.070 -.193 -.055 .043 -.081 .036 .012 -.010 

AMinTMAR .960 -.038 -.187 -.034 -.154 .009 .071 -.082 .045 .016 .004 

AMinTOCT .977 .028 -.110 -.040 -.019 .090 .043 -.041 .023 .109 .026 

AMinTNOV .980 .087 -.080 -.017 -.079 .032 .053 -.049 .040 .078 .019 

AMinTDEC .965 .136 -.129 -.032 -.140 -.037 .051 -.037 .029 .038 .018 

AMinTANNUAL .977 -.008 -.164 -.006 -.067 .024 .066 -.046 .011 .070 .017 

DWMinTE00JAN -.964 -.050 .135 .019 .123 .061 -.075 .093 .007 -.061 .044 

DWMinTE00FEB -.936 .052 .260 -.035 -.045 .057 -.080 .107 .018 -.078 .057 

DWMinTE00DEC -.959 .014 .157 -.043 -.076 .003 -.066 .078 .033 -.125 .017 

DWMinTE00ANNUAL -.944 .024 .242 -.044 -.078 .038 -.064 .050 .037 -.097 .027 

AMaxTMAR .896 -.021 -.292 -.050 -.249 -.111 .080 -.010 .056 -.115 -.048 

AMaxTAPR .929 .003 -.270 .025 -.158 -.108 .090 .005 .021 -.108 -.010 

AMaxTMAY .928 .029 -.253 .039 -.160 -.143 .078 .016 .009 -.117 -.012 

AMaxTJUNE .927 -.084 -.268 .108 -.072 -.091 .088 .073 -.006 -.108 -.008 

AMaxTJULY .908 -.189 -.259 .137 .002 -.030 .064 .152 .004 -.079 -.005 

AMaxTAUG .921 -.137 -.224 .156 .023 -.003 .061 .175 -.006 -.086 .013 

AMaxTSEP .937 -.046 -.215 .119 -.055 -.086 .080 .126 .014 -.116 .004 

AMaxTOCT .936 .063 -.199 .021 -.167 -.133 .076 .057 .029 -.120 -.018 

AMaxTANNUAL .922 .023 -.251 .029 -.180 -.138 .079 .036 .018 -.133 -.019 

AMDTJAN .903 .126 -.238 -.045 -.250 -.153 .064 -.046 .014 -.092 -.019 

AMDTFEB .915 .066 -.250 -.075 -.239 -.122 .050 -.047 .034 -.073 -.030 

AMDTMAR .938 -.028 -.239 -.042 -.201 -.049 .078 -.047 .051 -.046 -.021 
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AMDTAPR .958 -.044 -.225 .014 -.124 -.044 .089 -.032 .027 -.032 .005 

AMDTMAY .963 -.032 -.209 .028 -.113 -.057 .087 -.031 .016 -.024 .004 

AMDTJUNE .958 -.103 -.236 .066 -.039 -.013 .088 .008 -.011 -.007 .009 

AMDTJULY .945 -.163 -.226 .093 .023 .015 .070 .079 -.012 .030 .010 

AMDTAUG .961 -.092 -.183 .093 .039 .052 .065 .084 -.024 .051 .027 

AMDTSEP .979 .003 -.174 .051 -.010 .002 .062 .042 -.006 .021 .017 

AMDTOCT .980 .046 -.153 -.011 -.088 -.015 .059 .001 .025 .005 .004 

AMDTNOV .960 .122 -.138 -.003 -.163 -.080 .071 -.041 .028 -.034 .003 

AMDTDEC .915 .179 -.170 -.036 -.242 -.151 .059 -.034 .021 -.086 -.006 

AMDTANNUAL .966 .007 -.208 .011 -.117 -.055 .071 -.007 .014 -.023 .001 

ARHPMAR -.303 .717 .438 .350 .053 -.003 .070 .135 -.158 .007 .048 

ARHPAPR -.133 .570 .349 .060 .443 .267 .167 .214 .165 .307 -.006 

ARHPMAY -.532 .583 .403 .229 .056 .286 .085 .190 -.037 .152 -.030 

ARHPJUNE -.145 .913 .299 .064 -.053 .082 .013 .051 -.007 .151 -.044 

ARHPSEP .089 .947 .206 .138 -.042 -.035 -.004 .081 -.051 .064 -.009 

ARHPOCT -.374 .755 .311 .280 .131 .170 .027 .198 -.043 .118 .016 

ARHPANNUAL -.271 .800 .365 .261 .133 .070 .046 .195 -.070 .094 -.006 

AMaxRHPMAR -.390 .728 .320 .289 .004 -.159 .055 .231 -.126 -.086 -.001 

AMaxRHPAPR -.651 .580 .318 .188 .009 -.005 .018 .252 -.046 -.002 -.080 

AMaxRHPMAY -.604 .578 .362 .227 .059 .160 .043 .253 .002 .045 -.062 

AMaxRHPJUNE -.186 .879 .351 .150 -.066 .008 .025 .093 .068 .073 -.051 

AMaxRHPSEP .024 .930 .234 .136 -.057 -.107 -.006 .146 .012 -.007 -.040 

AMaxRHPOCT -.368 .794 .317 .219 .033 -.027 .013 .252 .029 -.009 -.038 

AMaxRHPANNUAL -.320 .812 .318 .205 .055 -.069 .037 .264 -.010 -.018 -.050 

AMinRHPMAR -.198 .635 .541 .276 .156 .197 .035 .070 -.191 .232 .009 

AMinRHPAPR -.583 .385 .428 .134 .012 .313 .037 -.008 -.123 .379 -.124 

AMinRHPMAY -.441 .548 .373 .140 .085 .378 .060 .086 -.105 .386 -.074 
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AMinRHPJUNE -.096 .889 .186 -.064 -.069 .202 -.018 -.026 -.122 .276 -.068 

AMinRHPSEP .080 .921 .121 .108 .006 .068 .007 .021 -.160 .242 -.038 

AMinRHPOCT -.422 .563 .232 .246 .253 .336 -.003 .116 -.137 .372 -.022 

MTPJAN -.138 .562 .770 -.046 -.033 -.144 -.151 -.037 -.080 -.051 -.018 

MTPFEB -.164 .431 .858 .099 -.067 -.065 -.098 -.100 -.075 -.012 .016 

MTPMAR -.324 .354 .853 .074 -.038 .007 -.093 -.122 -.051 -.003 .008 

MTPAPR -.479 .035 .851 .124 .089 .097 -.006 -.010 .031 .063 -.020 

MTPMAY -.395 .054 .611 .127 .423 .423 -.019 .033 .085 .048 .188 

MTPJUNE .298 .738 .166 -.198 .000 -.136 .032 .034 .444 -.078 .076 

MTPJULY -.048 .833 .071 -.159 -.223 -.064 -.129 -.379 -.003 -.067 .156 

MTPAUG .245 .869 .113 -.193 -.125 -.161 -.126 -.166 -.058 -.050 .126 

MTPSEP .141 .753 .428 -.014 .025 .104 .004 .041 .331 -.111 .077 

MTPOCT -.300 .229 .896 .098 .046 .117 -.031 .052 .034 .021 -.067 

MTPNOV -.364 .084 .903 .055 .030 .094 -.035 .101 .063 .030 -.061 

MTPDEC -.330 .376 .843 -.012 -.020 -.079 -.117 .009 -.058 -.020 -.041 

MTPJAN_10 -.106 .660 .685 -.056 -.038 -.156 -.162 -.039 -.100 -.046 .023 

MTPFEB_10 -.201 .423 .846 .114 -.052 -.074 -.085 -.139 -.066 -.017 .044 

MTPMAR_10 -.357 .458 .787 .086 -.065 -.009 -.089 -.100 -.027 .001 .069 

MTPAPR_10 -.396 .023 .893 .128 .067 .061 .005 .049 .040 .068 -.035 

MTPMAY_10 -.306 .045 .651 .091 .355 .423 .030 .135 .076 .027 .158 

MTPJUNE_10 .278 .669 .155 -.203 -.016 -.168 .062 .094 .543 -.047 .043 

MTPJULY_10 .398 .683 .118 -.313 -.153 -.094 .172 -.048 .231 -.113 .129 

MTPAUG_10 .309 .853 .060 -.222 -.058 -.115 -.120 -.151 -.076 -.051 .103 

MTPSEP_10 .265 .682 .095 .049 -.045 .079 .059 .004 .513 -.111 -.149 

MTPOCT_10 -.163 .173 .931 .055 .001 .076 -.027 .041 -.044 -.023 -.106 

MTPNOV_10 -.350 .142 .882 .094 .021 .109 -.049 .132 .144 -.030 -.004 

MTPDEC_10 -.359 .427 .800 -.016 -.064 -.055 -.136 .045 -.056 -.032 -.003 
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MTPANNUAL_10 -.170 .299 .218 .260 .454 .542 .031 .278 .270 .129 .179 

DWPJAN -.570 .110 .485 .175 .544 .097 -.041 -.077 .019 .143 .011 

DWPFEB -.421 .176 .568 .332 .348 .176 .082 -.240 .012 .271 .098 

DWPMAR -.528 .122 .538 .431 .387 .035 .073 -.110 -.063 .055 .163 

DWPAPR -.677 -.161 .371 .174 .461 .243 .111 .017 .092 .199 -.017 

DWPMAY -.379 -.200 .318 .151 .611 .453 .105 .076 .150 .207 .092 

DWPJUNE -.184 .774 .300 -.200 .243 .188 -.049 .080 .296 .121 .143 

DWPJULY -.193 .178 .236 .416 .535 -.025 .263 .117 .000 .388 .236 

DWPAUG -.146 .872 .155 -.135 -.070 -.071 -.199 -.272 -.016 .010 .158 

DWPSEP -.155 .401 .554 .334 .283 .231 .087 .129 .145 .250 .276 

DWPOCT -.473 .213 .599 .206 .226 .404 .048 .179 .180 .157 .072 

DWPNOV -.580 .052 .522 .199 .398 .255 .049 .249 .160 .131 .047 

DWPDEC -.586 .027 .468 .156 .561 .075 -.052 .070 .064 .171 .026 

DWPANNUAL -.574 .147 .522 .218 .471 .215 .033 -.014 .092 .180 .089 

DWTSMAR .259 .351 .578 .374 .248 -.287 .243 -.169 -.108 .095 -.115 

DWTSAPR -.206 -.283 .447 .381 .581 -.079 .269 -.097 .063 .173 -.151 

DWTSMAY -.173 -.042 .275 .349 .671 .232 .259 .018 .257 .247 .050 

DWTSJUNE .223 .785 .233 -.005 .220 .000 .088 .083 .437 .032 .052 

DWTSOCT .051 .693 .569 .127 -.075 .077 .127 .105 .239 .056 .049 

DWTSANNUAL .156 .548 .628 .220 .297 -.108 .206 -.039 .240 .086 -.043 

DWDAPR .344 -.265 -.304 .003 .339 -.003 .731 .023 .006 -.120 -.089 

DWDMAY .276 -.380 -.233 .104 .229 .007 .777 .024 .014 .012 -.038 

DWDJUNE .529 -.156 -.124 .162 .138 -.017 .773 -.017 .056 .054 .053 

DWDJULY .601 -.016 -.098 .062 -.092 .066 .764 .000 .015 .061 .075 

DWDAUG .086 -.019 .028 -.103 -.704 -.075 -.060 -.548 -.179 -.016 .002 

DWDSEP .575 .018 -.094 .065 .082 .093 .774 .073 .020 .085 .030 

DWDANNUAL .477 -.227 -.216 .022 .063 .028 .811 .023 .017 -.039 -.016 
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AWSJAN -.420 -.052 -.168 -.755 -.314 -.141 -.072 -.168 .022 -.086 -.130 

AWSFEB -.408 .034 -.164 -.807 -.266 -.104 -.122 -.117 .019 -.093 -.113 

AWSMAR -.407 .055 -.111 -.848 -.176 -.063 -.070 .012 .055 -.127 -.112 

AWSAPR -.200 .219 -.037 -.918 -.066 -.006 -.045 .109 .048 -.047 -.041 

AWSMAY -.067 .104 -.088 -.966 -.058 .022 .006 .090 .020 .021 .034 

AWSJUNE .286 -.003 -.153 -.920 .052 -.036 .031 .040 -.039 .026 .151 

AWSJULY .417 .044 -.167 -.813 -.131 -.119 -.061 -.024 -.093 -.061 .208 

AWSAUG .395 .131 -.146 -.781 -.219 -.106 -.109 -.041 -.133 -.069 .232 

AWSSEP .259 .229 -.077 -.903 -.094 -.084 -.024 -.020 -.065 .017 .093 

AWSOCT -.062 .009 -.071 -.960 -.054 .057 .073 -.036 .026 .114 -.028 

AWSNOV -.234 -.080 -.081 -.910 -.141 -.015 -.013 -.067 .080 .080 -.167 

AWSDEC -.374 -.164 -.139 -.776 -.266 -.133 -.037 -.153 .061 -.075 -.181 

AWSANNUAL -.079 .062 -.134 -.964 -.163 -.070 -.048 -.035 -.005 -.041 -.006 

PCDJAN -.105 -.664 -.197 .323 .313 .151 .172 -.060 .095 -.014 .388 

PCDFEB .098 -.754 -.121 .134 -.041 .467 .083 -.155 .105 .166 .161 

PCDMAR -.053 -.724 -.153 .368 -.005 .363 .255 -.100 -.101 -.019 .214 

PCDAPR -.332 -.770 -.104 .273 .097 .302 .124 -.146 -.057 .104 .190 

PCDMAY .037 .229 .284 -.074 -.726 -.177 -.014 .018 .123 -.183 .122 

PCDNOV -.526 -.603 .006 .236 .381 .123 -.035 .082 -.042 .030 .297 

PCDDEC -.265 -.792 -.052 .286 .266 .148 .053 -.019 -.025 .112 .259 

PCDANNUAL -.530 -.535 -.066 .120 .177 .405 .015 -.224 -.043 .060 .337 

CDJAN -.230 -.132 -.031 .169 .894 .148 -.020 -.125 -.119 -.173 -.037 

CDFEB -.525 -.125 .028 .298 .652 -.014 -.022 -.231 -.146 -.199 .009 

CDMAR -.381 -.252 .066 .274 .791 .027 .098 -.033 -.060 -.156 .031 

CDAPR -.525 -.404 .031 .060 .680 .131 .101 .135 .084 -.065 -.075 

CDDEC -.409 -.290 -.026 .177 .771 .285 .059 .042 -.061 -.072 .042 

CDANNUAL -.472 -.259 .061 .160 .778 .204 .056 .066 .017 -.102 -.008 
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MTSHMAR -.091 .255 -.104 -.397 -.443 -.621 -.145 .116 .249 .144 -.099 

MTSHAPR .372 .530 -.098 -.077 -.249 -.685 -.014 -.066 .033 .018 .056 

MTSHMAY .052 .280 .060 .038 -.108 -.923 -.030 .068 -.055 .022 .080 

MTSHJUN -.105 -.615 .042 .168 .521 -.266 .112 .417 .006 .043 .158 

MTSHJUL .060 -.833 -.088 .236 .400 -.059 .184 .076 .040 .060 .075 

MTSHAUG -.104 -.834 -.207 .208 .375 -.146 .092 .069 -.007 .071 .076 

MTSHSEP -.166 -.807 -.079 .094 .130 -.434 .121 .120 .158 -.030 .009 

MTSHOCT .345 -.076 -.232 -.133 -.393 -.768 -.011 -.141 -.039 -.073 -.060 

MTSHANNUAL .246 -.188 -.223 -.135 -.259 -.842 .061 .024 .107 .008 .041 

PRWINTER -.218 .450 .841 .045 -.046 -.064 -.114 -.090 -.068 -.021 .002 

PRSPRING -.413 .175 .836 .092 .178 .160 -.004 .007 .127 .046 .048 

PRSUMMER .150 .894 .159 -.165 -.140 -.097 -.113 -.210 .020 -.069 .135 

PRAUTUMN -.348 .257 .890 .024 .005 .005 -.080 .049 -.004 .003 -.052 

DWPWINTER_10 -.231 .529 .789 .048 -.054 -.080 -.115 -.093 -.065 -.021 .047 

DWPSPRING_10 -.344 .126 .880 .093 .140 .131 .021 .086 .128 .053 .020 

DWPSUMMER_10 -.044 .027 .116 .335 .410 -.140 .382 -.075 -.225 .358 .058 

DWPAUTUMN_10 -.346 .310 .870 .031 -.028 .017 -.097 .077 .016 -.032 -.015 

DWPWINTER_5 -.291 .513 .760 .110 .023 -.031 -.141 -.128 -.089 -.016 .089 

DWPSPRING_5 -.516 .197 .736 .121 .196 .200 .014 -.063 .151 .067 .074 

DWPSUMMER_5 .145 .869 .150 -.159 -.154 -.027 -.079 -.279 .096 -.096 .136 

DWPAUTUMN_5 -.467 .267 .819 .051 .079 .047 -.094 .086 .023 .003 -.034 

DWPWINTER -.523 .141 .550 .327 .438 .106 .041 -.149 -.012 .162 .096 

DWPSPRING -.562 -.064 .382 .132 .546 .351 .099 .053 .156 .215 .049 

DWPSUMMER -.196 .845 .246 -.077 -.006 -.026 -.144 -.271 .076 .029 .224 

DWPAUTUMN -.580 .082 .538 .191 .441 .224 .008 .167 .130 .159 .046 

Extraction Method: Principal Component Analysis.                    Rotation Method: Varimax with Kaiser Normalization.                    a. Rotation converged in 11 iterations. 
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Abstract. Livestock grazing is a major anthropogenic impact influencing both grasslands and wetlands of 
the world which often results in the alteration of the structure, diversity and functioning of the plant 
communities.  Here, we seek to understand how grazing intensity influences swamp vegetation, with an 
emphasis on their diversity, structure and function. Six swamps were selected, two each in high, moderate 
and low intensity grazing sites, from the tropical montane swamps of the Upper Nilgiri Mountains, 
southern India.  We recorded a total of 78 species belonging to 63 genera and 31 families. Our results 
showed that species richness, abundance and species composition differed significantly across grazing 
treatments. Moreover, mean vegetation cover and mean height differed significantly across grazing 
treatments, indicating that grazing significantly affected the vegetation structure and growth of swamp 
plant communities.  Species compositional patterns showed that moderately grazed plant communities 
were significantly different from low and high grazing sites. In summary, grazing intensity influenced 
swamp species richness, abundance, and swamp plant communities. Specifically, high grazing pressure 
reduced vegetation cover causing changes in swamp community structure leading to the gradual 
conversion of the swamp habitat into grasslands.  
Keywords: disturbance, grasslands, herbivores, high-altitude, swamp structure, vegetation cover  

Introduction  

Grazing by large herbivores plays a key role in maintaining the diversity, structure 
and function of many terrestrial ecosystems (Dahwa et al., 2013; Howland et al., 2014; 
Freitas et al., 2014; Ingerpuu and Sarv, 2015). However, excessive grazing can result in 
the ecological disturbance of vulnerable grassland and wetland ecosystems leading to 
biodiversity loss and biological invasions (Milchunas and Lauenroth, 1993; 
Perevolotsky and Seligman, 1998; Marty, 2005; Dahwa et al., 2013). Thus the response 
of local and regional biodiversity to grazing may be positive or negative depending 
upon its intensity and frequency and the species specific responses of the constituent 
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vegetative and herbivore taxa (Freilich et al., 2003; Maestas et al., 2003). For instance, 
in the absence of large herbivores that historically grazed most grassland, livestock can 
serve as their functional equivalents assisting in the maintenance of localized 
biodiversity (Maestas et al., 2003; Marty, 2005).  

Several studies have demonstrated that grazing intensity is one of the main drivers 
of wetland ecosystem dynamics (Marty, 2005; Jones et al., 2011; Dahwa et al., 2013). 
For instance, high grazing intensity is strongly correlated  with  high  plant  mortality  
and  low  recruitment  rates,  leading  to  changes  in community structure and loss of 
species diversity (Milchunas et al., 1988; Gordon et al., 2004; Mysterud, 2006). 
Biophysical and ecological changes imposed by high grazing intensity may also have 
potential negative consequences on biodiversity and ecosystem function (Belsky and 
Blumenthal, 1997; Jones, 2000; Howland et al., 2014). As a result, intermediate or 
moderate grazing intensity is the most commonly recommended level of grazing 
intensity for long-term management of grasslands as it has been shown to maintain 
optimum species diversity at local through to global scales (Fuhlendorf and Engle, 
2004; Dorrough et al., 2004). Here, we predict that swamp plant species richness, 
community structure and composition will be significantly altered in response to the 
level of grazing intensity applied.  

The Upper Nilgiri Mountains of southern India  hosts  many wetlands (swamps) with 
the total area of each wetland ranging from one to 30 ha (Mohandass et al., 2014). Most 
of the remaining wetlands within this region are under  the  direct  supervision  of  the  
Upper  Nilgiris  Protected  Area  Network however few are directly controlled by 
private companies and individuals or by native tribes and indigenous peoples. The 
majority of these wetlands have been converted into grasslands as a direct result of high 
grazing pressure due to  recent human population growth and rapid agricultural 
expansion (Puyravaud et al., 2012; Mohandass et al., 2014). Cattle and buffaloes 
belonging to private land holders, native tribes and indigenous peoples are the most 
common herbivores grazed in wetlands. Local people and tribes use intensive grazing 
regimes for their domestic livestock which differ to those employed by the native wild 
herbivores such as elephants, sambar deer and bison. The grazing strategies employed 
by the local peoples and tribes can be delineated into distinct grazing intensities.  For 
example, we define regular (daily) grazing by cattle and buffaloes to constitute high 
grazing intensity, occasional (weekly) grazing by cattle and buffaloes to constitute 
moderate grazing intensity and seasonal grazing by wild elephants, bison and sambar 
deer to constitute low grazing intensity. The increased intensity of anthropogenic 
grazing in this region has the potential to threaten native biodiversity through 
conversion of wetlands to grasslands. Wetland conversion would threaten the many 
endemic and endangered plants and native birds of this regionally unique ecosystem 
(Puyravaud et al., 2003; Derner et al., 2009; Mohandass, 2008; Mohandass et al., 2014).  

In this study, we seek to understand how grazing intensity influences swamp 
vegetation, especially their resident plant diversity, structure and function. To better 
understand the impact of grazing on wetland vegetation within this region and design 
optimum conservation strategies, we aim to address the following questions: (1) How 
does grazing intensity influence species richness, abundance and species composition? 
(2) How does grazing intensity affect vegetation cover and height? (3) How does plant 
species similarity vary across grazing intensities?  
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Review of Literature 

Influence of grazing on species richness, abundance and species composition  

Grazing is a disturbance which can threaten the ability of plant communities to 
maintain plant species richness and abundance and lead to an altered species 
composition (Olff and Ritchie, 1998; Walker et al., 2013; Yan et al., 2013; Török et al., 
2016). Grazing alters plant diversity through mechanisms that influence local plant 
colonization ability and extinction dynamics (Olff and Ritchie, 1998; Alofs et al., 2014). 
Consequently, management of grazing has become a crucial component in efforts to 
restore or maintain biodiversity in particular habitats such as floodplains (Olff and 
Ritchie, 1998; Schaich et al., 2010). Grazing can influence species richness at both the 
local scale (plant neighbourhood) and the regional scale (spatial range of an individual). 
For instance, local disturbances and selective grazing can enhance diversity at local 
scales, but intense grazing can lead to strong selection for grazing tolerant plant species 
from within the species pool, potentially reducing diversity at larger scales (Chaneton 
and Facelli, 1991; Gibson and Brown, 1991; Glenn and Collins, 1992). Livestock 
grazing can also affect ecosystems both directly and indirectly through altering species 
richness and abundance on plant communities. For example, grazing was found to 
influence plant species richness of an alpine meadow on the eastern Tibetan Plateau via 
the concurrent impact of both direct and indirect pathways (Liu et al., 2012). Direct 
effects of grazing known to influence plant communities include mechanisms such as 
consumption of plant biomass including below-ground parts, trampling of plants and 
soil, nutrient inputs and bacterial contamination from dung and urine (Tanner, 1991). 
The indirect effects of grazing include influences such as reduced pollinator floral 
visitations, increased habitat disturbance and facilitation of species invasion (Leinaas et 
al., 2015; Dean et al, 2015). As such, in this study we focused on the indirect and direct 
effects and intensity of grazing influences on plant species richness, abundance and 
species composition in wetland ecosystems. Generally, the wetland habitat is highly 
sensitive to disturbance, with excessive disturbance resulting in reduced diversity and 
habitat changes. Therefore studies on the influence of grazing intensity and its indirect 
and direct effects on species richness and abundance can provide important insights into 
the maintenance and management of wetland plant communities. 

Worldwide studies of the response of plant species composition and richness to 
livestock grazing provide inconsistent findings which vary in both their direction and 
extent (Waser and Price, 1981; Pandey and Singh, 1991; Belsky, 1992; Noy-Meir, 
1995; Harnett et al., 1996). For instance both negative and positive diversity responses 
to grazing have been identified in the California grasslands (Bartolome et al., 1980, 
Bartolome and McClaren, 1992, Hatch et al., 1999). Analogously, in the East African 
highlands, the impact of grazing has not only been found to influence species richness 
but also the percentage cover of the dominant species thus identifying grazing induced 
alterations of grassland community dynamics (Taddese et al., 2002). Conversely, in 
Tibet, grazing exclusion decreased species richness and biodiversity by the replacement 
of the dominant grazing tolerant species with those of grazing sensitive competitors 
(such as certain graminoids) (Mayer et al., 2009; Shi et al., 2013). In addition spatial 
variations in the response of grasslands to grazing studies have also identified temporal 
variations in plant community responses. For example, Fynn et al. (2015) in their study 
of African wetlands, noted that intensive grazing of both wild and domestic herbivores 
during the dry season, did not significantly impact plant communities due to the 
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prolonged recovery (grazing resting period) they experienced whilst inundated in the 
wet season. Consequently, the impact of grazing on plant community composition 
varies both regionally and temporally. 
 
The effect of grazing on plant communities and soil richness 

The impact of grazing on plant communities may be somewhat mediated by soil 
nutrition. For instance, Mayer et al. (2009) in a study of nutrient addition to pastures 
found that 19 non-enriched sites exhibited significantly lower species richness under 
high grazing than under low grazing. Analogously, Proulx and Mazumder (1998), in a 
study of grazing and soil nutrition, noted that plant species richness decreased with high 
grazing intensity in nutrient-poor-ecosystems, while it increased with high grazing 
intensity in nutrient-rich ecosystems. However, the response of plant communities to 
soil nutrition may vary by their residency status. For example, Dorrough (2012) in a 
broad-scale meta-analysis of 170 years of grazing information on Australian grasslands, 
noted exotic species richness declined with increasing grazing intensity whether 
nutrients supply was low or high, whilst native species richness declined at all spatial 
scales in response to increasing grazing intensity and greater resource availability  
(nutrient supply). Furthermore, though nutrient addition  to pastures from dung and 
urine has been found to generally improve soil nutrient status (e.g. Tanner, 1991) this 
response is not always consistent with Sigua et al. (2006) noting in their study of a 
wetland conversion to beef cattle pasture, that this process did not function as a source 
of soil nutrients (especially P and N) even with the addition of manure and urine due to 
the presence of grazing cattle. As such, the relationship between soil richness and 
grazing and the response of plant species communities is often complex and variable 
dependent upon the composition of the original plant community, the residency status of 
the current plant species within the community and the original and current soil nutrient 
status.  
 
Intermediate disturbance through moderate grazing and its effects on plant species 

richness and abundance 

Plant communities often obtain maximal species richness and abundance at moderate 
disturbance levels (Connell, 1978). The influence of grazing as a mechanism for plant 
community disturbance appears to support this general statement with many grassland 
communities subjected to different grazing intensities peaking in diversity at moderate 
grazing intensities (Patón et al., 1995; Willoughby and West, 1996; Pueyo et al., 2003; 
Yuan et al., 2016). For instance, Fujita et al. (2009) and Papanastasis (2009) both noted 
in their studies of grassland communities that moderate grazing promoted maximal 
community diversity. Intermediate disturbance of grassland communities through 
moderate grazing is suggested to results in the attention of maximal species diversity in 
grassland plant communities as at high levels of disturbance, species richness is low, 
because most species cannot tolerate frequent destructive events (e.g. Fischer and Wipf, 
2002; Metera et al., 2010) whilst at low levels of disturbance (e.g. through livestock 
exclusion) diversity is lost through the competitive exclusion of many grassland species 
(Schultz et al., 2011). As such, at intermediate levels of disturbance, richness is 
predicted to be high, because dominant competitors and rapid colonizers are able to 
coexist (Chesson and Huntly, 1997; Roxburgh et al., 2004; Yuan et al., 2016).  
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Grazing and its effects on plant life-forms 

Grazing disturbance is known to have a differential impact on native (native 
plants are plants indigenous to a given area in geologic time) and exotic plants 
(introduced plants from other parts of the world). In general, exotic plants have been 
shown to be able to colonize more rapidly after disturbance than native plants (e.g. 
Cushman et al., 2004) allowing for their proliferation in highly-disturbed habitats. In 
particular, grazing is known to favor the increased dominance of exotic annual grasses 
at the expense of native perennial grasses (e.g. bunchgrasses) due to increased 
competition (Dyer and Rice, 1997; Brown and Rice, 2000). Grazing is suggested to 
favor exotic annual grasses, as they have higher growth rates and seed dispersal rates 
than perennials (Holmes and Rice, 1996). Annuals can also sustain populations in 
grazed landscapes by rapidly dispersing and colonizing open patches, while perennial 
recruitment is severely limited by defoliation and trampling (Holmes and Rice, 1996; 
Seabloom et al., 2003). Furthermore, an increased abundance of exotic annuals has been 
found to lead to the accumulation of large amounts of above-ground dead biomass 
which can negatively affect perennial germination, recruitment, species richness and 
relative dominance of native taxa (Bergelson, 1990; Facelli and Pickett, 1991; Tilman 
and Pacala, 1993; Foster and Gross, 1998). This enhanced exotic annual biomass also 
leads to positive feedbacks such as increased fire frequency and intensity that further 
promote exotic annual grasses (Wolkovich et al., 2009). However, whilst many 
perennials are outcompeted by annuals and may be recruitment limited, exotic 
perennials have been shown to be able to colonize more rapidly after disturbance than 
native perennials (Cushman et al., 2004). At a finer scale the intensity of grazing can 
also differentially impact native and exotic grassland species. For instance, Dorrough et 
al. (2007), in a broad-scale meta-analysis of 170 years of grazing information on 
Australian grasslands, noted that intolerant native species have been eliminated from 
areas that are continually and heavily grazed, whereas transient, light grazing increases 
richness of both exotics and natives. Consequently, plant species from different guilds 
of residency (native or exotic) and life-history (annual or perennial) may vary greatly in 
their responses to grazing and the intensity of grazing.  
 

Plant cover, plant height and grazing 

The vegetative structural trait of plant cover, i.e., the relative projected area covered 
by a species (Damgaard, 2014), is often used as a proxy for ecosystem health and 
disturbance (Damgaard, 2014) as it takes the size of individuals into account as well as 
their abundance. For instance, decreased plant cover in uplands or riparian areas is used 
to identify areas of increased runoff (Beutner and Anderson, 1943; Weaver and 
Rowland, 1952; Holechek et al., 1998) and decreased soil water absorption (Duley and 
Kelly, 1941; Hopkins, 1954), to ascertain sites with the increased potential for soil 
erosion (Dyksterhuis and Schmutz, 1947; Branson et al., 1981; Heady and Child, 1994). 
Grazing intensity can have a significant impact on the plant cover of a plant community. 
For instance, in an Alpine grassland of China, the cover of bare ground increased from 
1.5% at the lowest level of grazing to 12.4% at high grazing intensities (7.2% at 
moderate) (Haynes et al., 2012). The cover of grass, forbs and shrubs also changed over 
the grazing gradient with grass cover increasing and shrub cover declining due to 
grazing intensity (Haynes et al., 2012). Furthermore, another study by Yan and Lu 
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(2015) also noted the link between overgrazing and a decline in vegetation cover and 
biomass (Yan and Lu, 2015) whilst several other studies suggest that grazing exclusion 
can result in the improvement of grass cover (Mata-Gonzalez et al., 2007; Mofidi et al., 
2013). It is therefore important to assess the impact of grazing on vegetation cover 
especially to allow for future sustainable grazing management. 
 
The influence of grazing on species community composition and similarity  

Grazing by livestock is the main anthropogenic disturbance of native grasslands (Yan 
et al., 2013) and it plays an important role in determining species composition and plant 
species diversity (Milchunas et al., 1988, 1989). For instance, grazing intensity is well 
known to cause changes in the species composition of plant communities (Ren et al., 
2012). However, several studies have indicated that the impact of long-term grazing can 
be variable in its  effect on the species diversity of plant communities in grasslands with 
both positive and negative responses  being previously identified (Bullock et al., 2001; 
Grace et al., 2007). However, as mentioned grazing at moderate intensity has been 
found to potentially promote increased species diversity (Connell, 1978; Sasaki et al., 
2008). Yet, irrespective of species diversity, the species composition of grazed 
communities is well known to be herbivore mediated as herbivores selectively graze 
plant species (Bagchi et al., 2012), which are  differentially impacted by  defoliation 
(Archer and Smeins, 1991). For instance, in a tallgrass prairie, it was found that 
increased livestock density decreased the abundance of the highly-palatable, dominant 
perennial tall grass species and increased the abundance of the less-palatable C4 
perennial mid-grasses (Hickman et al., 2004). Furthermore whilst the abundance of 
annual forbs varied across years due to grazing treatments, annual forbs obtained their 
highest abundances under moderate grazing stocking intensities (Hickman et al., 2004). 
Analogously, the similarity of a grassland species community across a large region 
often changes due to grazing intensity. For example, across a large study region, Haynes 
et al. (2012) demonstrated that grazing strongly modified plant community composition 
due to the selection of palatable plants, with species diversity declining under increased 
grazing intensity. Similarly, Török et al. (2016) found a marked difference in species 
composition under very high grazing intensity. Conversely, Golodets et al. (2010) 
identified species similarity increasing between vegetation on sites recently from which 
grazing had been recently excluded. As such, identifying the impact of grazing intensity 
on the similarity of species composition between samples allows for the determination 
of grazing impact but also species turnover between plots and sites (Nekola and 
White, 1999).  

In conclusion, understanding the complex influence of grazing intensity on species 
richness, abundance, species composition, vegetation cover, growth height and species 
compositional patterns provides an important insight into the ecosystem functioning of 
swamp plant communities in the high altitude  region of Nilgiri Mountains, southern 
India.   

Materials and methods 

Study area 

Our study was carried out in the tropical montane swamps of the Upper Nilgiri 
Mountains, Korakundah and Upper Bhavani regions, southern India. This region lies 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4278815/#b20
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between latitude 11
◦13’ N and longitude 76◦ 35’ E with altitudes ranging from 2100 m 

to 2400 m above sea level (Fig. 1). The mean annual rainfall recorded at Korakundah 
tea estate during a period of 10 years (1993-2006) was 1887 mm. Further detailed 
climatic and geological information for the study region is available from previous 
studies (Caner et al., 2007; Puyravaud et al., 2012; Mohandass, 2013). Swamps 
(Wetlands) in this region are generally flat-tabled, occurring in depressions between 
slopes and grasslands. Though most of these swamps are small in area and isolated from 
each other, a few large swamps do exist. Swamp location is a reflection of local 
topography coupled with drainage and local climate, and therefore can only occur in 
specific, limited sites (Mohandass et al., 2014). Historically, swamps within the study 
region occurred alongside montane forests and grasslands. However, by the late 1950s, 
most of the grasslands were converted into exotic plantations of Acacia dealbata Link. 
and Eucalyptus globulus Labill. Additionally, Pinus patula Schiede ex Schltdl. & Cham 
continues to be planted in the vicinity of the remaining swamps. As a consequence of 
these modifications, the local swamp ecosystems are more vulnerable to disturbance and 
colonization by grassland species and invasive alien species. Though a majority of the 
forest areas in the Upper Nilgiris is protected under the Reserve Forest and National 
Conservation Park network (Puyravaud and Davidar, 2013), some swamps have already 
been converted into grasslands due to heavy grazing and rapid agriculture expansion. 
These human activities are driven by increasing population growth and the need to 
improve livelihood through additional income generating activities such as diary 
production.  

 
Grazing intensity 

The local indigenous tribes (Toda) and other inhabitants live close to these 
protected swamp areas and own cattle and buffaloes which they graze. Buffaloes have 
a long grazing history in this region, though usually in small populations, whilst cattle 
grazing is  a relatively recent phenomenon, with stocking of large populations the 
norm. The local people exhibit preferences for grazing location within the region 
which focus on grazing swamps, grasslands or edges of the montane forests. Wild 
herbivores including elephant, sambar deer and bison are also known to graze on the 
swamps. Based on the historical information, interviews with indigenous people, 
direct field observations and expert opinions, we came up with the following 
categories to depict grazing intensity at the studied swamps; (i) High grazing 
intensity; continuous (regular) grazing by both cattle and buffaloes usually at sites 
located closer to villages. (ii) Moderate grazing intensity; occasional (irregular) 
grazing by both cattle and buffaloes with sites usually located farther from villages. 
(iii) Low grazing intensity; seasonal grazing by wild herbivores like elephants, deer 
and bison, with sites located much farther from villages. 
 
Vegetation sampling 

Six swamps were selected for examination, two in each of the high, moderate and 
low grazing intensity regimes. Five of the sites were in the Korakundah region while 
one was in the Upper Bhavani region (Fig. 1). The geographical coordinates (latitude 
and longitude) and altitude of each site was recorded with a GPS and the total area of 
each site was estimated using GIS analysis (Fig. 1; Table 1). At each site, three 1 x 60 
m transects were randomly laid within the swamps, with transect direction 
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randomized. To provide independence, the distance between each transect was a 
minimum of 50 metres. All plants within each transect were surveyed, recorded and 
collected for further plant identification (Puyravaud et al., 2012; Mohandass et al., 
2014). Voucher specimens of all plant samples were collected and identification to 
species level was undertaken using various regional floras (Fyson, 1932; Gamble, 
1915-1935; Bor, 1960) with specimen identification confirmed by the herbarium of 
the Botanical Survey of India, Southern Circle, Coimbatore (Mohandass, 2008; 
Mohandass et al., 2014). All plant names followed the nomenclature of the APG III 
plant classification system (Bremer et al., 2009). Along the transects, 1m2 quadrats 
were placed at one metre intervals. Within each quadrat of 1m2,  the number and 
abundance of each species encountered was  recorded. The percentage cover 
(hereafter called “cover”) of all existed species within the  quadrat, was visually 
estimated as percentage cover (Puyravaud et al., 2012; Dengler et al., 2012; Walker et 
al., 2013) with class delineation as follows: 0 - 1 %, 1 - 10 %, 10 - 25 %, 25 -50 %, 50 
- 75 %, and above 75 % based on the area individual species occupied within the 1 m2 
quadrat. If one species occupied the whole area of 1m2 it was recorded within the 
above 75% category of plant cover. Maximum height (centimeter) of all plant species 
present within the 1 m2 plots was measured with a steel tape (Puyravaud et al., 2012). 
Additionally, the habit (life-form) of all species within each transect was recorded.  

 

 

Figure 1. The geographic and altitudinal distribution of the six studied swamps with site  codes 

denoting grazing intensity (HG-high grazing, MG-moderate grazing and LG-low  grazing), 

Nilgiri Mountains, southern India.  
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Table 1. Geographical, environmental and management characteristics of the six studied swamps, Nilgiri Mountains, southern India 

 

Site code Geographical 
coordinates 

Altitude 
(m) 

Total 
area 
(ha) 

Total 
species 
richness 

Total 
abundance  

Number 
of forbs 

Number 
of grass  

Number 
of 

vine/tree 
species 

Grazing Intensity Grazing assessment 

GD 11
◦
 14 .367 N   

76
◦
 35. 657 E 

2236 0.8 27 701 15 11 1 High grazing Regularly grazed by 
cattle and buffaloes 

located nearby human 
habitation,  

QT 11
◦
 12 .898 N   

76
◦
 34. 482 E 

2215 3.3 43 913 26 16 1 High grazing Regularly grazed by 
cattle and buffaloes 

(daily grazing) located 
nearby human habitation,  

KV 11
◦
 14 .978 N   

76
◦
 35. 200  E 

2279 6 41 1506 26 15 0 Low grazing Regular grazing by cattle 
and located away from 

human habitation, 
Seasonally grazed by 

elephants  
TE 11

◦
 13. 186 N   

76
◦
 32. 581  E 

2259 1.8 29 1469 13 14 2 Low grazing Not regularly grazed by 
cattle and buffaloes and 

located away from 
human habitation, 

Seasonally grazed by 
elephants and bison 

OT 11
◦
 13 .889 N   

76
◦
 36. 173 E 

2218 2.8 43 1291 22 20 1 Moderate grazing Irregularly grazed by 
cattle and buffaloes and 
located nearby human 

habitation 
PC 11

◦
 14 .632 N   

76
◦
 35. 488 E 

2258 0.9 41 1401 25 16 0 Moderate grazing Irregularly grazed by 
cattle and buffaloes and 
located nearby human 

habitation 
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Life-forms 

Plant habits were determined in the field through direct observation of the 
morphological and vegetative characters of the examined plant. These characters were 
defined as follows; (i) Forb/herb: Vascular plant without significant woody tissue above 
or below the ground and may be annual, or perennial having perennating buds borne 
above or below the ground (ii) Graminoid: Grass or grass-like plant, within the families 
Poaceae, Cyperaceae or Juncaceae. (iii) Tree: Perennial, woody plant with a single stem 
(trunk), normally taller than 4 to 5 m in height (iv) Vine: Twining/climbing plant with 
relatively long stems, can be woody or herbaceous (Rogers and Hartnett, 2001).  
 

Plant geographic ranges  

Assessment of the geographic range of each plant species was done using a literature 
survey (Fyson, 1932; Gamble, 1915-1935; Bor, 1960; Ahmedullah and Nayar, 1986). 
We defined narrow geographic range species as those distributed in the Nilgiri/Palni 
hills and adjacent areas of the Western Ghats. Species distributed within the Indian 
subcontinent, Sri Lanka and beyond, were considered to have a wide geographic range 
(Mohandass, 2008).  
 

Habitat preference  

Species habitat preference was recorded through direct observation of presence in 
any of the three habitats (swamps, grasslands and montane forests) with identification 
based on published floras (Fyson, 1932; Gamble, 1915-1935; Matthew, 1999).  We then 
classified all species as occurring within four types of habitats as follows (i) Grassland: 
species found exclusively in grasslands. (ii) Grassland/Swamps: species found in both 
swamps and grasslands. (iii) Forest/Grassland: Species found in both forests and 
grasslands (iv) Swamps: Species only found in swamps.   

 
Definitions  

Species richness: we defined as the number of species per unit area (Wenhong, 2007; 
Brown et al., 2007) within the swamps. 

Species abundance: we defined as the number of individuals per species (Magurran, 
2004; Yañez-Arenas et al., 2014) in a given population. 

Species composition: Species composition was defined as the contribution of each 
plant species per swamp and was calculated based on species richness and abundance as 
follows: Species composition (%) = number of species in each swamp/total number of 
individuals × 100 (Darell and Cronberg, 2011; Økland et al., 2003).  

Species similarity (of swamps): we defined as a measure of the distance, based on 
species composition, between all pairs of grazing sites. Here we used presence/absence 
of abundance data to test for the species similarity composition (Magurran, 2004; Chao 
et al., 2005).  
 

Data Analysis  

We calculated the total number of species (species richness) and their abundance 
using data from the pooled three transects per swamp across six sampled swamps.  We 
then used these data to calculate the mean abundance of species distributed across the 
three separate grazing intensity categories. Species composition was defined as the 

http://www.sciencedirect.com/science/article/pii/S0304380014004293
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contribution of each plant species per swamp and was calculated based on species 
richness and abundance as follows: Species composition (%) = number of species in 
each swamp/total number of individuals × 100. We also calculated the mean percentage 
of ground cover present and mean plant growth height for each of the three grazing 
treatments. We compared the total species composition and species composition of life-
forms across the three grazing treatments using Analysis of variance (ANOVA). We 
also used ANOVA to compare the mean percentage cover and mean plant height (cm) 
of the three grazing treatments. We used principal component analysis in Spatial 
Analysis for Macroecology (Rangel et al., 2010), followed by ANOSIM to determine if 
swamp plant community composition varied significantly across grazing treatments. 
The degree of similarity in swamp plant community composition was analyzed using 
ANOSIM in PAST (http://folk.uio.no/ohammer/past/) following the Bray–Curtis 
method. We also tested the species similarity distance shared by grazing intensities 
using the Bray-Curtis similarity index. The proportionate species richness and 
abundance of swamp plants in relation to their distribution characteristics and habitat 
preference were tested using Chi-square with their proportionate values subsequently 
compared between grazing intensities. All the statistical analyses were performed using 
the statistical software R Core Team (2012) version 2.15.3. and the package PAST 
version 3.01 (Hammer et al., 2001). 

Results  

Species richness and composition 

We recorded a total of 78 species belonging to 63 genera and 31 families. Of the 
recorded species, 49 were forbs/herbs, 26 were graminoids, two were trees and one was 
a vine. In the high grazing intensity sites 53 species were recorded including: 37 
forbs/herbs, 25 graminoids and a  vine species. In the moderate grazing intensity sites 
63 species were recorded including: 34 forbs/herbs, 25 graminoids and one vine species. 
In the low grazing intensity sites 48 species were recorded including: 27 forbs/herbs, 19 
graminoids and two tree species (see Appendix 1).   

 

The effect of grazing intensity on plant species richness, abundance and community 

composition 

Species richness differed significantly across grazing intensity treatments (F3,18 = 
3.75, P = 0.047; Fig. 2A). Total species richness within the moderate grazing intensity 
treatment was significantly higher than that of both the high and low grazing treatments 
(t = 12.4, P = 0.0006; Fig. 2A). Species abundance also differed significantly across 
grazing intensities (F3,18 = 25.63, P = 0.0001). Total abundance in moderate grazing 
sites was again significantly higher than that in both the high and low grazing (t-test = 
10.71, P = 0.008, Fig. 2B).  Total species composition also significantly differed 
between the different grazing intensity treatments (F3, 17 = 10. 62, P = 0.001; Fig. 3A). 
However,  species composition of forbs did not differ significantly (F3, 17 = 2.32; P = 
0.132), whereas graminoids differed significantly (F3, 17 = 17.55, P = 0.0001, 
respectively) in response to grazing intensity treatments (Fig. 3B). Furthermore, high 
grazing intensity was found to influence the dominance of grasses such as Andropogon 
polyptychus, Eriochyrsis rangacharii by decreasing their abundance g (Appendix 2).  
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Figure 2. The impact of grazing intensity on the (A) total number of species and (B) total 

abundance of plants in the examined swamps, Nilgiri Mountains, southern India. (Significant 

values: Species richness **P < 0.001; abundance ***P < 0.001). 

 

 

The effects of grazing intensity on vegetation cover and height of plant communities 

The mean percentage cover of plants signficantly differed (F3, 17 = 20.75, P = 0.0003) 
between grazing  treatments with the percentage cover of high-grazing intensity sites 
significantly lower than that of both moderate and low grazing intensity sites 
(Moderate: Tukey’s HSD comparison = 4.00; P = 0.04; Low: 9.09, P = 0.0004; Fig. 

4A). Additionally, the mean percentage of plant cover found at moderate grazing 
intensity sites was significantly lower than that of low grazing intensity sites (Tukey’s 
HSD comparison = 5.08; P 0.013).  

The mean vegetation height was significantly different (F3, 17 = 6.15, P = 0.018) 
between the grazing intensity treatments. Mean height was significantly lower in high 
grazing intensity sites than that of  low grazing intensity sites (Tukey’s HSD 
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comparison = 4.76, P = 0.02). However there was no significant difference in mean 
vegetation height between the high and moderate grazing intensity treatments (Tukey’s 
HSD comparison = 3.602, P = 0.068), and between the moderate and low grazing 
intensity treatments (Tukey’s HSD comparison = 1.154, P = 0.702) (Fig. 4B).  

 

 

Figure 3. The impact of grazing intensity on species composition (number of species in each 

swamp/total number of individuals’ × 100) for (A) all species combined and (B) across growth-

forms in the studied swamps, Nilgiri Mountains, southern India. The mean species composition 

was not significantly different between all species and life-forms (significant level *< 0.05; **< 

0.001; ns = not significant).  
 

 

 

Figure 4. The effect of grazing intensity on the mean percentage vegetation cover and  mean 

vegetation height (cm) of the studied swamps, Nilgiri Mountains, southern India. Significant 

values: Vegetation cover ***P < 0.001; mean height **P < 0.01). 
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The effects of grazing intensity on vegetation cover and height of the different 

growth-forms 

The mean forb/herb cover differed significantly (F3,17 = 23.92, P = 0.00015) between 
the grazing intensity treatments. Low grazing intensity sites showed signficantly higher 
forb/herbs cover than that of high and moderate grazing intensity sites (Tukey’s HSD 
comparisons = 9.68, P = 0.0003;  Tukey’s HSD comparison = 6.053, P = 0.0043, 
respectively). Likewise, the mean graminoid cover differed significantly (F3, 17 = 27.48, 
P = 0.0001) across grazing intensity treatments. Similar to forb/herb cover, graminoid 
cover was also signficantly higher in the low grazing intensity sites than in both the high 
and moderate grazing intensity sites (Tukey’s HSD comparison = 10.42, P = 0.0003;  
Tukey’s HSD = 6.18, P 0.0038, respectively) (Fig. 5A). Conversely, the mean 
percentage cover of trees/vines did not differ signficantly (F3,17 = 0.846, P = 0.448) 
between the grazing intensity treatments.  

 

 

Figure 5. The impact of grazing intensity on (A) mean percentage vegetation cover and (B) 

mean vegetation height across the examined growth-forms in the swamps of the Nilgiri  

Mountains,  southern  India.  (Significant  values:  Vegetation  cover  (%);Forbs/Herbs: Tukey 

HSD *** P < 0.001; Graminoids: Tukey HSD ***P < 0.001; Tree/Vine: not significant; Mean 

height (cm) Forbs: Tukey HSD * P < 0.05; Graminoids: Tukey HSD ** P < 0.01; Tree/Vine: 

not significant; Std. error bars represents for comparison of each grazing intensity). 

 

 
The mean height of both the forb/herbs and graminoids growth forms differed 

significantly (F3, 17 = 4.37, P = 0.043; F3, 17 = 5.92, P = 0.02) between the grazing 
intensity treatments. Low grazing intensity sites showed a significant increase in the 
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mean height of both the forb/herbs and graminoids growth forms when compared to the 
high grazing intensity treatment (Tukey’s HSD = 4.18, P = 0.035; for graminoids 
Tukey’s = 4.8, P = 0.017). However, the mean height of the forb/herbs and graminoids 
growth form groups in the moderate grazing intensity sites was not significantly 
different from that of the other grazing intensity treatments (Fig. 5B). Finally, the mean 
height of tree/vine growth form group did not differ signficantly (F3, 17 = 0.139, P = 
0.87) between the grazing intensity treatments.  
 

Species similarity between grazing intensities 

The species similarity shared across the different grazing intensity treatments was 
40% (Bray-Curtis value index = 0. 41 (Fig. 6). Sites with a moderate grazing intensity 
had a significantly different herbaceous community (Bray-Curtis similarity R = 0.213, P 
= 0.0004) to those sites with high and low grazing intensities (For moderate: high 
grazing, P = 0.043, moderate: low grazing, P = 0.035, high: low grazing, P = 0.144). 
Sites with moderate grazing intensity had the highest species composition.  

 

 

Figure 6. A Bray-Curtis distance-based species similarity analysis across the different grazing 

intensities (HG- High grazing; MG- Moderate grazing; LG- Low grazing) of the six studied 

swamps, Nilgiri Mountains, southern India. 

 

 
The PCA axis I explained 72.4% of the variation, and the PCA axis II accounted for 

27.6% of the variation in species communities (Fig. 7). These axes show that across the 
different grazing intensity treatments, the species composition is similar and they share 
the majority of the recorded plant species (Fig. 7). However, high and moderate grazing 
intensity sites still possessed an almost 25% difference in species community 
composition.  
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Figure 7. A Principal Component Analysis (PCA Axis I and II) of the swamp plant community 

composition with distributions based on their grazing intensity (HG- high grazing; MG- 

moderate grazing; LG- low grazing), Nilgiri Mountains, southern India.  

 
 

The effect of grazing intensity on plant geographic ranges 

The percentage of plants with a narrow geographic distribution was higher in high 
(54%) and moderate intensity grazing (67%) sites than in low grazing intensity sites 
(51%). Similarly, the percentage of widespread species was higher in high (14%) and 
moderate grazing (14%) intensity sites. The percentage abundance ofident resident 
(local) plant species with narrow geographic distributions was higher in moderate (35%) 
and low grazing (34%) intensity sites than in high grazing (26%) intensity sites. 
However, the percentage abundance of  resident plant species with widespread 
distributions was higher in moderate grazing (2%) than in high (1%) and low grazing 
(1%) intensity sites (Table 2).  

 
The effect of grazing intensity on plant habitat preference   

The percentage of resident grassland species was higher in swamps experiencing 
high and moderate intensity grazing than in those experiencing low grazing intensity. 
Analogously, the percentange of resident grassland/swamp classified plant species was 
greater in high and moderately gazed sites than inlow intensity grazed sites. The 
forest/grassland classified species occurred more freqently in moderately grazed sites 
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when compared to high and low grazing intensity sites. Typical swamp species occurred 
more often in moderate and low grazing intensity sites than in high grazing intensity 
sites. High and moderate grazing intensity had the greatest impact upon the abundance 
of forest/grassland species (Table 3). Overall, among the different grazing intensities, 
the percentage abundance of swamp species was higher than that of forest/grassland 
species. Additionally, swamp species abundance was higher in moderate (29%) and low 
grazing (25%) intensity sites than in high grazing (19%) intensity site. 

 
Table 2. The influence of grazing intensity on the percentage of species richness and 

abundance of narrow and widely distributed plant species in the six studied swamps, Nilgiri 

Mountains, southern India.  

 Species richness Abundance 

Plant geographic range  High-

grazing 

Moderate

-grazing 

Low-

grazing 

High-

grazing 

Moderate-

grazing 

Low-

grazing 

Narrow  54 67 51 26 35 34 

Wide  14 14 10 1 2 1 

 
 

Table 3. The influence of grazing intensity on the percentage of plant species richness and 

abundance as a response to habitat preference (percentage) in the tropical montane swamps 

of the Nilgiri Mountains, southern India.  

 Species richness Abundance 

Habitat High-
grazing 

Moderate- 
grazing 

Low-
grazing 

High-
grazing 

Moderate-
grazing 

Low-
grazing 

Grassland only 17 17 8 2 2 1 

Grassland/Swamps 14 15 12 4 6 5 

Forest/Grassland 13 17 13 3 2 3 

Swamps 24 32 29 19 29 25 

Discussion 

Our results suggest that grazing intensity alters the species richness, abundance, 
species composition and growth of swamp plant communities (Fig. 2, 3, 4 and 5). 
Moreover, grazing intensity influences plant community composition through 
colonization of the swamps by species found in the surrounding vegetation species 
pools. This colonization indicates that changes in grazing intensity likely impacted plant 
species differentially through grazier preference. Overall, grazing intensity appears to 
alter the swamp plant community structure through inhibition of natural succession. 
Therefore, regularly, heavily-grazed swamps risk losing their original structure and 
being gradually converted into grasslands (Fig. 8AB). In this study we demonstrated 
how different grazing intensities influence species richness and composition, suggesting 
grazing functions as either a neutral or negative feedback for swamp plant community 
composition.   
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Figure 8. (A) a low grazing swamp which has not been grazed by cattle (B) a regularly grazed 

swamp which has now been converted into a  grasslands in the Upper Nilgiri Mountains, 

southern India. 

 

 
Previous studies of grazing intensity on the diversity of wetland and grassland 

ecosystems have been mixed in their findings with some reporting a positive and some a 
negative diversity response to intense grazing (Bullock et al., 2001; Cingolani et al., 
2005; Grace et al., 2007; Ren et al., 2012). In general, however, many studies  suggest 
that high grazing pressure likely reduces biodiversity, potentially influencing keystone 
species, and that biodiversity conservation benefits through reducing high level grazing 
to a medium grazing intensity (Jones, 2000; Davies et al., 2010). In this study, we found 
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that grazing intensity significantly influence the local species composition (Fig. 3). 
However, species composition tends to be affected by grazing periods and timing 
(Smith et al., 1996). For instance, previous studies have shown that overgrazing can 
significantly alter species composition with edge- and slow-growing species becoming 
more abundant on heavily grazed sites than on less frequently grazed sites (Alder and 
Morales, 1999). High grazing may also play a major role in species invasions 
benefitting groups such as weeds and grassland species, thus greatly altering native 
species composition. We did however find that species abundance significantly 
decreased at sites of high grazing, causing changes in vegetation cover and growth of 
swamp communities. Thus, whilst high grazing significantly influenced the local 
species composition of swamps it also altered the  swamp vegetation abundance and 
structure and create more gaps within swamp communities. As mentioned these  gaps  
may  facilitate species invasions, resulting in gap colonization by edge species causing 
change in swamp structure and decreased spatial heterogeneity within the swamp 
community (Towne and Owensby, 1984).  

Grazing intensity has a species-specific effect on the abundance of plants within 
swamps. For instance, on based on the abundance of > 100 individuals per species 
(Appendix 2), Andropogon polyptychos Steud., Cyrtococcum deccanense Bor., and 
Juncus effusus L. was  found to occur most frequently at sites experiencing high 
grazing, whereas Andropogon polyptychos Steud., Eriocaulon brownianum Mart., 
Eriochrysis rangacharii C.E.C.Fisch., and Rhynchospora rugosa (Vahl) Gale were 
more common at sites experiencing moderate grazing. Furthermore, Andropogon 

polyptychos Steud., Eriochrysis rangacharii C.E.C.Fisch., Juncus effusus L., and 
Rhynchospora rugosa (Vahl) Gale  more prevalent at sites under low grazing. 
Consequently, whilst high intensity grazing decreases species abundance responses are 
often species-specific though very few species (e.g. A. polyptychos, J. effusus, R. 

rugose) are tolerant to high grazing intensity. Furthermore, high grazing was found to 
negatively impact the endangered species E. rangacharii (Puyravaud et al., 2003).  

High grazing resulted in a significant decrease in average plant height which may be 
a major issue for seed dispersal and plant reproduction. Generally, swamp grasses and 
forbs produce terminal spikes and raceme inflorescences. Grazing herbivores might 
consume these floral parts prior to fruit and seed production. Thus, high grazing 
pressure might pose negative consequences on plant reproductive success within swamp 
ecosystems. In addition, though species composition was not similar between high and 
low grazing sites (Fig. 3A), indicating that high grazing swamps maintain more species 
richness as compare to s low grazing plots, high grazing sites possessed different 
species assemblages than those of low grazing sites. In particular, low grazing 
maintained typical swamp grass/forb species, but high grazing favored grassland and 
invading forb species.  

We found that swamps experiencing moderate grazing intensity retained species 
richness significantly higher than that of the low intensity grazing plots (Fig. 2). This 
finding supports previous studies which found that a moderate grazing intensity can 
promote increased species richness (Connell, 1978; Huston, 1979; Sakai et al., 2008) 
although others have suggested that the positive effects of grazing on species richness 
may have been overestimated (Sasaki et al., 2008; Sasaki et al., 2009; Auerswald et al., 
2012). Here, moderate grazing of swamps supported both higher species richness and 
abundance than that of the high and low intensity grazed swamps. We are aware that 
swamp size is also an important predictor of grazing intensity. For instance, larger 
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swamps exposed to moderate and high grazing levels may exhibit less significant 
changes in their species richness, composition and community structure than smaller 
swamps simply due to their higher innate levels of these variables. Unfortunately, due to 
the low availability of natural large swamps for surveying, we did not conduct an 
analysis of swamp size. However, we did find that even small sized swamps in the study 
region may retain relatively high species richness. Moreover, the fact that species 
composition was significantly lower in moderately grazed swamps of any size suggests 
that this level of grazing is not suitable for maintaining high swamp species composition 
than either high or low level grazing. However, the finding that swamp plant richness 
showed a positive response to moderate grazing are highly consistent with those 
reported by previous studies (Dorrough et al., 2004; Fuhlendorf and Engle, 2004; Sasaki 
et al., 2008).  

The vegetation cover of the examined swamp plant community was significantly 
higher in the low grazing intensity sites (Fig. 4A). However, plant height did not differ 
significantly between low and moderately grazed swamps (Fig. 4B). These finding 
suggest that moderately grazed swamp plant communities lose vegetation but still retain 
their overall structure in responses to moderate grazing intensity. Our study supports the 
intermediate disturbance hypothesis (Connell, 1978) as we found negative diversity 
effects of low and high grazing intensity on the swamp plant communities (Ren et al., 
2012). Notably, moderate grazing intensity showed significant differences in 
community composition when compared to high and low grazing intensity according to 
the examined PCA axis. Therefore, moderate grazing may aid in promoting increased 
between-site species diversity (beta-diversity) whilst retaining vegetation structure. 
However, additional sampling sites would need to occur to confirm these results.  

 
Conservation implications 

In this study, high level grazing differentially influenced plant community 
composition. Although, the level of grazing intensity is known to increase niche 
availability (Fuhlendorf and Engle, 2004) high-grazing pressure can induce a 
reduction in the plant population structure, affect plant growth and reproductive 
success and reduce species turnover. We found that high grazing intensity resulted 
in a negative feedback whilst moderate grazing intensity resulted in a positive 
feedback of diversity in the swamp plant communities. However, both high and 
moderate grazing promoted the influx of a high number of species which are not 
typical swamp species. Most of the invading species appeared to move into the 
swamp pool from the adjacent grassland habitat. Additionally, the surrounding 
vegetation of many of the studied swamps contained exotic species (such as Pinus 

patula, Acacia dealbata) including plantation species and invasive herbs. These 
undesirable species moved into the swamps as a result of high grazing pressure. 
Thus, as grazing intensity increases the abundance of grassland native species and 
exotic species into swamps it subsequently alters the swamp community 
composition. Therefore, for conservation purposes, there is an urgent need to 
prevent high-grazing activities in order to maintain native swamp species and retain 
biodiversity. Although switching to a moderate grazing intensity as a management 
strategy will not ensure conservation of swamp plant communities alone as few 
empirical studies provide support for grazing at moderate intensities as a means of 
wetlands biodiversity conservation (Dorrough et al., 2012; McIntyre et al., 2003; 
Beever and Brussard, 2004). Furthermore, the challenge for determining appropriate 
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grazing management in the maintenance of these diverse native swamp plant 
communities is highlighted by the additional need to conserve endemic and 
endangered grass species (Puyravaud et al., 2003; Mohandass et al., 2014) within 
sites of moderate and low grazing intensities.  

Conclusion 

Our study provides important insights into the impact of large herbivory grazing 
pressure on swamp plant communities. Though these swamps are maintained under the 
protected area network strategy, the current high intensity grazing does not support 
sustained plant community species richness (and thus regional diversity), abundance, 
vegetation cover nor growth within the swamps. As such, effective management of 
grazing is required if the maintenance of swamp plant communities in these endangered 
wetland ecosystems is to occur. Notably, regular high grazing pressure by cattle and/or 
buffaloes must be adequately managed as it is threatening wetland conservation and 
resulting in the conversion of swamp habitat into grassland. 
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APPENDIX 

Appendix 1. Complete list of surveyed species, including species names, family, habit, geographic range, life-form, and habitat of each species that 

were recorded from six swamps in the Upper Nilgiri Mountains, southern India.  

Species Family Habit Geographic 
range 

Life-forms Habitat 

Ageratina adenophora (Spreng.) R.M.King 
& H.Rob. 

Compositae Forb Wide Annual Forest/grassland 

Anaphalis brevifolia DC. Compositae Forb Narrow Annual forb Swamps 

Andropogon lividus Thwaites Poaceae Graminoids Narrow Perennial grass Grassland 

Andropogon polyptychos Steud Poaceae Graminoids Narrow Perennial grass Swamps 

Anemone rivularis Buch.-Ham. ex DC. Ranunculaceae Forb Narrow Annual forb Grassland 

Athyrium hohenackerianum T. Moore Athyriaceae Forb Wide Perennial forb Forest/grassla 

Bolboschoenus maritimus (L.) Palla Cyperaceae Graminoids Narrow Perennial forb Swamps 

Bupleurum distichophyllum Wight & Arn. Apiaceae Forbs Narrow Annual forb Swamps 

Carex capillacea Boott Cyperaceae Graminoids Narrow Perennial grass Swamps 

Carex lindleyana Nees Cyperaceae Graminoids Narrow Perennial grass Grassland/swamps 

Carex nubigena D.Don ex Tilloch & 
Taylor 

Cyperaceae Graminoids Narrow Perennial grass Grassland/swamps 

Carex phacota Spreng Cyperaceae Grami Narr Perennial Grassland/sw 

Centella asiatica (L.) Urb. Apiaceae Forbs Wide Perennial forb Forest/grassland 

Chrysopogon nodulibarbis (Hochst. ex 
Steud.) Henrard 

Poaceae Graminoids Narrow Perennial grass Grassland 

Cirsium abukumense Kadota Compositae Forb Narrow Annual forb Forest/grassland 

Coelachne perpusilla (Nees ex Steud.) 
Thwaites 

Poaceae Graminoids Narrow Perennial grass Swamps 

Commelina clavata C.B.Clarke Commelinaceae Forb Wide Annual forb Grassland 

Conyza bonariensis (L.) Compositae Forb Wide Annual forb Grassland 

Cyanotis obtusa (Trimen) Trimen Commelinaceae Forb Wide Perennial grass Grassland 

Cyrtococcum deccanense Bor Poaceae Graminoids Narrow Annual grass Swamps 

Dichrocephala chrysanthemifolia (Blume) Compositae Forb Narrow Annual forb Grassland 
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DC 

Digitaria stricta Roth Poaceae Graminoids Narrow Annual forb Grassland/swamps 

Drosera burmanni Vahl Lentibularaceae Forb Wide Annual forb Grassland/swamps 

Drosera peltata Thunb. Lentibularaceae Forb Narrow Annual forb Grassland 

Eleocharis congesta D.Don Cyperaceae Graminoids Narrow Perennial forb Swamps 

Erigeron karvinskianus DC Compositae Forb Wide Perennial forb Grassland 

Eriocaulon brownianum Mart. Eriocaulaceae Forb Narrow Perennial grass Swamps 

Eriocaulon odoratum Dalzell. Eriocaulaceae Forb Narrow Perennial forb Swamps 

Eriocaulon robustum Steud. Eriocaulaceae Forb Narrow Perennial forb Swamps 

Eriochrysis rangacharii C.E.C.Fisch. Poaceae Graminoids Narrow Perennial forb Swamps 

Eulalia phaeothrix (Hack.) Kuntze Poaceae Graminoids Wide Perennial forb Swamps 

Fimbristylis quinquangularis (Vahl) Kunth Cyperaceae Graminoids Narrow Annual forb Swamps 

Fragaria nilgerrensis Schltdl. ex J.Gay Rosaceae Forb Narrow Annual forb Forest/grassland 

Fragaria vesca L. Rosaceae Forb Wide Annual forb Forest/grassland 

Gaultheria fragrantissima Wall. Ericaceae Tree Narrow Perennial tree Forest/grassland 

Gentiana pedicillata var. wightii Gentianaceae Forb Narrow Perennial forb Forest/grassland 

Gentiana quadrifaria Blume Gentianaceae Forb Narrow Annual forb Forest/grassland 

Geranium nepalense Sweet Geraniaceae Forb Narrow Annual forb Grassland 

Hydrocotyle sibthorpioides Lam. Araliaceae Forbs Narrow Annual forb Forest/grassland 

Hypochoeris argentina Cabrera Compositae Forb Narrow Annual forb Grassland/swamps 

Impatiens chinensis L. Balsaminaceae Forb Wide Annual forb Grassland 

Impatiens rufescens Benth. Balsaminaceae Forb Narrow Annual forb Swamps 

Isachne kunthiana (Wight & Arn. ex 
Steud.) Miq. 

Poaceae Graminoids Narrow Perennial grass Grassland/swamps 

Ischaemum commutatum Hack. Poaceae Graminoids Narrow Perennial grass Grassland/swamps 

Juncus effusus L. Juncaceae Graminoids Narrow Perennial grass Swamps 

Juncus inflexus L. Juncaceae Graminoids Narrow Perennial grass Swamps 

Juncus prismatocarpus R.Br. Juncaceae Graminoids Wide Perennial grass Swamps 

Kyllinga melanosperma Nees Cyperaceae Graminoids Narrow Perennial grass Grassland/swamps 

Laurembergia coccinea Kanitz Haloragaceae Forb Narrow Perennial forb Swamps 

Leucas marrubioides Desf. Lamiaceae Forb Narrow Perennial forb Grassland/swamps 

Lipocarpha chinensis (Osbeck) J.Kern Cyperaceae Graminoids Narrow Perennial grass Swamps 
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Neanotis indica (DC.) W.H.Lewis Rubiaceae Forb Narrow Perennial forb Swamps 

Ophelia corymbosa Griseb Gentianaceae Forb Narrow Annual Grassland 

Osbeckia brachystemon Naudin Melastomataceae Forb Narrow Annual forb Swamps 

Oxalis corniculata L. Oxalidaceae Forb Wide Annual forb Grassland 

Parnassia mysorensis F. Heyne ex Wight 
& Arn 

Celastraceae Forb Narrow Annual forb Grassland/swamps 

Persicaria nepalensis (Meisn.) Miyabe Polyagonaceae Forb Narrow Perennial Grassland 

Pinus patula Schiede ex Schltdl. & Cham. Pinaceae Tree Narrow Perennial forb Grassland 

Plantago asiatica subsp. erosa (Wall.) 
Z.Yu Li 

Plantaginaceae Tree Narrow Perennial forb Forest/grassland 

Pleiocraterium verticillare (Wall. ex Wight 
& Am.) Bremek. 

Rubiaceae Forb Narrow Perennial forb Swamps 

Polytrias indica (Houtt.) Veldkamp Poaceae Forb Wide Perennial grass Grassland/swamps 

Potentilla leschenaultiana Ser. Rosaceae Forb Narrow Perennial forb Forest/grassland 

Pteridium aquilinum (L.) Kuhn Denstaedtiaceae Forb Wide Annual forb Forest/grassland 

Pycreus flavidus (Retz.) T.Koyama Cyperaceae Graminoids Narrow Perennial grass Grassland/swamps 

Ranunculus diffusus DC. Rosaceae Graminoids Narrow Perennial forb Swamps 

Ranunculus reniformis Wall. ex Wight & 
Arn. 

Ranunculaceae Forb Narrow Perennial forb Swamps 

Rhynchospora rugosa (Vahl) Gale Cyperaceae Graminoids Narrow Perennial Swamps 

Rotala fysonii Blatt. & Hallb. Lythraceae Graminoids Narrow Annual forb Grassland 

Rubus racemosus Genev. Rosaceae Forb Narrow Perennial vine Forest/grassland 

Satyrium nepalense D.Don Orchidaceae Vine Narrow Annual forb Grassland 

Schoenoplectiella mucronata (L.) J.Jung & 
H.K. Choi 

Cyperaceae Graminoids Narrow Perennial grass Swamps 

Senecio wightii (DC. ex Wight) Benth. Ex 
C.B. Clarke 

Compositae Graminoids Narrow Annual forb Swamps 

Themeda tremula (Nees ex Steud.) Hack. Poaceae Forbs Narrow Perennial grass Grassland/swamps 

Utricularia graminifolia Vahl Lentibularaceae Graminoids Narrow Annual forb Grassland 

Utricularia scandens Benj. Lentibularaceae Forb Narrow Annual forb Grassland 

Viola pilosa Blume Violaceae Forb Narrow Perennial forb Forest/grassland 

Wahlenbergia marginata (Thunb.) A.DC. Campanulaceae Forb Narrow Perennial forb Forest/grassland 

Xyris capensis Thunb. Xyridaceae Forb Narrow Annual forb Swamps 



Mohandass et al.: Influence of grazing intensity on swamp plant communities  
- 263 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 233-268. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online)  

DOI: http://dx.doi.org/10.15666/aeer/1404_233268 
 2016, ALÖKI Kft., Budapest, Hungary 

Appendix 2. List of frequency of each species distributed in each swamp based on abundance through quantitative assessment among different 

grazing disturbance and sampling that were recorded from six swamps in the Korakundah and Upper Bhavani Reserve Forest, Nilgiri Mountains, 

southern India. 

Species Family High-
grazing 

Low-
grazing  

Moderat
e-
grazing  

Gran
d 
Total  

GD QT KV TE OT PC Grand 
Total  

Ageratina adenophora 

(Spreng.) R.M.King & 
H.Rob. 

Compositae 3 0 3 6 3 0 0 0 0 3 6 

Anaphalis brevifolia DC. Compositae 17 27 14 58 12 5 11 1 14 0 58 

Andropogon lividus 

Thwaites 
Poaceae 8 10 9 27 0 8 6 4 9 0 27 

Andropogon polyptychos 

Steud 
Poaceae 155 190 196 541 100 55 74 116 48 148 541 

Anemone rivularis Buch.-
Ham. ex DC. 

Ranunculaceae 0 0 2 2 0 0 0 0 2 0 2 

Athyrium 

hohenackerianum T. 
Moore 

Athyriaceae 2 0 1 3 2 0 0 0 0 1 3 

Bolboschoenus maritimus 

(L.) Palla 
Cyperaceae 3 0 2 5 2 1 0 0 0 2 5 

Bupleurum 

distichophyllum Wight & 
Arn. 

Apiaceae 0 0 2 2 0 0 0 0 0 2 2 

Carex capillacea Boott Cyperaceae 6 0 80 86 6 0 0 0 0 80 86 

Carex lindleyana Nees Cyperaceae 21 55 64 140 9 12 40 1 60 4 14 

Carex nubigena D.Don ex 
Tilloch & Taylor 

Cyperaceae 8 0 11 19 0 8 0 0 8 3 19 

Carex phacota Spreng Cyperaceae 5 0 8 13 0 5 0 0 8 0 13 

Centella asiatica (L.) 
Urb. 

Apiaceae 1 2 0 3 0 1 2 0 0 0 3 

Chrysopogon 

nodulibarbis (Hochst. ex 
Steud.) Henrard 

Poaceae 12 24 1 37 12 0 11 13 0 1 37 
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Cirsium abukumense 

Kadota 
Compositae 0 0 4 4 0 0 0 0 4 0 4 

Coelachne perpusilla 

(Nees ex Steud.) Thwaites 
Poaceae 2 3 4 9 0 2 3 0 0 4 9 

Commelina clavata 

C.B.Clarke 
Commelinaceae 6 0 3 9 0 6 0 0 3 0 9 

Conyza bonariensis (L.) Compositae 0 1 0 1 0 0 0 1 0 0 1 

Cyanotis obtusa (Trimen) 
Trimen 

Commelinaceae 0 0 6 6 0 0 0 0 0 6 6 

Cyrtococcum deccanense 

Bor 
Poaceae 107 77 56 240 13 94 62 15 34 22 240 

Dichrocephala 

chrysanthemifolia 

(Blume) DC 

Compositae 2 0 4 6 2 0 0 0 0 4 6 

Digitaria stricta Roth Poaceae 9 16 12 37 0 9 12 4 4 8 37 

Drosera burmanni Vahl Lentibularaceae 8 0 6 14 3 5 0 0 0 6 14 

Drosera peltata Thunb. Lentibularaceae 1 0 3 4 1 0 0 0 1 2 4 

Eleocharis congesta 

D.Don 
Cyperaceae 0 5 7 12 0 0 0 5 7 0 12 

Erigeron karvinskianus 

DC 
Compositae 0 4 2 6 0 0 4 0 0 2 6 

Eriocaulon brownianum 

Mart. 
Eriocaulaceae 74 73 123 270 38 36 8 65 47 76 270 

Eriocaulon odoratum 
Dalzell. 

Eriocaulaceae 0 8 13 21 0 0 8 0 13 0 21 

Eriocaulon robustum 
Steud. 

Eriocaulaceae 5 8 0 13 5 0 4 4 0 0 13 

Eriochrysis rangacharii 

C.E.C.Fisch. 
Poaceae 83 152 113 348 57 0 72 80 31 82 348 

Eulalia phaeothrix 
(Hack.) Kuntze 

Poaceae 3 0 2 5 0 3 0 0 2 0 5 

Fimbristylis 

quinquangularis (Vahl) 
Kunth 

Cyperaceae 0 2 15 17 0 0 0 0 17 0 17 

Fragaria nilgerrensis Rosaceae 50 52 6 108 29 21 19 3 6 0 108 
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Schltdl. ex J.Gay 

Fragaria vesca L. Rosaceae 0 2 0 2 0 0 2 0 0 0 2 

Gaultheria fragrantissima 

Wall. 
Ericaceae 0 2 0 2 0 0 0 2 0 0 2 

Gentiana pedicillata var. 
wightii 

Gentianaceae 9 14 13 36 0 9 7 7 6 7 36 

Gentiana quadrifaria 

Blume 
Gentianaceae 4 0 7 11 0 4 0 0 7 0 11 

Geranium nepalense 

Sweet 
Geraniaceae 0 9 3 12 0 0 5 4 0 3 12 

Hydrocotyle 

sibthorpioides Lam. 
Araliaceae 5 8 10 23 0 5 8 0 10 0 23 

Hypochoeris argentina 
Cabrera 

Compositae 5 17 11 33 0 5 17 0 7 4 33 

Impatiens chinensis L. Balsaminaceae 2 0 0 2 0 2 0 0 0 0 2 

Impatiens rufescens 
Benth. 

Balsaminaceae 0 43 0 43 0 0 43 0 0 0 43 

Isachne kunthiana (Wight 
& Arn. ex Steud.) Miq. 

Poaceae 7 24 1 32 7 0 17 7 0 1 32 

Ischaemum commutatum 
Hack. 

Poaceae 61 14 18 93 0 61 0 14 18 0 93 

Juncus effusus L. Juncaceae 109 135 68 312 74 35 55 80 41 27 312 

Juncus inflexus L. Juncaceae 0 2 1 3 0 0 1 0 1 1 3 

Juncus prismatocarpus 

R.Br. 
Juncaceae 9 7 34 50 6 3 0 7 21 13 50 

Kyllinga melanosperma 
Nees 

Cyperaceae 0 20 0 20 0 0 20 0 0 0 20 

Laurembergia coccinea 
Kanitz 

Haloragaceae 3 3 16 22 0 3 3 0 8 8 22 

Leucas marrubioides 
Desf. 

Lamiaceae 0 10 6 16 0 0 10 0 0 6 16 

Lipocarpha chinensis 
(Osbeck) J.Kern 

Cyperaceae 5 0 7 12 0 5 0 0 7 0 12 

Neanotis indica (DC.) 
W.H.Lewis 

Rubiaceae 9 52 29 90 9 0 40 12 0 29 90 
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Ophelia corymbosa 
Griseb 

Gentianaceae 3 0 4 7 0 3 0 0 4 0 7 

Osbeckia brachystemon 
Naudin 

Melastomatacea
e 

2 0 0 2 0 2 0 0 0 0 2 

Oxalis corniculata L. Oxalidaceae 4 2 13 19 0 4 2 0 9 4 19 

Parnassia mysorensis F. 
Heyne ex Wight & Arn 

Celastraceae 2 0 0 2 0 2 0 0 0 0 2 

Persicaria nepalensis 

(Meisn.) Miyabe 
Polyagonaceae 6 0 6 12 0 6 0 0 6 0 12 

Pinus patula Schiede ex 
Schltdl. & Cham. 

Pinaceae 8 4 0 12 2 6 0 4 0 0 12 

Plantago asiatica subsp. 
erosa (Wall.) Z.Yu Li 

Plantaginaceae 5 6 4 15 0 5 4 2 4 0 15 

Pleiocraterium 

verticillare (Wall. ex 
Wight & Am.) Bremek. 

Rubiaceae 0 11 0 11 0 0 4 7 0 0 11 

Polytrias indica (Houtt.) 
Veldkamp 

Poaceae 7 4 9 20 0 7 4 0 9 0 20 

Potentilla leschenaultiana 

Ser. 
Rosaceae 40 37 2 79 25 15 5 32 2 0 79 

Pteridium aquilinum (L.) 
Kuhn 

Denstaedtiaceae 1 5 2 8 0 1 5 0 0 2 8 

Pycreus flavidus (Retz.) 
T.Koyama 

Cyperaceae 12 34 70 116 8 4 25 9 60 10 11 

Ranunculus diffusus DC. Rosaceae 0 3 0 3 0 0 3 0 0 0 3 

Ranunculus reniformis 

Wall. ex Wight & Arn. 
Ranunculaceae 32 12 25 69 7 25 2 10 18 7 69 

Rhynchospora rugosa 

(Vahl) Gale 
Cyperaceae 88 141 220 449 45 43 53 88 125 95 44 

Rotala fysonii Blatt. & 
Hallb. 

Lythraceae 2 0 5 7 0 2 0 0 1 4 7 

Rubus racemosus Genev. Rosaceae 0 0 2 2 0 0 0 0 2 0 2 

Satyrium nepalense 

D.Don 
Orchidaceae 0 0 6 6 0 0 0 0 2 4 6 

Schoenoplectiella Cyperaceae 0 0 30 30 0 0 0 0 30 0 30 
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mucronata (L.) J.Jung & 
H.K. Choi 
Senecio wightii (DC. ex 
Wight) Benth. Ex C.B. 
Clarke 

Compositae 5 7 4 16 3 2 4 3 0 4 16 

Themeda tremula (Nees 
ex Steud.) Hack. 

Poaceae 0 0 4 4 0 0 0 0 0 4 4 

Utricularia graminifolia 

Vahl 
Lentibularaceae 2 0 0 2 0 2 0 0 0 0 2 

Utricularia scandens 
Benj. 

Lentibularaceae 3 0 0 3 3 0 0 0 0 0 3 

Viola pilosa Blume Violaceae 0 5 9 14 0 0 5 0 0 9 14 

Wahlenbergia marginata 
(Thunb.) A.DC. 

Campanulaceae 0 0 2 2 0 0 0 0 0 2 2 

Xyris capensis Thunb. Xyridaceae 0 2 21 23 0 0 2 0 11 10 23 

Grand total  1041 1344 1434 3819 483 532 682 659 727 710 3819 
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Abstract: We examined the impact of plant−plant interactions and sandy desertification disturbance on 
population structure and spatial distribution of the two desert plant species Anabasis aphylla and 
Haloxylon ammodendron in the south margin of Junggar Basin, NW China. To explore species−habitat 
interactions, we compared the population structures of two woody plants and evaluated the growth of A. 

aphylla population in the different soil types. Furthermore, we used the Wiegand−Moloney O-ring 
statistic to study the spatial pattern and association of A. aphylla population and H. ammodendron 
population. We found some differences in the population structure and spatial distribution of A. aphylla 
and H. ammodendron with regard to the sandy desertification condition, which is also connected with 
changes in plant–plant interactions. Although an aggregation of A. aphylla and H. ammodendron 
population was found in each plot, the cause of spatial aggregation and association is different in the three 
sandy desertification areas. In the diluvial plot, the spatial association of A. aphylla and H. ammodendron 
seems to reflect a tense negative woody plant interaction. On the other hand, the random labeling null 
model showed that plant–plant interactions were largely determined by the combined effects of 
interspecific competition and harsh environments in the diluvial–sandy and sandy plots, contrary to the 
competitive effect of the early stage of sandy desertification expansion. 
Keywords: O-ring function, population structure, desert plant, Haloxylon ammodendron, Anabasis 

aphylla 

Introduction  

Stand structure is known to interact with growth, survival, density, and spatial 
patterns to influence competition and demographic changes in a population (Huston and 
DeAngelis, 1987; Weiner and Damgaard, 2006). To a certain extent, stand structure 
determines habitat and species diversity and can be quantified to assess habitat quality 
for conservation purposes (Pommerening, 2002; Skov and Svenning, 2003). Thus, to 
understand plant communities, one needs to study the dynamic aspects of their stand 
structures (Harper, 1977; Mcintire and Fajardo, 2009), and these have rarely been 
documented for desert plants.  

 Spatial patterns of plants also are important characteristics of vegetation, and can 
play a significant role in ecological processes including competitive coexistence and 
transmission of mortality, and can have impacts that scale up to ecosystem–level 
processes (Alekseev and Zherebtsov, 1995; Arévalo and Fernández-Palacio, 2003). 
However, many factors play important roles in determining the spatial patterns of tree 
species distribution in a plant community. In general, biotic and abiotic factors may 
influence the distribution of species, and potentially control their abundance and 
promote coexistence (Zhang et al., 2010). Thus, some ecologists worked intensively to 
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looking for the particular adaptations of each species to abiotic factors or for the 
complexity of species interactions (Hardy and Sonké, 2004), and has also successfully 
demonstrated that each species is restricted to a more or less wide range of habitats 
(Zhang et al., 2010). Furthermore, many species also exhibited ecological habitat 
preferences, although species numbers and associations are different among sites 
(Bazzaz, 1991). In addition, theoretical models also confirmed the coexistence of plant 
species based on habitat heterogeneity (Tilman and Pacala, 1993). Yet the influence of 
habitat heterogeneity on species coexistence is not fully understood. At present, our 
knowledge about species–habitat associations in other forests is insufficient, since most 
of the research is mainly focused on tropical forests (Condit et al., 2000). It would be 
important to extend the research to other forests (Chave, 2004), such as the species-
single and habitat-complex desert vegetation where species–habitat associations and 
habitat preferences of some woody species are less considered. 

The competition among plants affects the species composition and population 
structure of each species in a plant community (Greig-Smith, 1979; Stoll and Bergius, 
2005). In general, the disproportionate sharing of resources causes size inequality 
among plants during the development of a mixed-species community (Weiner, 1985). 
Therefore, both intra- and interspecific competition should be considered to understand 
the dynamics of the component species (He and Duncan, 2000; Nishimura et al., 2002; 
Nishimura et al., 2005). Conversely, the spatial patterns of plants affect competition 
(Duncan, 1991; Hara et al., 1995; Kubota and Hara, 1995). Regular patterns have been 
historically viewed as the result of intense competition for limited resources, such as 
available water or soil resources (King and Woodell, 1973; Phillips and MacMahon, 
1981; Skarpe, 1991). Intraspecific aggregation has been attributed to environmental 
heterogeneity (Schenk et al., 2003; Perry et al., 2009), seed dispersal (Schurr et al., 
2004), and plant interactions (Phillips and MacMahon, 1981; Tirado and Pugnaire, 
2003). In more arid communities, interspecific aggregation of forbs, grasses, and 
juvenile woody plants around larger shrubs and trees is often interpreted as evidence of 
facilitation (Brooker et al., 2008). 

The present study describes stand structures and competitive interaction among 
plants dominated by two dominant desert species Anabasis aphylla and Haloxylon 

ammodendron in the south margin of Junggar Basin, NW China, and discusses the 
probability of coexistence of the two species via spatial partitioning. H. ammodendron 
has many xeromorphic characteristics of adapting to drought, salinity, poor nutrition, 
strong wind, sand movement, and high light intensity (Fahn and Cutler, 1992; Huang et 
al., 2003). As an important component of old Mediterranean flora, it widely spread in 
Junggar Basin, northeast of Tarim Basin and several other desert areas on a range of 
soils (Wu, 1980) and is a typical psammophytic species. However, A. aphylla 

population mainly distributes in diluvial fan, lowland among dunes, Gobi and hillside 
(Wu, 1980), and presents staggered distribution with H. ammodendron population in the 
desert–oasis ecotone (Guo et al., 2009). Now, spatial pattern and association of A. 

aphylla and H. ammodendron have many researches in Junggar basin (Song et al., 2010; 
Chu et al., 2014; Wang et al., 2014; Wang et al., 2015). But, the study on interspecific 
relation between A. aphylla and H. ammodendron have no report in three soil types. 

The aim of this study was to analyze factors that determine the coexistence of the 
two desert woody plant species and infer the processes that form spatial patterns by 
describing the population structure, spatial distribution and plant–plant interactions of 
these species in three soil types in the southern margin of Junggar Basin, NW China. 
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The O-ring statistic was used for point pattern analysis at various scales. One main 
questions is addressed: do the two dominant woody species in three soil habitat show an 
aggregated spatial distribution and plant-plant interaction ? This study could contribute 
to the understanding of species coexistence and diversity maintenance in temperate 
desert vegetation. 

Materials and methods 

Study area  

The study area was located on the edge of diluvial fan spanning an elevation range of 
258–279 m in the southern margin of Junggar Basin in Xinjiang (45°22′43.4″N, 
84°50′32.5″E), from July to September 2010, which is a transitional zone from the 
diluvial fan to desert. Geological substrates of the study site include aeolian deposits 
sandy soil and highly eroded diluvial soil. The mean temperature past 20 years varies 
from 5 to 9°C, minimum winter temperatures vary from –30 to –41°C and maximum 
summer temperatures 30–40°C. Snow melt at the end of winter, together with the 
rainfall, amounts to an annual precipitation of 100–150 mm. In the study area, the 
vegetation cover ranges between 10% and 35%. The woody vegetation is dominated by 
A. aphylla and H. ammodendron. A. aphylla is a semi-shrub (also known as subshrub or 
dwarf shrub) that hardly reaches heights above 85 cm, while H. ammodendron is a 
subtree or large shrub that can reach heights exceeding 4 m in the study area. Other 
woody plant species in the area include Reaumuria soongorica, Nitraria roborowskii 
and Tamarix ramosissima, which is native species. 

Both the disturbance stages and the intensity of sand burial should follow gradients 
along the wind direction. In August 2010, we elected three typical sample plots as the 
representative of a gradient to represent different desertification disturbance stages of 
the shrub communities along the main wind direction. P1 plot (1 ha) was laid out in an 
area with diluvial soil but with a small amount of small gravels and sandy soil is about 
10% (referred to as “diluvial plot”). P1 plot sites at the middle slope position with a 
slope range of 7–15° and encompasses more irregular ground surfaces such as 
depression and runnel. This plot was considered to represent a furthest area from the 
sand source. P2 plot (1 ha) was laid out in an area with ecotone or hierarchical 
distribution between diluvial and sandy soil (referred to as “diluvial–sandy plot”). 
Sandy soil area is about 55–65% and sandy layer is 5–30 cm deep. P3 plot (1 ha) in an 
area with sandy soil and sandy layer is 20–200cm (referred to as “sandy plot”). The 
microtopography of three plots is complicated and heterogeneous. The position of each 
plot was located by design for each of the three soil types and to cover representative 
stands of the two dominant woody plants in the area. The diluvial plot was 3.5 km from 
the diluvial–sandy plot and 4.6 km from the sandy plot and the sandy and diluvial–
sandy plots were 1.1 km apart. 

 
Methods 

Data collection 

Each plot (100×100 m) was divided into 400 contiguous 5×5 m quadrates, as the 
basic unit of vegetation survey, using the DQL-1 forest compass (Harbin Optical 
Instrument Factory, China). All woody plants, including living and dead standing ones, 
were investigated. The species names, relative location of each individual, height, 
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crown width (the greatest diameter of the vertical projection of the crown in two 
directions, i.e., north–south or east–west), microhabitat (e.g., soil surface, depression 
patch) were recorded. 

 
Classification of plant age classes 

Since spatial patterns at each growth stages suggest the past process of regeneration 
(Nanami et al. 2011), we classified A. aphylla plants based on reproductive ability, into 
seedlings (≤ 10 cm height), juveniles (10 < height ≤ 25 cm), and adults (> 25 cm height) 
while The population of H.ammodendro was divided into tree stages, i.e., seedlings (≤ 
50 cm height), juveniles (50 < height ≤ 100 cm), adults (> 100 cm height). 

 
Point pattern analysis 

Wiegand and Moloney (2004) developed a multiscale method called the O-ring 
statistic that is based on the L-function (Ripley, 1977). The O-ring statistic isolates 
specific distance classes by replacing the circles of Ripley’s K-function with rings, and 
by using the mean number of neighbors in a ring of radius r and ring width around an 
individual (Wiegand and Moloney, 2004). Consequently, the O-ring statistic has the 
additional advantage that it is a probability density function with the interpretation of a 
neighbourhood density, which is more intuitive than an accumulative measure (Stoyan 
and Pettinen, 2000). For O-ring statistic, the univariate statistic is used to analyze the 
spatial pattern of one object, while the bivariate statistic is used to analyze the spatial 
association of two objects (pattern 1 and pattern 2) (Wiegand and Moloney, 2004). 

In this study, the univariate O-ring statistic was used to analyze the spatial patterns of 
different growth stages plants, and the bivariate O-ring statistic was used to analyze 
spatial associations among different growth stages in the three plots. For the univariate 
analyses we used the null model of complete spatial randomness (CSR) as a null 
hypothesis (Wiegand and Moloney, 2004; Getzin et al., 2008), because the spatial 
distributions of plants in the tree plots seem to be affected significantly by habitat 
heterogeneity (e.g., soil patch and micro topography). To test spatial independence of 
two size classes between the two species, we examined the spatial distribution of the 
tree size classes of two wood plants in relation to H. ammodendron and A. aphylla 
population with the independent null model (Wiegand and Moloney, 2004). For 
univariate analysis, if O(r) above the upper confidence limit indicates aggregation, 
while O(r) below the lower confidence limit indicates regularity. For bivariate analysis, 
if at a given distance r, O12(r) is above the upper (or below the lower) limit of the 
confidence envelope, it indicates that growth stage 2 is positively (or negatively) 
associated with growth stage 1 at the distance r. O12(r) is within the confidence 
intervals, which indicates that there is no interaction between growth stage 1 and 2. 

Degree of sandy desertification in three sample plots leaded to plenty of dead 
standing plants and affectted population pattern. So, contrary to the two spatial 
approaches, we investigated the spatial relation between the distributions of dead 
standing plants and adult, the random labeling null model was used to detect possible 
differences in the spatial distribution of dead standing plants compared to the 
distribution of adult plants regardless of the underlying first-order process (Wiegand 
and Moloney, 2004). Random labelling has not been frequently used in forestry 
research, but it has been implicitly used to assess “random mortality”, considering 
labels as the live and dead standing plants categories (Kenkel, 1988). We used the case–
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control design with living plants of A. aphylla or H. ammodendron as pattern 1 (control 
pattern) and A. aphylla dead standing plants as pattern 2 (cases) (Getzin et al., 2008; 
Wiegand and Moloney, 2004). Thus, a difference of g12(r) and g11(r) provides insights 
into the spatial distribution of A. aphylla dead standing plants around living plants of A. 

aphylla or H. ammodendron in relation to the spatial distribution of living plants to each 
other (Getzin et al., 2008; Schleicher et al., 2011). The second comparison, g12(r) – 
g11(r), can be used to evaluate the spatial distribution of dead standing plants. For 
example, a positive deviation would mean that dead standing plants exhibited an 
aggregated spatial distribution in comparison to adult plants (Getzin et al., 2006; Getzin 
et al., 2008; Schleicher et al., 2011). To perform the random labeling analysis, the 
spatial position of all plants in the plot remained fixed, but the labels of the points 
(living plants or dead standing plants) were randomly assigned to the overall pattern 
(Bailey and Gatrell, 1995). 

In addition, all data were tested for normality using a Shapiro–Wilks test. If the 
Kolmogorov–Smirnov test showed differences between the size-frequency distributions 
(p < 0.05), we used the Student’s t-test (normally distributed values) or the Mann–
Whitney U-test (if values were not normally distributed) to examine the difference in 
the mean tree-crown diameter of three tree height (20cm, 40cm and 70cm) of A. aphylla 
population in the diluvial and diluvial–sandy plots and/or pattern aggregation intensity 
of each woody plant between plots. 

Results 

Population structures of A. aphylla and H. ammodendron 

The diluvial and sandy plots were mostly occupied by A. aphylla and H. 

ammodendron, while the two species were co-dominant in the diluvial–sandy plot (Table 

1, Fig. 1). In addition, the remaining 4 woody species accounted for less than 6%. 
In the sandy plot, H. ammodendron showed the highest density, the tallest mean 

height, and the largest mean tree-crown (Table 1, Fig. 1). In the three plots, the density 
of dead standing population of A. aphylla were 431, 1372 and 809 respectively, while 
those of of H. ammodendron were fewer (Table 1). In addition, the H20 and H40 height 
A. aphylla grew bigger (mean tree-crown diameter) in the diluvial plot than the 
diluvial–sandy plot (Fig. 2; Manne–Whitney: p < 0.05). 

 
Table 1. Basic feature of two woody plants in the three study plots 

Plots Species 
Mean height 

(cm) 

Mean tree-

crown  

(cm) 

Living plants 

density 

(individual / 

ha) 

Dead 

standing 

plants density 

(individual / 

ha) 

Coverage 

(%) 

P1 
A. aphylla 49.56±23.65 d 61.93±23.12 d 6163±247 a 431±36 c 18.55±3.45b 

H. mmodendron 59.89±55.32 c 67.83±54.58 c 237±50 e 12±5 f 0.86±0.28 d 

P2 
A. aphylla 47.68±17.15 e 55.25±22.89 e 4372±359 b 1372±315 a 10.48±4.16 c 

H. mmodendron 88.21±86.68 b 107.54±68.06b 1262±104 d 106±17 d 11.46±5.62 c 

P3 
A. aphylla 50.82±13.12 d 61.15±15.10 de    74±17 f 809±112 b 0.22±0.09 e 

H. mmodendron 159.41±65.10a 115.68±60.49 a 2961±215 c 25±9 e 31.10±5.14 a 

a–f Means within a column at each treatment with the same letter are not significantly different (P>0.05). 
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Figure 1. Height class distribution of A. aphylla (a–c) and H. ammodendron (d–f) in the three 

study plots 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Mean tree-crown diameter of three tree height A. aphylla in the diluvial and diluvial–
sandy plot. Horizontal lines are the medians and the boxes spanning the first and third quartile, 

whiskers show the non-outlier range, whereas points are outliers. H20, H40 and H70 are 20cm, 

40cm and 70 cm height of A. aphylla, respectively. 

 

 

Spatial pattern 

Analysis of the spatial pattern of A. aphylla population showed that plants in the 
diluvial and diluvial–sandy plots were significantly aggregated at all distances between 
0 and 53 m, while plants in the sandy plot was weakly aggregated at 1–34 m and 42–44 
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m, and randomly distributed at 0–1 m (Fig. 3a, b, c). A. aphylla population in the 
diluvial and diluvial–sandy plots tended to similar spatial distribution, but the difference 
between the aggregated intensity of two populations was striking (Fig. 3a, b; Manne–
Whitney: p < 0.05) while the difference of aggregated intensity between these two and 
the sandy plot was significant (Fig. 3a, b, c; Manne–Whitney: p < 0.05). 

Figure 3. Spatial aggregation of A. aphylla population (a–c) and H. ammodendron population 

(d–f) in the three study plots analyzed by the univariate O-ring statistics with the null model of 

complete spatial randomness (CSR) 

 
 

Analysis of the spatial pattern of H. ammodendron population indicated that plants in 
the diluvial, diluvial–sandy and sandy plots were significantly aggregated at 0–14 m, 0–
12 m and 0–12 m respectively at small scale level (Fig. 3d, e, f). H. ammodendron 
population in the three plots tended to similar spatial distribution, and the difference of 
aggregated intensity between the diluvial–sandy and sandy plots was not significant 
(Fig. 3e, f; Kolmogorov–Smirnov: p > 0.05) while the difference of aggregated intensity 
between these two and the diluvial plot was significant (Fig. 3d, e, f; Kolmogorov–
Smirnov: p < 0.05). 

 
Plant–plant interactions 

In the diluvial plot, A. aphylla population was negatively associated to H. 

ammodendron population at 0–55 m (Fig. 4a). A. aphylla and H. ammodendron 
population was a mostly negative association at 0–4 m, 6–16 m and 31–53 m in the 
diluvial–sandy plot (Fig. 4b). However, A. aphylla population was positively associated 
to H. ammodendron population at 0–51 m in the sandy plot (Fig. 4c). 

In the diluvial plot, seedlings and adults of A. aphylla were all spatially independent 
association at 0–1 m and had respectively negative association at 1–53 m and 1–55 m 
with H. ammodendron (Fig. 5a, c). Juveniles of A. aphylla and H. ammodendron were 
spatially independent at 0–12 m and had significantly negative association at 12–62 m 
(Fig. 5b). In the diluvial–sandy plot, seedlings of A. aphylla had positive association at 
2–8 m and 18–26 m with H. ammodendron (Fig. 5d). Juveniles of A. aphylla had 
positive association at 0–32 m and 35–38 m with H. ammodendron (Fig. 5e). But, 
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adults of A. aphylla and H. ammodendron were spatially negative association at 1–54 m 
(Fig. 5f). In the sandy plot, seedlings of A. aphylla were spatially independent 
association at all scales, and juveniles and adults of A. aphylla were all positive 
association with H. ammodendron at small scales (Fig. 5g, h, i). 

 
 
 

  
 
 
 
 
 
 
 
 

Figure 4. Spatial association between A. aphylla population and H. ammodendron population 

in the three study plots with the null model of independence. 

 

Figure 5. Spatial association between different stages of A. aphylla population and H. 

ammodendron population in the two study plots with the null model of independence. Seedlings 

of A. aphylla–H. ammodendron (a, d, g); Juveniles of A. aphylla–H. ammodendron (b, e, h); 

Adults of A. aphylla–H. ammodendron (c, f, i). 
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Figure 6. Spatial association between different stages of H. ammodendron population and A. 

aphylla population in the three study plots with the null model of independence. Seedlings of H. 

ammodendron–A. aphylla (a, d, g); Juveniles of H. ammodendron–A. aphylla (b, e, h); Adults of 

H. ammodendron–A. aphylla (c, f, i). 

 

Figure 7. Spatial association between dead standing population of A. aphylla and living 

population in the three study plots with the null model of random labeling. A. aphylla–Dead 

standing population of A. aphylla (a, b, c); H.ammodendro–Dead standing population of A. 

aphylla (d, e, f). 
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In the diluvial plot, seedlings of H. ammodendron had significantly negative 
association at 0–56 m with A. aphylla (Fig. 6a). Juveniles and adults of H. 

ammodendron had respectively positive association at 4–14 m and 5–23 m with A. 

aphylla (Fig. 6b, c). In the diluvial–sandy plot, seedlings of H. ammodendron and A. 

aphylla were spatially negative association at 0–53 m (Fig. 6d). Juveniles and adults of 
H. ammodendron had respectively positive association at 0–27 m and 0–39 m with A. 

aphylla (Fig. 6e, f). In the sandy plot, seedlings of H. ammodendron tended to be no 
association with A. aphylla within a small scale(Fig. 6g). Juveniles and adults of H. 

ammodendron had respectively positive association at 0–39 m and 0–54 m with A. 

aphylla (Fig. 6h, i). 
For dead standing plants of A. aphylla in the diluvial plot, the test statistic g12(r) – 

g11(r) differed respectively and significantly from the random labeling null model at 0–9 
m and 0–16 m, indicating an additional aggregation of dead standing plants of A. 

aphyllla independent of A. aphylla and H. ammodendron pattern (Fig. 7a, d). In the 
diluvial–sandy plot, the test statistic g12(r) – g11(r) revealed strong departures from 
random labeling pointing to an aggregation mechanism of dead standing plants of A. 

aphylla independent of A. aphylla and H. ammodendron pattern at 0–1 m and 0–45 m 
respectively (Fig. 7b, e). In the sandy plot, there was a very strong aggregation among 
dead standing plants independent from dead standing plants of A. aphylla and H. 

ammodendron living plants relation at 0–7 m and 54–92 m, while dead standing plants 
of A. aphylla and A. aphylla living plants were no association spatially (Fig. 7c, f). 

Discussion 

Spatial pattern 

Aggregation is a very general phenomenon in plants, it can often be explained simply 
in terms of regeneration near to seed sources, or perhaps in safe sites associated with 
older, larger individuals of one's own or another species (Zhang et al., 2010; Schleicher 
et al., 2011). We suggest that the small scale aggregation in the A. aphylla and H. 

ammodendron populations were an effect of limited seed dispersal because of winged 
perianth being separated arfter a short retention, and the safe-site effect probably plays 
an important role. At medium scales, H. ammodendron population was deviated from 
aggregated distribution. Moreover, the similar spatial distribution of H. ammodendron  
was exhibited in the four habitats by Song et al. (2010). H. ammodendron owns 
enormous root system and capacity of the drought resistance, which probably lead to the 
no aggregated spatial distribution of H. ammodendron population at medium scales. 
What is more, H. ammodendron has a longer lifespan, which allows them to outlive A. 

aphylla, so that the spatial pattern of H. ammodendron population is more stable (Song 
et al., 2010). However, A. aphylla population was still aggregated in the diluvial and 
diluvial–sandy plots at medium scales. It's worth mentioning that Phillips and 
MacMahon (1981) found a trend which small shrubs tended to be aggregated, medium-
sized shrubs randomly distributed, and large shrubs regularly distributed in spatial 
patterns of desert shrubs. For A. aphylla, non–overlapping individuals are constrained to 
occur in regular-looking distributions, but this appearance of regularity may conceal 
significant aggregation (Prentice and Werger, 1985). We inferred that the effect of 
intraspecific competition of A. aphylla was expressed as the underground part 
interactions and the dwarf performance tolerating drought stress. Furthermore, A. 

aphylla continued to maintain aggregated state of population and promoted cycle 
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succession due to the group effect. In addition, we suggested that the inherent spatial 
distribution of A. aphylla in the sandy plot did not exist and the aggregated intensity in 
the diluvial–sandy plot was greatly reduced due to the change of harsh desert 
environment and interspecific competition.  

 
Spatial association 

As an important natural selection pressure of plant distribution in desert areas, 
desertification plays an important role on the community succession (Maun, 1998; Peng 

et al., 2012; Salvati et al., 2008). Some studies showed that sand burial can enhance the 
seed germination and seedling emergence of the sand-burial tolerant shrubs (Zhang et 
al., 2010; Wang et al., 2013). During the process of wind and sandy disturbance in 
Junggar Basin shrub communities, strongly sand-burial tolerant shrub H. ammodendron 
plays a expand role after sand invasion while the occurrence of weekly sand-burial 
tolerant shrub A. aphylla was gradually reduced. Therefore, H. ammodendron and A. 

aphylla exhibited a significant negative association at small scales at the early stage of 
desertification expansion (diluvial plot), and tended to negative association at the 
intermediate stage of desertification expansion (diluvial–sandy plot). However, H. 

ammodendron and A. aphylla had a significant positive association at small scales at the 
later stage of desertification expansion (sandy plot). We suggested that weakly sand-
burial tolerant specie A. aphylla tended to become extinct, and the number of H. 

ammodendron increased at the later stage of desertification. The competition association 
between the two woody species was weaker at small scales because A. aphylla was 
sparsely distributed in the sandy plot. Furthermore, we found that small size plants of A. 

aphylla in the diluvial–sandy plot were smaller than those in the diluvial plot while H. 

ammodendron plant number in the diluvial–sandy and sandy plots were bigger than 
those the diluvial plot. This suggested that sand layer thickness seems to play an 
important role in the growth of two woody plants, and a negative effect of H. 

ammodendron population in the diluvial–sandy and sandy plots cannot be excluded for 
A. aphylla population. 

In semi-arid and arid area, water is often the most limiting resource (Sheng et al., 
2004). Small scale variation in vegetation, soil surface cover, and soil texture, alters the 
amount of water available to plants (Whitford, 2003; Zou et al., 2010). In sandy soil, 
there should be more moisture content for desert plant than in finer-textured clay soils 
due to the high infiltration rate, deep percolation, and less evaporation of capillary water 
in coarse soil (McAuligge, 1994; Zou et al., 2010). For a corresponding life form, H. 

ammodendron developed more feeder roots in sandy compared to heavy textured soil, 
showing that plants at coarse soil have a greater need to develop more roots (Zou et al., 
2010). Sheng et al. (2004) found root lengths up to 13.5 m of H. ammodendron in the 
sandy soils and we also observed root lengths of H. ammodendron greater than 8 m in 
the sandy soils. As a large size plant in Junggar Basin, H. ammodendron may deplete 
the water and nutrient resources of the soil beyond their tree-crown areas because of a 
large root system in the sandy soil area. However, with a large number of small size 
plants growth, we expect that H. ammodendron will have a larger root system extent in 
the diluvial–sandy soil area. A belowground negative effect of H. ammodendron on A. 

aphylla population may occur in the desertification area. In addition, Cao et al. (2005) 
reported that the niche breadths of most original species decreased and those of 
psammophytic species increased accordingly in the process of desertification. 
Therefore, this difference in density of the desert species can be caused by (1) niche 
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differences, H. ammodendron preferred sandy soil and A. aphylla preferred diluvial soil 
and (2) a competitive effect, in which H. ammodendron may be a stronger competitor 
on the desertification soil than A. aphylla. 

In addition, plants pass through different physiological stages as their development 
progresses and competition occurs not only within species, but also within and between 
stages of different species (Mangla et al., 2011). Seedlings stage may be particularly 
sensitive to environment and neighboring individual, and much more sensitive to 
competition than adult plants (Foster, 1999; Suding and Goldberg, 1999). In our study, 
H. ammodendron population (superior competitor) was similar to the conclusions while 
seedlings of A. aphylla and H. ammodendron population changed from negative 
association to no or even positive association in desertification process. Competition 
during early stages of growth can critically influence individual plant growth and 
determine future development patterns (Foster and Gross, 1998; Suding and Goldberg, 
1999). Small differences in initial size and growth rates between individuals and species 
could potentially determine long-term developmental patterns (Mangla et al., 2011). In 
the field, annual growth of A. aphylla was about 4 cm far less than H. Ammodendron 

(Wang and Chu, 2014). We suggested that capability of fast growth by H. 

ammodendron, especially during the early growth phase, allows them to capture more 
resources (e.g., water) than slow growing A. aphylla. This provides H. ammodendron a 
competitive advantage in later stages of growth compared to A. aphylla. Thus, seedlings 
of H. ammodendron have potential competitive power in desertification process. 

 
Shift of plant–plant interactions among the sandy desertification stages 

Intraspecific and interspecific interactions determine the structure and dynamics of 
ecological communities and their responses to environmental change (Mangla et al., 
2011). Nanami et al. (2011) also suggested the shift between interspecific and 
intraspecific competition corresponded to the change in the spatial association between 
the two species. In the diluvial plot, H. ammodendron was repulsive with the life-
history stage of A. Aphylla at relative small or medium scale. Furthermore, the random 
labeling null model showed that the aggregation of dead standing plants of A. aphylla 
was strong around A. aphylla and H. ammodendron plants, indicating intense 
intraspecific and interspecific competition in the diluvial plot. Classical competition 
theory predicts intraspecific competition should be greater than interspecific 
competition because individuals of the same species share similar resource requirements 
(Fowler, 1986, Goldberg and Barton, 1992). The theory may exist in the early sandy 
desertification stages for A. aphylla. But, the aggregation scales of dead standing plants 
of A. aphylla was small or even zero around A. aphylla while was above 7 m around H. 

ammodendron at the intermediate and later stage of desertification expansion. 
Interestingly, seedlings and Juveniles of A. aphylla were non-negative association or 
even positive association with H. ammodendron plants in the diluvial–sandy plot, and 
all tree age stages of diluvial–sandy plot tended to be non-negative association with H. 

ammodendron plants in the sandy plot. H. ammodendron also may create spatial refuges 
for some or all growth stages of A. aphylla with environmental change. We suggested 
that the dead standing plants of A. aphylla mainly caused by interspecific and 
intraspecific competition in the diluvial plot, and were largely determined by the 
combined effects of interspecific competition and harsh environments in the diluvial–
sandy and sandy plots. Thus, the interspecific competition changes depending on the 
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shift of spatial environment (desertification) between the two species, suggesting that 
the intraspecific and interspecific competition and spatial patterns are interdependent. 

Conclusion 

In sum, in our study area, we found clear differences in the population density and 
spatial distribution of A. aphylla and H. ammodendron with regard to the desertification 
condition, which is also connected with changes in plant–plant interactions. Although 
an aggregation of A. aphylla and H. ammodendron population was found in each plot, 
the cause of spatial aggregation and association is different in the three sandy 
desertification areas. In the diluvial plot, the spatial association of A. aphylla and H. 

ammodendron seems to reflect a tense negative woody plant interaction. On the other 
hand, the random labeling null model showed that plant–plant interactions were largely 
determined by the combined effects of interspecific competition and harsh 
environments in the diluvial–sandy and sandy plots, contrary to the competitive effect 
of the early stage of desertification expansion. In addition, Seedlings stage may be 
particularly sensitive to environment and competition in our study sites, and we also 
revealed the competitive advantage of H. ammodendron seedlings and therefore its 
potential for encroachment with the desertification environment. It is clear that 
competition between H. ammodendron and A. aphylla influence structure, pattern, and 
dynamics of plant distributions, but the relative role of competition may vary 
dramatically among different desertification disturbance. 
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Abstract. Soil electrical conductivity measurements are uniquely useful for environmental impact 
assessment. Both surface and downhole methods may be used to monitor groundwater and soil quality. 
This paper presents a site investigation that was conducted to characterize soil and groundwater quality in 
the Imielin countryside in Poland, where traditional and precision farming have been applied. Two 
methods for estimating the salinity of soils were used: electrical resistivity tomography (ERT) and the 
EC-Probe for direct measurement of ground salinity. Based on electrical conductivity measurements, 
several maps of electrical conductivity zones were produced to assess groundwater and soil quality on 
agricultural land. Moreover, the empirical relationship between total dissolved solids (TDS) in water vs. 
soil electrical conductivity (EC), moisture and fine particle content was obtained. The two different 
techniques that were used in this study to measure the electrical conductivity of soil showed comparable 
test results and demonstrated that the investigated area is not contaminated.  
Keywords: environmental monitoring, electrical conductivity, ERT, TDS, soil and water salinity 

Introduction  

EU directives recommend using the principles of sustainable development for the 
management of the soil-water environment. It is desirable to ensure a good quality of 
surface water and groundwater in Europe by 2015. Therefore, the aim of the Nitrates 
Directive (91/676/EEC) is to protect water quality across Europe, especially from 
agricultural sources. Good farming practices, for example, precision agriculture 
management, are among the most effective ways to decrease destructive impacts 
deriving from agricultural sources. This directive implies the use of variable-rate 
fertilization to ensure the optimal dose of fertilizer needed for crops and limits the 
leaching of nitrogen forms from the soil to larger bodies of water (the Baltic Sea), 
significantly reducing the problem of eutrophication.  

Due to a significant increase in agricultural activities and closely associated 
contamination, there is a need for monitoring, characterization and identification of the 
soil-water environment. Current methods of environmental soil characterization mainly 
involve soil sampling and laboratory analysis. Furthermore, geophysical methods for 
obtaining soil electrical conductivity measurements have also been applied in soil and 
water monitoring to identify contaminated zones and establish a relationship between 
electrical conductivity and the presence of pollutants. Soil electrical conductivity is an 

mailto:mariusz_lech@sggw.pl
http://ec.europa.eu/environment/water/water-nitrates/index_en.html
http://ec.europa.eu/environment/water/water-nitrates/index_en.html
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indirect measurement that correlates very well with several soil physical and chemical 
properties, for example, soil moisture and ion concentration in water solution.  

The electrical conductivity of soil strictly depends on the soil salinity; therefore, 
based on electrical conductivity measurements, it is possible to determine soil 
salinization and identify contaminated zones. Salinization could be considered an 
increased salt concentration of the soil and is most often related to the development and 
expansion of agricultural practices. The increased occurrence of salt in soil significantly 
impacts the environment, mainly degrading crop productivity and soil quality by 
reducing the ability of crops and plants to take up water and leading to lower yields, 
which are responsible for serious economic losses in agricultural production (Zaldis et 
al., 2002; Dube and Chitiga, 2011). It should be emphasized that too much salt of any 
type is detrimental to plants and other organisms. 

Salinization also has an indirect effect, leading to the loss of soil stability through 
changes in soil structure. Moreover, leaching salts from the soil can easily cause the 
saline water to eventually enter groundwater basins. Thus, measuring soil salinity can 
be considered a reliable way to assess the range of salinization impact on plant growth. 
According to many authors (Gartley, 2011; Hardie and Doyle, 2012), salinity could be 
divided into several classes signifying the range of soil salinization (Table 1). Harmful 
effects of soil salinity can also be determined according to the scale presented by 
Jakubiak (2010) (Table 2). 

 

Table 1. Soil salinity classes (Jakubiak, 2010) 

Salinity class EC [mS/m] 

Non-saline 0-200 
Slightly saline 200-400 

Moderately saline 400-800 
Highly saline 800-1600 

Extremely saline >1600 

 
 

Table 2. Soil salinity and its interpretation (Jakubiak, 2010) 

Soil salinity 

[mS/m] 
Interpretation 

< 50 Concentration tolerated by all plant species 
50-100 The limit values for sensitive plants 

100-200 Symptoms of salinity for many plant species; harmful concentration for many 
plant species during the drought period 

>200 Toxic concentration for almost all plant species 

 
 

Moreover, if excess nitrate fertilizer is applied to a field, the nitrate that is not used 
by plants can dissolve in porewater and move to groundwater, increasing its salinity 
level. An excellent indicator of groundwater salinity is the total dissolved solids (TDS), 
describing the inorganic salts and small amounts of organic matter that are present in 
water (e.g. Pozdnyakowa et al., 2001). The most commonly used method of determining 
TDS in water supplies is the measurement of specific conductivity with a conductivity 
probe that detects the presence of ions in water. Conductivity measurements are 
converted into TDS values by means of a factor that varies with the type of water (ISO 
7888, 1985; Singh and Kalra, 1999). According to WHO guidelines for drinking water 
quality (1996), water with a TDS above 500 mg/L is not recommended for use as 
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drinking water. Water with a TDS above 1,500 to 2,600 mg/L (EC greater than 225 to 
400 mS/m) is generally considered problematic for irrigation use on crops with a low or 
medium salt tolerance. 

Material and Methods 

Characteristics of the test area  

The test area is located in the central part of Poland in the Imielin countryside. 
Geologically, the area lies within the Vistula River Valley, within the geomorphological 
unit termed the Warsaw Basin. The Quaternary basement comprises lake deposits of the 
youngest stage of the Tertiary – Pliocene, developed as clays, silty clays, silts, and 
locally silty sands – referred to as the motley clays. These deposits are distinguished in 
the topmost part of the regional tectonic unit called the Mazovian Basin.  

Alluvial deposits occurring within the Vistula Valley form two structural elements. 
The first element includes a set of Pleistocene terraces that developed during the 
Vistulian Glaciation. The second structural element is the flood terrace with the 
Holocene horizon – developed by the meandering Vistula and the present-day terrace – 
formed by a braided river. 

The test area was additionally characterized by fourteen drillings to identify 
geological and hydrogeological conditions. Based on the drillings, it was found that 
below the layer of top soil with humus (a thickness up to 0.6 m), cohesive soils (silts 
and clays) occur to a depth of approximately 2.5 m. Below this layer, a permeable layer 
of medium and silty sands was found, with the groundwater table at a depth of 2.7 m 
below the ground surface. 

 
Electrical conductivity measurements 

This study was conducted as part of a larger research effort to assess the impact of 
precision agriculture on the soil and groundwater environment. In this study, we 
measured the vertical and horizontal distribution of bulk soil conductivity and the 
specific conductance of water. Our objectives were to (1) determine the soil salinity 
changes over a longer period of time (one vegetative period) depending on 
environmental conditions and the type of agricultural practice (traditional agriculture – 
constant dose of fertilizer, or precision agriculture – adjusted dose of fertilizer), (2) 
determine the relationship between soil conductivity measurements obtained from field 
investigations and TDS laboratory tests of water using piezometers and lysimeters, and 
(3) assess the porewater and groundwater quality under in situ conditions. 

The bulk electrical conductivity of the soil can be considered as a proxy for the 
spatial and temporal variability of many other soil physical properties, i.e., structure, 
water content or fluid composition (Zahody et al., 1974; Samouelian et al., 2005). The 
electrical conductivity of the soil may be determined with a direct or alternating (low 
frequency) current, in which the current is applied at two locations, and the potential 
(voltage) difference is measured between two points. This method is non-destructive 
and very sensitive and offers a very attractive tool for describing the subsurface 
properties without drilling; it has been already applied in various contexts, including 
groundwater exploration, landfill and solute transfer delineation, and the compaction 
and hydrogeological properties of soils (Archie, 1943; Zahody et al., 1974; Samouelian 
et al., 2005; Lech et al., 2008; Reynolds, 2011; Lowrie, 2014). The apparent soil 
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electrical conductivity has also become one of the most reliable and frequently used 
measurements to characterize field variability for application in precision agriculture 
(Allred, 2008). Soil resistivity is mainly influenced by the type of soil (clay, quartz, 
etc.), moisture content, amount of electrolytes (minerals and dissolved salts) and 
temperature (e.g. Reynolds, 2011; Lowrie, 2014). To obtain the physical and chemical 
properties of soil using electrical methods, several techniques can be effectively used: 
(1) the self-potential method (SP), (2) the four-electrode method (Vertical Electrical 
Sounding, Electrical Resistivity Tomography), (3) electromagnetic conductometers 
(EM) and (4) invasive techniques (RCPTU- resistivity cone penetration tests, EC 
conductivity/salinity probe). 

In this study, to determine the levels of soluble salts in the soil and water, in situ and 
laboratory investigations were carried out. Data were collected from a field survey using 
2-D electrical resistivity tomography (ERT) and an EC-Probe (Fig.1). The ERT was 
carried out using the Wenner electrode array configuration. The Wenner array consists 
of four collinear, equally spaced electrodes. The outer two electrodes are typically the 
current electrodes, and the inner two electrodes are the potential electrodes. The current 
(I) is applied to the two outer electrodes (A and B) and the arising difference in 
potential (ΔU) is measured between the two inner electrodes (M and N). The electrical 
resistivity (ER) is calculated from the Ohm’s law as: 

 

 
I

UΔ
KER =  (Eq.1) 

 
where K is a geometrical factor [m] depending on the distance between the electrodes, 
ΔU is the difference in potentials [V], and I is the magnitude of current [A]. 

 

 

Figure 1. Electrical resistivity tomography (ERT)  

survey line (on the left) and EC-Probe measurements (on the right) 
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The surveys were carried out using a resistivity meter that was equipped with a 
multicore cable and 32 electrodes. The length for 3 survey lines with 32 electrodes was 
15 and 70 meters and reached a depth of 2.75 and 14 meters in the central parts of the 
measured sections. The second field method was the EC-Probe for salinity 
measurements. This probe consists of a stainless steel rod with 0.1 m graduation and a 
detachable handle. The probe has four electrodes, each separated by a sealing and 
insulation ring, and a temperature sensor. The outer electrodes are current electrodes, 
and the inner electrodes are measuring electrodes. Upon measuring the electrical 
resistivity (ER) and determining the temperature correction factor (ft), the soil electrical 
conductivity (EC) can be calculated according the formula below: 

 

 
ER

f
KEC

t=  (Eq.2) 

 
where EC is the soil electrical conductivity in [mS/cm] at 25°C, K is the empirically 
established cell constant [cm-1](17.5 cm-1), ft is the temperature correction factor for 
converting the measured EC to the EC at 25°C [-], and ER is measured resistivity at the 
prevailing temperature in []. 

Dissolved salts largely affect the electric conductivity of the soil. Because 
conductivity is measured directly under in situ conditions, the measured value stands for 
bulk soil conductivity (mineral body and pore water). Only after the extraction of the 
pore water (by soil moisture sampling) can we measure the EC of pore water alone. 
Thus, the SDEC ceramic lysimeters were installed into the field to collect the soil water 
that moves along the soil profile. These lysimeters consist of a porous ceramic cup fixed 
to the bottom of an empty PVC tube. After creating a depression inside the tube (with 
vacuum pump), the tube was placed into the soil at a depth of 0.3 m. The soil solution 
was drawn out of the soil trough the porous ceramic cup into the tube. The soil solution 
was analysed with a laboratory analyser (YSI Professional Plus, USA) that was 
equipped with a combined electrode to measure the reference values of conductivity, 
pH, temperature, salinity and oxidation-reduction potential. 

Results and Discussion 

In this study, two cross-sections that were obtained using electrical resistivity 
tomography (ERT) method are discussed. The electrical conductivity cross-sections in 
the northwest part of the field are shown in figure 2. The first of the sections is more 
general and covers the ground to a depth of 14 meters. From the ground to a depth of 
approximately 3.5 to 4.5 m, the electrical conductivity values oscillate from 25 to 
35 mS/m (it gives approx. ER 30 m), which may indicate the presence of cohesive 
soils in this area. This presence was confirmed by drilling results to install piezometers. 
Below this layer is a soil layer with a conductivity from 6 to approx. 16 mS/m (60-
160 m). This value suggests the presence of a non-cohesive layer of medium and 
coarse sands with gravel. It may be concluded that this layer is located below the water 
table. The second section is more detailed and is located between 0 and 15 m in the first 
cross-section. This shallow cross-section shows that, to a depth of approximately 1.2 m, 
the conductivity values range between 5 and 15 mS/m, and this layer is formed by 
clayey sands. The differences in conductivity in this layer could be caused by the fines 
content, water content and salinity of the pore fluid. Below this layer, at a depth of 
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1.2÷2.75 m, the conductivity is approximately 20÷40 mS/m, which represents clays. In 
the left part of the cross-section, from a depth of 1.6 m to 2,75 m is a layer that is 
characterized by a conductivity of 50÷100 mS/m (10 m), indicating the presence of 
high-plasticity clays. The EC-Probe direct measurements that were conducted in this 
location also show that at a depth from 1.3 to 1.6 m, the electrical conductivity ranges 
from 47÷128 mS/m and increases with depth (Fig. 2). 

 

 

Figure 2. Electrical conductivity cross-sections in Imielin based on Electrical Resistivity 

Tomography measurements 

 
 
Based on the laboratory investigations made in previous years on medium and coarse 

sands (Lech, 2006) and assuming that the formation factor (FF) of sands occurring in 
Imielin is between 5 and 7, it can be concluded that the electrical conductivity of 
groundwater in the aquifer zone ranges from 45 to 83 mS/m (450÷830 S/cm). 
According to Polish standards (Polish Journal of Laws no. 143 pos. 896, 2008) the 
electrical conductivity of groundwater corresponds to water quality classes I or II and 
III. Furthermore, according to the cited standards, the range of electrical conductivity 
between 200 and 700 S/cm may constitute a geochemical background, indicating the 
absence of anthropogenic impacts on groundwater. Using the well-known equation (e.g. 
Atekwana et al., 2004) and considering that the correlation coefficient ke is 0.65, it can 
be found that the TDS for groundwater from the Imielin countryside varies between 290 
and 540 mg/L. 

In the next stage of in situ testing, the soil conductivity using the EC-Probe was 
examined. Figure 3 shows the changes in soil electrical conductivity measured at a 
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depth of 0.3 m. In Figure 3, there is a significant difference between the values of EC 
within the investigated area. It appears that in the N-W direction, the values of EC are 
slightly lower. Due to the soil water content variability associated with the direction of 
groundwater flow (from S-E to N-W direction) and elevation, it was expected that the 
values of EC will be higher than in the other parts of the investigated area. The values 
of soil electrical conductivity range between 5 and 8 mS/m, while in the S-E direction, 
they are more than 14 mS/m. Moreover, according to Tables 1 and 2 and considering 
the results that are presented in Figures 2 and 3, there is no salt contamination in the 
investigated area. 

 

 

Figure 3. Electrical conductivity map based on EC-Probe measurements and location  

of in situ tests in Imielin 

 
 
Factors that significantly impact the measured EC values include the water content 

and soil type (percentage of well conductive minerals). For this purpose, 107 soil 
samples were collected to evaluate the differences in these parameters within the field. 
Figure 4 presents changes in the water content and the content of grain fraction less 
than 0.063 mm at a depth of 0.3 m. The soil moisture corresponds to the content of fines 
and, in combination with the salinity of pore fluid, could affect the recorded EC values. 

The tests results indicate the possibility of estimating the TDS of water contained in 
soil pores based on the electrical conductivity of soil, its water content and fines (less 
than 0.063 mm). The following relationship that is suggested for clayey sands will be 
helpful in estimating the TDS characteristics without the need for water sampling, 
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which is a problem from the point of view of lysimeter installation and subsequent 
laboratory tests. TDS can be expressed as: 

 
 TDS = 3,35·EC·w0.5·FC  (R2=68%) (Eq.3) 

 
where TDS is the total dissolved solids in water [mg/L], EC is the electrical conductivity 
of soil [S/cm], w is the water content [-], and FC is the fines (<0.063 mm) content [-]. 

 

 

Figure 4. Distribution of water content and fines content in Imielin 

 
 
The response surface plot for the proposed relationship is shown in Figure 5. 
 

 

Figure 5. The response surface plot for the proposed relationship 
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The following graph (Fig. 6) illustrates the TDS reference values that were obtained 
from laboratory measurements on water samples from lysimeters and the calculated 
values of TDS according to the proposed formula. Both graphs indicate that in the N-W 
part of an object are the highest values of TDS. There is a good correlation between the 
electrical conductivity, water content and fines content. In zones with a small amount of 
fine particles and low moisture, small values of TDS were also reported. These results 
indicate the possibility of the leaching of salts derived from fertilization in these areas 
deeper into the soil profile. The highest values of measured TDS were recorded in the 
S-W part of the investigated area (approx. 300 mg/L), while the highest calculated 
values were registered in the S-E part (approx. 320 mg/L). 

 

 

Figure 6. The reference and calculated values of TDS in Imielin 

 
 
The results of the total dissolved solids analysis that was carried out in the laboratory 

show a good agreement with the values calculated according to (Eq.3) (Fig. 6). Thus, 
the TDS estimation according to the proposed formula provides reliable data, which 
may have a number of applications. The data can also be used to monitor the impact of 
natural and farm management factors on the extent of visible salinity.  

It seems reasonable to use the mapping of electrical soil properties to discover the 
heterogeneity of soil. The ability to obtain high-resolution maps of soil electrical 
conductivity at different levels could be helpful to assess the impact of agricultural uses 
of land and to classify soil and water salinity. 
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Conclusions 

Electrical conductivity measurements can be commonly used both in geotechnical 
engineering and precision agriculture as a very effective tool for creating spatially dense 
datasets to describe the soil variability within a field. Based on electrical conductivity 
measurements, it is possible to create electrical conductivity maps that could have a 
wide application in environmental and agricultural management, for example, in 
contamination identification, yield map interpretation, soil sampling within more 
accurate soil boundaries, and deriving input recipes for nutrients, seeds and herbicides. 

The procedures that are presented in this paper for measuring soil salinity may be 
considered relatively simple tools to assess the solute transfer delineation in an 
agricultural area. The two different techniques that were used in this study to measure 
the electrical conductivity of the soil show no differences in the measured values, which 
is crucial in further interpreting test results. Laboratory and field methods that are 
commonly used for soil salinity determination are highly dependent on soil properties, 
such as texture, moisture and measuring conditions. It is necessary to identify all of 
these factors before applying any of the methods that are mentioned in this paper.  

The results that were obtained from the laboratory EC measurements for samples that 
were taken from the Imielin site and in situ tests demonstrate that the test area is not 
contaminated with salts and thus can ensure favourable conditions for crops. 
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Abstract. Reservoir sedimentation is a severe problem faced by dams caused due to soil erosion which is 
almost immeasurable at source and occurs in the catchment areas of the reservoirs. The present study 
describes the evaluation of sedimentation carried out for Vaigai reservoir situated in Tamil Nadu, India. 
Vaigai reservoir nourishes the inhabitants through water storage and supply for irrigation and water 
power. Nowadays, capacity loss occurs in the reservoir due to sedimentation. As it is highly tedious and 
uneconomical to do hydrographic surveys, the frequentness in finding the sediment yield becomes 
impossible. But the recent application of remote sensing and GIS technologies in the field of Civil 
Engineering make it possible. The Satellite Remote Sensing (SRS) method for prediction of reservoir 
sedimentation uses directly the water-spread area of the reservoir at a particular elevation on the date of 
pass of the satellite. With known area and the difference in level of water, the capacity and thereby the 
loss in capacity of the reservoir due to sedimentation can also be estimated. This paper illustrates the 
prediction of sedimentation at Vaigai reservoir using remote sensing and ArcGIS. 
Keywords: sedimentation, remote sensing, reservoir, water spread area, capacity 

Introduction 

Reservoirs are built across rivers for the purpose of irrigation, water supply, power 
generation, discharge regulation and flood control. A reservoir will generally be located 
towards the end of a large watershed and receives inflows from major rivers (Jørgensen 
et al., 2005). On the other hand, reservoirs have a shorter residence time but a much 
larger watershed which can be more difficult to control (Randolph, 2004). Rainfall, 
runoff, snowmelt, and river channel erosion provide a continuous supply of sediment 
that is hydraulically transported and deposited in rivers and streams. The major 
advantages of dams are in flood control and in transferring water to areas with deficit of 
water (Wang et al., 2003; Mukherjee et al., 2007; Goel et al., 2002). There are many 
reservoirs that can no longer perform their design functions because much of their 
original active storage volume has been filled by sediment (Ijam and Al-Mahamid, 
2012). The transported silt eventually gets deposited at different levels of a reservoir 
and reduces its storage capacity (Goel et al., 2002; Jain et al., 2002; Sreenivasulu and 
Udayabaskar, 2010). When the river flow enters a reservoir, due to the very low 
velocity in reservoirs, they tend to be very efficient sediment traps. Hence transport 
capacity is reduced and the sediment load is deposited in the reservoir. This deposition 
which takes place gradually reduces the active capacity of the reservoir and fails to 
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provide the outputs of water with passage of time. Despite the fact that soil erosion can 
be caused by geomorphologic process, accelerated soil erosion is principally favored by 
human activities. Rapid population growth, deforestation, un- suitable land cultivation, 
uncontrolled and overgrazing have resulted in accelerated soil erosion in the world 
principally in developing countries like Ethiopia (Adebe and Sewnet, 2014; Tamene et 
al., 2006). All reservoirs formed by dams on natural rivers are subject to some degree of 
sediment inflow and deposition. Worldwide, around 40,000 large reservoirs suffer from 
sedimentation and it is estimated that between 0.5% and 1% of the total storage capacity 
is lost per year. Therefore, the amount of sedimentation all through the life of the 
project needs to be estimated, so that suitable conservation measures can be taken. 
Periodical capacity surveys of the reservoir help in assessing the rate of sedimentation 
and reduction in storage capacity (Jeyakanthan and Sanjeevi, 2013). A Geographical 
Information System (GIS) can be used to model bathymetry and the spatial distribution 
of sediments (Evans et al., 2002). Several attempts have been made to calculate the 
quantity of sediment using remote sensing technology (Yeo et al., 2014; Narasayya et 
al., 2013; Sri Sumantyo et al., 2012).Using the Remote Sensing techniques, it has 
become very efficient and convenient to quantify the sedimentation in a reservoir and to 
assess its distribution and deposition pattern (Narasayya et al., 2013). Remote sensing 
technology, offers data acquisition over a long period of time and broad spectral range, 
can provide synoptic, repetitive and timely information regarding the sedimentation 
characteristics in a reservoir. Water spread area of the reservoir for a particular elevation 
can be obtained very accurately from the satellite data. Reduction if any, in the water 
spread area for a particular elevation indicates deposition of sediment at that level. 
When it is integrated over a range of elevations using multi-date satellite data enables 
computing volume of storage lost due to sedimentation.    

Materials and methods 

Study area 

The Vaigai Dam is built across the Vaigai River in Periyar Vaigai Basin near 
Andipatti, in the Theni district of Tamil Nadu, Southern India as shown in Figure 1.  

 

 

Figure 1. Location Map of Vaigai Reservoir 

http://en.wikipedia.org/wiki/Vaigai_River
http://en.wikipedia.org/wiki/Andipatti
http://en.wikipedia.org/wiki/Theni_district
http://en.wikipedia.org/wiki/Tamil_Nadu
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It is situated between 9030’ and 10010’ North Latitudes and 77010’ and 770 40’ East 
Longitude. The Vaigai reservoir project get started on January 10th, 1955 and completed 
on September, 1958. This is a multipurpose reservoir. It provides water for irrigation to 
Madurai  and Theni district, drinking water to Madurai and Andipatti as well as 
facilitates hydroelectric power generation to the extent of 6 MW. The catchment area 
comprises of Cumbum Valley, Varushanadu valley, Varushanadu hills and Western 
Ghats. The Central area is low lying and consists of fertile irrigated wetland. Vast 
stretch of denuded forest spreads over the watershed along the plains of Varushanadu 
hills. The total catchment area of the reservoir is 2255.127sq.km and the FRL of the 
reservoir is 279.197 m. The Live storage of the reservoir lies between RL 257.556m and 
RL 279.197 m. The dead storage capacity lies between RL 249.936 m and RL 257.556 
m. The Capacity of the reservoir at maximum water level is 194.785 Mm3. The general 
climate of the watershed is sub-tropical with temperature varying from 300C to 350C. 
During summer months of April to June the hot weather prevails. The catchment 
receives rainfall from both North East and South West monsoons. The rainfall during 
South West Monsoon is comparatively less as it is at rain shadow region. The annual 
maximum rainfall varies from 1017.5 mm to 1586.9 mm. In general, the soils are of 
deep sandy loam with reddish colour. The area is built with Archean rocks, which 
compose of gneiss, mica, quartzite, granites and veins of pegmatites and quartz veins. 
 

Data used 

 Satellite Images of IRS-P6 LISS-III at six overpass dates including 3rd August 2009, 
17th March 2009, 10th January 2012, 1st April 2012, 5th March 2005 and 18th June 2005, 
from which the water spread areas were computed. These images were obtained from  
National Remote Sensing Agency, Hyderabad, India.  Accordingly the Survey of India 
toposheets of 1:50,000 scales were used (Narasayya et al., 2013). Report of 
Sedimentation studies done during the fourth capacity survey of Vaigai reservoir in the 
year 2000 was used. Elevation- Capacity – Sedimentation data for the years 1958, 1976, 
1981 and 1983 are shown in Table 1. Water spread area map/ Base  Map of scale 1:3960 
and the water elevations of the reservoir at different dates were obtained from the Office 
of the Public works Department at Vaigai dam.  

 
Table1. Sediment  and Capacity data of Vaigai reservoir for the years 1958, 1976, 1981 and 

1983 

Sl. 

No 

Elevation  

in m 

Depth 

from deep 

bed level 

% of 

depth 

Capacity 

in 1958 

in Mm
3 

Capacity 

in 1976 

in Mm
3
 

Capacity 

in 1981 

in Mm
3
 

Capacity 

in 1983 in 

Mm
3
 

Sediment 

Deposit of 

1983 in 

Mm
3
 

% of 

Sediment 

1 249.936 0.000 0.000 - - - - - - 
2 257.556 7.620 26.041 1.456 0.079 - - 1.456  6.499 
3 258.000 8.064 27.559 1.732 0.125 - - 1.732  7.730 
 4 260.000 10.064 34.394 3.583 0.536 0.186 0.194 3.389 15.126 
5 262.000 12.064 41.223 7.002 1.845 1.026 1.129 5.873 26.213 
6 264.000 14.064 48.064 12.115 4.906 3.295 3.466 8.649 38.603 
7 266.000 16.064 64.899 20.338 10.489 8.346 8.118 12.220 54.541 
8 268.000 18.064 61.734 31.988 19.634 16.885 16.010 15.978 71.314 
9 270.000 20.064 68.569 46.436 33.525 29.294 28.720 17.716 78.072 
10 272.000 22.064 75.404 67.867 52.102 47.515 47.249 20.618 92.024 
11 274.000 24.064 82.239 93.407 77.006 72.128 72.264 21.144 94.372 
12 276.000 26.064 89.074 126.093 109.567 104.494 104.739 21.359 95.381 
13 278.000 28.064 95.909 166.649 149.688 144.294 144.399 22.250 99.308 
14 279.197 29.261 100.00 194.785 178.191 172.439 172.380 22.405 100.000 

  Source : Sedimentation survey report of vaigai reservoir 

http://en.wikipedia.org/wiki/Madurai_district
http://en.wikipedia.org/wiki/Madurai
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Review of past sedimentation surveys 

The reservoir sedimentation problem depends upon the parameters like type of 
catchment, nature of catchment, geology, slope and terrain, rainfall, climate, vegetal 
cover, human activities etc. No universal solution is available for tracking the 
sedimentation problem because every reservoir is having differences in the above said 
parameters. Hence it is necessary that every reservoir has to be surveyed periodically.  
After inception of the reservoir in 1958, the first, second, third and fourth surveys were 
carried out during 1976, 1981, 1983 and 2000 respectively under the Watershed 
Management Board Scheme. The comparative sedimentation survey report for the years 
1958, 1976, 1981 and 1983 are listed in Table 1. The report of the fourth sedimentation 
survey carried out in the year 2000, including the water spread area and capacities of the 
reservoir at different water levels are listed in Table 2.  

 
Table2. Capacity chart of vaigai reservoir for various elevations during the year 2000 

Sl. 

No 

Elevation in 

M 

Water spread area 

in Mm
2 

Capacity for the corresponding 

elevation in Mm
3 

1 257.556 0 - 
2 258.000 0.0160 0.0036  
3 260.000 0.1060 0.1256 
4 262.000 0.3596 0.5366 
5 264.000 1.1560 1.9258 
6 266.000 2.8713 5.7732 
7 268.000 5.3031 13.8887 
8 270.000 7.7265 26.9800 
9 272.000 10.1010 44.7621 

10 274.000 13.6646 68.1768 
11 276.000 17.7530 99.7704 
12 278.000 21.6970 139.0925 
13 279.197 24.1524 166.5334 

 
 

Methodology 

Computation of water spread area of Vaigai reservoir 

The Survey of India (SOI) toposheets for the Vaigai reservoir have been obtained, 
scanned and geometrically corrected to represent correct geographical coordinates at 
each point. Satellite Images of IRS-P6 LISS-III have been georeferenced with respect to 
toposheets and mosaiced using Arc GIS 9.3.1. The drainage network (streams and 
tributaries) and the catchment have been identified from the mosaiced toposheet and 
updated from satellite imagery. The catchment was divided into subcatchments to find 
its water spread area. The work has been carried out using Digital Image Processing 
software Arc GIS. The digitally processed images of Vaigai Reservoir showing its water 
spread area for six overpass dates such as 3rd August 2009, 17th March 2009, 10th 
January 2012, 1st April 2012, 5th March 2005 and 18th June 2005 are shown in Figure 2. 

Table 3 shows satellite-derived reservoir water spread areas for different satellite 
overpass dates along with the water levels of the reservoir at the corresponding dates 
collected from the Office of the Public Works Department at Vagai Dam. Figure 3 
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shows the curve between elevation and water spread area obtained through remote 
sensing data. From Table 2, the water spread area at the intermediate elevations 
(reservoir elevations on the dates of satellite pass) of the sedimentation survey 
conducted in the year 2000, were obtained by linear interpolation. Using those details, 
the elevation-area curve for the year 2000 is plotted along with the details of satellite 
derived. Any shift in the curve will indicate the loss in capacity of the reservoir due to 
sedimentation. Such shift in the updated elevation- area curve of Vaigai reservoir shown 
in Figure 4 represents that there will be capacity loss in Vaigai reservoir due to 
sediment deposition.   
 

 

Figure 2. Digitally processed satellite images representing the water spread area for different 

overpass dates such as 5
th
March 2005, 18

th
 June 2005, 17

th 
March 2009, 3

rd 
August 2009, 10

th
 

January 2012, 1
st
 April 2012 
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Figure 3. Satellite derived elevation-area curve (Areas noted are the water spread area for 

different satellite over pass dates and the corresponding elevations are plotted ) 
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Figure 4. Comparative elevation-area curve for satellite derived data and sedimentation survey 

report 

 

 

Assessment of Vaigai reservoir capacity 

The reservoir capacity between two successive elevations can be assessed using the 
Cone formula: 

 
V = ∆H (A1+A2+ A1*A2)/ 3 (Eq.1) 

 

Where V – Volume / Capacity between two consecutive elevations 1 and 2 
A1 and A2 – Water spread areas of reservoir at elevations 1 and 2 
∆H- difference between elevations 1 and 2 
On adding the successive volumes between elevations the cumulative capacity above 

the lowest elevation can be calculated. Table 3 shows the capacities between elevations 
and cumulative capacities.  

 
Table 3. Elevation, Water Spread Area and  Capacity chart of Vaigai Reservoir for different 

satellite overpass dates 

Sl. 

No 

Satellite 

Overpass 

Dates 

Elevation 

(m) 

Water 

Spread 

Area 

(Mm
2) 

Capacity 

between 

elevations 

(Mm
3) 

Cumulative 

Capacity 

Mm
3 

1 
2 
3 
4 
5 
6 

18-6-2005 
17-3-2009 
3-8-2009 
1-4-2012 
5-3-2005 
10-1-2012 

266.044 
268.644 
271.256 
272.896 
275.202 
278.206 

5.571 
5.780 
8.826 

12.136 
16.301 
21.726 

14.752 
18.936 
17.116 
32.669 
56.921 

-  
14.752 
33.688 
50.804 
83.473 
140.394 
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Estimation of Vaigai reservoir capacity loss 

The loss in capacity can be obtained by comparing the capacity data computed 
through remote sensing and capacity data obtained during 1st and 4th sedimentation 
survey of years 1958 and 2000 respectively. The comparison between elevation-
capacity of the years 1958, 2000 and satellite derived data are shown in Table 4. The 
volume of sediment is the difference of capacity of years 1958 and 2000 and that 
obtained through satellite data, which can be treated as the loss of capacity due to 
sedimentation. The comparative capacity elevation curves for the years 1958, 2000 and 
satellite derived dates are shown as Figure 5. The shift in capacity curves in different 
years as compared to original capacity curve represents the loss in capacity or sediment 
deposited at different levels. 

 
Table 4. Chart representing the Capacity loss due to sedimentation in Vaigai reservoir for 

the years 2000 and 2012 

Sl. 

No 

Observed 

elevation (m) 

Water 

Spread area 

(Mm
2
) 

Cumulative Capacity 

(Mm
3
) 

Capacity Loss 

(Mm
3
) 

1 257.556 RS* 2012 1958 2000 
RS* 

2012 
2000 

RS* 

2012 

2 266.044 5.571  20.594 5.951 - 14.643 - 
3 268.644 5.780 36.640 18.102 14.752 18.538 21.888 
4 271.256 8.826 59.894 38.147 33.688 21.747 26.206 
5 272.896 12.136 78.466 55.215 50.804 23.251 27.662 
6 275.202 16.301 113.051 87.164 83.473 25.887 29.578 
7 278.206 21.726 171.495 143.819 140.394 27.676 31.101 
8 279.197 23.183 194.785 166.533 162.620 28.252 32.164 

*Remote Sensing Data 
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Figure 5. Comparison of cumulative capacities of Vaigai reservoir for the years 1958, 2000 

and 2012 
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Results  

Based on the satellite remote sensing studies concerned with Vaigai reservoir, the 
following results have been concluded. The original capacity of Vaigai reservoir for the 
year 1958 was 194.785Mm3. As per the recent survey of 2000, the original live storage 
capacity of 194.785Mm3 reduced to 166.533Mm3 i.e. by 14.50%. Now, the capacity 
found out in this present study for the year 2012 was 162.620Mm3. Ultimately, the net 
sediment deposition between 1958 and 2012 is 32.164Mm3. Average annual silting load 
per sq.km of drainage area is 2.641x10-4 Mm3/sq.km/year. From the above said results, 
following inferences can be made. 

The gross storage capacity of Vaigai reservoir has reduced from 194.785 Mm3 to 
162.620 Mm3till 2012. Vaigai reservoir has lost its capacity by 32.164 Mm3 in the year 
2012 since its inception, i.e., its total sediment yield is 32.164 Mm3 which is greater 
than the sediment yield of the year 2000, which was 28.252 Mm3. The average annual 
silting rate for the years 1976, 2000 and 2012 are 8.519%, 14.504% and 16.512% 
respectively. 

Discussion  

The net sediment deposition of the reservoir from the year of inception ( i.e ) 1958 to 
2012 is 32.164 Mm3. From Table 4, it is clear that for various elevations, there is change 
in capacity for different years. Therefore it is understood that definite relationship exists 
between reservoir shape and the sediment accumulation at various depths since its 
impoundment (Narasayya et al., 2013). As per the present study, average annual silting 
rate of vaigai reservoir is increasing day by day and it is 16.512% in 2012. High 
sedimentation rates were observed where there is steep slope and high rain fall which 
indicates that sedimentation rate is highly dependent on slope factor and rain fall intensity 
(Alemaw et al., 2013). If it goes on increasing, it reduces the useful life of the reservoir. 
Sediment entering the reservoir can be minimized by vegetative treatment and structural 
intervention. Strong awareness has to be created both for lower land users who are 
engaged in intense irrigation farming and upper land users for suitable land management 
practices to protect the water shed (Gelagay and Minale, 2016). 

If desilting is proposed the approximate cost will be Rs.238 crores whereas for the 
construction of new dam, the cost will be Rs.1460 crores. So, the cost of desilting is 
only 16.20% of the cost of construction of new dam. Hence, to reduce soil erosion, 
urban development authorities must take environmental preservation measures into 
account (Park et al., 2011). 
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Abstract. The aim of this study is to determine the appropriateness of the field measurements for the 
effectiveness of nutrients removal of Phragmites australis (Cav.) Trin. Ex. Steudel by applying artificial 
neural network (ANN) and also evaluate the removal capacity of LECA (light expanded clay aggregate) 
in a horizontal subsurface flow constructed wetland (SSFW). Two laboratory scale reactors were operated 
with weak and strong synthetic domestic wastewater continuously. One unit was planted with P. australis 
and the other unit remained unplanted (control reactor). The best performance was achieved with strong 
domestic wastewater treatment, the average removal efficiencies obtained from the evaluation of the 
system were 70.15% and 65.29% for TN, 66% and 57.4% for NH4-N, 61.64% and 67.37% for TP and, 
66.52% and 51.7% for OP in planted and unplanted reactors, respectively. The average NO3

- 
concentration was 0.90 mg l-1 in the influent and 0.47 mg l-1 and 0.60 mg l-1 from planted and unplanted 
reactors, respectively. The average NO2

- concentration was 0.80 mg l-1 in the influent and 0.56 mg l-1 and 
0.88 mg l-1 from planted and unplanted reactors, respectively. Based on the obtained results, this system 
has potential to be an applicable system to treat strong domestic wastewater. The data obtained in this 
study was assessed using NeuroSolutions 5.06 model. Each sample was characterized using eight 
independent variables (hydraulic retention time (HRT), dissolved oxygen (DO), pH, temperature (T), 
ammonium- nitrogen (NH4-N), nitrate (NO3

-), nitrite (NO2
-), ortho-phosphate (OP), and two dependent 

variable (total nitrogen (TN) and total phosphorus (TP)). The correlation coefficients between the neural 
network estimates and field measurements were as high as 0.9463 and 0.9161 for TN and TP, 
respectively. The results indicated that the adopted Levenberg–Marquardt back-propagation algorithm 
yields satisfactory estimates with acceptably low MSE values. Besides, the support matrix may play an 
important role in the system. The constructed wetland planted with P. australis and with LECA as a 
support matrix may be a good option to encourage and promote the prevention of environmental 
pollution.  
Keywords: artificial neural networks, constructed wetlands, LECA, Levenberg-Marquardt algorithm, 

Phragmites australis, wastewater treatment 

Introduction 

Constructed wetlands are potentially low-cost solution for treating domestic and 
industrial wastewater in developing countries (Dordio et al., 2010). The use of wetland 
technologies is increasingly used for wastewater treatment because of the positive 
greenhouse results and the relatively low-cost and energy efficiency (Iamchaturapatra, 
et al., 2007; Gikas and Tsihrintzis, 2012). The performance of constructed wetlands is 
often correlated with its design, dimension and substrates used. The role of plants is also 
equally important (Vymazal, 2009). It is feasible to treat domestic wastewater in small 
rural communities using constructed wetlands. These systems are particularly valuable 
for on-site wastewater treatment in developing countries because they involve simple 
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technology and the costs of construction and operation are low (Denny, 1997; Jones and 
Freeman, 2003). The production of vegetation biomass from treatment wetlands can 
provide economic returns to communities upon harvest. These economic benefits can be 
realized through production of “bio-gas”, animal feed, compost, and fiber to make paper 
(Belmont and Metcalfe, 2003).  

Nitrogen removal is achieved, not only by bacteria, but also by plant uptake, 
adsorption, where ionized ammonia reacts with the media in horizontal subsurface flow 
(HSF) constructed wetlands (Kadlec and Knight, 1996; Yang et al., 2001; Al-Omari and 
Fayyad, 2003; Akratos and Tsihrintzis, 2007; Akratos et al., 2007).  Phosphorus 
removal in horizontal subsurface flow (HSF) constructed wetlands (CWs) is a result of 
bacteria removal, plant uptake, adsorption by the porous media, and precipitation, where 
phosphorus reacts with the porous media and with minerals such as ferric oxyhydroxide 
and carbonate (Kadlec and Knight, 1996; Yang et al., 2001; Akratos and Tsihrintzis, 
2007). Bacteria removal and plant uptake are responsible for ortho-phosphate removal, 
while precipitation and adsorption are responsible for the removal of all phosphorus 
forms (Akratos et al., 2009). 

Phragmites australis (Cav.) Trin. Ex. Steudel was used for the system. It is also 
known as common reed, is a perennial, wetland grass that can grow to 15 feet in height. 
The invasive variety of P. australis creates tall, dense stands which degrade wetlands 
and coastal areas by crowding out native plants and animals, blocking shoreline views, 
reducing access for swimming, fishing, and hunting and can create fire hazards from dry 
plant material. It spreads rapidly due to its vigorous rhizomes (horizontal roots that 
produce new shoots), grow more than six feet per year. 

The limitations of traditional gravel substrate fostered the exploration of employing 
alternative support media in wetland systems, for enhancing their treatment 
performance (Saeed and Sun, 2011). .Previous studies have shown that LECA is capable 
to remove by sorption for subsurface flow wetlands. At the same time, constructed 
wetland systems based on LECA have the benefits of good water conductivity, which 
lower the risk of clogging, and low heat conductivity, which makes them preferable in 
cold climate conditions and, in the case of high Ca and Mg content, also a high 
phosphorus adsorption capacity (Nurk et al., 2009). In addition it has a pH buffer 
capability near neutral conditions (pH ~ 7-8) and a good control of hydraulic 
permeability which makes it an appropriate medium for plant growth. (Dordio et al., 
2007).  

Until now, the majority of the models on constructed wetlands are focused on input–
output data and the production of either linear regression equations or first order decay 
models (Akratos et al., 2008). To these authors’ knowledge, there are no publications 
studying the applicability of ANNs in the prediction of nutrient removal in constructed 
wetlands. The present study follows a different approach in modeling nutrient removal 
in CWs. The aim is to examine whether artificial neural networks (ANNs) could be used 
in prediction of nutrient removal in horizontal subsurface flow constructed wetlands, 
and if so, to suggest an appropriate topology (that is, input variables, number of ANN 
neurons, etc.) for a successful ANN. The data used to train and test the ANNs were 
collected in pilot-scale horizontal subsurface flow constructed wetlands. With this in 
mind, we have designed, constructed and operated laboratory scale subsurface 
constructed wetlands receiving synthetic weak and strong domestic wastewater. LECA 
based subsurface horizontal flow constructed wetland planted with P. australis. Main 
goals were to investigate the effectiveness of P. australis and evaluate the removal 
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capacity of LECA (light expanded clay aggregate) in a subsurface flow wetland (SSFW) 
to remove TN, NH4-N, NO3

-, NO2
-, TP and OP levels. The results obtained will yield 

insights about the actual application of the system and also promote the prevention of 
environmental pollution. 

Material and Methods 

Experimental set-up and operating conditions of CW 

CW units were operated in subsurface horizontal flow mode, where all influent 
wastewater was made to flow through the CW beds, and no wastewater flowed above 
the CW beds. This type of CW is called subsurface-flow constructed wetland or SSCW 
(Sawaittayothin and Polprasert, 2006). 

Two pilot-scale SSCW units, made from stainless steel, and each with dimensions of 
0.2x2.45x0.45 m (width x length x depth). LECA was used as the support media in 
these units at a depth of 27 cm. These two pilot-scale SFCWs were operated in parallel, 
one as an experimental unit and the other as a control. P. australis were planted at a 
density of 4 m-2 (USEPA, 1988). Hydraulic retention time of the system was 3 d. The 
treatment system received synthetic domestic wastewater which was prepared according 
to OECD (OECD, 1984). Wastewater influent values were set by making dilution. As a 
priority weak domestic wastewater (COD~250 mg l-1) and for the next step strong 
domestic wastewater (COD~500 mg l-1) (Erdoğan et al., 2005) was applied and the 
system run stably. Wastewater was fed continuously to the SFCW units to acclimatize 
the soil microbes and support growth of the P. australis plants. 

All physical, chemical and biological parameters of the wastewater were analyzed 
according to Standard Methods (APHA, 2005). 

 
Analytical methods  

The pH, temperature, dissolved oxygen (DO), total nitrogen (TN), ammonium-
nitrogen (NH4-N), nitrate (NO3

-), nitrite (NO2
-), total phosphorus (TP) and ortho-

phosphate (OP) of the influent and effluent were measured. The pH, temperature and 
DO were measured by a Consort multi-parameter analyzer. Other analyses were 
performed with measurement kits and analyzed in a Hach-Lange DR5000. All analyses 
were done in triplicate. 
 
Support media (light expanded clay aggregate-LECA)  

Natural lightweight aggregates are industrial raw materials showing usually formed 
as a product of volcanic porous and large mass distributions. Industrially produced 
synthetic aggregates, as they have a wide variety of products generally known by the 
trade names. 

The sintering process occurs rapidly, where the specific volume increases at 
temperatures between 1100-1300°C for clay and shale, generally called swellable clays. 
Raw materials for expanded clays that are widely used include early sintered clay, sandy 
clay and shale. The top of the outer surface of sintered porous ceramic products are 
slightly hard and have a piroplastic structure consisting of a shell. This lightweight 
aggregate material formation in the construction industry is evaluated by light extraction 
structure elements (Gündüz et al., 2006). 
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Artificial neural network (ANN) software 

ANN is a technique inspired by biological neuron processing. It has a wide 
application field on several sciences for time series forecasting, pattern recognition and 
process control. Its main advantage over traditional methods is that it does not require 
the complex nature of the underlying process (Nayak et al., 2006). The principal 
drawback of ANNs is that they are typically used as a “black-box” approach, hiding the 
physics of the modeled process; in the present work, however, a model, inspired from 
the ANN response curves to the input parameters, is proposed as an alternative to the 
ANNs. This model successfully describes their complex dynamics. There are many 
types of networks for an ANN application and the selection of the proper type depends 
on the nature of the problem and data availability. The multi-layer perception (MLP) is 
perhaps the most popular network used in hydrological modeling (Govindaraju, 2000a, 
Govindaraju, 2000b). In MLP, the artificial neurons, or processing units, are arranged in 
a layered configuration containing an input layer, a processing (“hidden”) layer (in 
complex topologies two hidden layers are used) and an output layer. 

An artificial neural network (ANN) is a computational structure inspired by the study 
of biological neural processing (Rao, 1995). ANN is a data modeling tool that is capable 
of capturing and representing complex relationships between inputs and outputs. Its 
instants are composed of large numbers of highly interconnected processing elements, 
which are called ‘‘neurons’’ and are tied together with weighted connections. Each 
neuron works as an independent processing element and has an associated transfer 
function, which describes how the weighted sum of its inputs is converted to the results 
into an output value. Each hidden or output neuron receives a number of weighted input 
signals from each of the units of the preceding layer and generates only one output 
value (Elhatip and Komur, 2008).  

The MLP networks are an extension of perceptron networks in that they have one or 
more hidden layers. Each neuron computes a weighted sum of all incoming signals and 
after adding a threshold value produces the argument to the transfer function which 
generates the output of a neuron. The backpropagation algorithm which involves two 
phases is usually used for tainting MLP networks. During the first phase or feed-
forward phase, the free parameters of network do not change, and the information of 
inputs is propagated through the network layer by layer. At the end of this phase value 
for network error is computed which represents the difference between the desired 
response and the output produced by the network in response to the presented input 
vector. During the second phase or backward phase, free parameters of network 
(weights and biases) are adjusted to minimize the error of network which is calculated 
according to an error measure. Although the MLP networks can have more that one 
hidden layer, theoretical works have shown that provided sufficient number of neurons, 
a network with only one hidden layer can approximate any complex nonlinear function 
(Cybenko, 1989; Hornik et al., 1989; Talebizadeh and Moridnejad, 2000). 

In this study, different MLP networks with one single layer and Log-Sigmoid as the 
transfer function were used for forecasting lake levels. It is shown that the incorporation 
of Levenberg-Marquardt algorithm into backpropagation algorithm speeds up the 
process of convergence (Hagan and Menjah, 1994), therefore we used this algorithm for 
training the networks. The adequacy of the ANN is evaluated by considering the 
coefficient of determination (R2), also the values of root mean square error (RMSE), 
normal root mean square error (NRMSE), mean absolute error (MAE) and Normal 
mean absolute error (NMAE) are used as the index to check the ability of model 
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(Coulibaly et al., 2001; Kumar et al., 2002; Coppola et al., 2003; Asghari Moghaddam, 
2006; Maedeh et al., 2013). 

ANN (NeuroSolutions 5.06, NeuroDimension, Inc., Gainesville, Florida) was 
implemented on experimental output. All data were tested 20 times with the ANN 
program. These 20 solutions were repeated 100 times each, and every 100 groups were 
confirmed 3 times in the NeuroSolutions 5.06 program. 

Results and Discussion 

Performance Results of Nutrient Removal 

In weak domestic wastewater treatment, the temperature values were 24.9 ºC in the 
influent and 26.5 ºC for the effluent of planted and unplanted reactors. In strong 
domestic wastewater treatment system, the temperature values were 24.5 ºC for the 
influent and 25.7 ºC for the effluent of planted and unplanted reactors. For P. australis 
the optimum temperature range was 6-25 ºC (USEPA, 1993). Both for weak and strong 
wastewater treatment temperature changes showed appropriate development range for 
P. australis.  

In weak domestic wastewater treatment, the pH values were 8.0 for the influent and 
8.08 and 8.3 for the effluent of planted and unplanted reactor, respectively. In strong 
wastewater treatment system, the pH values were 8.02 for the influent and 8.11 and 8.28 
for the planted and unplanted reactor, respectively. For bacteriological removal of 
nutrients, a nitrification pH greater than 6.6 and a denitrification pH between 6.5 to 9.5 
is ideal (Cossu et al., 2001). Thus, the measured system pH values provide favorable 
conditions for nitrification and denitrification. 

pH of the rhizosphere which was the nitrogen source used, largely affected by weeds 
because it is large quantities of food, or a cation (ammonium) or an anion (nitrate) is 
caused by the absorption, in subsurface flow wetlands. The roots must remain 
electrically neutral. When plants absorb anions greater than cation (ammonium basic 
nitrogen source) the proton is released too much, it reduces the pH. Nitrate is the main 
nitrogen source would tend to increase the pH (Vymazal and Kröpfelova, 2008). In this 
study, the measured pH higher values of the effluent of the planted and unplanted 
reactor suggest that this system is used nitrate as the source of nitrogen base. 

In the weak domestic wastewater treatment, the EC values were 708 µS/cm for the 
influent, 1215 µS/cm for the planted reactor and 847 µS/cm for the unplanted reactor. In 
the strong wastewater treatment system, the EC values were 721 µS/cm for the influent, 
1238 µS/cm for the planted reactor and 828 µS/cm for the unplanted reactor. The results 
of high electrical conductivity show that a wide range of mineral ions exists in 
wastewater (El-Kheir et al., 2007).  

DO values were 2.12 mg/l for the influent, 1.74 mg/l for the planted reactor and 2,01 
mg/l for the unplanted reactor in the weak domestic wastewater treatment,. In the strong 
wastewater treatment system, the DO values were 2.01 mg/l for the influent, 0.77 mg/l 
for the planted reactor and 1.05 mg/l for the unplanted reactor. The results of high 
electrical conductivity show that a wide range of mineral ions exists in wastewater (El-
Kheir et al., 2007). According to Henry's Law water dissolved oxygen concentration is 
inversely proportional to the temperature of the water (Dağlı, 2006). In line with this 
view, the period in which the weak and strong domestic waste water treatment, 
reduction in dissolved oxygen levels are observed with increasing temperature. 
Subsurface flow wetlands have low dissolved oxygen in the system, consisting of high 
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temperature, high oxygen requirement for the oxidation of carbon compounds and can 
be explained by the continuous operation of the system. Subsurface flow wetlands have 
low dissolved oxygen in the system. It can be explained by consisting of high 
temperature, high oxygen requirement for the oxidation of carbon compounds and the 
continuous operation of the system. 

 
Nutrient removal 

High levels of N and P are known to natural water bodies and cause eutrophication. 
Nutrients generally (N, P) accumulate in the plant biomass and are removed through 
harvesting (Gregory, 1999). Nitrogen and P losses can be attributed to uptake by weeds 
that become attached to biofilm, which is attached to the walls of the systems, and 
sedimentation of particular forms of N and P (Körner et al., 2003). 

 
Total Nitrogen (TN)  

Nitrogen (N) is a major component in municipal wastewater, storm water runoff 
from urban and agricultural lands, and wastewater from various types of industrial 
processes (DeBusk, 1999; Abou-Elela et al., 2013). Nitrogen can exist in various 
forms in water, such as particulate and dissolved organic N, ammonium, nitrite, and 
nitrate. These various forms can transform and serve as sources or end products for 
each other within the nitrogen cycle (Dotch and Gerald, 1995; Abou-Elela et al., 
2013). For this reason, only TN is considered. Although nitrogen components can be 
affected by various processes, denitrification is the only major net, high-term removal 
process for TN. 

Figure 1 shows the TN concentration in the influent and effluent of the planted and 
unplanted reactor. TN removal efficiencies in the weak domestic wastewater treatment 
for the planted and unplanted reactors were 83.95% and 66.8%, respectively. In the 
strong wastewater treatment removal efficiencies were lower, which were 70.15% and 
65.29% for planted and unplanted reactors, respectively. 

Compared in terms of TN, vegetation removal systems are an important advantage 
compared with unplanted systems. Being part of the surface area that contributes to 
the wetland plant nutrient unit quantities, the types of plants that can be used is limited 
depending on the type and environmental conditions. According to comparative 
measurements of the planted and unplanted systems, planted systems between 3-19% 
more go to TN supply (Tanner et al., 1995). Comparing the data obtained from the 
unplanted (control) reactor compared with that of the planted reactor, the plants’ role 
in removing nitrogen from the subsurface flow wetland ranged from 4.86 to 17.15%.  

P. australis is an effective biological purifier in a subsurface flow wetland where P. 

australis used in both strong and weak wastewater application results in high speed 
growth. In a subsurface flow wetland system, it is thought that the low dissolved 
oxygen (DO) amount restricts the nitrification process. The TN removal mechanism is 
thought to be an active denitrification system. 
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Figure 1. Removal efficiencies and TN concentrations in the planted and unplanted reactors 

treated with (a) weak domestic wastewater and (b) strong domestic wastewater.  

 
 

Ammonia Nitrogen (NH4-N)  

The average NH4-N concentrations in the weak domestic wastewater treatment were 
0.63 mg l-1 in the influent, 0.08 mg l-1 in the planted and 0.09 mg l-1 in the unplanted 
reactors (Figure 2). In weak domestic wastewater treatment NH4-N concentrations were 
6.18 mg l-1 in the influent, 2.10 mg l-1 in the planted and 2.63 mg l-1 in the unplanted 
reactors. The NH4-N removal efficiencies in the strong domestic wastewater treatment 
for the planted and unplanted reactors were 66% and 57.4%, respectively.  

A subsurface flow system for weak domestic wastewater provides better NH4-N 
removal than for a strong domestic wastewater application. The rest of the environment 
remaining in the subsurface flow artificial wetland system (benthic zone) tends to be 
devoid of oxygen. Generally due to the limited amount of available oxygen, biological 
nitrification of ammoniacal nitrogen removal is limited by the lack of oxygen at the end 
of the biological nitrification process because the ammonium nitrogen (NH4-N) cannot 
perform the requested removal. For domestic wastewater in subsurface flow systems, 
wastewater output to low levels of ammonium nitrogen in a large wetland area requires 
long waiting periods (USEPA, 1993). In particular, the presence of dissolved oxygen in 
the environment around the root zone due to the decrease in pH indicates nitrification 
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(Bezbaruah and Zhang, 2004). A control reactor plant that does not have a resource 
environment that provides oxygen, such as plant roots, leads to high pH values. The 
NH4-N removal in the control reactor was low, which shows that there was less 
nitrification in the reactor.  

Synthetic wastewater with P. australis was used and lab-scale horizontal flow 
wetland wastewater treatment systems was studied over a period of 10 months (Drizo et 
al., 1997). Almost all of the NH4-N systems using vegetation and plant systems 
exhibited NH4-N removal efficiencies within a range of 40-75%. In this study, similar to 
the weak domestic waste water reactors, the use of P. australis resulted in NH4-N 
removal efficiencies between 57.4%-74.4%. 
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Figure 2. Removal efficiencies and NH4-N concentrations in the planted and unplanted 

reactors treated with (a) weak domestic wastewater and (b) strong domestic wastewater.  
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Nitrate and Nitrite (NO3- and NO2-)  

Figures 3 and 4 show the NO3
- and NO2

- concentrations in the influent and effluent 
of the planted and unplanted reactor. Nitrate formed as a result of nitrification, is used 
for the transition denitrification and plant body (Akça et al., 1998). 
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Figure 3. Removal efficiencies and NO3
-
 concentrations in the planted and unplanted reactors 

treated with (a) weak domestic wastewater and (b) strong domestic wastewater. 

 

 

Nitrate is the most oxidized form of nitrogen in the wetlands (+5 oxidation) which is 
due to the oxidation state of nitrate nitrogen being chemically stable, and many energy-
consuming biological transport processes will remain unchanged. 

Nitrate is formed as a result of nitrification, denitrification and plant spent with the 
transition structure (Akça et al., 1998). As we have observed in practice, the weak 
domestic waste water nitrate concentration is generally greater than the nitrate 
concentration in the system output, which illustrates the fact that in the nitrification 
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process, the optimum pH range is from 7.5 to 8.6 (Govindaraju, 2000b). The system 
meets this condition. 

Nitrite (NO2
-), has an oxidation state (+3) that is in between the oxidation states of 

ammonia nitrogen (-3) and nitrate (+5). Due to the energetic state of this medium, not 
much of the wetland is chemically stable, due to the extremely low concentrations of 
nitrite. Often, incomplete assimilation of nitrogen and nitrite levels in the wetlands 
indicates the presence of an anthropogenic nitrogen source (Crittenden et al., 2012). 
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Figure 4. Removal efficiencies and NO2
-
 concentrations in the planted and unplanted reactors 

treated with (a) weak domestic wastewater and (b) strong domestic wastewater. 

 
 

Total Phosphorus (TP)  

Phosphorus interacts strongly with wetland soils and biota, which provide both short-
term and sustainable long-term storage of this nutrient (Kadlec, 2005). Phosphorus 
movement in wetlands is influenced by hydrologic, soil and biotic processes.  

TP removal efficiencies in weak domestic wastewater treatment for the planted and 
unplanted reactors were 40.52% and 37.91%, respectively. In the strong wastewater 
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treatment, removal efficiencies were 61.64% and 67.37% for the planted and unplanted 
reactors, respectively (Figure 5). 

The phosphorus removal rate is site-specific depending on the wastewater 
characteristics, type of aquatic plant, harvest frequency, and climate. Typical removal 
rates vary between 30-50% (Sarıalioğlu, 2003). Average TP removal rates obtained in 
this study appears to be consistent with those reported in literature. 

Phosphorus is one of the necessary elements for microorganisms’ growth in water 
and is known as the primary nutrient that limits productivity. However, the most 
important phosphorus removal in constructed wetland systems is the adsorption of 
phosphates in the event of filler material (Tang et al., 2010). Using LECA as the study 
medium, the TP removal rates in the subsurface flow reactor control system for the 
weak and strong domestic waters were 37.91% and 67.37%, respectively, which 
confirms as in the literature suggests that phosphorus is absorbed by the media material. 
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Figure 5. Removal efficiencies and TP concentrations in the planted and unplanted reactors 

treated with (a) weak domestic wastewater and (b) strong domestic wastewater.  
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Ortho-phosphate (OP)  

Ortho-phosphate is the most easily removed of the three types of phosphorus. Ortho-
phosphate is the predominant inorganic form of P in surface waters. This form of P 
readily accumulates in wetland vegetation and soils, as a result of biological uptake and 
chemical bonding (Dotch and Gerald, 1995). The main OP removal mechanism in 
DWWT is plant uptake. 

Figure 6 shows the OP concentration in the influent and effluent of the planted and 
unplanted reactor. OP removal efficiencies in the weak domestic wastewater treatment 
for the planted and unplanted reactors were 36.4% and 16%, respectively. In the strong 
wastewater treatment, removal efficiencies were greater, which were 66.52% and 51.7% 
for planted and unplanted reactors, respectively. 
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Figure 6. Removal efficiencies and OP concentrations in the planted and unplanted reactors 

treated with (a) weak domestic wastewater and (b) strong domestic wastewater. 
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The predominant form of phosphorus in surface waters is orthophosphate. This form 
of phosphorus found in wetland plants and soil accumulate biological and chemical 
bonds by trading iron and aluminum phosphate minerals at low pH values with calcium 
phosphate minerals at high pH values. This is the primary phosphorus removal 
mechanism in the wetlands (Richardson, 1985). It was studied phosphorus removal 
using phosphorus filler articles in wastewater with Al, Fe, Ca+2 and found the formation 
of clay minerals and a complex adsorption, ion PO4-P deposition process occurred at the 
same time as with the Fe, Al and Ca state, which  is resolved by precipitation in the 
form of phosphates (Richardson, 1985; Dirim, 2006, Yılmaz, 2003). In this study, 
ortho-phosphate formed by calcium phosphate minerals is thought to be the basic 
mechanism. 

To determine the appropriateness of the field measurements for evaluating 
performance of nutrient removal of P. australis in a horizontal subsurface flow wetland 
(SSFW), the ANN was applied. 

 
Artificial Neural Network (ANN) Modelling Results 

Application of ANN 

Here, the produced ANN model architecture is a multi-layer, feed-forward and 
Levenberg–Marquardt back-propagation architecture. In general, a neural net, has a 
parallel interconnected structure consisting of (1) an input layer of neurons (independent 
variables), (2) a number of hidden layers, and (3) an output layer (dependent variables). 
The number of input and output neurons is determined by the nature of the problem. 
The hidden layers act as feature detectors, and in theory, there can be more than one 
hidden layer (Yonar and Yalili Kilic, 2014). The eight neurons in the input layer include 
hydraulic retention time (HRT), dissolved oxygen (DO), pH, temperature (T), 
ammonium- nitrogen (NH4-N), nitrate (NO3

-), nitrite (NO2
-), ortho-phosphate (OP). The 

two neuron in the output layer indicate total nitrogen (TN) and total Phosphorus (TP) 
values (Fig. 7). Note that the number of hidden layers and number of neurons in this 
layer directly affect the performance of the network. 

 

 

Figure 7. Artificial neural networks (ANN) optimized structure.  
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In the artificial neural network (NeuroSolutions 5.06) in this study, all data were 
tested 20 times. The 20 obtained solutions were repeated 100 times each, and every 100 
groups were confirmed 3 times in the NeuroSolutions 5.06 program. Both training 
values and cross-validation values are demonstrated in Table 1. With the validation 
complete, it can be observed that the standard deviation and application values resemble 
each other, which demonstrates that there was not high deviation. All data obtained as 
the result of calculations of the ANN are shown in Figure 8. The average mean square 
error (MSE) is shown in Figure 9. 
 
 

 

Figure 8. Average mean square error (MSE) with standard deviation (PE = processing 

element). 

 
 

 

Figure 9. Average cross-validation. 
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Table 1. Results of the applied model (PE = processing element, MSE = mean square error) 

Best Networks Training Cross-Validation 

Hidden 1 PEs 25 20 

Run # 1 1 

Epoch # 99 21 

Minimum MSE 2,53x10-7 0,00471296 

Final MSE 3,50x10-6 0,0014502613 

 
 

Figure 10 shows a comparison between the calculated and experimental values of the 
output variable for the test sets, using the neural network model with 10 hidden layers. 
The software used two lines to show the success of the predictions. The one is a perfect 
fit (predicted data equal to experimental data), on which all data of an ideal model 
should lay. The other line is the line that best fits the data from the NeuroSolutions 5.06 
program, and a perfect fit is obtained using a regression analysis based on the 
minimization of the squared errors. The correlation coefficients (r) of those lines are 
also presented in Table 2. In Figure 10, the TN and TP line has a correlation coefficient 
of 0.9463 and 0.9161, respectively for the test set. Simulations based on the ANN 
model were performed to predict the behavior of the system under different conditions. 
All of the studied parameters in this work have considerable effects on the TN and TP. 
The results confirm that neural network modeling can reproduce experimental data 
about the performance of the horizontal subsurface flow wetland, and the data are 
within the experimental ranges adopted in the model. 
 
 

 

Figure 10. Desired actual net outputs.  
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This study showed that ANN modelling approach can be utilized successfully and 

beneficially to evaluate the effectiveness of nutrient removal of Phragmites australis 
(Cav.) Trin. Ex. Steudel in in a horizontal subsurface flow wetland (SSFW). There have 
been no publications studying the applicability of ANNs in the prediction of nutrient 
removal in constructed wetlands. The results indicated that the adopted Levenberg–
Marquardt back-propagation algorithm yields satisfactory estimates with acceptably low 
MSE values. ANN modelling approach yields estimates with high precision with r value 
of 0.9463 and 0.9161 for TN and TP, respectively if a suitable structure with sufficient 
number of neurons is selected. 
 

Table 2. Truth values (TN = total nitrogen, TP = total phosphorus, MSE = mean square 

error, NMSE = normalized mean square error, MAE = mean absolute error). 

Performance TN TP 

MSE 3,605560003 0,025114 

NMSE 0,177943383 0,19722624 

MAE 1,646680728 0,14678872 

Min Abs Error 0,137772698 0,034816049 

Max Abs Error 3,051231654 0,196431697 

r 0,946343962 0,91619751 

Conclusion 

Temperature is one of the main parameters affecting the system efficiency. The 
effluent values of the measured temperature values are appropriate for the development 
of the plant. During the study period, the pH values of the system provided favorable 
conditions for nitrification and denitrification processes.  

LECA based subsurface horizontal flow constructed wetland planted with P. 

australis has shown an overall high efficiency to remove several typical pollutants 
present in synthetic domestic wastewater, namely TN, NH4-N, NO3

-, NO2
-, TP and OP. 

Based on the data obtained from the subsurface flow reactor system, a comparison of 
the planted and unplanted reactors showed that system was effective in strong domestic 
wastewater treatment. The support media of LECA alone could be represented as the 
major responsible for the efficiency of pollutant removal, but the presence of vegetation 
in planted beds did contribute both in terms of efficiency as well as of the celerity of the 
process. LECA also showed the capacity to buffer the pH of wastewater to the range of 
neutrality or slight basicity, which contributes to its remarkable adequacy for the 
development of the plants and microorganisms. This type of alternative practice is a 
good option to encourage and promote the prevention of environmental pollution. 

The calculated removal efficiencies were consistent during the experimental period. 
This type of wastewater treatment system would be successful because it can 
satisfactorily reduce the level of pollutants and be a source of acceptable irrigation 
water. Nonetheless, further studies should be carried out with a wider range of 
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wastewaters and pollutant types. In addition, performances in full-scale systems and 
with other wastewater flow regimes should be assessed in order to confirm this solution 
as a viable option. 

Artificial neural networks are able to model nutrient removal in horizontal subsurface 
flow constructed wetlands. Topologies of successful networks were suggested, and the 
network predictions were validated against an extended dataset reported here and a 
separate dataset compiled from studies published earlier. The performance of the 
networks was found to be reasonably good for wetland design purposes. 
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Abstract. The Reghaïa Lake (Algiers, Algeria) is contaminated by the untreated industrial effluents 
discharge of Reghaïa-Rouiba industrial park, via El Biar River. The present report is the first study which 
addresses the effects of industrial wastewaters rejected into the lake in light of genotoxic and phytotoxic 
effects, using Avena sativa L. and Trifolium alexandrinum L. test system. The wastewaters were collected 
seasonally at the mouth of El Biar River and analyzed using chemical analysis and biological assays, 
including the germination and root elongation inhibition test, mitotic index and micronucleus test. Results 
showed that samples collected during the summer season (SM) were high contaminated by heavy metals 
than that of the winter season (WN). Furthermore, the WN samples have relatively low phytotoxicity on 
A. sativa seed germination and T. alexandrinum root elongation (no EC50 was determined). Genotoxicity 
of the SM samples is evident in A. sativa by a significant depression of mitotic activity, induction of 
several chromosomal aberrations and occurrence of micronuclei in T. alexandrinum. All the results 
indicated that the samples from the El Biar discharging river in Reghaïa Lake exhibited genotoxicity and 
argue for the possible use of A. sativa and T. alexandrinum plant system for genotoxicity assays. 
Keywords: industrial effluents, heavy metals, Reghaïa Lake, plant biotests, genotoxicity 

Introduction  

In Algiers, capital of Algeria, industrial effluents discharge into rivers, are the major 
sources of aquatic pollution. Reghaïa Lake in northeast of Algiers has a total surface 
area about 75 ha of freshwater. It was promoted in 1993 as a Ramsar lake site and 
represents the only remnant of the Mitidja old swamp. The lake is affected by industrial 
effluents from Reghaïa-Rouiba industrial areas (tanneries, chemical and allied products, 
leather, pulp and paper, and miscellaneous industrial activities). Monitoring of the 
Reghaïa Lake, based on physical and chemical analyses of surface-water quality 
(Algerian legislation does not include toxicity evaluation), indicates that many toxic 
chemicals are found in water. The common components which are heavy metals (Cd, 
Cr, Fe, Ni, Pb and Hg), transported largely by El Biar River (Thibault et al., 2006; Taleb 
et al., 2008). Water pumped from the lake is crucial for agricultural use in the southern 
Reghaïa region. The application of wastewater on agricultural land may cause 
accumulation of metals and persistent organic chemicals in soils and agricultural 
products, which can potentially harm human and animal health (Garg and Kaushik, 
2007; Liu et al., 2015).  
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Since chemical analysis is cumbersome and does not warrant exhaustive coverage of 
all potential toxic substances, biotests have been developed to define the toxic effects of 
industrial wastewaters at different concentrations and exposure periods (Reifferscheid et 
al., 2008; Llorente et al., 2012). Metals when in excess into the exposure pathways, 
cause lethal effects, genotoxicity, mutagenicity, and carcinogenicity to microorganisms, 
aquatic organisms, plants, animals, and human beings (Singh et al., 2014). Therefore, 
the use of plant bioassays for the genotoxicity evaluation is pivotal since plants are the 
primary target of noxious substances and these tests are relatively simple to perform, 
economic, biologically sensitive, and rapid (Fatima and Ahmad, 2006; Mielli et al., 
2009). Moreover, inhibition of seed germination and the growth of root and shoot 
represent excellent biological tests easy to perform, and reliable if compared to other 
biological test-systems (Siddiqui et al., 2011).  

Screening of genotoxic effects of various chemicals has been reported using different 
plant systems. Among higher plants, Allium cepa has been considered an efficient test 
organism (Firbas and Amon, 2014; Pathiratne et al., 2015). On the other hand, a number 
of studies show that Vicia faba is appropriate for pursuing the genotoxicity evaluation 
and it has more advantages than the other plants (e.g., Tradescantia paludosa and 
Allium cepa) (Cotelle et al., 1999). Moreover, Arabidopsis thaliana (Filkowski et al., 
2003; Li et al., 2010), Hordeum vulgare (Grant, 1978; Kamal et al., 1992; Sang et al., 
2006; Srivastava et al., 2014), Triticum aestivum (Kumar, 2010) and Trifolium repens, 
(Manier et al., 2009) have been also used and considered as an excellent indicators of 
genetic damage. The micronuclei formation test, introduced by Levan (1938), is the 
most frequently used, effective and the simplest indicator of DNA damage (Pathiratne et 
al., 2015). 

There are only a few reports published till date which describe the heavy metal 
contamination of the surface water (Taleb et al., 2008) and sediments (Alomary and 
Belhadj, 2007) of the Reghaïa Lake, however no study has focused on the genotoxicity 
of industrial wastewaters rejected into this lake. Nevertheless, adequate attention has not 
yet been given in Algeria to test the toxicity/genotoxicity of the complex industrial 
effluents. Concerning the genotoxicity of different types of industrial wastewater, many 
studies have focused on this thematic. Only a few published works concerning the 
genotoxic effects of irrigative industrial wastewater are available. In addition, all the 
developed models are cultivated vegetable plants, such as Vicia faba and Allium cepa 
and scarce works presented results on other plant systems. In this work, we have chosen 
to screen the genotoxic response using A. sativa and T. alexandrinum plant system, 
which are not a model system for genotoxicity test and have never been used in this 
domain, but represents the best example of rapid cycle plant system recommended by 
the OECD for ecotoxicological testing and widely cultivated around the Reghaïa Lake 
as fodder plant. These two plant species represent grasses and legumes and are 
commonly used also in revegetation practices. The present report is the first study 
which addresses the effects of industrial wastewater rejected into Reghaïa Lake in light 
of genotoxic and phytotoxic effects. 

The aims of the present researches are to investigate the quality/toxicity of the 
industrial wastewaters rejected from Reghaïa-Rouiba industrial area into Reghaïa Lake 
(located in the northeast of Algeria) using plant bioassays with Avena sativa L. and 
Trifolium alexandrinum L. test system. Inhibition of germination and root elongation 
was carried out to determine the phytotoxicity of contaminated water. In addition, the 
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Mitotic index (MI), micronucleus (MN) test and pollution index (PI) were performed to 
detect the potential genotoxicity and cytotoxicity of industrial wastewater. 

Materials and methods 

Site description 

The Reghaïa Lake has a total surface area of 75 ha of freshwater. It opens to the 
Mediterranean Sea from its northern edge. The lake is situated about 35 km northeast 
Algiers (3°19’- 3°21’E, 36°45’- 36°48’N) (Fig. 1) and located in the downstream of 
Reghaïa–Rouiba industrial park, which constitute the major sources of water 
contamination by metal trace elements. Creates in 1960, the industrial park extends on a 
surface of 1000 ha and contains more than 300 industrial plants (tanneries, chemical and 
allied products, leather, pulp and paper, and miscellaneous industrial activities). Most 
effluents are not treated before to be released in the river. The wastewater volume 
rejected by the whole industrial zone is estimated at more than 20 000 m3/day. These 
effluents have high heavy metals (Cd, Cr, Cu, Fe, Ni, Pb and Zn) and suspended solid 
(SS) concentrations, and are characterized by excessive mineralization (Thibault et al., 
2006; Taleb et al., 2008). 

 

 

Figure 1. Geographic situation of the Reghaïa Lake. A: sampling station, at the mouth of El 

Biar River 

 

 

Effluents 

Water samples were collected at the mouth of El Biar River discharging into the 
Reghaïa Lake (A: 3°19’58” E - 36°45’44”N). These samples represent the sum of whole 
industrial effluents released by factories in El Biar River, entering the lake. Surface 
water was collected in polyethylene containers of 5-litre capacity at two different 
periods, series 1: January- February (winter) and series 2: July-August (summer) 2015. 
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For each series three samples were performed. The collected samples were transported 
to the laboratory and immediately stored in cold room at 4°C. The physicochemical 
parameters of samples (pH, temperature (T), dissolved oxygen (DO) content, 
biochemical oxygen demand (BOD5), chemical oxygen demand (COD), total suspended 
solid (TSS), total phosphate (TP), total organic carbon (TOC), nitrates (NO3

-), 
ammonium (NH4

+), nitrites (NO2
-), total hydrocarbons (THC), sodium (Na), potassium 

(K), magnesium (Mg) and calcium (Ca)) were measured. In addition, metal contents 
(Hg, Fe2+, Cd, Total Cr, Cu, Ni, Pb and Zn) were measured using Inductively Coupled 
Plasma-optical emission spectrometry (ICP-OES) according to the ISO 11885 protocol 
(ISO, 2007). To evaluate ecotoxicological effects of water samples on A. sativa and T. 

alexandrinum, undiluted (100%) and diluted water at 25, 50 and 75 % of each sample 
were tested. The dilutions were prepared with distilled water. 

 
Germination test  

Germination test with one monocotyledonous plant, Avena sativa L., and one 
dicotyledonous plant, Trifolium alexandrinum L. was performed on wastewater 
samples. Both plant species are used as fodder plant and recommended by the OECD 
for ecotoxicological testing. Seeds were obtained commercially and sorted based on size 
and appearance. The test was made in accordance with the OECD Guideline 208 A 
(OCED, 1984). Seeds were surface sterilized with 0.1% sodium hypochlorite (NaClO) 
for 10 min, rinsed three times and soaked in distilled water at room temperature for 12 
h. 10 seeds of A. sativa or 20 seeds of T. alexandrinum were subjected to germination in 
plastic Petri dishes lined with an absorbent paper, moistened with 5 ml of distilled water 
(control), 25, 50, 75, or 100% of wastewater samples collected during the winter (WN) 
season or summer (SM). In order to test 100 seeds of each species, ten replicates (10×10 
seeds) for A. sativa and five (5×20 seeds) for T. alexandrinum were maintained for each 
treatment at 25 °C. After seven days, the number of germinated seeds was counted, and 
expressed as germination rate. The EC50 (concentrations with 50% maximum possible 
effect) values of germination inhibition were calculated for each sample (WN and SM).  

 

Root elongation test  

The root elongation (RE) toxicity test was performed in accordance with the OECD 
for plant acute toxicity tests (OECD, 1984). All bioassays had five replicates per 
treatments and control. Each replicate is a culture dish (diameter: 20 cm) with 100 g of 
artificial soil (70% sand, 20% clay and 10% peat, by dry weight). The soil was watered 
with pure water for the controls, with 25, 50, 75, or 100% of each sample according to 
usable water to field capacity calculated in gram of water per gram of artificial soil and 
after wards, every other day till the end of the experiment. For each dish, either 20 pre-
germinated seeds of A. sativa or T. alexandrinum were placed in soil. The seedlings 
were then grown in a growth chamber with 16h light and 8h dark cycle at a constant 
temperature of 25°C and relative air humidity of 60%. After 5 days, the root elongation 
was measured in all treatments. The inhibitory rate (IR) of the two plants was calculated 
as followed: 

 

   (Eq.1) 
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Plant genotoxicity tests  

Root tip genotoxicity test was carried out on two different plant species A. sativa L. 
(number of chromosomes: 2n=42), and T. alexandrinum L. (2n=16). As described 
previously, seeds of both species were allowed to germinate for 3 days in the same 
conditions of the germination tests. When the primary root reached 1–2 cm in length, 
the root tip was cut off (2–3 mm) to stimulate the development of secondary roots. 
Then, the roots were exposed to fresh Hoagland’s solution (negative control) or to 
wastewater samples collected during the winter season (WN) or summer (SM) at 
concentrations of 25%, 50%, 75% and 100%. As a positive control, methyl methane 
sulphonate (MMS at 10 mg/L) was used. 

After 4 days, root tips (20 mm) of A. sativa L. and T. alexandrinum L. were excised 
and fixed overnight in Carnoy’s solution (1:3 glacial acetic acid and ethanol) and then 
transferred to 70% ethanol for storage (Monarca et al., 2005). Before the microscopic 
observation, roots were hydrolyzed in 1N HCl at 60°C for 6 to 7 min, five root tips per 
experimental group were used for preparing slides. After staining the root tips with 1% 
aceto-orcein, the slides were viewed under the light microscope using the 100× 
objective lens with oil immersion.  

The genotoxicity potencies of individual samples based on the MN frequencies (a 
number of cells with micronuclei per 1,000 cells scored) and the pollution index (PI) 
value were determined. The identification of PI has been used for the classification of 
the polluted water. The mitotic index (MI) was expressed as the number of dividing 
cells per 100 scored cells. The MI was also recorded as an indicator of the cytotoxicity. 
 
 

  (Eq.2) 
 
 

  (Eq.3) 
 
 
Statistical analysis 

ANOVA analysis was used to determine the overall significance of the dose-
response relationship (sample-genotoxicity) and followed by post-hoc Tukey tests to 
determine which dose levels were different from the negative control at 5%, 1% and 
0.1% significance level. The EC50 values (concentrations with 50% maximum possible 
effect) of germination and root elongation inhibition test were calculated using a Probit-
Analysis. All tests were performed using the statistical software package Statistica 10 
(StatSoft, 2011). 

Results and discussion 

Physicochemical analyses 

Mean values of water chemical parameters for samples collected during the winter 
season (WN) and summer (SM) 2015 are presented in Table 1. Analysis of parameters 
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COD, TOC, BOD5 indicated that organic contents of WN and SM samples were higher 
than regulatory limits set by the National Agency for water resources (Table 1.). Despite 
that, their biodegradability, expressed as BOD5/COD ratio was on similar level (0.39 
and 0.46, respectively). In contrast, in the summer season (SM) there was an increase in 
the rates of total phosphate (TP), total organic carbon (TOC), total suspended solids 
(TSS) and ammonia in samples. At the same time, there were decreases in pH and 
dissolved oxygen (DO) values. The total hydrocarbons (THC) values were on similar 
level with the regulatory limits. Moreover, the SM samples showed higher contents of 
metals than those of WN, with total concentrations of metals up to 1637 µg/L and 349 
µg/L, respectively. Iron (Fe) is the metal found in the highest concentrations with a 
maximum concentration of 989 µg/L in SM samples, but significant concentrations of 
Cr (79 µg/L), Ni (70.9 µg/L), and Zn (85 µg/L) are also found (Table 1.).  

 
Table 1. Mean values of water chemical parameters measured at the mouth of the El Biar 

River in the winter (WN) and summer season (SM) 2015 

Analytical 

parameter 

Sample WN Sample SM Limit 

value 
a
  

pH 
T (°C) 

6.9 ± 0.9 
15.6 ± 0.8 

4.9 ± 1.5 
26.6 ± 1.1 

6.5-8.5 
<25 

TSS(mg/L) 321 ± 21.6 1088 ± 42.3 <30 
DO(mg/L) 4.1 ± 1.0 1.2 ± 0.2 >7 

BOD5(mg/L) 334.8 ± 15.6 876 ± 56 <5 
COD(mg/L) 849 ± 98.3 1870 ± 39.7 <20 
TOC (mg/L) 180 ± 23.2 320 ± 46.4 10 
TP (mg/L) 0.6 ± 0.4 20.7 ± 5.4 <0.2 

NH4
+ (mg/L) 17 ± 2.4 86 ± 22.1 <10 

NO3- (mg/L) 0.28 ± 0.1 0.96 ± 0.4 <5 
NO2

- (mg/L) 
THC (mg/L) 

0.06 ± 0.03 
1.8 ± 0.09 

0.32 ± 0.09 
3.85 ± 2.15 

0.01 
3.5 

Na (mg/L) 176 ± 23.1 125 ±13.3 <100 
K (mg/L) 27.5 ± 10.9 14.9 ± 4.2 10 
Ca (µg/L) 142.2 ± 35 205 ± 68.6 <100 
Mg (µg/L) 38.4 ± 11.7 75.6 ± 7.8 <30 
Hg (µg/L) 2.42 ± 0.04 23 ± 1.5 0.0005 
Fe (µg/L) 136.5 ± 26.3 989 ± 96.1 0.1 
Cd (µg/L) 2.1 ± 0.1 26 ± 4.3 0.005 
Cr (µg/L) 2.5 ± 1.4 97.2 ± 34.1 0.01 
Cu (µg/L) 0.094 ± 0.0 47 ± 8.2 0.01 
Ni (µg/L) 3.86 ± 1.8 70.9 ± 3.6 0.01 
Pb (µg/L) - 18.8 ± 1.1 0.01 
Zn (µg/L) 21.79 ± 6.7 85 ± 15.4 0.3 

a : Limit values set by the national agency for water resources (ANRH, 2008),  -< Detection under limit of 
determination. 

Germination test 

As shown in Figure 2., there was a significant linear correlation between the 
germination inhibitory rate of A. sativa and the tested concentrations of SM samples (P 

<0.01). According to the corresponding regression equations (listed in Table 2.) based 
on the inhibition of germination, the EC50 was calculated. It was shown that the EC50 
was 59.2% of SM samples.  
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Figure 2. Toxic effects of wastewater samples collected during the winter (WN) and summer 

season (SM) on the inhibitory rate of seed germination of A. sativa and T. alexandrinum 

 

 
Table 2. Regression equations, EC50 and EC100 for germination of A. sativa and T. 

alexandrinum exposed to samples collected during the winter (WN) and summer season (SM) 

Plant species sample Regression Equation R2 EC50 (%) EC100 (%) 

A. sativa WN y = 0.030x – 0.066 
 

R² = 0.924 -  - 

SM y = 0.814x + 1.802 
 

R² = 0.986 59.2 
 

- 

T. alexandrinum WN y = 0.628x + 4.065 R² = 0.975 73.1 - 
     

SM y = 0.961x + 16.76 
 

R² = 0.881 34.6 87.8 
 

(-) : Not determined 

 
 
On the contrary, WN samples have relatively low phytotoxicity on A. sativa seed 

germination. In this case, only the undiluted WN samples reduced significantly (P< 
0.01) the germination rate. Thus, no EC50 was determined for WN samples, which 
meant that the toxic effect of SM on A. sativa was stronger than that of WN. 
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As shown in Figure 2., there was a clear dose-response between concentration of  
samples (SM and WN) and the germination inhibitory rate of T. alexandrinum. 

Table 2. presents the EC50 values obtained after the concentration gradient assay for 
wastewater samples. The lower EC50 (higher toxicity) was observed with SM samples 
(34.6%); while, it was markedly higher with WN samples (73.1%), which means that 
the toxic effect of SM on T. alexandrinum was stronger than that of WN ones. In terms 
of EC50 of seed germination, the results from the present study indicated that T. 

alexandrinum germination was more sensitive to the toxicity of SM and WN samples 
than that of A. sativa. 
 

Root elongation test 

To investigate the possible inhibitory effect of the contaminated wastewaters on root 
elongation, A. sativa and T. alexandrinum seedlings were exposed to both SM and WN 
samples in laboratory conditions. The dose–response relationships for the root 
elongation inhibition and the different concentrations of water samples are shown in 
Figure 3., after 5 day, the root elongation of both plant species decreased significantly 
at all concentrations of the WN samples but the EC50 was determined only for A. sativa 
root elongation (72.8 % of WN samples). In terms of EC50 values of the WN samples 
(Table 3.), on the two plant species, the A. sativa root elongation was more inhibited 
than that of T. alexandrinum.  

 

 

 
Figure 3. Toxic effects of wastewater samples collected during the winter (WN) and summer 

season (SM) on the root elongation inhibition of A. sativa and T. alexandrinum 



Khelif et al.: Efficacy of Avena sativa L. and Trifolium alexandrinum L. test system for detecting the genotoxic and phytotoxic 
potential of water pollution  

- 333 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 325-342. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_325342 
 2016, ALÖKI Kft., Budapest, Hungary 

Moreover, the SM samples inhibited the root growth of the two plant tested in a 
dose-dependent manner and these effects were statistically significant (P <0.05) at 
concentrations of 25%.  

 
Table 3. Regression equations and EC50 for root elongation of A. sativa and T. alexandrinum 

exposed to samples collected during the winter (WN) and summer season (SM)  

Plant species sample Regression Equation R2 EC50 (%) 

A. sativa WN y = 0,683x + 0,264 R² = 0,99 72.8  

SM y = 0,644x + 22,99 R² = 0,661 41.9 

T. alexandrinum WN y = 0,212x + 5,552 R² = 0,743 - 

SM y = 0,877x + 16,75 R² = 0,865 37,9 

     - : Not determined 
 

Further, according to the regression equations (Table 3.) based on the inhibition of 
root elongation by the SM sample treatments, the T. alexandrinum was slightly more 
sensitive than A. sativa (EC50 37.9 and 41.9 % respectively). In fact, the water samples 
collected during summer (SM) were found to be the most toxic than that of WN, with 
the lowest EC50 values recorded (Table 3.). 

 
Genotoxicity 

Genotoxicity effects of the industrial effluents rejected into the Reghaïa Lake were 
evaluated by means of cytogenetic analyses considering mitotic index values (MI), 
micronucleus assay (MN) and pollution index (PI) on root tips of two different plant 
species A. sativa L. and T. alexandrinum L. (Table 4.). 

 
Table 4. Genotoxic effects on A. sativa and T. alexandrinum tip cells of samples collected 

during the winter (WN) and summer season (SM) at different concentrations 

Sample Avena sativa Trifolium alexandrinum 

MI (%) MN (‰) PI MI (%) MN( ‰) PI 

WN 25% 47.3 ± 2.4 NS 2.7 ± 0.6 NS 1.1 45.6 ± 6.1 NS 1.9 ± 0.2 NS 1.2 

50% 41.6 ± 3.2** 2.9 ± 1.3 NS 1.2 45.2 ± 6.3 NS 3.5 ± 1.0*** 2.2 

75% 39.8 ± 3.3*** 3.5 ± 0.8 * 1.4 45.1 ± 4.9 NS 4.7 ± 1.9*** 2.9 

100% 38.8 ± 4.7*** 3.7 ± 2.4* 1.4 43 ± 0.58 ** 4.9 ± 1.6*** 3.1 

SM 25% 27.9 ± 3.4*** 5.8 ± 2.1*** 2.3 39.6 ± 3.3 *** 6.3 ± 2.8*** 3.9 

50% 27.7 ± 5.3*** 7.6 ± 2.7*** 3 36.0 ± 2.0*** 8.0 ± 2.6*** 5 

75% 26.6 ± 3.0*** 8.1 ± 2.3*** 3.2 30.3 ± 4.2 *** 10.1 ± 3.7*** 6.3 

100% 22.4 ± 6.1*** 8.9 ± 4.6*** 3.6 27.2 ± 13.6*** 10.7 ± 2.6*** 6.7 

Negative control 47.7 ± 1.2 2.5 ± 0.8 - 46.1 ± 3.3 1.6 ± 0.9 - 

Positive controle 18.4 ± 4.9*** 9.7 ± 2.2*** 3.9 22.7 ± 1.4*** 11.2 ± 4.1*** 7 

  Significance level calculated through Tukey tests: *P< 0.05. **P< 0.01. ***P< 0.001 and NS: not significant 



Khelif et al.: Efficacy of Avena sativa L. and Trifolium alexandrinum L. test system for detecting the genotoxic and phytotoxic 
potential of water pollution  

- 334 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 325-342. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_325342 
 2016, ALÖKI Kft., Budapest, Hungary 

Mitotic index (MN) 

The results presented in Table 4., show that in relation to the mitotic indices, the 
samples collected during the summer season (SM) presented a more accented decrease 
(significant at P< 0.001) than that of winter (WN). Therefore, upon exposure of A. 

sativa root cells to MMS (positive control) and SM samples, mitotic indices (MI) of 
root meristematic cells decreased significantly (P< 0.001) in comparison to that of T. 

alexandrinum (Table 4.). However, the MI were comparable (no significant difference) 
in the negative control apices of two plant species. As listed in Table 4., the MI 
decreased markedly (P< 0.01) in A. sativa root cells when exposed to concentrations 
greater than 50% of WN samples. However, they did not exert any effects on T. 

alexandrinum MI at any dilution tested, but it was significantly reduced by 6.7% in 
response to the undiluted WN samples compared to control. Thus, A. sativa root cells 
appear to be more sensitive to the cytotoxicity of industrial wastewater in this study.  

 
Micronuclei frequency (MN) 

In this study, the highest number of micronuclei (11.2‰) is recorded in the root cells 
of T. alexandrinum exposed to the positive control, MMS, clearly demonstrates the 
genotoxic effects of the known mutagen on the root meristematics cell. Moreover, the 
SM samples effect was more remarkable in T. alexandrinum root cells concerning the 
huge increases (significant at P< 0.001) of micronuclei emergence (6.3-10.7 of 
micronuclei per 1,000 cells) while the MN frequency was comparatively lower in the A. 

sativa root cells (5.8-8.9 of micronuclei per 1,000 cells). In the other hand, a lower 
frequency of MN was observed after exposure of A. sativa L. root cells to WN samples 
which is probably due to their lower sensitivity to micronuclei occurrence compared to 
T. alexandrinum. In this case, a significant (P< 0.05) increase compared to the control 
was obtained only at the high concentrations 75% and 100% of WN samples for which 
the increase was about 1.4 and 1.5 times higher. Likewise, an increase in the MN 
emergence after WN treatment was also observed in T. alexandrinum root cells at the 
concentrations of 50%, 75% and 100%, the MN was 2.2, 2.9 and 3.1-fold higher than 
that observed in the negative control. 

 
Chromosome aberrations 

Cytological analysis showed various types of chromosomal abnormalities in different 
stages of the mitosis cycle. Figures 4. and 5. indicate the chromosomal alteration 
evidencing the presence of genotoxic substances in samples.  

The genotoxic effect caused by SM samples was more pronounced than that of WN, 
by causing an induction of chromosome aberrations. Micronuclei were one of main 
aberration types observed in the current study (Fig. 4: B1; B2; C2 and Fig. 5: B1; B2; 
B3; C1). The morphological alterations in the interphase nuclei (deformed nucleus) 

(Fig. 4: B1; C1 and Fig. 5: B1; C1), sticky metaphase (Fig. 4: B4; B5) and disturbed 
metaphase (Fig. 5: C4; B4) were also observed. The occurrence of anaphase with 
bridges (Fig. 4: C4) and cell death (Fig. 4: C5) were more detected in A. sativa root 
cells exposed to SM samples, while the nuclear buds (Fig. 5: C2), and small condensed 
nuclei (Fig. 5: C3) were more often observed in T. alexandrinum L. root cells. 
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Figure 4. Normal and abnormal chromosome morphology at mitosis of Avena sativa root tip 

cells. 

A: Normal chromosome morphology. 1: interphase; 2: prophase; 3: metaphase; 4: anaphase; 5: telophase.  
B: Abnormal chromosome morphology in root tip cells treated with undiluted water samples of the winter 
(WN) season. B1: deformed nucleus (DN) with micronucleus (MN); B2: single micronucleus (MN); B3: 
binuclei (BN); B4: sticky metaphase (STM); B5: sticky metaphase with chromosome loss (CL). 
C: Abnormal chromosome morphology in root tip cells treated with undiluted water samples of the 
summer (SM) season. C1: deformed nucleus in interphase; C2: bi-micronuclei (BMN); C3: unipolar 
anaphase (UA); C4: anaphase with single bridge (SB); C5: cell death (CD).  

 

 

Figure 5. Normal and abnormal chromosome morphology at mitosis of Trifolium alexandrinum 

root tip cells. 

A: Normal chromosome morphology. 1: interphase; 2: prophase; 3: metaphase; 4: anaphase; 5: telophase. 
B: Abnormal chromosome morphology in root tip cells treated with undiluted water samples of the winter 
(WN) season. (B1): deformed nucleus with multi- micronuclei (MMN); (B2): multi- micronuclei; (B3): 
bi-micronuclei; (B4): disturbed metaphase (DM); (B5): vagrant telophase (VT). 
C: Abnormal chromosome morphology in root tip cells treated with undiluted water samples of the 
summer (SM) season. (C1): deformed nucleus with micronucleus; (C2): nuclear bud (NB); (C3): 
condensed nuclei (CN); (C4): fragmented metaphase (FM); (C5): overcontraction in chromosomes and 
polar slip irregularities at anaphase (IA). 
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Pollution Index (PI) values 

Generally, levels of pollution are divided into four grades based on PI values: 0–1.5, 
no pollution; 1.5–2, light pollution; 2–3.5, medium pollution; and, above 3.5, heavy 
pollution (Jin and Chen, 1998). It has been found that WN samples had the lower PI 
values in these studies ; because at all concentrations tested on A. sativa apices, PI 
values were all bellow 1.5, which indicates that the WN samples tested were not 
polluted. On the contrary, the PI values increased in T. alexandrinum with the increase 
of WN water concentrations (from PI=1.2: no pollution to PI=3.06: medium pollution), 
which appears logical as the concentration of pollutants becomes higher.  

This result suggests that T. alexandrinum apices are by far high sensitive to the 
occurrence of MN than that of A. sativa. In concordance with the highest number of 
micronuclei recorded in both Avena and Trifolium apices, SM samples (at all 
concentrations), with the highest PI values (all above 3.5) reaches heavy pollution level. 

Discussion 

El Biar River (Reghaïa, Algiers) which was chosen for screening for the presence of 
genotoxic substances, receives untreated industrial effluents from Reghaïa-Rouiba 
industrial plants which will be subsequently discharge into the Reghaïa Lack. In this 
study, the wastewaters were collected at the mouth of El Biar River during two periods 
of the year 2015: the winter season (WN) and summer (SM). Besides the chemical 
analysis, phytotoxicity, cytotoxicity and genotoxicity assays were carried out to assess 
efficiently the toxic effects of industrial wastewater on Avena sativa and Trifolium 

alexandrinum plant system. 
 

Physico-chemical analyses 

Physico-chemical analyses of wastewater samples showed that the WN samples are 
less contaminated than the SM ones, which can be explained by the different 
characteristics related to the Mediterranean climate seasonality. This contrasted climate 
is characterized by hot and dry summer, while the winter season is rather cold and rainy. 
Meteorological data for the periods of sampling showed a great variation, mainly related 
to the monthly temperature mean and rainfall volume (Table 5.). SM samples were 
taken in a period with almost no precipitation (0 mm); they are the most contaminated, 
likely due to low precipitation in this dry season which suggests a higher concentration 
of pollutants in the water of river. The increase in temperature, as observed in summer, 
promotes water evaporation and can elevate the dissolution of substances in water, 
including some metals (Delpla et al., 2009; Mazzeo and Marin-Morales, 2015). 

 
Table 5. Meteorological data for the water samples collection periods of the Reghaïa region. 

Collection period Maximum 
temperature 

(°C) 

Minimum 
temperature 

(°C) 

Mean 
temperature 

(°C) 

Relative 
humidity of the 

air (%) 

Rainfall 
(mm) 

Winter 
2015 

January 16.9 5.1 10.4 78.4 72.14 
February 15.4 6 10.5 77.6 90.93 

Summer 
2015 

July 34.7 20.1 27.5 62.8 0 
August 33.4 22.1 27.5 66.4 0 

The values were obtained by calculating the mean of the daily values. 
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However, much precipitation occurred in the winter seasons (72.14 mm in January 
and 90.93 mm in February 2015.) and thus, WN samples were less contaminated. This 
supports the assumption that dilution has led to lower concentrations of potential 
contaminants in the water phase. Industrial effluents characteristically contain a 
complex mixture of organic and inorganic pollutants. The previous studies reported that 
high concentrations of potentially toxic metals were detected at the upstream of the lake 
(Thibault et al., 2006; Taleb et al., 2008). 

 
Germination test 

The convenient methods to study the toxicity of pollutants to higher plants are the 
experiment concerning seed germination and root elongation, consequently, the seed 
germination rate of plants was frequently used as a phytotoxicity assay for testing the 
metal effects (Chen et al., 2012). Among the most sensitive plant species recommended 
by the OECD (1984), US EPA (1982) and US FDA (1987) are dicotyledons such as 
clover (Trifolium). In this study, the germination of T. alexandrinum was more sensitive 
to the metal containing wastewater than that of A. sativa which seems not to be 
influenced by WN samples exposure and may not be a sensitive test for evaluating 
toxicity. According to Gong and Wilke, 2001 and Wang and Zhou, 2005a, the 
germination is insensitive when the concentration of a pollutant is low, because a plant 
embryo can absorb nutrition from the embryo to accomplish its germinating process. 
However, the toxic influence of SM on T. alexandrinum was manifested itself as 
depressed germination which meant that germination is sensitive when the the complex 
of pollutants is high (Wang and Zhou, 2005b).  

 
Root elongation test 

The inhibition of root elongation is considered to be the first evident effect of metal 
toxicity in plants. Since roots are the first organ to come in contact with the metals, their 
growth is affected largely. In general, there was a reduction in root elongation in all 
assays involving industrial wastewater. The SM samples had the highest impact on 
inhibition of root elongation; this can be related to the complex of contaminants present 
in these samples, particularly heavy metals that are reported in the literature to be toxic 
to plant growth at the concentrations actually found in the present water samples. Thus, 
inhibition of growth can result from the absence of necessary nutrients in the water or 
the presence of insoluble compounds, which prevent the uptake of nutrients (Gong and 
Wilke, 2001). The results suggest that T. alexandrinum root elongation was well suited 
for testing toxicity of wastewater. It should be noted that A. sativa has often shown low 
sensitivity to metal contamination (Wilke et al., 1998; Loureiro et al., 2006). The 
ecotoxicological effects under the combined pollution were not only related to chemical 
properties of pollutants but also dependent on the combination of concentrations of 
pollutants in ecosystems (Zhou et al., 2004). In this context, the results from the present 
study indicated that, perhaps the combination of organic pollutants and heavy metals at 
the low concentration will reduce the activity of heavy metals and possibly will inhibit 
them to enter the root system. In that way, the toxic effects of WN sample decreased.  
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Genotoxicity 

Mitotic index 

The present study reveals that industrial effluents dumped in the Reghaïa Lake 
present a high cytotoxicity on the root meristematic cells of both plant species, in 
respect to the negative control. Our results showed that the SM samples were the most 
cytotoxic. This influence was more accented in the A. sativa apices in comparison to 
that in T. alexandrinum. The depression of miotic index in A. sativa root cells may 
likely be due to the retardation of cell division in the root apices or even the inhibition 
of mitotic activity which may induce cell death, phenomenon well observed in A. sativa 
exposed to undiluted SM samples. Inhibition of mitotic activity above 78% caused 
lethal effect, while the inhibition above 50% usually has sublethal effect (Sharma, 1983; 
Wang et al., 2007). This indicates, qualitatively, the presence of compounds with some 
degree of cytotoxicity, containing in effluents from industries situated in the upstream 
of El Biar River. The decline of mitotic index has been attributed to the effect of 
environmental chemicals including heavy metals on DNA/protein synthesis of the 
biological system (Barbosa et al., 2010; Hemachandra and Pathiratne, 2015). The 
cytotoxic effect may not be contributed by a single compound, but is more likely to 
reflect the cumulative effects of contaminants present in water. Heavy metals, 
individually or in combination, may exert a strong inhibitory effect on the cell division 
(Unyayar et al., 2006). 

 
Micronuclei test  

As far as micronuclei emergence is concerned, A. sativa L. appears to be the more 
resistant to genotoxic effects of SM and WN effluent among the two experimental 
plants, since it shows the minimum of micronuclei formation in comparison to T. 

alexandrinum. Differences in the plant response to toxic substances reflect the different 
genetic and physiological assets of each one of them (Cotelle et al., 1999). In A. sativa, 
for example, MN frequency seems no/less affected by the WN exposure. The T. 

alexandrinum apices showed more sensibility in the MN occurrence. Furthermore, the 
SM wastewaters induced considerably stronger genetic damage towards T. 

alexandrinum cells than the WN ones which produced less of micronuclei frequency. 
The results imply a seasonal difference in genotoxicity induced by wastewater samples. 
In the other hand, micronuclei test (MN) is an efficient test system to analyze the 
mutagenic effects promoted by environmental pollutants (Ma et al., 1995). The 
micronucleus is composed either of small chromatin fragments which arise as a result of 
chromosomal breakage or of whole chromosomes that do not migrate during anaphase 
as a result of spindle dysfunction (Ma et al., 1995; Leme and Marin-Morales, 2009). 
Chromosomal aberrations derived from the aneugenic and clastogenic action of the 
polluants, also observed in both plant root cells, can give rise to micronuclei. So that the 
MN presented in these root cells showed different sizes. 

 
Chromosomal aberrations 

Chromosomal aberrations are the consequence of DNA double-strand break which 
was unrepaired or repaired improperly (Maluszynska and Juchimiuk, 2005). The types 
of chromosomal abnormalities induced in A. sativa root tip cells exposed to wastewaters 
reflect more aneugenic effects due to spindle dysfunctions than clastogenic effects due 
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to chromosomal breaks. In the present results, the stickiness and anaphase bridges were 
observed with the test samples. The sticky chromosomes due to chromatin dysfunction 
(Leme and Marin-Morales, 2009) reflect highly toxic effects, usually of an irreversible 
type and probably lead to cell death (Liu et al., 1992). Sticky chromosomes have been 
reported in Allium roots after treatment with various heavy metals such as Hg, Ni, and 
Cu (Monte Egito et al., 2007). While the chromosome bridges in the anaphase and 
telophase indicate chromosomal breaks due to the clastogenic effects (Radić et al., 
2010; Masood and Malik, 2013). The other effects observed in T. alexandrinum are 
vagrant chromosomes, disturbed metaphase (spindle failure) and nuclear buds. 
According to El-Ghamery et al., (2003), the induction of vagrant chromosomes may 
lead to the separation of unequal number of chromosomes in the daughter nuclei and 
subsequently increase the risk for aneuploidy (Leme and Marin-Morales, 2009). In the 
other hand, nuclear buds arise as a result of the elimination of exceeding genetic 
material derived from the polyploidization process (Fernandes et al., 2007). 

Our results are in accordance with recent ecotoxicological studies that suggest the 
utility of plant mutagenicity/genotoxicity assays in water quality monitoring programs 
(Radić et al., 2010; Yu et al., 2011; Firbas and Amon, 2014; Srivastava et al., 2014; 
Pathiratne et al., 2015). This study demonstrates the efficacy of the new plant test 
system for screening the genotoxic potential of industrial wastewaters and may agrue 
the possibility use of plants that are not considered as a model plant system for 
genotoxicity test, provided that the choice of plants is based on a specific goal; in our 
case, the choice was made on the basis of their economical and agricultural values in 
studied area. The present study may lead to regulations which should be taken as control 
measures for these discharges. Therefore, it is suggested that the release of effluent from 
Reghaïa-Rouiba industrial area should be done after appropriate treatment and rejection 
into water resources should be minimized. 

REFERENCES 

[1] Alomary, A. A., Belhadj, S. (2007): Determination of heavy metals (Cd, Cr, Cu, Fe, Ni, 
Pb, Zn) by ICP-OES and their speciation in Algerian Mediterranean Sea sediments after a 
five-stage sequential extraction procedure. - Environmental Monitoring and Assessment 
135: 265-280. 

[2] Barbosa, J. S., Cabral, T. M., Ferreira, D. N., Agnez-Lima, L. F., Batistuzzo de Medeiros, 
S. R. (2010): Genotoxicity assessment in aquatic environment impacted by the presence 
of heavy metals. - Ecotoxicology and Environmental Safety 73: 320-325. 

[3] Chen, F., Gao, J., Zhou, Q. (2012): Toxicity assessment of simulated urban runoff 
containing polycyclic musks and cadmium in Carassius auratus using oxidative stress 
biomarkers. - Environmental Pollution 16: 291-297. 

[4] Cotelle, S., Masfaraud, J. F., Ferard, J. F. (1999): Assessment of the genotoxicity of 
contaminated soil with the Allium/Vicia-micronucleus and the Tradescantia-micronucleus 
assays. - Mutation Research 426(2): 167-171. 

[5] Delpla, I., Jung, A.V., Baures, E., Clement, M., Thomas, O. (2009): Impacts of climate 
change on surface water quality in relation to drinking water production. - Environment 
International 35: 1225-1233. 

[6] El-Ghamery, A. A., El-Kholy, M. A., El-Yousser, A. (2003): Evaluation of cytological 
effects of Zn2+ in relation to germination and root growth of Nigella sativa L. and 
Triticum aestivum L. - Mutation Research 537: 29-41. 



Khelif et al.: Efficacy of Avena sativa L. and Trifolium alexandrinum L. test system for detecting the genotoxic and phytotoxic 
potential of water pollution  

- 340 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 325-342. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_325342 
 2016, ALÖKI Kft., Budapest, Hungary 

[7] Fatima, R. A., Ahmad, M. (2006): Genotoxicity of industrial wastewaters obtained from 
two different pollution sources in northern India: A comparison of three bioassays. - 
Mutation Research 609: 81-91. 

[8] Fernandes, T. C. C., Mazzeo, D. E. C., Marin-Morales, M. A. (2007): Mechanism of 
micronuclei formation in polyploidizated cells of Allium cepa exposed to trifluralin 
herbicide. - Pesticide Biochemistry and Physiology 88: 252-259. 

[9] Filkowski, J., Besplug, J., Burke, P., Kovalchuk, I., Kovalchuk, O. (2003): Genotoxicity 
of 2,4-D and dicamba revealed by transgenic Arabidopsis thaliana plants harboring 
recombination and point mutation markers. - Mutation Research 542(1) 23-32. 

[10] Firbas, P., Amon, T. (2014): Chromosome damage studies in the onion plant Allium cepa 
L. - Caryologia 67 (1): 25-35. 

[11] Garg, V.K., Kaushik, P. (2007): Influence of textile mill wastewater irrigation on the 
growth of sorghum cultivars. - Applied Ecology And Environmental Research 6(2): 1-12. 

[12] Gong, P., Wilke, B. M. (2001): Evaluation and refinement of a continuous seed 
germination and early seedling growth test for the use in the eco-toxicological assessment 
of soils.  - Chemosphere 44: 491-500. 

[13] Grant, W. F. (1978): Chromosome aberrations in plants as a monitoring system. - 
Environmental Health Perspectives 27: 37-43. 

[14] Hemachandra, C. K., Pathiratne, A. (2015): Assessing toxicity of copper, cadmium and 
chromium levels relevant to discharge limits of industrial effluents into inland surface 
waters using common onion, Allium cepa bioassay. - Bulletin of Environmental 
Contamination and Toxicology 94: 199-203.  

[15] International organization for standardization (ISO). (2007) : Qualité de l'eau - dosage 
d'éléments choisis par spectroscopie d'émission optique avec plasma induit par haute 
fréquence (ICP-OES). norme 11885. ISO. geneva. 

[16] Kamal, K. P., Maheswar, L., Brahma, B. P. (1992): Monitoring and assessment of 
mercury pollution in the vicinity of a chloralkali plant. II Plant-availability, tissue-
concentration and genotoxicity of mercury from agricultural soil contaminated with solid 
waste assessed in barley (Hordeum vulgare L.). -  Environmental Pollution 76 (1): 33-42. 

[17] Kumar, S. (2010): Effect of 2, 4-D and isoproturon on chromosomal disturbances during 
mitotic division in root tip cells of Triticum aestivum L. - Cytology and Genetics 44(2): 
79-87.  

[18] Leme, D. M., Marin-Morales, M. A. (2009): Allium cepa test in environmental 
monitoring: a review on its application. - Mutation Research 682: 71-81. 

[19] Levan, A. (1938): The effect of olchicines on root mitoses in Allium. - Hereditas 24: 471-
476. 

[20] Li, F., Liu, P., Wang, T., Bian, P., Wu, Y., Wu, L., Yu, Z. (2010): 
Genotoxicity/mutagenicity of formaldehyde revealed by the Arabidopsis thaliana plants 
transgenic for homologous recombination substrates. - Mutation Research  699: (1) 35-
43. 

[21] Liu, X., Tang, L., Yang, L., Zhang, X., Wang, L., Yu, F. (2015): Genotoxicity evaluation 
of irrigative wastewater from Shijiazhuang City in China. - Plos One 10(12): e0144729. 
doi:10.1371/journal.pone.0144729. 

[22] Llorente, M. T., Parra, J. M., Sanchez-Fortun, S., Castano, A. (2012): Cytotoxicity and 
genotoxicity of sewage treatment plant effluents in rainbow trout cells (RTG-2). - Water 
Research 46: 6351-6358. 

[23] Loureiro, S., Santos, C., Pinto, G., Costa, A., Monteiro, M., Nogueira, A. J. A., Soares, A. 
M. V. M. (2006): Toxicity assessment of two soils from Jales Mine (Portugal) using 
plants: Growth and biochemical parameters. - Archives of Environmental Contamination 
and Toxicology 50: 182-190. 

[24] Ma, T. H., Xu, Z., Xu, C., McConnell, H., Rabago, V. E., Arreola, G. A., Zhang, H. 
(1995): The improved Allium/Vicia root tip micronucleus assay for clastogenicity of 
environmental pollutants. - Mutation Research 334: 185-195. 

http://www.sciencedirect.com/science/journal/13835718/542/1
http://www.sciencedirect.com/science/article/pii/026974919290114P
http://www.sciencedirect.com/science/article/pii/026974919290114P
http://www.sciencedirect.com/science/article/pii/026974919290114P
http://www.sciencedirect.com/science/journal/02697491
http://www.sciencedirect.com/science/journal/02697491/76/1
http://www.sciencedirect.com/science/article/pii/S1383571810001324
http://www.sciencedirect.com/science/article/pii/S1383571810001324
http://www.sciencedirect.com/science/article/pii/S1383571810001324
http://www.sciencedirect.com/science/article/pii/S1383571810001324
http://www.sciencedirect.com/science/article/pii/S1383571810001324
http://www.sciencedirect.com/science/article/pii/S1383571810001324
http://www.sciencedirect.com/science/article/pii/S1383571810001324
http://www.sciencedirect.com/science/journal/13835718/699/1


Khelif et al.: Efficacy of Avena sativa L. and Trifolium alexandrinum L. test system for detecting the genotoxic and phytotoxic 
potential of water pollution  

- 341 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 325-342. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_325342 
 2016, ALÖKI Kft., Budapest, Hungary 

[25] Maluszynska, J., Juchimiuk, J. (2005): Plant genotoxicity: a molecular cytogenetic 
approach in plant bioassays, plant genotoxicity. - Archives of Industrial Hygiene and 
Toxicology 56(2): 177-184. 

[26] Manier, N., Deram, A., Le Curieux, F., Marzin, D. (2009): Comparison between new 
wild plant Trifolium repens and Vicia faba on their sensitivity in detecting the genotoxic 
potential of heavy metal solutions and heavy metal-contaminated. - Soils Water Air Soil 
Pollution 202: 343-352. 

[27] Masood, F., Malik, A. (2013): Cytotoxic and genotoxic potential of tannery waste 
contaminated soils. - Science of the Total Environment 444: 153-160. 

[28] Mazzeo, D. E. C., Marin-Morales, M. A. (2015): Genotoxicity evaluation of 
environmental pollutants using analysis of nucleolar alterations. - Environmental Science 
and Pollution Research 22: 9796-9806. 

[29] Mielli, A., Matta, M.E.M., Nersesyan, A., Saldiva, P.H.N., Umbuzeiro, G.A., (2009): 
Evaluation of the genotoxicity of treated urban sludge in the Tradescantia micronucleus 
assay. - Mutation Research 672: 51-54. 

[30] Monarca, S., Feretti, D., Zani, C., Rizzoni, M., Casarella, S., Gustavino, B. (2005): 
Genotoxicity of drinking water disinfectants in plant bioassays. - 
Environmental and Molecular Mutagenesis 46: 96-103. 

[31] Monte Egito, L. M., Das Gracas Medeiros, M. M., Batistuzzo de Medeiros, S. R., Agnez-
Lima, L. F. (2007): Cytotoxic and genotoxic potential of surface water from the Pitimbu 
river, northeastern/RN Brazil. - Genetics and Molecular Biology 30: 435-441. 

[32] Organization for Economic Cooperation and Development (OECD). (1984): Terrestrial 
plants, Growth test. Guidelines for testing of chemicals, no. 208. OECD, Paris. 

[33] Pathiratne, A., Hemachandra, C. K., De Silva, N. (2015): Efficacy of Allium cepa test 
system for screening cytotoxicity and genotoxicity of industrial effluents originated from 
different industrial activities. - Environmental Monitoring and Assessment 187: 730-742. 

[34] Radić, S., Stipanicev, D., Vujcic, V., Rajcic, M. M., Sirac, S., Pevalek-Kozlina, B. 
(2010): The evaluation of surface and wastewater genotoxicity using the Allium cepa test. 
- Science of the Total Environment 408: 1228-1233. 

[35] Sang, N.,  Li, G., Xin, X. (2006): Municipal landfill leachate induces cytogenetic damage 
in root tips of Hordeum vulgare. - Ecotoxicology and Environmental Safety 63 (3): 469-
473. 

[36] Sharma, C.B.S.R. (1983): Plant meristems as monitors of genetic toxicity of 
environmental chemicals. - Current Science Association 52: 1000-1002. 

[37] Siddiqui, A. H., Tabrez, S., Ahmad, M. (2011): Validation of plant based bioassays for 
the toxicity testing of Indian waters. - Environmental Monitoring and Assessment 179: 
241-253. 

[38] Singh, M., Das, A., Singh, D., Maiti, P., Shabbir, M., Das, A. (2014): High genotoxicity 
of shipyard contaminants on Allium cepa and calf thymus DNA. - Environmental 
Chemistry Letters 12: 321-327.  

[39] Srivastava, A. K., Kumar, R. R., Singh, A. K. (2014): Cell cycle stage specific 
application of municipal landfill leachates to assess the genotoxicity in root meristem 
cells of barley (Hordeum vulgare). - Environmental Science and Pollution Research 21: 
13979-13986. 

[40] Taleb, A., Chaabane, T., Taha, S., Maachi, R. (2008): Treatment of heavy metals by 
nanofiltration present in the Lake Reghaïa. - Desalination 22: 277-283. 

[41] Thibault, M., Bouazouni, O., Hadj Kaddour, B., Moali, A. (2006): Plan de gestion de la 
réserve naturelle du Lac de Réghaia, Alger. Direction Générale des Forets, Ministère de 
l’Agriculture et du Développement Rural. Algérie. Projet life3, TCY/INT/031. 

[42] Unyayar, S., Celik, A., Cekic, F. O., Gozel, A. (2006): Cadmium-induced genotoxicity, 
cytotoxicity and lipid peroxidation in Allium sativum and Vicia faba. - Mutagenesis 
21:77-81. 

http://www.sciencedirect.com/science/article/pii/S0147651305000217
http://www.sciencedirect.com/science/article/pii/S0147651305000217
http://www.sciencedirect.com/science/article/pii/S0147651305000217
http://www.sciencedirect.com/science/journal/01476513/63/3


Khelif et al.: Efficacy of Avena sativa L. and Trifolium alexandrinum L. test system for detecting the genotoxic and phytotoxic 
potential of water pollution  

- 342 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 325-342. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_325342 
 2016, ALÖKI Kft., Budapest, Hungary 

[43] US Environmental Protection Agency. (1982): Seed germination/root elongation toxicity 
tests EC12. Office of Toxic Substances, Washington, DC. 

[44] US Food and Drug Administration. (1987): Seed germination and root elongation, 
environmental assessment technical assistance document 406. Centre for Food Safety and 
Applied Nutrition, Center for Veterinary Medicine, Washington, DC. 

[45] Wang, M. E., Zhou, Q. X. (2005): Single and joint toxicity of chlorimuronethyl, cadmium 
and copper acting on wheat Triticum aestivum. - Ecotoxicology and Environmental 
Safety 60: 169-175. 

[46] Wang, X. F., Zhou, Q. X. (2005): Ecotoxicological effects of cadmium on three 
ornamental plants. - Chemosphere 60: 16-21. 

[47] Wang, L. S., Hu, H. Y., Ta, C. H., Tian, J., Wang, C. (2007): Changes of Genotoxicity 
and influences of ammonia nitrogen during the process of disinfection with chlorine 
dioxide and chlorine. - Environmental science 28(3): 603-606. 

[48] Wilke, B. M., Winkel, B., Fleischmann, S., Gong, P. (1998): Higher plant growth and 
microbial toxicity tests for the evaluation of the ecotoxic potential of soils. - In: Telford, 
T. (ed.) Contaminated Soils '98, London. 

[49] Yu, J., Ho, W. T., Lu, H. M., Yang, Y. F. (2011): Study on water quality and genotoxicity 
of surface microlayer and subsurface water in Guangzhou section of Pearl River. - 
Environmental Monitoring and Assessment 174: 681-692. 

[50] Zhou, Q. X., Cheng, Y., Zhang, Q. (2004): Quantitative analyses of relationships between 
ecotoxicological effects and combined pollution. - Science in China 47: 332-339. 



Rezgui et al.: Soil respiration behaviour in a Mediterranean Aleppo pine forest  
- 343 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 343-356. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_343356 
 2016, ALÖKI Kft., Budapest, Hungary 

SOIL RESPIRATION BEHAVIOUR IN A MEDITERRANEAN 

ALEPPO PINE FOREST IN NORTH TUNISIA 

REZGUI, F.1,2*
 ‒ GHARBI, F.2 ‒ ZRIBI, L.1 ‒ MOUILLOT, F.3 ‒ OURCIVAL, J. M.3 ‒ 

HANCHI, B.2 

1Institut National de Recherche en Génie Rural, Eaux et Forêts.( I.N.R.G.R.E.F.)BP 10, 17 Rue 

Hedi El Karray El Menzah IV, Ariana 2080, Tunisia  

(phone:  (+) 216 71 717 951 ;  fax:  (+) 216 71 718 055) 

2Faculté des Sciences de Tunis, Département de Biologie, Campus Universitaire El Manar, 

Tunis 2092, Tunisia 

(phone:  +216 71 872 600  ; Fax : +216 71 871 666) 

3
CEFE, UMR 5175, CNRS-Université de Montpellier-Université Paul-Valéry Montpellier-

EPHE IRD 1919, route de Mende 34293 Montpellier 5, France 

(phone : 04 67 61 32 01 ; Fax : 04 67 61 33 36) 

 

*Corresponding author  

e-mail: fatmarezgui@yahoo.fr 

 

(Received 13th Oct 2015; accepted 12th Aug 2016) 

Abstract. Little is known about the relationship between soil respiration and biophysical factors in the Tunisian 
Aleppo pine forest. We conducted our studies in two adjacent forests in Djebel Mansour region with the same 
micrometeorological conditions, but they differed in soil proprieties. The main goal of this research was to 
quantify soil respiration and its seasonal variations under two different soil characteristics. Soil respiration 
measurements were performed between Mai 2008 and July 2009. The magnitude of the soil respiration varied 
from 0.80 to 6.65 µmol m-2 s-1 in Sidi Ouedet forest (deep soil) and from 0.60 to 5.90 µmol m-2 s-1 in Oued El 
kbir forest (shallow soil). Results showed that soil respiration exhibited a same seasonal pattern in both sites, 
and  it was controlled mainly by the soil moisture. The highest rates of soil respiration were observed in autumn 
and in spring and the lowest in summer, coinciding with the drought period. In autumn, high rates of soil 
respiration were observed immediately after rainfall events. Hence, annual soil respiration was higher in the 
deep soil than in the shallow soil (870.4 g C m-2 y-1 vs 492 g C m-2 y-1). As such, soil proprieties (depth, texture 
and structure) may indirectly drive soil respiration by controlling the soil moisture and site productivity through 
litter input. 
Keywords: soil respiration, soil moisture, Mediterranean Aleppo pine, soil properties 

Introduction 

Soil CO2 flux is a major component of the global carbon cycle (Houghton, 1995) 
and represents the second largest carbon flux in forest ecosystems (Raich et 
Schlesinger, 1992). It is known to be highly sensitive to different environmental 
factors, especially soil temperature and moisture (Joffre et al., 2003; Reichstein et 
al., 2003), and sensitive to future climate change (Cox et al., 2000; Raich et al., 
2002). Thus, it is important to understand which environmental factors control soil 
respiration, and how these factors affect CO2 emissions from soils, especially in 
semiarid and dry ecosystems, where water availability and primary production are 
drought-limited for a considerable period of time (Almagro et al., 2009).  

At the smaller scale, soil respiration (SR) was very sensitive to soil temperature 
and soil moisture (Fang and Moncrieff, 2001). Soil temperature was recognized as 
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the most important environmental factor controlling SR because it affects the 
respiratory enzymes of both roots and soil microbial biomass (Xu et al., 2011). 
However, it has been shown that in Mediterranean-climate ecosystems, which are 
subjected to prolonged summer droughts, soil moisture is the critical environmental 
determinant limiting the response to temperature (Reichstein et al., 2002; Rey et al., 
2002, 2005; Jarvis et al., 2007). Very low soil moisture has been shown to diminish 
the temperature response of SR (Welsch and Hornberger, 2004) due to metabolic 
drought stress (Orchard and Cook, 1983). In these ecosystems, rainfall causes pulses 
of soil respiration and ecosystem respiration, which may affect the annual carbon 
budget (Xu et al., 2004; Curiel Yuste et al., 2003). 

Annual carbon soil efflux correlates directly with gross primary productivity 
(GPP) (Raich and Tufekciogul, 2000; Janssens et al., 2001). As such, underground 
root and microbial respiration are greatly promoted by aboveground photosynthesis 
(Kuzyakov and Gavrichkova, 2010). Many researchers (Li et al., 2004; Atarashi-
Andoh et al., 2012) estimated the contribution of aboveground litter to total soil CO2 
efflux. Zak et al. (1994) reported that plants control heterotrophic activity via their 
carbon supply. 

Nerveless, others researchers highlighted the role of soil properties on soil CO2 
efflux. It has been reported that topsoil organic carbon (SOC) has a strong influence 
on soil carbon dynamics (Ryan and Law, 2005; Moyano et al., 2012). Bahn et al. 
(2008) and Chen et al. (2010) reported that respiration rates among major biomes 
were significantly related to SOC. Likewise, soil properties, which influence 
dynamics of soil moisture and site productivity, may play an important role in 
explaining spatial respiration (Sotta et al., 2006), especially in arid and semi-arid 
regions.  

Aleppo pine (Pinus halepensis Mill.) is the most important forest tree species in 
North Africa especially in Algeria and Tunisia (Ben Touati and Bariteau, 2005). 
There is a general interest in this species in the Mediterranean basin due to the 
importance of its ecological and protective characteristics, such as their wide 
distribution in addition to soil protection in areas where other species could not 
survive or carbon sink properties even in areas with low site quality (Montero et al., 
2001). Indeed, the Aleppo pine habitat is broadly characterized by warm and cold 
winters, in addition to dry summers with periods of prolonged drought  (Ayari and 
Khouja, 2014). This species is very important for both the economic role, such as 
timber and seed production promoting local employment, and for the ecological 
value, such as the high resilience and resistance (FAO, 2001, Sghaier and Ammari, 
2012).  

In Tunisia, the Aleppo pine forests cover 361,221 ha, representing more than 
53.19% of Tunisian woodlands (DGF, 2010). In contrast with the abundant literature 
on reproductive characteristics of Aleppo pine in Tunisia (Ayari et al., 2011a; Ayari 
et al., 2011b; Ayari et al., 2012; Ayari and khouja, 2014), soil respiration, carbon 
dynamics and soil proprieties under this ecosystem have been relatively neglected. 
The goals of this study were (1) to study seasonal pattern of SR, (2) to quantify 
annual SR in a shallow soil (site 1) and a deep soil (site 2) in the Djebel Mansour 
forest, and (3) to identify the main source of its spatial variability. 
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Materials and methods  

Study area 

The study was conducted in the Djebel Mansour forest of the semi-arid region of 
North-East Tunisia (El Fahs, Zhaghouan, 36.23N, 9.8´E). The total area of the Djebel 
Mansour forest is 5,800 ha, covered mostly by Aleppo pine (P. halepensis). The forest 
is divided in two parts. The first is the Djebel Mansour 1 forest (EW) extended on a 
rocky massif and the second is the Djebel Mansour 2 forest (NE- SW) extended on a 
moderately stony massif.  

In these areas, two sites were selected to perform this study: one (site 1: Oued El 
kbir), in Djebel Mansour 1, was developed on a shallow soil and the other (site 2: Sidi 
Ouedet), in Djebel Mansour 2, on a deep soil. In the Djebel Mansour 1 forest, the 
overstorey was dominated by Pinus halepensis L. and the major understorey shrubs 
were the rosemary (Rosmarinus officinalis L.), the phillyrea (Phillyrea latifolia L.) 
and the mastic tree (Pistacia lentiscus L.). The vegetation of Djebel Mansour 2 is 
largely dominated by Pinus halepensis L. and by a sparse shrubby < 2 m layer with 
prickly juniper (Juniperus oxycedrus). The two sites were located approximately 15 
km apart. Despite these differences, the climatic conditions did not vary between the 
sampled sites.  

The study region, in the upper semiarid zone, has a typical Mediterranean climate 
with two distinct wet and dry seasons. Average annual precipitation and air temperature 
for the region were 403 mm and 18.8 °C, respectively (40 years average, Zaghouan 
Meteorological Service). The soil types, in general, were represented by carbonate soils 
(calcic-magnesic), regularly cover calcareous parent materials (Mtimet, 1999).  

 
Experimental design  

In spring 2007, we selected a permanent stand (25 m× 25 m) in each forest site. The 
vegetation distribution was mainly patchy, with different proportions of plant cover at 
each stand. Density, mean diameter at breast height (DBH) and height (H) were 
performed for each stand using data collected during the tree survey. A summary of the 
site characteristics is given in Table 1. 
 

Soil and vegetation ecophysiological measurements 

Soil respiration was measured in situ with a portable closed dynamic chamber (SRC 
model, PP-Systems Ltd, Hitchin, UK) connected to an infrared gas analyzer (CIRAS 1, 
PPSystems Ltd). To get a more accurate estimation, eight replicates (2 measurements× 
4 permanent plots) of soil respiration were measured in each stand during each sampling 
campaign .Soil respiration measurements were taken between 9:00 and 12:00 AM to 
avoid diurnal fluctuation from May 2008 to July 2009. Simultaneously with soil 
respiration, soil temperature (T) and soil water content (SWC) were measured at 0–10 
cm depth at each sampling point. Soil temperature was measured with a soil digital 
thermometer and soil water content was determined gravimetrically by oven-drying the 
soil at 105°C for 24h.  

Ten permanent quadrats of 25 cm × 25 cm were sampled at each site in 2008 to 
estimate the annual litterfall. The litter was, then, oven-dried at 70°C to a constant mass. 
Leaf area index (LAI) was measured every meter along two diagonal transects per stand 
with a Li-Cor LAI-2000 (Licor Inc., Lincoln, NE, USA) in Mai 2008. 
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Table 1. Characteristics of study sites in Djebel Mansour Aleppo pine forest. 

  Oued Kebir (site 1)  Sidi Ouedet (site 2) 

Main characteristics     

Main Species Pinus halepensis Pinus halepensis 

Longitude E 009.81358033° E 009.78231250° 

Latitude N 36.23529550 N 36.224968633 

Elevation ( m) 515,38 615,24 

Annual temperature (°C) 18.8 18.8 

Annual precipitation (mm) 403 403 

Stand characteristics     

Leaf area index  1.04 1.59 

Tree density (tree ha-1) 2448 720 

Tree height (m) 4.4 10.3 

Diameters at breast height (cm) 7.7 21.47 

Soil characteristics     

Soil depth (cm) 40 70 

Soil texture Silt loam Clay loam 

Soil holding capacity (mm) 41.04 77.55 

 
 

Modelling soil respiration 

Soil respiration was estimated using the Expo model proposed by Joffre et al. (2003) 
driven by year-round daily-interval data of soil temperature and relative water content. 
Relative soil water content (RWC) is expressed as soil water content relative to the soil 
water content at field capacity (RWC): 

 

 RWC =SWC/ SWCfc  (Eq.1) 
 

where  SWC (mm) is the actual soil water content, SWCFC is the soil water content at 
field capacity. 

Soil respiration data were analyzed using a nonlinear regression model as follows: 
 
 SR = SRref. × RWC × e ((b RWC) + c) (T – T 

ref
)/10)

  (Eq.2) 
 

with T = soil temperature at 10-cm depth, SRref being the respiration under standard 
conditions (at Tref and no limiting soil moisture), Tref was fixed  at 0°C. b and c fitted 
parameters. 

Soil water content and soil temperature models were used to study the seasonal 
pattern and to quantify the annual soil respiration in each site. Soil water content was 
estimated following to Mouillot et al. (2001). Soil temperature was simulated using 
simple regression: 

 
 T = α Tair + β (Eq.3) 
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We estimated α and β to be 0.91 and 2.58, respectively. These models have been 
validated in the same period by Zribi et al. (2015) in a cork oak forest in Tunisia. The 
Daily meteorological data were provided from the weather station at the Oued Elkbir 
(Elfahs, Zaghouan). 

 

Soil sampling and analysis 

Pits were dug at each site to collect samples for physical and chemical analyses. The 
particle-size distribution was carried out by the International Pipette Method (Burt, 
2004), and the percentage of coarse fragments was performed by sieving. Organic 
carbon was determined according to Anne (1945). A correction factor of 1.32 was used 
to account for incomplete oxidation of organic C (Nelson and  Sommers, 1996). Total 
organic nitrogen was measured by the Kjeldhal method according to Bremner and 
Mulvaney (1982). To determine soil bulk density, five pseudo replicates of soil samples 
were collected using 100 cm3 stainless steel rings at each soil profile and each soil layer. 
The soil water holding capacity was measured using a pressure plate (Walker and 
Skogerboe, 1987). The amount of SOC (kg m-2) stored in each layer was estimated 
using the following equation (Broos and Baldock, 2008):  
 

 SOC = (D) x (BD) x (OC) x (100 – CF) x 0.001 (Eq.4) 
 
where D is depth (cm), BD is bulk density (g/cm3), O is organic carbon content (%), CF 
is coarse fragment content (%) and 0.001 is a unit conversion factor. 

 
Statistical analyses 

The SIGMASTAT 3.0 software (Systat Software Inc., San Jose, CA, USA) was used 
to perform statistical analyses. For each variable measured, the data were analyzed by 
one-way ANOVA using Student-Neuman-Keuls test (p<0.05) to make a comparison 
between sites. Repeated measures ANOVA was used to evaluate site effects on seasonal 
variations of relative water content, soil temperature, and respiration rate. All the results 
further indicate mean values and their standard error (± SE). 

Results 

Site characteristics and soil properties 

Given the proximity of the study sites, total annual rainfall and temperature were 
roughly the same. Tree density, diameter at breast height (DBH), tree height (H) and 
annual litterfall (Tables 1 and 2) were significantly higher in the deep soil (Sidi Ouedet 
forest, site 2) compared to the shallow soil (Oued El kbir forest, site 1). The tree 
densities were 2448 tree ha-1 in the site 1 and 720 tree ha-1 in the site 2. Mean tree 
heights were 7.4 m and 10.3 m and mean diameters at breast height were 7.4 cm and 
21.47 cm in the site 1 and site 2, respectively. Interestingly, the highest organic matter, 
water holding capacity and C/N were registered in the site 2 with deep soil (Table 2). 
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Table 2. Main physical and chemical properties of soil (0-10 cm) and annual litterfall in 

Djebel Mansour forest. 

  Oued Kebir (site 1)  Sidi Ouedet (site 2)   

Sand (%) 52.15 45.95 *** 

Clay (%) 10.84 16.68 *** 

Silt (%) 37.01 37.37 *** 

Coarse (%) 64.94 ± 2.41 35.19 ± 2.09 *** 

WHC (mm) 9.9±1.07 11.4±2.15 *** 

Organic matter (%) 3.6 ± 0.11 11.17 ± 0.07 *** 

C/N 5.20 ± 0.15 9.13 ± 0.17 *** 

SOC(kg m
-2

) 1.04 ± 0.10 4.53 ± 0.40 *** 

Annual Litterfall (g m
-2

) 416.93 ± 34.47 854.82 ± 76.13 *** 

Means and standard errors for n = 5. Values were significantly different (p<0.05) 

 
 
Seasonal variation in relative water content and soil temperature 

Soil moisture content differed significantly between the two sites and sampling dates 
(p<0.05) (Fig. 1). Overall, site 2 had a significantly higher RWC than site 1. From winter to 
mid spring (April), the soil was completely recharged because of continuous rainfall. In 
May 2008, the RWC was 0.37 in the shallower site (site1) and 0.45 in the deeper site (site 
2). From June, the water was depleted and values of RWC fell to 0.19 in the site 1 and 0.32 
in the site 2. A similar depletion was seen in 2009 in the same period. During the drought 
period, which lasted from June to August, there was no rainfall until October when it started 
again intensively; thus leading to a complete recharge of the soil (Fig. 1). 

 

 

Figure 1. Daily rainfall, modelled (dashed line corresponds to S1 and solid line to S2) and 

observed (square represents S1 and circle S2) relative soil water content (RWC) in the upper 

soil layer (0–10 cm depth) during the 2008–2009 period (Vertical bars indicate ± SD). 
 
 

Soil temperature differed significantly between sampling dates (p<0.05) but showed 
a similar trend for both sites without significant differences between sites (Fig. 2). It 
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increased steadily until midsummer to a maximum mean of 26.5°C and 27 °C in July 
2008 and 2009, respectively. Then, it gradually fell through autumn and winter to reach 
the lowest values of  ≈ 11 in February 2008 in the two sites.  

 

 

Figure 2. Time course of modelled (full line) and observed (square corresponds to S1 and circle 

to S2) daily soil temperature at 10 cm depth during the 2008–2009 period (Vertical bars 

indicate ± SD). 
 
 

Annual soil respiration and its seasonal pattern 

The total annual soil respiration rates over the study period were 492g C m-2 y-1 in the 
shallower site and 870.4 g C m-2 y-1 in the deeper site. The seasonal pattern of soil 
respiration was similar in both sites. It increased quite steadily from a winter minimum 
to reach an initial peak in spring (April). After a fall in summer, soil respiration 
increased to a second seasonal peak in autumn (October) when soil moisture was 
recovered and soil temperature was still favorable (Fig. 2). Soil respiration varied 
significantly between both sites (p<0.05). Rates ranged from 0.60 to 5.90 µmol m-2 s-1 in 
the site 1 and from 0.80 to 6.65 µmol m-2 s-1 in the site 2 (Fig. 3). 

 

 

Figure 3. Time course of modelled (dashed line corresponds to S1 and solid line to S2) and 

observed (square represents S1 and circle S2) soil respiration in the site 1 and site 2 during the 

2008–2009 period (Vertical bars indicate ± SD). 
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Discussion  

Annual soil respiration rate  

The Djebel Mansour Aleppo pine forest has a typical Mediterranean climate 
characterized by extended periods of summer drought with scattered precipitation 
events.  The total annual carbon losses through soil respiration were 492 C m-2 y-1 in 
the shallow soil (site 1) and 870.4 g C m-2 y-1 in the deep soil (site 2). These rates 
were similar to the range cited by Raich and Schlesinger (1992) for Mediterranean 
forests. Furthermore, the annual respiration rates were similar to those of a young 
pine forest in Oregon (Irvine and Law, 2002; 427–519 C m-2 y-1), in mixed conifer 
forest in California (Ma et al., 2005; 660 C m-2 y-1), in a ponderosa pine forest in the 
Sierra Nevada (Tang et al., 2005; 915 C m-2 y-1) and in Aleppo pine forests in Spain 
(Almagro et al., 2009; 766 C m-2 y-1 ). 
 

Seasonal variation of soil respiration 

In spring, when both soil temperature and soil water content were moderate, soil 
respiration reached its seasonal peak. Peaks in late spring (Fig. 2) are probably of both 
autotrophic and heterotrophic origin. During the growing season, Aleppo pine 
allocates a great proportion of the photosynthetic assimilate to growth (Sanz-Pérez et 
al., 2009). Root respiration and microbial decomposition had a high value (Tang et al., 
2005), corresponding to a peak of total soil respiration.  

In summer, the decrease in SR is in accordance with the onset of the dry period of 
Mediterranean climate when the Aleppo pine exhibits slow growth (Monnier et al., 
2012; Sanz-Pérez et al., 2009). Water stress would limit photosynthesis and reduce 
current carbon assimilation (Sanz-Pérez et al., 2009; Law et al., 1999) resulting in a 
decrease in root respiration (Höberg et al., 2001). Earlier published reports (Joffre et 
al., 2003; Asensio et al., 2007; Almagro et al., 2009; Matías et al., 2012) showed that 
SR covaried mainly with water availability during dry months of the year. 

In autumn, high rainfalls, which favor the development of fine roots, are coupled 
with a high root (Rey et al., 2011) and microbial (Xu et al., 2004) activity. Early 
autumn peak can be attributed to the mineralization of eagerly degradable compounds 
of microbial or plant litter origin accumulated on the soil surface during the dry 
months (Rey et al., 2002; Huxman et al., 2004). In the same context, Carbone et al. 
(2011) in a central California pine forest and Matteucci et al. (2015) in the San 
Rossore conifer forest reported that autotrophic soil respiration peaks after the 
precipitation events.  

In winter, soil respiration reached the lowest rates as a consequence of low 
temperatures (Saiz et al., 2006). Excessive soil moisture can lead to decreases in soil 
respiration by reducing the oxygen supply for both microbial decomposition and 
autotrophic activities (Xu and Qi, 2001). 
 
Soil type effects on soil respiration  

Although the two ecosystems were only several kilometers apart and had similar 
temperature and precipitation patterns, the annual soil respiration differed largely. The 
soil respiration was consistent with rates in arid regions in the Oued El kbir forest (site 
1); whereas with those in humid and sub-humid regions in Sidi Ouedet forest (site 2). 
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These findings proved that, in the Djebel Mansour forest, the amount of carbon lost 
by soil respiration depended on soil moisture which is correlated, as were the 
precipitation events, to the pedological conditions, especially soil properties. Soil 
texture can be an important predictor of soil respiration via the dynamic of soil 
moisture that is different for sandy and clayey soils (Sotta et al., 2006). In the top soil 
(10 cm depth), we noticed a variation in clay-sized particles with 16.68% in the deep 
soil (site 2) resulting in a high soil water holding capacity 11.4 mm and only 9.9 mm 
in the shallow soil (site 1). Accordingly, Balogh (2011) and Moyano et al. (2012) 
reported a correlation between the amount of clay and optimum water content for soil 
respiration.  

Presumably, the high organic matter content (11%) in the site 2 improved texture 
and water holding capacity by increasing pore space (Table 2). However, the site 1 has 
less silt, clay and organic matter than the site 2, and therefore the lowest water holding 
capacity (Table 2). Thus, we can explain this behavior with the high accumulation of 
coarse fragments (64.94%, Table 2). Aside from clay content, other studies revealed 
that water holding capacity depended on the level of organic carbon (Ramesh et al., 
2008) and on coarse fragment content (Baetens et al., 2009; Cousin et al., 2003). In 
the deep soil (site 2), the higher accumulation of SOC and higher C/N (Table 2) could 
reflect the low decomposability of plant detritus and indicate the lowest contribution 
of heterotrophic respiration to total soil respiration. Similar results were reported for 
the arid Mediterranean ecosystem (Moro and Domingo, 2000; Zhang et al., 2008).  

In light of the above, the higher soil respiration rate in the site 2 compared to site 1 
could be explained by the favorable water status in the upper soil layer at 10 cm depth. 
Soil depth is another soil parameter can be considered to explain the soil respiration. 
Indeed, soil depth could control root zone water availability (Cable et al., 2008) and, 
consequently, affecting plant activity (McAuliffe, 2003). The site 2 is characterized by 
a deep soil (70 cm) and so, a higher WHC (77.55 mm).  

Consistent with available related literature (Reichstein et al., 2003; Hibbard et al., 
2005; Baldocchi et al., 2006), annual litterfall can affect soil respiration by substrate 
availability and input. The annual litterfall were significantly higher in the deep soil 
with 854.82 g m-2 than the shallow soil with 416.93 g m-2. These results are in the 
range of other Mediterranean Aleppo pine forests in France (410 g m-2; Rapp, 1976), 
in Greece (530 g m-2; Marmari, 1991) and other conifers: Pinus Pinaster in southern 
France (446g m-2; Kurz et al., 2000), Pinus Sylvestris in central Spain (411. 6 g m-2; 
Martýnez-Alonso, 2007), Pinus Pinea in France (790 g m-2; 319; Rapp, 1984).  

Conclusion  

Soil respiration is a key ecosystem process that releases carbon as CO2 from soil. In 
our case of study, SR showed a pronounced seasonal fluctuation, and it was 
predominantly controlled by soil moisture. Soil properties played an important role in 
determining spatial variation of SR by affecting soil moisture. In Sidi Ouedet forest, a 
deep soil, substrate availability and soil carbon input (litterfall) through plant 
productivity may have stimulated root and microorganism activity. In this calcareous 
Mediterranean soil, further study of heterotrophic and autotrophic respiration is 
needed for a better understanding of soil respiration mechanism in the context of a 
climate-change scenario of increasing aridity. 
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Abstract. A study which probed the bioaccumulation, detection and quantitative variations of 
microcystins in floating scums of Microcystis flos-aquae employing optimized solid phase extraction 
liquid chromatography electrospray ionization mass spectrometry was undertaken. A quantitative profile 
and dominance of MCYST-LR over MCYST-YR and MCYST-RR congeners across sampled sites, as 
well as the occurrence of MCYST-(H4)YR and (D-Asp3, Dha7) MCYST-RR during the summer months 
was observed. Analysis of maximum and minimum concentrations of quantified MCYSTs showed 270, 
14.10 (µg toxin/g DW), 141.5, 1.43 (µg toxin/g DW) and 72.28, 0.15 (µg toxin/g DW) for MCYST-LR, 
MCYST-RR and MCYST-YR respectively. One way ANOVA showed there was significant difference 
between mean MCYSTs concentrations across the sampling sites (P < 0.05) and a marginal significant 
difference in mean MCYSTs concentrations among variants (P = 0.04). The results suggest that the most 
prevalent bloom forming species is Microcystis flos-aquae, often producing hepatotoxic microcystins, 
which can negatively impact aquatic animals and human health. The identification of sites with higher 
MCYST-YR, MCYST-LR, MCYST-RR concentrations and distributions in the pond and MCYST-LR 
dominance will be of particular importance to the metropolitan authorities, researchers and general public 
of the water safety quality of this freshwater reservoir.  
Keywords: cyanotoxins, electrospray ionization, eutrophication, hazardous cyanobacteria bloom, 

microextraction  

Abbreviations: Microcystins (MCYSTs), dry weight (DW), MCYST-LR (D-Ala–L-Leu–erythro-b-Me-
DisoAsp–L-Arg–Adda–D-isoGlu–N-Me-dehydroAla), MCYST-YR (D-Ala–L-Tyro–erythro-b-Me-D-
isoAsp–L-Arg–Adda–D-isoGlu–N-MedehydroAla), MCYST-RR (D-Ala–L-Arg–erythro-b-Me-D-
isoAsp–L-Arg–Adda–D-isoGlu–N-MedehydroAla). 

Introduction 

Microcystins (Figure 1a) are naturally occurring cyclic heptapeptides with high 
toxicity (LD50 value, mouse i.p: 50-500 μg toxin/kg) (Codd et al., 2005). They are 
identified as hepatotoxins because they inhibit some special enzymes (PP1 and PP2A). 
Freshwater microcystin producing blue green algae include (Mycrocystis spp., Anabena 

mailto:eguzoziekennedy@yahoo.co.uk


Eguzozie et al.: Incidence of microcystins in floating scums 
- 358 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 357-373. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_357373 
 2016, ALÖKI Kft., Budapest, Hungary 

spp., Aphanizomenon spp., Nostoc spp., and Planktothrix spp. (Codd et al., 2005). A 
comprehensive review of the toxins produced by diverse species of blue green algae is 
in literature (Chorus, 2001). The related and similar toxin referred to as nodularins 
(Figure 1b) is a cyclic pentapeptide and is also produced by toxigenic blue green algae.  

 

 

Figure 1. Structures of cyanobacterial toxins. a) Microcystin-LR. The other microcystins are 

derived from this by replacing the marked amino acids (L) and (R) by the amino acids indicated 

in their names. b) Nodularin. 

 
 
Microcystins can be found in lakes, rivers and other drinking freshwater reservoirs 

under conditions which permits harmful algal blooms (HABs). They are characterized 
by the presence of a unique non-proteinogenic β-amino acid called ADDA (Maizels and 
Budde, 2004; de Figueiredo et al., 2004). A 2 letter suffix (xy) is attributed to each 
distinct toxin to represent the 2 variant amino acids (Chorus, 2001). X is usually 
leucine, arginine or tyrosine and Y arginine, alanine and methione. The toxicity of 
microcystins is dependent on the ADDA group, the N-methyl dehydroalamine (MeDha) 
group and its structural cyclic nature (Maizels and Budde, 2004; de Figueiredo et al., 
2004; Msagati et al., 2006). As a result of their high chemical stability, they can outlast 
for long periods in a water environment. The ADDA group is favourably confined and 
conserved in microcystins and nodularins (Gulledge et al., 2003; Zeck et al., 2001). This 
makes them stable against physiological replacements by other amino acids. As a result, 
the ADDA group has been used in numerous analytical techniques for the selective 
detection and identification of microcystins and its congeners (Msagati et al., 2006). 
These techniques have incorporated toxicity based assays, (Kyselkova and Marsalek, 
2000) enzyme linked immunosorbent assays (Metcalf et al., 2000; McElhiney and 
Lawton, 2005; Baier et al., 2000; Fischer et al., 2001), phosphatase inhibition assays, 
(Xu et al., 2000; Chen et al., 2009) HPLC/UV/PDA (Lawton and Edwards, 2008; Chen 
et al., 2011), HPLC/MS (Azevedo et al., 2002; McElhiney et al., 2000; Ame et al., 
2010), LC/MS with various interface and ionization configurations (Mayumi et al., 
2006; Spoof et al., 2003; Miles et al., 2013). The methods have provided reliable 
information which can be used for the extraction, detection and identification of 
microcystins and its analogs (Lawrence and Menard, 2001). Reports show that in 
positive mode LC-ESI-MS, the ADDA group in microcystins give a characteristic 
fragment ion m/z 135 corresponding to the [phenyl-CH2CH(OCH3)]

+ ion (Msagati et 
al., 2006). Microcystis flos-aquae is a typical constituent of hard water lakes and ponds, 
where it frequently occurs at high population levels in mid-to late summer. This paper 
reports incidence of cyanobacterial hepatotoxins in cultures of Microcystis flos-aquae 
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(cyanobacteria) isolated from bloom environmental samples collected from the 
Swartspruit River, North West Province, South Africa where this species typically co-
dominates with other algae including Anabaena spiroides, Ceratium hirundinella and 
Microcystis aeruginosa. Hence monitoring their occurrence, quantitative variations and 
prevalence in domestic drinking and freshwater reservoirs is of paramount interest to 
our research group.  

Materials and Methods 

Reagents, analytical standards and laboratory materials 

All organic solvents (HCOOH, MeOH, MeCN, CHCl3) were of high purity 
analytical grade (HPLC grade) and were purchased from Merck (Johannesburg, South 
Africa). Microcystin standards (MCYST-YR, MCYST-LR and MCYST-RR) were 
bought from CyanoBiotech GmbH (Berlin, Germany) and supplied by Industrial 
Analyical (pty) Ltd (Johannesburg, South Africa). C18 SPE cartridges (Waters OasisTM 
HLB cartridge: 60g, 3 mL) were bought from Waters Inc. (Milford MA, USA) and 
delivered by Microsep (pty) Ltd, SA (Johannesburg, South Africa). Water samples were 
filtered using Whatman GF/C glass-fiber filters, porosity 0.45 µm (Whatman 
International Ltd, Maidstone, UK). A digital pH meter with a combination electrode 
(Hanna, Singapore) was used for pH adjustments. The amounts of chemicals and 
reagents were measured using a CP225D Satorius balance (Satorius, Germany) for 
milligram or lower quantities. Liquid transfer measurements were performed with 
pipettes (Socorex, Germany). The WatersTM LC instrument used contained the 
following components: a K-1001 single piston pump (Knauer, Germany), a WatersTM 
3100 mass detector coupled with an electrospray ionisation source (ESI) conditioned 
with the mobile phase for 10 min, an analytical C18 column (Waters Symmetry 300TM, 
4.6 mm, x 75 mm, 3.5µm) using the Alliance WatersTM e2695 separation module). The 
system was connected and networked with a Hewlett Packard (USA) Laser Jet 1200 
Series printer for recording chromatograms, using a 1451-1 chromatogate Data System, 
version 2.55 (Knauer, Germany). Solvents and mobile phase used were degassed with 
online degasser attached to the solvent delivery system. 

 
Study area 

The river for the study is located in Greater Hartbeespoort Metropolitan Area, North 
West Province, South Africa. The study sites include: (i) JKSTT (-25º74'9426"S 
+27º90'4568"E), (ii) RTVLS (-25º75'1059" +27º90'2755"E), (iii) KALTS 
(25º74'9426"S +27º90'4568"E) and (iv) MDFTS (-25º74'8338"S +27º90'6078"E). The 
site selection were based on; areas in the river that could easily be reached by either 
boat or by walking along the banks of the river, relative distance to fishing and animal 
conservation area,  relative distance to the nearby water treatment facility and proximity 
to the Hartbeespoort sewage works along the Bapsfontein road. 

 
Sample collection and analysis of physicochemical parameters 

Samples were collected on a once a-month basis from November 2014 to February 
2015 from four pre-determined sites. Algal samples were harvested according to 
standard protocol and established procedures (Hoeger et al., 2007). Triplicate of surface 
water (0-10cm) was collected using a polymethyl methacrylate sampler from the river. 
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On-site physicochemical parameters were measured using a multifunction meter 
(YSITM 6-Series Sonde, Marion, Germany).  

 
Species identification and enumeration 

Identification and enumeration of cyanobacteria present in environmental samples 
was performed following established procedures (Mioni et al., 2011). Water samples for 
microscopy analysis were collected as follows: approximately 600 mL of surface water 
(grab) samples were fixed with 2.5% (v/v) glutaraldehyde in the field and filtered 
through a 1-μm pore size, 25-mm diameter, black polycarbonate filters (GE Osmonics, 
Monroe, NC) for morphologic taxonomic identification of cyanobacteria. The 
abundance of cyanobacteria cells was determined on a Zeiss Axioplan epifluorescence 
microscope at 400X magnification using green excitation (Zeiss Filter Set 20, excitation 
546 nm bandpass, and emission 575–640 nm bandpass filters). Samples were preserved 
in Lugol’s Iodine solution, and cyanobacterial cells were enumerated on a Nikon 
Eclipse TE200 inverted microscope (Fetscher et al., 2009). Morphological 
characteristics were determined by cell shape and changes in auto-fluorescence or cell 
organization. 

 
Sample preparation for microcystin extraction 

Algal cells were filtered from the scum on pre-weighed GF/C glass fiber filters (47 
nm, 0.45 µm). The filters were severally flushed with autoclaved distilled water to 
remove any surface/superficial microcystins remaining on the cells. The filtrate was at -
20oC prior to freeze drying. Microcystin extraction from weighed algal cells (1.0 g 
pellets) using 70% MeOH. The microcystin extracts were subjected to 
CHCl3/MeOH/H2O liquid partitioning to remove pigments, other co-eluting compounds 
and any additional cartridge blocking materials (Cardozo et al., 2006) prior to extraction 
and pre-concentration of algal extracts by solid phase extraction techniques. Extracts 
were then analysed using LC-ESI-MS (Camean et al., 2004). Figure 2 depicts the solid 
phase extraction protocol.  

 
LC-ESI-MS optimized conditions 

The mobile phase consisted of a mixture of 0.5% formic acid/94.5% Milli-O water 
(A) and 5% acetonitrile (B). The columns were operated at room temperatures (23.5oC). 
A reverse phase system consisting of 25% acetonitrile (10 min), 25% acetonitrile (20 
min), 25% acetonitrile (11.2 min), 70% acetonitrile (10 min) was used in analyte elution 
within a gradient window of 20 min. Sample injection volume and flow rates were set at 
0.5 µL and 0.5 mL/min respectively. The ion source for the electrospray mass 
spectrometry was operated on both positive and negative ESI modes for all 
quantification experiments.  

 
Identification of microcystin analytes 

For structural identification of MCYST-LR, MCYST-YR and MCYST-RR variants 
in the environmental samples, the detected molecular ion masses, molecular ion 
fragments and retention times were analyzed relative to the observed molecular ion 
masses, fragments and retention times of the authentic MCs standards as well as 
comparison with literature values. The assigned values are as follows: MCYST-LR 
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(m/z, 996.3, [M+H]+, ADDA m/z, 135, RT 7.86), MCYST-YR (m/z, 1.047.3 [M+H]+, 
523.4 [M+2H]2+, ADDA m/z 135, RT 7.59), MCYST-RR (m/z, 1,039, [M+H]+, ADDA, 
m/z, 135, RT, 6.72). 

 
Freeze dried algal cells
(1.0 g pellet)

add 70 % MeOH (v/v)
sonicate for 3 min (60 W: 30%, 20KHz)
centrifuge at 3200 g for 20 min

3 x

Supernatant (90 mL)

vaporize to about 20 mL
HLB cartridge (500 mg)
condition with100% MeOH and 
H2O
add supernatant (filtered)
wash with 5% MeOH (20 mL)
elute with 100% MeOH (15 mL)
evaporate to dryness in nitrogen
dissolve in 100% MeOH (2 mL)

MeOH fraction

silica cartridge
conditioning with 100% 
MeOH (10 mL)
add MeOH fraction
wash with 100% MeOH 
(20mL)
elute with 70% MeOH 
(20mL)
evaporate to dryness in 
nitrogen

Residue

dissolve in 100 % MeOH 
(20mL)

Microcystin analysis (LC-ESI-MS)  

Figure 2. Procedure for optimized solid phase microextraction of freeze dried algal cells 

microcystin before liquid chromatography-electrospray ionization mass spectrometry analysis. 

 
 

Quantification of cyanobacterial hepatotoxic microcystins  

The quantification of each MCYSTs variant was determined using the authentic 
external standard calibration method. Analysis was performed in triplicates to generate 
mean values for each microcystin variants. Evaluation was based on the linear equation 
of the regression line of the individual MCYST (-LR, -YR and -RR) variants with the 
available authentic reference standard. Quantitative analysis as achieved using peak 
areas substituted on linear regression equations: Y = 5.342x – 4.218 (r2 = 0.9965), Y = 
4.030x – 2.518 (r2 = 0.9948) and Y = 3.098 + 1.172 (R2 = 0.9950) of standard curves for 
0.5, 1.0, 2.0, 4.0, 6.0, 8.0 and 10.0 μg/mL MCYST-LR, MCYST-RR and MCYST-LR 
variants respectively. Once-a-month (November 2014 - February 2015) mean 
concentrations for each variant and total concentrations of variants were calculated. 
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Statistical analysis 

One-way ANOVA was used to test significant differences among mean microcystin-
LR variant concentrations across sampling sites and sampling periods as well as among 
microcystin variants. Figures 3-5 depict One-way analysis of variance (ANOVA) 
representation of mean microcystin-LR variant concentrations (μg/g DW) across the 
sampled sites, mean microcystin-LR variant concentrations (μg/g DW) across the 
sampling periods and mean microcystin-LR variant concentrations (μg/g DW) among 
MCYST variants respectively. 

Results 

Physicochemical parameters of river 

There were significant variability in the pond water quality across the studied sites 
during the assessment periods (Table 1). The temperature of the pond ranged from 24.4 
to 24.7oC and from 25.3 to 25.5oC in November and December 2014 respectively and 
from 25.3 to 25.7oC and from 24.2 to 24.5oC in January and February 2015. The sites 
were more alkaline with a range of 8.5 to 8.9 during the November and December 2014 
sampling period and slightly alkaline (7.1 to 7.7) during the January and February 2015 
sampling months. There was not much variations in dissolved oxygen concentration 
across the sites with DNSPHKP1 (8.9 mg/L) in the month of February 2014 and 
UPSPHKP2 (3.4 mg/L) in November 20115. There was considerable spatial variations 
in PO4

2- (0.48 to 0.98 mg/L) and NO3
2- (1.04 to 1.70 mg/L) across the sampled sites 

during the assessment summer months. Sites UPSPHKP1 and DNSPHKP2 showed 
marked difference in physicochemical parameters compared to other sites especially for 
pH, dissolved oxygen and nutrients.  

 
Microcystin identification and quantification 

A total of three major microcystin congeners (MCYST-LR, MCYST-YR and 
MCYST-RR) and two minor microcystin variants were detected, identified and 
separated based on m/z signal in positive ESI mode. Structures of the two minor 
variants are consistent to MCYST-(H4)YR (m/z 1053.1, [M+H]+, m/z, 135, ADDA and 
(D-Asp3, Dha7) MCYST-RR (m/z 1006, [M+H]+, m/z 135, ADDA) when compared to 
literature values. Table 2 depicts the sampling site and specific monthly mean 
concentrations of each microcystin variant, total MCs concentrations (quantified only) 
and percentage of each variant. Each concentration is a mean value of n   3, x  = mean 
concentration, se = standard error of sample mean concentration and rsd = relative 
standard error of sample mean concentrations. One-way ANOVA was used to test 
significant differences among mean microcystin-LR variant concentrations across 
sampling sites and sampling periods as well as among microcystin variants. Figures 3-5 
depict one-way analysis of variance (ANOVA) representation of mean microcystin-LR 
variant concentrations (μg/g DW) across the sampled sites, one-way analysis of 
variance representation of mean microcystin-LR variant concentrations (μg/g DW) 
across the sampling periods and one-way analysis of variance representation of mean 
microcystin-LR variant concentrations (μg/g DW) among MC congeners. The results 
describe high significant difference (P < 0.05) across the sampling sites and marginal 
significant difference (P = 0.02) across sampling periods whereas there was no 
significant difference (P = 0.72) among MC variants. 
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Table 1. On-site physicochemical parameters from each sampling site and period (November 2014 – February 2015). JKSTT = Jukskeispruit 

tributary, RTVLS = Rietvlei stream, KALTS = Kaalspruitfontein stream, MDFTS = Modderfontein stream, * Reinting waste water treatment 

plant 

Month Sampling site 
Temp 

(
o
C) 

Surface Water 

Temp (avg 
o
C) 

Conductivity 

(µS/cm) 
Dissolved Oxygen 

(mg/L) 
pH PO4

2-
 NO3

2-
 Si(OH)4 n 

Chlorophyll-a 

(µg/L) 

Nov 2014 

JKSTT 25.2 

24.95 

387.3 ± 0.92 8.9 ± 0.36 8.4 ± 0.07 0.80 0.53 0.55 3 0.06 ± 0.01 

RTVLS 24.8 368.3 ± 1.55 8.5 ± 0.29 8.3 ± 0.07 0.85 0.51 0.59 3 0.08 ± 0.02 

KALTS 24.7 361.9 ± 0.56 7.9 ± 0.41 8.4 ± 0.07 0.75 0.49 0.61 3 1.49 ± 0.03 

MDFTS 25.1 378.9 ± 0.75 7.2 ± 0.20 8.5 ± 0.09 0.68 0.42 0.55 3 1.46 ± 0.27 

Dec 2014 

JKSTT 25.8 

25.43 

359.7 ± 1.27 7.3 ± 0.29 8.2 ± 0.07 0.58 0.33 0.59 3 1.89 ± 0.06 

RTVLS 25.4 362.6 ± 2.32 7.8 ± 0.25 8.0 ± 0.06 0.62 0.41 0.61 3 1.22 ± 0.02 

KALTS 25.2 359.9 ± 0.98 7.1 ± 0.25 8.4 ± 0.07 0.60 0.39 0.58 3 3.62 ± 0.02 

MDFTS 25.3 378.3 ± 1.25 7.3 ± 0.31 8.3 ± 0.06 0.67 0.36 0.66 3 5.52 ± 0.02 

Jan 2015 

JKSTT 25.2 

25.55 

355.5 ± 2.00 6.0 ± 0.35 7.8 ± 014 0.52 0.33 0.52 3 0.23 ± 0.02 

RTVLS 25.4 355.5 ± 0.63 3.4 ± 0.25 7.4 ± 0.08 0.62 0.39 0.70 3 3.49 ± 0.01 

KALTS 25.9 349.4 ± 1.62 3.9 ± 0.13 8.2 ± 0.14 0.67 0.36 0.62 3 5.58 ± 0.03 

MDFTS 25.7 365.2 ± 2.60 6.1 ± 0.45 8.3 ± 0.17 0.72 0.37 0.69 3 0.02 ± 0.01 

Feb 2015 

JKSTT 24.7 

24.55 

364.3 ± 0.66 6.2 ± 0.21 8.1 ± 0.14 0.62 0.42 0.62 3 0.02 ± 0.01 

RTVLS 24.2 359.2 ± 1.45 3.3 ± 0.22 8.2 ± 0.14 0.64 0.51 0.59 3 0.04 ± 0.01 

KALTS 24.9 360.5 ± 0.98 3.4 ± 0.22 8.5 ± 0.07 0.66 0.52 0.57 3 1.89 ± 0.02 

MDFTS 24.2 360.7 ± 1.13 3.5 ± 0.14 8.7 ± 0.20 0.52 0.53 0.64 3 1.39 ± 0.01 
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Table 2. Sampling site and specific monthly mean concentrations of each MCYST variant, total MCYST concentrations (quantified only) and 

percentage of each variant. (Each concentration is a mean value of n =  ,    = mean concentration, se = standard error of sample mean 

concentration and rsd = relative standard error of sample mean concentrations.  

MCs VARIANTS JSKTT RTVLS KALTS MDFTS 

Nov Dec Jan Feb Nov Dec Jan Feb Nov Dec Jan Feb Nov Dec Jan Feb 

 

 

MCYST-     

   LR 

min 22.0 46.4 50.20 50.05 90.00 215.85 270.2 199.0 90.09 215.90 270.9 199.50 17.74 18.0 16.20 14.0 

max 22.08 46.5 50.50 50.10 90.04 215.90 270.3 199.10 90.05 215.85 270.5 199.20 17.80 18.10 16.25 14.18 

   22.04 46.37 50.77 50.08 90.02 215.8 270.23 199.05 90.07 215.89 270.7 199.35 17.78 18.06 16.22 14.10 

se 0.04 0.15 0.15 0.03 0.02 0.03 0.06 0.05 0.03 0.06 0.05 0.06 0.03 0.05 0.03 0.09 

rsd 0.18 0.33 0.30 0.06 0.02 0.01 0.02 0.03 0.49 0.54 0.30 0.39 0.25 0.28 0.16 0.65 

 

 

MCYST- 

   YR 

min 7.3 8.0 14.15 9.90 15.80 48.10 72.08 70.0 15.90 50.01 72.25 70.22 0.14 1.50 1.70 1.32 

max 7.4 8.05 14.20 9.98 15.88 48.20 72.20 70.20 15.88 50.02 72.30 70.24 0.15 1.52 1.72 1.34 

   7.36 8.02 14.18 9.84 15.86 48.15 72.13 70.10 15.89 50.02 72.28 70.23 0.15 1.51 1.71 1.33 

se 0.05 0.03 0.03 0.04 0.05 0.06 0.06 0.1 0.03 0.02 0.01 0.02 0.03 0.05 0.03 0.09 

rsd 0.72 0.31 0.18 0.41 0.33 0.12 0.09 0.14 13.32 2.78 0.30 0.33 0.25 0.29 0.16 0.65 

 

 

MCYST- 

   RR 

min 6.46 4.20 17.30 13.42 57.60 141.20 141.50 70.80 57.60 141.20 141.50 70.80 4.0 6.28 5.82 1.42 

max 6.50 4.22 17.18 13.50 57.80 141.30 141.50 70.82 57.75 141.25 141.50 70.82 4.02 6.31 5.83 1.43 

   6.48 4.32 17.40 13.46 57.67 141.23 141.50 70.81 57.68 141.23 141.50 70.81 4.01 6.30 5.82 1.43 

se 0.02 0.01 0.1 0.04 0.12 0.06 0.06 0.06 0.06 0.06 0.06 0.03 0.01 0.02 0.01 0.01 

rsd 0.36 0.27 0.57 0.30 0.20 0.04 0.04 0.05 1.08 0.5 0.61 0.42 0.25 0.24 0.10 1.36 

              35.88 58.71 82.35 73.38 163.55 405.18 483.86 339.96 163.64 407.14 484.48 340.39 21.94 25.87 23.75 16.86 

 % -LR 61.43 78.98 61.65 68.25 55.04 53.18 55.85 58.55 55.04 53.03 55.87 58.57 81.04 69.81 68.29 83.63 

 % -YR 20.51 13.66 17.22 13.41 9.70 11.88 14.94 20.62 9.71 12.29 14.92 20.63 0.68 5.84 7.2 49.27 

 % -RR 18.05 7.36 21.08 18.34 35.26 34.86 29.24 20.83 35.25 34.69 29.21 20.80 18.28 24.35 24.51 1.48 

JKSTT = Jukskeispruit tributary, RTVLS = Rietvlei stream, KALTS = Kaalspruitfontein stream, MDFTS = Modderfontein stream. 
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Figure 3. One way ANOVA statistical difference of mean MCs concentrations (μg/g DW) across 
sampling sites JSKTT, RTVLS, KALTS and MDFTS. (P < 0.05, 95 % Confidence Interval of 

Mean) 

 
 

 

Figure 4. One way ANOVA statistical difference of mean MCs concentrations (μg/g DW) across 
sampling periods November 2014 to February 2015. (P = 0.02) 

 
 

 

Figure 5. One way ANOVA statistical difference of mean MCs concentrations (μg/g DW) 
among variants (P = 0.72). 
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Discussion 

The Swartspruit River is a freshwater reservoir used for agricultural, domestic supply 
of portable drinking water as well recreational activities in the Greater Hartbeespoort 
Metropolitan Area, South Africa. Eutrophication and harmful cyanobacteria blooms 
have been the cause of water quality problems in this pond. Table 1 depicts the 
physiological parameters that prevailed in the pond during the assessment periods. The 
prevalence and proliferation of microcystis species as well as the production of 
hepatotoxic microcystins have been reported to depend on a number of physicochemical 
parameters prevailing in a freshwater ecosystem (Wicks and Thiels, 1990; Sivonen and 
Jones, 1999; Jacoby et al., 2000; Dziallas and Grossart, 2012). Parameters like optimal 
pH and temperature (Dziallas and Grossart, 2012) as well as light intensity (Oberholster 
and Botha, 2010; Dziallas and Grossart, 2012) are important parameters known to 
favour algal growth. Algal growths were noticeable throughout the sampling periods 
during which the average temperature in November 2014 to February 2015 ranged 
between 24.2oC and 25.9oC. The temperature range (24.2 and 25.9) is typical for 
summer months in the region and has been reported to favouring the growth of 
microcystis species (Oberholster and Bother, 2010; Sivonen, 1990; Rapala et al., 1997; 
Msango, 2007). The pH levels in the pond ranged between 7.4 ± 0.08 and 8.7 ± 0.02. 
This range is known to be appropriate for the desolvation of phosphates in a water 
column (Greenwald, 2012). The availability of soluble phosphates in water increases as 
the pH shifts towards alkaline conditions of up to 8.9 Greenwald (2012). The optimal 
pH of between 7.4 and 8.7 observed in the pond is characteristic of most eutrophied 
freshwater bodies presumably because this pH range is suitable for metabolic activities 
and growth of toxic algae (Harding and Paxton, 2001; Owuor et al., 2007). 
Additionally, the observed pH range during the assessment period during which floating 
algal cells were conspicuous on the surface of the pond corroborates other reports from 
studies (Oberholster and Botha, 2010; Harding and Paxton, 2001; Owuor et al., 2007) in 
the region which suggest that this pH range is favourable for growth and distribution of 
microcystis species in a water body. An increase in the mean concentrations of all 
MCYSTs extracted particularly in December 2014 during which the water surface in the 
pond was completely green probably was due to higher concentrations of chlorophyll-a 
measured. Reports suggest that algal cells multiplication could result in an increased 
algal biomass paralleled by an increased chlorophyll-a production, thus resulting in 
elevated microcystin production. Our results (compare Table 2, Figures 3 & 4) clearly 
suggest that higher concentrations of microcystins were recorded in sites RTVLS and 
KALTS in the sampling month of December 2014 and January 2015 where chlorophyll-
a concentration was highest compared to sites JSKTT and MDTTS. This observation 
corroborates reports (Oberholster and Botha, 2010; Msango, 2007) which has attributed 
increased total microcystin concentrations expressed as MCYST-LR eq/L to higher 
chlorophyll-a concentrations for algal cells collected from a freshwater dam in the 
region. Areas around site RTVLS and KALTS are known as some of the historical algal 
concentration sites in the pond. Hence the occurrence of harmful algal bloom in these 
sites could be attributed to their locations and to that conditions that favour massive 
algal cell growth and aggregation are prevalent in these sites. The observed decrease in 
the dissolved oxygen concentrations in these sites especially towards the end of the 
summer months could be attributed to microbial activities taken place (Dziallas and 
Grossart, 2012). Our presumption is that the decrease in dissolved oxygen 
concentrations is an indication of higher microbial activities, probably due to bacteria 
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feeding on dying algal cells. The decrease in microcystin concentrations extracted from 
freeze dried algal samples from all the sampled sites in February 2015 supports this 
assumption. Decrease in the concentration of microcystin towards the end of the 
summer months is of importance concerning public health since higher concentrations 
of microcystins are expected presumably due to cell deaths. The observed decrease in 
numbers of visible algal cells and clear water towards the end of summer in the pond 
could be a very deceiving water safety indicator to users of this freshwater pond, 
especially should there be no post bloom monitoring strategy to ascertain hepatotoxic 
microcystin concentrations particularly after summer. Sites RTVLS and KALTS 
experienced visible algal cell bloom accumulation all through the sampling season. This 
probably is due to wind direction and effects of river currents caused by the inflow of 
water upstream from the Jukskeispruit tributary and Kaalspruit River. In addition, these 
site are located within a few meters from a water treatment facility and near an animal 
conservation area. The sites were also characterized by quiet current and turbulence 
effects. Reports suggest that algal blooms naturally occur in calm, nutrient rich water 
reservoirs (Falconer and Humpage, 2005). Site JSKTT was relatively calm. This 
seemingly is because it is protected from strong winds by bushes in the vicinity of the 
animal conservation area. The water mass around site MDFTS is largely from the 
Modderfontein stream inflow and Swartspriut River outflow into the Hartbeespoort 
dam. No significant quantities of algal cell blooms were observed in this sampling site. 

The ADDA fragment ion [PhCH2CH(OCH3]
+ (m/z 135) have been used for the 

detection and identification of microcystins and nodularins (Zhang et al., 2012; Chang 
et al., 2014; Msagati et al., 2006) and results from the α-cleavage of the methoxy group 
of the ADDA residue in microcystins (del Campo and Ouahid, 2010; Jurczak et al., 
2004). The observed molecular ion masses, fragments and retention times were 
analysed relative to those of the authentic reference standards used in the study and 
compared to literature values. The assigned values: MCYST-LR (m/z, 996.3, [M+H]+, 
ADDA m/z, 135, RT 7.86), MCYST-YR (m/z, 1.047.3 [M+H]+, 523.4 [M+2H]2+, 
ADDA m/z 135, RT 7.59) and MCYST-RR (m/z, 1,039, [M+H]+, ADDA, m/z, 135, 
RT, 6.72) depict the presence of microcystins in the water samples corroborating similar 
reports from freshwater reservoirs in the region (Msagati et al., 2006; Oberholster et al., 
2009). Further analysis of the data revealed two other variants from the algal extracts 
from all the sampled sites. Our presumption is that the cyanobacterial species producing 
the hepatotoxic microcystin, dominated and was well distributed in the river. Structures 
of the two minor congeners is consistent to MCYST-(H4)YR (m/z 1053.1, [M+H]+, m/z, 
135, ADDA, (Mazur-Marzec et al., 2008) and (D-Asp3, Dha7)MCYST-RR (m/z 1006, 
[M+H]+, m/z 135, ADDA) when compared to literature values (Hoger et al., 2007; 
Wood et al., 2010) isolated from Microcystis.aeruginosa in other locations (Blom et al., 
2001; Messineo et al., 2009; Vareli et al., 2009). Figure 5 showed that the observed 
minimum and maximum MCYST-LR concentration were around 16.22 μg toxin/g and 
270.23 μg toxin/g DW, across the sampling sites. The concentration range of 270.23 μg 
toxin/g is more than the toxicity levels of cyanobacteria toxins (Cazenave et al., 2006). 
Mouse assay toxicity levels of MCYST-LR (LD50 25 μg toxin/g to 50 μg toxin/kg DW 
is more than that of MCYST-RR (LD50 200 μg toxin/g to 800 μg toxin/kg DW. Ito et al. 
(2002) has reported that both cyanobacterial MCYST-LR and MCYST-RR equally 
inhibit the activities of PP1 and PP2A enzymes. The inhibition of the activities of these 
enzymes is known to result in metabolic dysfunction in animals, and sometimes death in 
cases of higher dosages (Butler et al., 2009). Furthermore, MC-LR is known to exhibit 
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inhibitory effects against antioxidants and detoxification activities on fish gills 
(Cazenave et al., 2006) at dosages around 10 μg/L. Our results (Figure 5) clearly 
implies that MCYST-LR is the dominant variant in all the sampling sites. The fact that 
its dominance in all the sampled sites would present a major health hazard to the public 
may be arguably ignored. This is because the uptake rate (Klitzke et al., 2011), 
synergistic effects of other toxigenic moieties (Osswald et al., 2011) and the quantity of 
toxin ingested (Blom and Jüttner, 2005) that are physiologically more important in 
relation to animal poisoning than toxicity values of any microcystin variant (Osswald et 
al., 2011). The bioaccumulation of MCYST-LR in fish, animals and plant tissues 
resulting from elevated extracellular microcystin concentrations in water is of 
importance. This is because toxicological effects pose a serious health risk to the public 
consuming food products resource as well as other users of a contaminated water 
resource for domestic, recreational and agricultural activities (Blom and Jüttner, 2005). 
Even though there are no guidelines for MCYST-LR concentrations in recreational 
waters due to its low toxicity, the World Health Organization (WHO) has set a limit of 
25 μg MCYST-LR eq/L for total MCYSTs concentrations in recreational waters (WHO 
2003). The authors are of the view that upon algal cell lysis and death towards the end 
of the summer season, MCYST-LR would have added the largest proportion to the total 
MCYSTs concentration, exceeding the WHO threshold level for recreational waters. 
Consequently, it could be argued that elevated concentrations of MCYST-LR alone 
could potentially present a health hazard to consumers of products or services of these 
freshwater reservoir. Blom et al. (2001) are of the opinion that the toxic activity of (D-
Asp3, Dha7) MCYST-RR was greater than that of the parent MCYST-RR in algal 
grazers. Although further studies are still required to fully characterise the structure of 
(D-Asp3, Dha7) MCYST-RR isolated from the algal extracts studied, its occurrence in 
the Swartspruit River is of particular interest concerning what could be its synergistic 
effects (if any) to the toxicity of the dominant MCYST-LR variant. Our findings 
reasonably suggest that a stratified freshwater impoundments like the Swartspruit River 
could be over-enriched and contain excess nutrients given rise to massive algal blooms. 
Optimal penetration of light during the summer months uniquely determines the depth 
to which photosynthesis is practical and algae can flourish. (Hely-Hutchinson and 
Schumann, 1997). Our assumption is that Microcystis flos-aquae and Microcystis 
aeruginosa blooms started in temperatures of 24.2°C and peaked at temperatures of 
between 25°C and 27°C. The dissolved oxygen concentration in the upper layers of the 
impoundment was periodically higher during the bloom sampling periods than off 
bloom periods complementing reports describing the seasonal and temporal bloom 
variations of toxigenic cyanobacteria population predominantly Microcystis spp in other 
locations (Downing and van Ginkel, 2004; Prakash et al., 2009; Arzate-Cardenas et al., 
2010). These findings are in harmony with other reports which have indicated that 
microcystin seasonal variations are a familiar occurrence in many eutrophic water 
reservoirs due to changing environmental factors, species succession and dynamics 
(Kardinal and Visser, 2005). The observed quantitative variations in microcystins mean 
concentration across the sampled sites and sampling periods is not an uncommon 
characteristics considering the size of the river. Moreover, this investigation was carried 
out during the summer months in South Africa close to the onset of the winter season 
when Microcystis spp have been reported to undergo overwintering (Fallon and Brock, 
1981; Tsujimura et al., 2000). The findings portrays typical trends in microcystin 
profiles representing the rivers water situation during the summer season. Monitoring 
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the distribution of microcystins across all the sampling sites studied could reasonably 
imply that they were produced by the dominant and well distributed cyanobacteria 
species Microcystis flos-aquae. This assumption corroborates findings from previous 
studies in the region which revealed that Microcystis spp are the prevalent MCYSTs-
producing species (Scott, 1991; Oberholster and Botha, 2010). Microcystis flos-aquae 
was the most common species of this genus detected in the pond during our study. 
Maximum bloom development was observed during mid-summer seasons (November 
2014 and February 2015) when the water column was thermally stratified. The cell 
count of 3.2 x 105 cells L-1 for the Microcystis taxa was remarkable high. This could be 
attributed to our sampling close to the shoreline. The presence of hepatotoxic 
microcystins in the filtered fraction probably is an underestimation of the total 
microcystin concentration present in the environmental samples. Even though no 
significant extracellular toxin was detectable, this fraction is characteristically a small 
percentage of the total microcystin pool (e.g. < 9%) during the early stages of toxigenic 
population development. Reports indicate they can become the majority fraction in 
ageing and lysing cyanobacterial populations (Codd et al., 2005). Whether the 
microcystins detected in the particulate material are attributable to all of the 
cyanobacterial species found, is not clear at present. The assignation of microcystin 
variants detected to individual cyanobacteria strains awaits ongoing phylogenetic 
molecular sequencing investigation in our research group.  

To the best of our knowledge, little or no relevant information currently exist that 
have reported the occurrence, analytical identification and quantitative variations of 
hepatotoxic microcystins (MCYST-LR, MCYST-YR, MCYST-RR) from toxigenic 
hyper-bloom samples collected from the Swartspruit River employing optimized solid 
phase microextraction-liquid chromatography-electrospray ionization-mass 
spectrometry. The authors are of the opinion that the formulation of any monitoring and 
strategic remediation interventions to minimize potential health risk to the public and 
environment caused by the bioaccumulation of harmful cyanobacterial blooms and their 
cyanotoxins in such as fresh water reservoir could be favourably dependent on 
information presented here, especially where high risk sites have been identified 
(Falconer and Humpage, 2005). Our assumption is that the information, data, figures 
and findings presented in this report would provide a better insight of the dangers posed 
by the bioaccumulation of cyanobacterial hepatotoxins in a fresh water reservoir like the 
Swartspruit River. Our goal is to monitor and assess the state of water quality and safety 
of the Swartspruit River as a portable drinking freshwater resource.  
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Abstract. The Zhetysu (Junggar) Alatau mountain system consists of mainly two parallel, high mountain 
ranges: the northern and the southern. The natural border between the ranges is the Koksu river and the 
Boro Tala river (located in China). Climate conditions, water resources, soil cover, altitudinal zonality of 
plant cover vary in the northern and the southern ranges (macro slopes). The aim of the research was to 
give phytocoenotic characteristic of meadow vegetation, to determine the ecological-physiognomic types 
of meadows, to identify the species composition of natural communities and indicators of anthropogenic 
influence. Meadow vegetation inhabits a wide altitudinal range from piedmont deserts and low-hill 
terrains to subalpine and alpine belts, with a high degree of species and phytocoenotic diversity. 
According to ecological-physiognomic classification, 6 vegetation types of meadows are found in the 
Zhetysu Alatau Mountains: halophytic on meadow–serozem saline soils, flood-plain-valley (forb-grass 
typical, grass-forb on floodplain meadow and meadow-chernozem soils; swamp meadows on paludal-
meadow soils), steppe on meadow-chernozem and meadow-kastanozem soils, mid-mountain rich grass-
forb on ordinary and leached chernozems, high-mountain subalpine on mountain-meadow subalpine turf 
soils, high-mountain alpine on mountain-meadow alpine turf soils. The meadows of the northern range 
are most diverse, those of the southern, more arid one, are fragmentary. Meadow vegetation is mostly 
used for grazing and haying, sometimes for tillage. Oftentimes, river valleys are significantly impacted by 
recreation. The degree of human-induced degradation is assessed as moderate, with sites of severe 
degradation of vegetation cover. Within the limits of the “Zhongar Alatau” and “Altyn Emel” National 
Parks remain natural samples of the Zhetysu Alatau meadow vegetation.  
Keywords: meadows types, species composition, weed species, land use, conservation 

Introduction 

Meadow is grass and forb community of mesophilic and halomesophilic, mostly 
rhizomatous plants that have the winter break of the growing season (Bykov, 1973). 
Meadows are subdivided into floodplain (riparian), watershed (mainland) and 
mountain. 

The study of meadow vegetation (grasslands) pays great attention due to their high 
significance. Grasslands are very important from nature conservation aspects but they 
have economic importance as well. Therefore it is vital to know the species 
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composition of the pastures (Házi et al., 2012). The species richness is influenced by 
many factors (climatic-topographical and soil-geological variables, land-usе history, 
etc. (Janišová, 2014). 

Grime (1973) noted that plant species richness of herbaceous communities should 
peak at intermediate intensities of management (i.e. grazing, mowing, burning or 
trampling). Many scientists decide questions which of the methods have less negative 
impact - mowing or grazing, the best for sustaining biodiversity, preserving the pasture 
considering nature conservation and economic aspects (Házi et al., 2012).  

Low-intensity grazing is often considered a good management technique (and even 
better than mowing) because it is expected to create small-scale heterogeneity through 
varying grazing, trampling and defecation patterns of the livestock, which should allow 
more species to coexist than under the homogenizing regime of mowing (Redecker et 
al., 2002; Dengler et al, 2014). Research of meadow vegetation cover not only the 
livestock impact (Házi et al., 2012; Meadow, 2016, etc.), but wild animals as well 
(Catorci et al, 2016; Gao et al., 2008).   

All of this underlines the need for detailed research of meadows and grasslands. 
Below we provide a brief history of the research of flora and vegetation in the Zhetysu 
Alatau Mountains. It is important to know, what is studied and what remains to be 
examined, which tasks should be explored first. We give a characterization for 
Kazakhstani and Chinese parts of these transboundary mountain ranges. 

The first botanist who visited the Zhetysu Alatau in 1840 was A. I. Schrenk. He 
collected numerous plants that were new for science. In 1876-78 А. E. Regel made 
considerable collections of plants in the southern range (Rubtsov, 1948). The first 
survey of vegetation was prepared by Semyonov-Tianshanski during his trip to the Tien 
Shan Mountains in 1956-1957 (Semyonov-Tianshanski, 1947). A more detailed study 
of vegetation started already in the 20th century (Shipchinski et al., 1930; Lipshits, 1931; 
Rodin, 1934; Polyakov, 1941, etc.). The most complete information on vegetation cover 
is in the classic work of N. Rubtsov (1948). Natural forage lands, seasonal ways of their 
use were studied by L. N. Sobolev (Sobolev, 1960). A considerable attention was paid 
to the studies of wild Sievers apple-tree (Jangaliev, 1977). Subsequently, this problem 
was studied under the Project by GEF-UNDP titled “The Conservation of Mountain 
Agrobiological Diversity in Kazakhstan”, wild fruit (apple tree) grooves were 
thoroughly studied in the northern range (Wild Fruit Forests of Kazakhstan, 2012, etc.). 
The description of Schrenk spruce forests with classification of the main forest types 
and their subdivision into districts was made by B. А. Bykov in his work “The Tien 
Shan Spruce Forests” (Bykov, 1985). Spatial regularities of plants distribution are 
reflected in small-scaled maps (Vegetation Map…, 1995; National Atlas, 2010).  

Flora of the Zhetysu Alatau Mountains comprises 2168 species of vascular plants 
belonging to 112 families and 622 genera (Goloskokov, 1984), among which there are 
15 species of ferns, 6 – horsetails, 13 – gymnosperm plants, and 2134 species of 
angiosperms. V. Goloskokov noted a high endemism (76 species) of the flora. In 
addition, he conducted a botanical and geographical assessment, distinguished the main 
groups of economically valuable plants. There are 297 forage plant species, 104 
officinal, 69 poisonous, 54 etherial and oleiferous, 24 tanniferous, 52 nectariferous, 11 
vitaminous, 32 industrial, 133 ornamental plant species, 322 weeds. Besides, V. P. 
Goloskokov presented 73 plant species that require protection (Adianthum capillus-

veneris L., Eremurus robustus (Regel) Regel, Allium galanthum Kar. & Kir., Crocus 

alatavicus Regel & Semen., Paeonia hybrida Pall., Adonis tianschanica (Adolf) 
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Lipsch., Berberis iliensis M. Pop., Corydalis semenovii Regel, Rhodiola rosea L., 
Malus sieversii (Ledeb.) M. Roem., Euonimus semenovii Regel & Herd., Louiseania 

ulmifolia (Franch.) Pachom., Silaum saxatilis Bajt., Stemmacantha carthamoides 

(Willd.) M. Dittrich., etc.).   
For us it was very interesting to compare research in Kazakhstan with data obtained 

in China. As the Boundary Mountain between China and Kazakhstan, Alatau Mountain 
is situated in the northern part of Borotala Mongolia Autonomous Prefecture of 
Xinjiang and is between the Yili (Ile) river and Alakol Lake. Due to limited 
precipitation, the southern slope within the territory of China belongs to extreme arid 
climate. However, moisture from the Atlantic can still enter into windward mountains 
because they are not too high. As a result, relatively dense forest and meadow 
vegetation are presented in local areas. In addition, steppe and desert vegetation occupy 
the southern and eastern mountains areas of lower altitudes (Ma, 2008). Thus, vertical 
altitude and habitat diversification (from the low to high and from the plain desert to 
mountain) provide favorable conditions for the development of all types of vegetation, 
formed a vertical belts characterized by desert, grassland, shrub, forest, meadow and 
alpine vegetation (Zhao et al., 2013a). 

From the perspective of ecological geography and flora distribution, Alatau 
Mountain locates just in transition zone of Central Asia, Middle Asia and Siberia plant 
area. Therefore, natural environment has changed over the geological history, which 
provides some advantages for approaching, mixing and specializing of different floristic 
elements and makes the flora of this region characterized by polydemic (Hai et al., 
2011). Comprehensive surveys and investigations of biological resources have not been 
well carried out in this region. After reunification of Xiaerxili in 1999, scientific 
expeditions to Xiaerxili were carried out twice in both 2004 and 2005. The results 
showed that there were 1680 species of vascular plants (including the subspecies and 
variants) belonging to 81 families and 517 genera, among which there were 23 species 
of ferns, 9 species of gymnosperms, and 1648 species of angiosperms (Hai et al., 2011). 

In this area, there are orchids including Orchis latifolia L. and Goodyera 

schlechtendaliana Rchb. f., and there are more than 60 species of State’s and 
Autonomous region’s key protected plants, including Astragalus mongholicus Bunge, 
Saussurea involucrate (Kar. et Kir.) Sch.-Bip,  Haloxylon ammodendron (C. A. Mey) 
Bunge, Glycyrrhiza uralensis Fisch., Cistanche deserticola Ma, Lithospermum 

erythrorhizon Sieb. et Zucc.; 9 species are endemic plants distributed in this area, 
including Polystichum alatawshanicum C. Y. Yang, Salix pyrolifolia Ledeb., 
Delphinium elliptico-ovatum W. T. Wang, Scutellaria orthotricha C. Y. Wu et H. W. 
Li, Thymus altaicus Klok. Et Shost., Solanum boreali-sinense C. Y. Wu, Seriphidium 

borotalense (Poljak.) Ling & Y. R. Ling, Mulgedium alatoicum C. H. An, Iris curvifolia 
Y. T. Zhao, etc. Besides forest plants and abundant forage plant resources, edible, 
medicinal, ornamental, fragrant, sand-fixing, nectar, fiber plants were reported from this 
area (Wang, 2007). 

Meanwhile, wild relatives of plant resources are also rich in this area. According to 
the investigation, there are 188 species of relatives of cultivated plants including 64 
species crop wild relatives, 124 species of relatives of cultivated forage grasses in 
Xiaerxili (Zhao et al., 2013b). Among the relatives of cultivated crops: there are 33 
species of wild relatives of wheat and barley, 1 species of wild oat, 2 species of wild 
millet, 7 species of wild relatives of pea, 6 species of wild relatives of oil crop, 15 
species of wild Allium. Among the relatives of forage grass: there are 69 species of 
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leguminous forage, 47 species of grasses, and 8 species of Chenopodiaceous forage. 
These relative plants enrich the gene pool of cultivated crops in China, and increase the 
genetic diversity of cultivated crops. 

From the above it follows that most studied for Kazakhstani and Chinese parts of the 
mountains are flora, rare and economically valuable plants. Detailed geobotanical 
studies and descriptions of vegetation types in the Kazakhstani part of the Zhetysu 
Alatau Mountains were held in the middle of the last century. Therefore, the primary 
objective was to assess the current state of vegetation cover. 

The studies were conducted during the third decade of July in 2014-2015. The 
studies resulted in articles published on altitudinal belt regularities and vegetation types 
of the Zhetysu Alatau southern range (Dimeyeva and Ablaikhanov, 2014; Dimeyeva et 
al., 2015а), steppe vegetation of the Zhetysu Alatau (Dimeyeva et al., 2015b). This 
work focuses on meadow vegetation, one of the mostly distributed vegetation types in 
the Zhetysu Alatau Mountains. In face of the predecessors’ researches, an inventory 
making of meadow vegetation is currently of great importance for revealing common 
regularities of distribution, assessing human-induced loads on natural ecosystems and 
for developing measures on sustainable utilization.  

It is important to note that in the region there are two national parks. The 
establishment of the “Zhongar Alatau” National Nature Park in 2010 covering 356,000 
hectares contributed to the conservation of the unique biological diversity of the 
northern range. In the southern range exists National Nature Park “Altyn Emel” 
established in 1996 occupied the area of 520,200 hectares. Botanical survey of the areas 
was carried out before the opening of the national parks. Currently, monitoring of key 
species and communities is carried out. 

This is the first detailed geobotanical study after a long period of their absence, and 
for the meadow vegetation it is the first analysis. Each vegetation description entered 
into the GIS and will be used for the purposes of mapping. 

Materials and methods 

Study area 

The Zhetysu Alatau mountain system is located in the eastern part of Kazakhstan, 
stretching from the west and south-west to the east and north-east along the state 
frontier of Kazakhstan and China between the Ile river and Alakol lake. In the east the 
mountains are separated from China-located Barlyk and Miley ridges by the Junggar 
Gates, in the south the mountains are separated from the Tien Shan northern chains ‒ 
the Ile Alatau and Ketmen ranges by the Ile river valley (Gvozdetskyi and Mikhailov, 
1978). The Zhetysu Alatau Mountains are extended in the latitudinal direction along 
450 km, and with a width of 100-250 km. The Zhetysu Alatau mountain system consists 
of several high parallel ranges (generally two, the northern and the southern) (Relief of 
Kazakhstan, 1991). The longest mountain chain stretches in the north. The natural 
border between the ranges is the Koksu river (length of 205 km) and the Borotala river 
(length of 250 km, located in China).The southern range has several parallel ridges. It 
begins as Suuktube and Sarychaban ridges in the west, followed by Toksanbay, 
Besmainak, Tyshkantau to the east (in the limits of Kazakhstan). The mountains 
continue in China as Bedzhintau and Boro-Horo ridges. The average height of the 
mountains is 3770 m above sea level (a.s.l.).The highest point of the northern range is 
the Semenov-Tianshanski (Besbaskan) mountain (4662 m a.s.l.), the Panfilov 
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(Ormekshi) mountain (4359 m a.s.l.) is the highest point of the southern range. The 
snow line is at the height of 3200-3800 m a.s.l. The area of glacier covering is about 
1000 square kms. The glacierization in the northern slope is more than in the southern 
one. The number of glaciers is over 1,000. The glaciers are for the most part in the stage 
of contraction. There are traces of two ancient glaciations. The largest Voeikov glacier 
is located in the upper stream of the Chizhin river. Its length is 8.6 km. 

The climate is continental. It is characterized by considerable solar insolation, dry 
and warm summer, cold winter with low snow in the foothills, frequent temperature 
inversions and grate snow cover in the mountains (Gvozdetskyi and Mikhailov, 1978).  

Average annual climate data are taken from several meteorological stations located 
in southern range (Zharkent, at an elevation of 643 m a.s.l., Kugaly, 1410 m a.s.l.), in 
the northern range – Lepsy, 1012 m a.s.l.; Tekely, 1722 m a.s.l. (Reference Book…, 
2004а; 2004b). Average annual air temperature varies from 1.3-4.8°С in intermountain 
valleys (Lepsy, Kugaly, Tekely) to 9.3°С in foothills (Table 1); average annual 
precipitation amount varies from 184-520 mm in the southern range to 697-831 mm in 
the northern range (Table 2); numbers of frost-free days are as follows: Zharkent – 183, 
Kugaly – 123, Lepsy – 97, Tekely – 128. 

 

Table 1. Average monthly air temperature (°С) in meteorological stations of the Zhetysu 

Alatau Mountains 

Station I II III IV V VI VII VIII IX X XI XII Mean 

Zharkent -8.9 -5.7 3.5 12.8 18.1 22.2 24.0 22.8 17.4 9.9 0.9 -5.9 9.3 

Kugaly -8.8 -7.8 -2.7 6.1 11.5 15.4 17.7 17.0 12.4 5.6 -2.5 -6.6 4.8 

Lepsy -17.6 -14.9 -6.5 4.9 11.5 15.6 17.5 15.9 10.7 3.5 -7.5 -14.7 1.5 

Tekely -6.4 -5.6 -1.5 5.5 10.0 14.0 16.1 15.5 11.0 4.8 -1.1 -4.2 4.8 

 
 

Table 2. Average monthly precipitation amount (mm) in meteorological stations of the 

Zhetysu Alatau Mountains 

Station I II III IV V VI VII VIII IX X XI XII Annual 

Zharkent 12 11 13 17 20 24 22 12 11 13 16 13 184 

Kugaly 29 26 36 54 67 64 53 29 27 45 51 39 520 

Lepsy 39 37 54 78 87 68 61 40 37 66 75 55 697 

Tekely 39 35 62 92 114 96 90 45 48 81 75 54 831 

 
 

Surface water resources are abundant (Lvovich, 1984). Most of rivers belong to the 
Balkhash lake basin: the Horgos, Koksu, Lepsy, Karatal, Usek, Sarkan, Tyshkan, 
Borohudzir, etc. Some of the rivers belong to the Alakol-Sasykkol lakes basin: Tentek, 
Tastau. There are no big rivers in the Zhetysu Alatau Mountains with large watershed 
area (with the exception of the Lepsy river), their total water content is not great. 
However, due to the large amount of precipitation in mountainous areas, specific stream 
flow rate attains large values. By the type of hydrological regime, most of the rivers 
belong to streams with spring-summer seasonal flood, with maximal discharges falling 
at snow cover melting in spring and at the account of glacier-derived nourishment of 
rivers in summer. 

In soil cover distribution by altitudinal belts, the vertical zonation reveals itself 
differently in the northern and southern ranges (Sokolov et al., 1978; 1991). Above 
alpine belt the soil cover is not developed. In the alpine belt, at altitudes of 2000-4000 
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a.s.l. at the northern range and 2350-3500 m a.s.l. at the southern range, dominate 
Lethic Leptosols according to FAO classification (FAO…, 1997). Podzoluvisols are 
spread at the height of 1700-2300 m a.s.l. at the northern range. The southern range 
almost does not completely represent Podzoluvisols, as well as a forest belt. The steppe 
types of soils climb into the high mountains in the southern range. Phaerozems are 
distributed at altitudes of 1200-2400 m a.s.l. under high-mountain meadow steppe and 
meadows in the southern range, and 1000-2200 m a.s.l. Petric and Luvic Calcisols 
occupy semi-desert low-mountain belt. Carbic Kastanozems and Chernozems are spread 
in mid-mountains; Fluvosols – along rivers and streams. 

According to Botanical-geographic regionalization the Zhetysu Alatau Mountains 
belong to Junggar-North Tien Shan mountain botanical-geographic province 
(Rachkovskaya et al., 2003).  

The features of altitudinal plant zonality are different in the northern and southern 
ranges (Rachkovskaya et al., 2003; Dimeyeva and Ablaikhanov, 2014). The altitudinal 
belts of the northern range: the belt of piedmont deserts (600-800 m a.s.l.); the steppe 
belt with sub-belts of desert steppes (800-1000 m a.s.l.), fragments of true steppes 
(1000-1200 m), and meadow steppes (1200-1700 m a.s.l.); the belt of small-leaved 
forests (1400-1700 m a.s.l.), the belt of dark coniferous forests and meadows (1700-
2300 m a.s.l.); the belt of sub-alpine meadows, steppes and elfin woods (2300-2800 m 
a.s.l.); the belt of cryophytic (alpine) meadows (2800-3300 m a.s.l.). The altitudinal 
belts of the southern range: the belt of piedmont deserts (600-800 m a.s.l.); the steppe 
belt with sub-belts desert steppes (800-1500 m a.s.l.), and meadow steppes (1500-1700 
m a.s.l.); the forest-meadow belt (1700-2400 m a.s.l.); the belt of sub-alpine meadows, 
steppes and elfin woods (2200-2800 m a.s.l.); the belt of cryophytic (alpine) meadows 
and steppes (2800-3500 m a.s.l.). 

Routes in the Zhetysu Alatau covered: foothill plains, valleys of the rivers Lepsy, 
Tentek with tributaries; the rivers Sarkan, Terekty, Baskan, Tyshkan, Usek, Koksu, 
Borohudzir; Lepsy intermountain valley, low mountains Ortatau, Atyzhek, Malaisary; 
the northern range; the mountain ridges of southern range: Toksanbay, Tyshkantau, 
Altyn Emel, Orikty, Tulkili, Matai; gorges Sulymatai, Uzynbulak; areas of groundwater 
runoff Mynbulak, Dongelekbastau and Kolbastau in piedmont valleys (Fig. 1). List of 
Sample areas are in Appendix 1. 

We investigated all altitudinal belts except alpine, which we present according to 
Rubtzov, 1948; Goloskokov, 1984; Rachkovskaya et al., 2003. 

 
Methods 

The study on vegetation was carried out using traditional methods of field geobotany 
(Bykov, 1978; Field Geobotany, 1959-1976) including description of main plant 
communities of the research areas and landscape-ecological profiling. Collection of 
herbarium specimens was conducted simultaneously with the study of vegetation cover 
in all habitats. The Vegetation Description Form was used to record vegetative and 
environmental characteristics of the 100 sq. m sample plots. The form included the 
following information: GPS coordinates, elevation, topography, soil type, percent cover, 
species list, аbundance by Drude scale (Drude, 1913; Bykov, 1978), degree and type of 
disturbance, etc. Symbols of Drude’s scale indicate frequency of occurrence/coverage of  
a species. The symbols are as follows: soc (socialis) – the dominant species, frequency 
of occurrence/coverage exceeds 90%; cop3 (copiosus) – an abundant species, frequency 
of occurrence/coverage is up to 80%; cop2 – a species is represented by numerous  
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individuals, frequency of occurrence/coverage is up to 20%; cop1 – frequency of 
occurrence/coverage is up to 4%; sp (sparsus) – frequency of occurrence/coverage about 
0.8%; sol (solitarus) – scanty individuals, frequency of occurrence/coverage not exceeds 
0.16%; un (unicum) – a single individual. 

 

 

Figure 1. The study area 

 
 
Types of meadow vegetation have been identified according to ecological-

physiognomic classification principals (Ellenberg and Mueller-Dombois, 1967; 
Ellenberg, 1973; Küchler, 1949; 1967; Rachkovskaya et al., 2003, etc.). Ecological-
physiognomic categories unite communities with species of similar ecology, the same 
seasonal character of growth and functional (adaptive) features (Rachkovskaya et al., 
2003). For description of each ecological-physiognomic type we analyzed at least five 
Vegetation Description Forms. To determine the types of meadows we used the data 
from our field studies and compared them with the published ones (Novikova, 1997; 
Ogar, 1999; 2003). Soils, species composition, and dominant plant species were 
identified for each type of meadows. 

Identification of plants was conducted using the 9-volume “Flora of Kazakhstan” 
(1956-1976) and taxonomic revision of species names developed by S. Cherepanov 
(1995). The source of plant names of Chinese part of the mountains was “Flora of 
China”. Soil types are presented on Sokolov et al. (1978; 1991) according to Russian 
classification system. 
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Results  

Meadow vegetation occupies a wide altitudinal range from piedmont deserts and low 
mountains to subalpine and alpine belts.  

In the belt of piedmont deserts, meadows are found in depressions with groundwater 
runoff (Achnatherum splendens (Trin.) Nevski, Phragmites australis (Cav.) Trin. ex 
Steud., Inula caspica Blum ex Ledeb., Vicia cracca L., Amоria repens (L.) C. Presl, 
etc.). In the piedmont valley of the Altyn Emel ridge (the southern range) at brook 
springs, develop dense shrub thickets, halophytic and swamp meadows (Table 3).  

 
Table 3. Species composition of meadows in the areas with groundwater runoff in the 

piedmont desert belt 
 

Species 

Abundance by Drude scale 

Halophytic meadow Swamp meadow 

Mynbulak spring Kolbastau spring  
Dongelekbastau 

spring 
680 m a.s.l. 730 m a.s.l. 732 m a.s.l. 

Shrubs and semishrubs 

Halimodendron halodendron (Pall.) 
Voss 

cop1 cop1-2 sol-sp 

Trachomitum lancifolium (Russan.) 
Pobed. 

sol sol - 

Nitraria sibirica Pall. sol sp-cop1 - 

Rosa beggeriana Schrenk - - sol 

Berberis iliensis M. Pop. - - sol-sp 

Suaeda microphylla Pall. - sol - 

Herbs 

Alhagi pseudalhagi (Bieb.) Fisch. sp-cop1 - - 

Glycyrrhiza aspera Pall. sp-cop1 - - 

Glycyrrhiza uralensis  - - sol 

Achnatherum splendens  sp sp-cop1 sol-sp 

Atriplex tatarica L. sp-cop1 sp - 

Aeluropus littoralis (Gouan) Parl. cop1 sol - 

Artemisia schrenkiana Ledeb. sol-sp - - 

Iris sogdiana Bunge sol - sp 

Suaeda heterophylla (Kar. & Kir.) 
Bunge 

sp sp sp-cop1 

Phragmites australis  - sol sp 

Lavatera thuringiaca L. - sol - 

Leymus angustus (Trin.) Pilg. - sp - 

Leymus divaricatus (Drob.) Tzvel.  - sp cop1 

Saussurea amara (L.) DC.  - sol sol 

Acroptilon repens (L.) DC. - sol - 

Asparagus persicus Fisch. & C.A. 
Mey. ex Bunge 

- sol - 

Scirpus tabernaemontani C.C. Gmel. - - sol 

Mentha longifolia (L.) Huds. - - sol 

Gypsophila perfoliata L. - - sol 

Total: 11 15 13 

 



Dimeyeva et al.: Meadow vegetation 
- 383 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 375-398. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_375398 
 2016, ALÖKI Kft., Budapest, Hungary 

The species composition of halophytic meadows is represented by liquorice 
(Glycyrrhiza aspera, G. uralensis), halophytic grasses (Aeluropus littoralis, Leymus 

divaricatus, L. angustus, Achnatherum splendens), and saltworts (Atriplex tatarica, 

Suaeda heterophyllа, S. microphylla) with sagebrush (Artemisia schrenkiana) and forbs 
(Saussurea amara, Lavatera thuringiaca). The species composition of swamp meadows 
includes Iris sogdiana, Scirpus tabernaemontani, Mentha longifolia, Phragmites 

australis.  
In low-mountain area at the steppe belt elevation points, meadows are found in river 

valleys and in intermountain depressions. Let us consider the meadow vegetation of the 
Lepsy intermountain valley (the northern range). There, at the altitude from 984 to 1071 
m a.s.l., typical forb-grass and steppe meadows, which are used for the most part for 
haying. The species composition of plant communities is represented by numerous 
forage (Festuca valesiaca Gaudin, Medicago falcata L., Elytrigia repens (L.) Nevski, 
Phleum phleoides (L.) Karst., etc.) and pharmaceutical (Agrimonia asiatica Juz., 
Origanum vulgare L., Bupleurum aureum Fish. ex Hoffm., Hypericum perforatum L., 
etc.) plant species (Table 4). 

 

Table 4. Species composition of meadows in the Lepsy intermountain valley 

Species 

Abundance by Drude scale 

Steppe 
meadow 

Valley forb-
grass 

meadow 

Flood-plain 
forb-grass 
meadow 

Valley forb-
grass 

meadow 

Steppe 
meadow 

984 m a.s.l. 991 m a.s.l. 1005 m a.s.l. 1029 m a.s.l. 1071 m a.s.l. 
Shrubs 

Lonicera tatarica L. - - sp - - 

Rubus caesius L. - - sp - - 

Cotoneaster pojarkovae 

Zak. 
- - - sol sol 

Herbs 

Thymus marschallianus 

Willd. 
sp - - sp sp 

Bromus  japonicus 
Thunb. 

sp - - - - 

Achillea millefolium L. sp-cop1 sp - sp-cop1 - 

Stipa capillata L. sol - sol sp-cop1 cop1 
Festuca valesiaca  sp - sol - - 

Medicago falcata sol-sp - sol sp cop1 
Elytrigia repens  sp - - cop1-2 - 

Phleum phleoides  - cop 1-2 cop 1-2  - 

Poa pratensis L. - cop2 -  - 

Dactylis glomerata L. - sp sol sp - 

Hypericum perforatum  - sol -  sol 

Trifolium   pratense L. - sp-cop1 - sp - 

Origanum vulgare  - sp sp sol-sp sol 

Vicia cracca  - sol-sp - - - 

Agrimonia asiatica  - sp sol - - 

Phalaroides 

arundinacea (L.) 
Rauschert 

- sol-sp - - - 

Rumex confertus Willd. - sol-sp - - - 

Melilotus albus Medik. - - sol - - 
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Bupleurum aureum  - - sol - - 

Ziziphora 

clinopodioides Lam. 
- - - sp-cop1 - 

Onobrychis arenaria 
(Kit.) DC. 

- - - cop1 - 

Salvia deserta Schang. - - - sp sol 

Galium verum L. - - - sol - 

Nepeta pannonica L. - - - sp-cop1 sp 

Elymus dahuricus 

Turcz. ex Griseb 

- - - sp-cop1 - 

Bromopsis inermis 

(Leyss.) Holub 

- - - sp - 

Lactuca serriola L. - - - sol - 

Leymus multicaulis 

(Kar. & Kir.) Tzvel. 
- - - sp - 

Lavatera thuringiaca  - - - sp - 

Tanacetum vulgare L. - - - - sol-sp 

Centaurea ruthenica 

Lam. 
- - - - sp 

Verbascum orientale 

(L.) All. 
- - - - sp-cop1 

Total: 7 11 11 19 11 

 
 
We shall consider mid-mountain rich grass-forb meadows using the Seghizbay pass 

(the northern range) as an example (Table 5).  
 
Table 5. Species composition of mid-mountain rich grass-forb meadows in the Seghizbay 

pass 

Species 
Abundance by Drude scale 

1665 m a.s.l. 1971 m a.s.l. 1990 m a.s.l. 

Shrubs 

Pentaphylloides fruticosa (L.) O. Schwarz - sol sol 

Lonicera tatarica  - - sol 

Juniperus pseudosabina Fisch. & C.A. Mey. - - sp (cop1-3) 

Cotoneaster pojarkovae  - - sol 

Herbs 

Aconogonon coriarium (Grig.) Sojak sp sol sol-sp 

Achillea millefolium  sp-cop1 sp sol 

Dactylis glomerata  sp cop2-3 cop2 

Fragaria viridis (Duch.) Weston sp (cop1 ) cop1 - 

Origanum vulgare  sp-cop1 - sp 

Tanacetum vulgare  sp sp sp 

Rumex confertus  sp - - 

Sanguisorba alpina Bunge sol sp-cop1 - 

Trifolium pratense  sp sp - 

Lupinaster pentaphyllus Moench - sp-cop1 sp 

Amoria repens (L.) C. Presl sp - - 

Vicia cracca  sp - sp 

Lathyrus pratensis L. sol-sp - - 

Aconitum leucostomum Worosch. sol-sp - - 
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Aconitum anthoroideum DC. - - sol 

Galium turkestanicum Pobed. sol sol - 

Campanula glomerata L. sol - - 

Geum rivale L. sol - - 

Plantago major L. sol - - 

Potentilla asiatica (Th. Wolf) Juz. sol-sp - - 

Thalictrum minus L. sp-cop1 - - 

Stemmacantha carthamoides  - sp sp 

Bupleurum aureum  - sp - 

Artemisia absinthium L. - sol - 

Artemisia santolinifolia Turcz. ex Bess. - sol - 

Artemisia dracunculus L. - - sol 

Allium obliquum L. - sp sp 

Allium caesium Schrenk - sp sp 

Rhodiola linearifolia Boriss. - sp - 

Phleum phleoides  - sol-sp sp 

Solidago virgaurea L. - sol sol 

Geranium collinum Steph. - sp sp 

Hieracium virosum Pall. - sp(cop1) sp 

Hieracium aurantiacum L. - - sol-sp 

Carex caucasica Stev. - sp - 

Bunium setaceum (Schrenk) H. Wolff - sp-cop1 - 

Gentiana kirilowii Turcz. - sol sol 

Veronica spuria L. - sol-sp  sol 

Eremurus tianshanicus Pazij &Vved. ex 
Golosk. 

- sol sol-sp 

Thlapsi arvense L. - sol - 

Heracleum dissectum Ledeb. - sol sol 

Chamaenerion angustifolium (L.) Scop. - - sp 

Ziziphora clinopodioides  - - sp-cop1 

Patrinia intermedia (Hornem.) Roem. & 
Schult. 

- - sp 

Alchemilla bungei Juz. - - sp 

Sedum hybridum L. - - sol-sp 

Hypericum perforatum  - - sol-sp 

Dianthus turkestanicus Preobr. - - sol 

Swertia connata Schrenk - - sol 

Seseli schrenkianum (C.A. Mey. ex Schischk.) 
M. Pimen & Sdobnina 

- - sol-sp 

Total: 19 28 34 

 
 
Meadows are combined with thickets of elfin juniper (Juniperus pseudosabina). The 

species composition of meadow vegetation is changed depending on the altitude above 
the sea level. Several species are found at all elevation points (Aconogonon coriarium, 

Achillea millefolium, Dactylis glomerata, Tanacetum vulgare). Such species as alpine 
burnet (Sanguisorba alpina), meadow clover (Trifolium pratense), turkestanic bedstraw 
(Galium turkestanicum) reach up to 1971 m a.s.l. Other species, such as Lupinaster 

pentaphyllus, Stemmacantha carthamoides, Allium obliquum, Solidago virgaurea, 

Gentiana kirilowii are found at an altitude of over 1900 m a.s.l. The species 
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composition of meadow vegetation depends not only on elevation, but also on the 
environmental conditions. In stony sites sedum (Sedum hybridum) and ziziphora 
(Ziziphora clinopodioides) are more abundant. Fireweed (Chamaenerion angustifolium) 
prefers to grow on well-humidified slopes and also can be met in anthropogenous 
habitats — in places where forest was cut or burnt. The Seghizbay pass highest point is 
at the elevation of 2200 m a.s.l., the subalpine belt beginning from that altitude. The 
vegetation is represented by grass-forb meadows (Hieracium aurantiacum, Alchemilla 

bungei, Stemmacantha carthamoides, Poa stepposa (Kryl.) Roshev., Dactylis 

glomerata, Papaver croceum L., Lupinaster pentaphyllus, Veronica spuria, Achillea 

millefolium, Aconitum anthoroideum, Allium obliquum, etc.). 
Meadow vegetation prevails in the high-mountain belt of the northern range. The 

lower belt is formed by subalpine mid-herb meadows, which in some spots are 
alternated with the communities of elfin juniper (Juniperus pseudosabina). Mantle 
Alchemilla bungei, A. retropilosa Juz.) and crane’s-bill meadows (Geranium saxatile 

Kar. & Kir., G. albiflorum Ledeb.) are most widely distributed. Species composition 
includes: Pedicularis dolichorhiza Schrenk, Dracocephalum imberbe Bunge, 
Astragalus alpinus L., Bistorta vivipara (L.) S.F. Gray, etc. An important role in 
meadow communities is also played by grasses (Phleum phleoides, Alopecurus 

pratensis L., Helictotrichon pubescens (Huds.) Pilg.). In the alpine belt kobresia 
(Kobresia capilliformis Ivanova), cryophytic low-herb meadows (Bistorta vivipara, 

Primula algida Adams, Festuca kryloviana Reverd., Poa alpinа L., Viola altaica Ker-
Gawl., etc.) are distributed in combination with high-mountain steppes (Festuca 

valesiaca, Poa stepposa, Helictotrichon tianschanicum (Roshev.) Henrard) and plant 
groups of rocks and scree debris (Dracocephalum imberbe Bunge, Saussurea glacialis 

Herd., Rhodiola coccinea (Royle) Boriss., Potentilla biflora Willd. ex Schlecht., 
Oxygraphis glacialis (Fisch.) Bunge, Trollius altaicus C.A. Mey., etc.) (Goloskokov, 
1984; Rubtsov, 1948). Kobresia meadows are typical of smooth hill slopes, frequently 
confined to ancient moraine deposits. The composition of those meadows has 
occasional representation of Thalictrum alpinum L., Bistorta vivipara, Festuca 

kryloviana, Potentilla gelida, Papaver croceum, etc. Low-herb meadows on steep stony 
slopes have sparse herbage, in the species composition prevail Bistorta vivipara, B. 

elliptica (Willd. ex Spreng.) Kom., Primula algida, Geranium saxatile, Trisetum 

altaicum Roshev., T. spicatum (L.) K. Richt., Festuca alatavica (St.-Yves) Roshev. 
(Rubtsov, 1948). 

Subalpine meadows of the southern range are combined with steppes (Festuca 

valesiaca, F. kryloviana, Helictotrichon tianschanicum, H. altaicum Tzvel., Poa 

stepposa, elfin juniper woodlands (Juniperus pseudosabina) and sparse plant 
aggregations of rocks and scree debris. Steppe vegetation prevails. In the head of the 
Borohudzir river meadows are composed of mantle, mantle-bluegrass (Poa annua L., 
Alchemilla sibirica, Geranium albiflorum, Achillea millefolium, Amoria repens, Urtica 

dioica L., Ranunculus grandifolius C.A. Mey., Aegopodium alpestrе Ledeb., Alfredia 

nivea Kar. & Kir.), and grass-forb (Alchemilla sibirica Zam., Geranium collinum, G. 

albiflorum, Potentilla gelida, Alopecurus pratensis, Poa pratensis) communities. There 
are several endemics in species composition: Taraxacum songoricum Schischk., 
Alchemilla rubens Juz. Transitory communities are often widespread — steppe 
meadows and meadow steppes with both steppe grasses and forbs (Poa lipskyi Roshev., 
Phleum phleoides, Festuca coelestis (St.-Yves) V. Krecz. & Bobr., Alchemilla sibirica, 

Achillea setacea Waldst. & Kit.) (Dimeyeva et al., 2015a; 2015b). The upper layer is 
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formed by alpine meadows. Cryophytic meadow communities are diverse in 
composition (Rubtsov, 1948), and most frequently are represented by kobresia-forb 
communities (Alchemilla retropilosa, Leontopodium fedtschenkoanum Beauverd, Aster 

alpinus L., Kobresia capilliformis, K. humilis (C.A. Mey. ex Trautv.) Serg.). Sometimes 
those meadows are steppificated at the expense of high-mountain grasses (Festuca 

alatavica, Stipa regeliana Hack.). The upper elevation limits are reached by only 
separate cryophylous species, forming open plant aggregations among stone fields. 
Those are Sibbaldia tetrandra Bunge, Cerastium lithospermifolium Fisch., Waldheimia 

tridactylites Kar. & Kir., etc. 
Meadow vegetation of river valleys is most diverse. The Lepsy river of the northern 

range is the most full-flowing stream. It is formed from the confluence of the Aganakty 
and Sarymsakty rivers. The Zhalanash mountain area is located in a place of those two 
rivers’ confluence at elevation from 975 to 1072 m a.s.l. There, in steep southern slopes 
of the Lepsy river-side grass-forb steppe meadows are spread (Bromopsis inermis, 

Leymus multicaulis, Vicia cracca, Fragaria viridis, Medicago falcata, Verbascum 

orientale, Stipa capillata, etc.) with rare species of Paeonia anomala L., Tulipa 

brachystemon Regel (The Red Data Book, 2014), shrubby grooves (Spiraea 

hypericifolia L., Lonicera tatarica), groups of Sievers apple-trees (Malus sieversii 

(Ledeb.) M. Roem.). In river floodplains the tree layer is dominated by birch (Betula 

pendula Roth), while the shrub layer is formed by willow (Salix viminalis L.) and 
Myricaria bracteata Royle. Meadows of Zhalanash area are characterized by high 
species diversity, the composition of plant communities accounting about 40 species 
(Table 6). 

 
Table 6. Species composition of meadows in the Zhalanash mountain area 

Species 

Abundance by Drude scale 

Swamp meadow  
 

Grass-forb typical 
meadow 

Steppe meadow 
 

975 m a.s.l. 1019 m a.s.l. 1072 m a.s.l. 

Trees 

Betula pendula  sp - - 

Malus sieversii  - sol sp 

Padus avium Mill. - un - 

Shrubs 

Salix viminalis  sp-cop1 - - 

Lonicera tatarica  sol sol sol-sp 

Myricaria bracteata  sol-sp - - 

Spiraea hypericifolia  - - sol 

Herbs 

Carex melanostachya Bieb. ex Willd. cop3 - - 

Phlomoides oreophila(Kar. & Kir.) 
Adyl., R. Kam. & Machmedov 

sp-cop1 sp sp 

Agrimonia asiatica  sp sp sp 

Hypericum perforatum  sol-sp sp - 

Lavatera thuringiaca  sol sp - 

Urtica dioica  sol sol - 

Mentha asiatica Boriss. sol-sp - - 

Filipendula ulmaria (L.) Maxim. sol - - 

Nepeta pannonica  sp cop1 sp 
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Geranium albiflorum  sp - - 

Fragaria viridis  sp cop1 sp-cop1 

Potentilla impolita Wahlenb. sol - - 

Potentilla bifurca L. sol-sp - - 

Potentilla asiatica  - sp - 

Potentilla soongаrica Bunge - sol - 

Calamagrostis epigeios (L.) Roth sol-sp sol sol 

Poa pratensis  sol - - 

Elytrigia repens  sol sp-cop1 - 

Lactuca serriola L. sol - - 

Verbascum thapsus L.  sol - - 

Verbascum orientale  - cop1 sol-sp 

Inula helenium L. sol - - 

Delphinium cheilanthum Fisch. sol - - 

Inula britannica L. - sol - 

Salvia deserta  - sp sp 

Achillea millefolium  - cop1 sp 

Origanum vulgare  - sp sp 

Ziziphora clinopodioides  - sp-cop1 sp 

Galium turkestanicum  - sp - 

Galium aparine  - sol - 

Medicago falcata  - cop1 sp-cop1 

Plantago major  - sol - 

Trifolium pratense  - cop1 - 

Amoria repens  - sp - 

Vicia cracca  - sp sp 

Thymus marschallianus  - sol-sp sol-sp 

Onopordum acanthium L. - sol - 

Cichorium intybus L. - sol - 

Convolvulus arvensis L.   sol  

Lathyrus pratensis - sol - 

Veronica spuria  - sol - 

Polygonum aviculare L. - sol - 

Artemisia absinthium  - sol - 

Rumex confertus  - sol - 

Geum rivale  - sol - 

Dactylis glomerata  - sp - 

Bromus japonicus  - sp sol-sp 

Bromopsis inermis  - sol cop1 

Stipa capillata  - - sp 

Paeonia anomala  - - sp 

Leymus multicaulis  - - sp 

Galatella angustissima (Tausch) 
Novopokr. 

- - sp 

Hieracium virosum  - - sol-sp 

Total: 24 40 23 
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The Tentek river with its tributary Orta Tentek pertains the Sassykkol lake basin. 
Study in the Orta Tentek river valley were conducted at elevation from 1594 to 1607 m 
a.s.l. The valley arboreal vegetation is formed by gallery woodland of birch (Betula 

tianschanica Rupr.) with sporadic Tien Shan spruce (Picea schrenkiana Fisch. & C.A. 
Mey.) and willow (Salix triandra L.). The shrub layer includes Salix kirilowiana 

Stschegl., Myricaria bracteata. Swamp meadows are distributed in the river floodplain, 
steppe meadows are spread on the river terraces (Table 7). 

 
Table 7. Species composition of meadows in the Orta Tentek river valley 

Species 

Abundance by Drude scale 

Steppe meadow Swamp meadow 

1594 m a.s.l. 1607 m a.s.l. 

Trees 

Betula tianschanica  sol-sp - 

Padus avium  sol - 

Salix triandra  sp  

Shrubs 

Lonicera tatarica  sol - 

Herbs 

Festuca valesiaca  cop1 - 

Sedum hybridum  sp - 

Rumex confertus  sp sp 

Phlomoides oreophila  sp - 

Potentilla asiatica  sp sol 

Gentiana kirilowii  sol - 

Bupleurum aureum  sol sol-sp 

Geranium collinum  sol - 

Allium amblyophyllum Kar. & Kir. sol cop1 

Artemisia dracunculus  sol - 

Achillea millefolium  sp sp-cop1 

Fragaria viridis  sp - 

Aconitum anthoroideum  sol sol 

Phleum phleoides  sol - 

Dianthus turkestanicus Preobr. sol - 

Dactylis glomerata  - sp-cop1 

Deschampsia cespitosa (L.) Beauv. - cop2-3 

Ligularia  macrophylla (Ledeb.) DC. - sp 

Vicia cracca  - - 

Filipendula ulmaria  - sol 

Thalictrum minus - sp-cop1 

Galium turkestanicum  -  sp-cop1 

Elytrigia repens  - sp-cop1 

Lamium album L. - sol 

Seseli schrenkianum  - sp 

Agrostis gigantea Roth - sol-sp 

Elymus dahuricus  - sol-sp 

Carex praecox Schreb. - cop1 

Total: 19 18 
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The majority of rivers of the southern range (the Usek, Tyshkan, Khorgos, 
Borokhudzir, etc.) pertain to the Ile river basin. The Usek river is a tributary to the Ile 
river, the study comprised elevation points from 922 to 1225 m a.s.l. Swamp meadows 
in the river floodplain are formed by hygrophilous species (Typha angustifolia L., 
Rumex confertus, Mentha longifolia, Phragmites australis, Bistorta major S.F. Gray). 
Typical meadows are forb-grass (Elytrigia repens, Calamagrostis epigeios, Medicago 

lupulina, Polygonum aviculare, Plantago major, Cichorium intybus). Halophytic 
meadows are formed by Achnatherum splendens, Glycyrrhiza uralensis and by forbs 
(Salvia deserta, Melilotus officinalis (L.) Pall., Amoria hybrida (L.) C. Presl, Agrostis 

gigantea, Achillea millefolium). Meadow vegetation is impacted by grazing and 
recreation; meadows are usually disturbed moderately and severely. Weed and 
poisonous plant species serve as indicators of disturbance (Pseudosophora 

alopecuroides (L.) Sweet, Echium vulgare L., Dodartia orientalis L.).  
In the Tyshkan river floodplain and on the river terraces, meadow vegetation and 

shrub thickets are distributed. In floodplain meadows clover species dominate (Amoria 

repens, A. fragifera (L.) Rskov, A. hybrida), forbs include Inula rhizocephala Schrenk, 

Medicago lupulina L., Mentha longifolia, Echium vulgare, Achillea millefolium, A. 

asiatica Serg., Taraxacum officinale Wigg., Verbascum songaricum Schrenk, Rumex 

pseudonatronatus (Borb.) Borb. ex Murb., etc. Shrub thickets are formed by Hippophae  

rhamnoides L., Trachomitum lancifolium, Myricaria bracteata, Berberis sphaerocarpa 

Kar. & Kir. (Table 8).  
 

Table 8. Species composition of meadows in the Tyshkan river valley 

 
Species 

Abundance by Drude scale 

Steppe meadow 
 

Flood plain forb 
meadow 

1676 m a.s.l. 1665 m a.s.l. 
Shrubs 

Berberis sphaerocarpa  - sol-sp 
Rosa acicularis Lindl. - sol-sp 
Hippophae rhamnoides  - sp 
Trachomitum lancifolium  - sp 
Myricaria bracteata  - sol-sp 

Herbs 
Festuca valesiaca  sol-sp sol 
Bothriochloa ischaemum (L.) Keng sp - 
Nepeta pannonica  sp - 
Stipa capillata  sol - 
Salvia deserta  sp - 
Potentilla impolita  sol sol 
Achillea millefolium  sol sol 
Achillea asiatica  - sol 
Amoria hybrida  sol sp 
Amoria repens  - sp-cop1 
Amoria fragifera  - sol-sp 
Melilotus officinalis  sol - 
Elytrigia repens  sp - 
Agrostis gigantea  sol - 
Hypericum perforatum sp - 
Thymus marschallianus  sol-sp - 
Geranium collinum  sol - 
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Phalaroides arundinacea  sp - 
Poa stepposa  sp - 
Galatella tatarica (Less.) Novopokr. sol - 
Berteroa incana (L.) DC. sol - 
Echium vulgare  sol sol 
Ziziphora clinopodioides  sol - 
Setaria viridis (L.) Beauv. sol - 
Artemisia dracunculus  sol - 
Artemisia absinthium  - sol 
Galium aparine  sol - 
Centaurea squarrosa Willd. sol - 
Rumex confertus  sol - 
Rumex pseudonatronatus  - sol 
Elymus dahuricus  - sol 
Achnatherum caragana (Trin.) Nevski - sol 
Medicago lupulina  - sp 
Mentha longifolia  - sol-sp 
Tаraxacum officinale - sol 
Inula rhizocephala  - sp 
Verbascum songaricum  - sol 
Sisymbrium loeselii L. - sol 
Carex sp. - cop1 
Total: 25 24 

Discussion 

Meadow vegetation of the Zhetysu Alatau Mountains is characterized by high 
species diversity and representativeness of valuable forage, pharmaceutical, honey, and 
other useful plants.  

According to ecological-physiognomic classification, 6 vegetation types of meadows 
are found in the Zhetysu Alatau Mountains: halophytic on meadow–serozem saline 
soils, flood-plain-valley (forb-grass typical, grass-forb on floodplain meadow and 
meadow-chernozem soils; swamp meadows on paludal-meadow soils), steppe on 
meadow-chernozem and meadow-kastanozem soils, mid-mountain rich grass-forb on 
ordinary and leached chernozems, high-mountain subalpine on mountain-meadow 
subalpine turf soils, high-mountain alpine on mountain-meadow alpine turf soils.  

Photos of the meadow types are shown in Appendix 2. 
Halophytic meadows are formed on meadow–serozem saline soils with the shallow 

(1.5-2.5 m) groundwater table. The communities are mostly dominated by 
haloxeromesophilic species: grasses Achnatherum splendens, Aeluropus littoralis, 

Leymus divaricatus, L. angustus), licorice (Glycyrrhiza aspera, G. uralensis), and 
saltworts (Atriplex tatarica, Suaeda heterophyllа, S. microphylla). Species composition 
of 100 sq. m sample plots varies from 11 to 15 plants. 

Typical meadows (mesophytic) are formed on floodplain meadow soils with the 
groundwater level 1.5-3.0 m deep, under transient periodical flooding conditions.  
Meadows in the intermountain valleys are characterized by meadow-chernozem soils. 
The communities are mostly dominated by mesophilic and xeromesophilic species:  
grasses (Elytrigia repens, Bromopsis inermis, Phleum phleoides, Poa pratensis), forbs 
such as alfalfa (Medicago falcatа, M. lupulina), clover (Amoria hybrida, A. repens, A. 

fragifera, Trifolium pratense), Achillea millefolium, Origanum vulgare, Agrimonia 

asiatica. Often typical steppe xerophytes (Stipa capillata, Festuca valesiaca) are 
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presented. Indicators of anthropogenic impact are weed species (Lactuca serriola, 

Urtica dioica, Convolvulus arvensis, Artemisia absinthium, Polygonum aviculare, 

Onopordum acanthium). Species composition of sample plots varies from 11 to 40 
plants. 

Swamp meadows are formed on soils of the mire series with groundwater level 1.0-
2.0 m deep, under the regular or periodical prolonged flooding conditions in floodplains 
and near springs (Ogar, 2003). The communities are mostly dominated by 
gygromesophilic species: sedge (Carex melanostachya, C. praecox), mint (Mentha 

longifolia, M. asiatica), Phragmites australis, Scirpus tabernaemontani, Filipendula 

ulmaria, Iris sogdiana. If the water supply is insufficient, abundance of mesophilic 
grasses (Elytrigia repens, Dactylis glomerata, Deschampsia cespitosa, Calamagrostis 

epigeios) increases. Species composition of sample plots varies from 13 to 24 plants. 
Steppe meadows are formed on meadow-chernozem and meadow-kastanozem soils. 

The communities are mostly co-dominated by species of different life forms: xerophilic 
steppe bunch grasses (Stipa capillata, Festuca valesiaca, Poa stepposa), mesophilic, 
xeromesophilic and mesoxerophilic species (Bromopsis inermis, Elytrigia repens, 

Medicago falcata, Fragaria viridis, Achillea millefolium, Verbascum orientale, Thymus 

marschallianus, Nepeta pannonica, Salvia deserta). Species composition of sample 
plots varies from 7 to 25 plants. Indicators of anthropogenic impact are weed species 
(Berteroa incana, Echium vulgare, Setaria viridis, Centaurea squarrosa, Urtica 

cannabina). 

Mid-mountain rich grass-forb meadows are formed on ordinary and leached 
chernozems in conditions of annual precipitation more than 800 mm. The communities 
are mostly dominated by mesophilic species: grass (Dactylis glomerata), forbs (Achillea 

millefolium, Fragaria viridis, Origanum vulgare, Sanguisorba alpina, Lupinaster 

pentaphyllus, Thalictrum minus, Bunium setaceum). These meadows support a high 
diversity of typical mountain plants (Allium obliquum, Rhodiola linearifolia, Hieracium 

virosum, H. aurantiacum, Dianthus turkestanicus, Swertia connata, Eremurus 

tianshanicus, Gentiana kirilowii, etc.). Species composition of sample plots varies from 
19 to 34 plants. 

High-mountain mid-herb subalpine meadows are formed on mountain-meadow 
subalpine turf soils. The communities are dominated by mesophilic plants: forbs 
(Alchemilla sibirica, A. bungei, Geranium collinum, G. albiflorum, Aegopodium 

alpestre, Alfredia nivea, Potentilla gelida, etc.), grasses (Alopecurus pratensis, Poa 

pratensis, P. lipskyi, Phleum phleoides, etc.). Species composition of sample plots 
varies from 18 to 26 plants, in open aggregations of rocks and scree debris – 7-12 
plants. Subalpine meadows are used for grazing. Overgrazing leads to increasing of 
weed and unpalatable plants such as: Alchemilla sibirica, Achillea millefolium, Urtica 

dioica, Berteroa incana, Plantago urvillei Opiz, Artemisia austriaca Jacq., Phlomoides 

oreophila.  
High-mountain alpine meadows are formed on mountain-meadow alpine turf soils. 

Cryophytic low-herb meadows (Bistorta vivipara, B. elliptica, Primula algida, Festuca 

kryloviana, Poa alpina, Geranium saxatile, Trisetum altaicum, T. spicatum, etc.), 
kobresia-forb communities (Kobresia capilliformis, K. humilis, Alchemilla retropilosa, 

Leontopodium fedtschenkoanum), plant aggregations of rocks and scree debris 
(Dracocephalum imberbe, Saussurea glacialis, Rhodiola coccinea, Potentilla biflora, 

Oxygraphis glacialis, Trollius altaicus) are distributed there. Species composition of 
sample plots of low-herb meadows varies from 10 to 25 plants, in kobresia communities 
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varies from 11 to 31 plants, in open aggregations of rocks and scree debris – 20-25 
plants (Rubtsov, 1948).  

Meadow vegetation is mostly used for grazing and haying. River valleys are 
frequently impacted by recreation, sometimes meadows are ploughed for sowing maize 
and sun-flower. The degree of human-induced degradation is assessed as moderate, with 
sites of severe degradation of plant cover.  

Severe degree of grazing load results in valuable forage grasses being replaced by 
weeds, such as: Сichorium intybus, Dodartia orientalis, Pseudosophora alopecuroides, 

Urtica dioica, U. cannabina, Rumex confertus, Marrubium аnisodon L., etc. In 
livestock stands and at cattle routes grow the following plant species: Urtica dioica, 
Artemisia absinthium, A. dracunculus, Heracleum dissectum, Leonurus glaucescens L., 
Angelica decurrens (Ledeb.) B. Fedtsch. Oftentimes the height of grass stand is rather 
great (120-170 cms), some plants reaching 2 meters. The grass stand of the Usek river 
valley abandoned fields is dominated by weed species Сichorium intybus, Echium 

vulgare, Avena fatua L., Convolvulus arvensis, Acroptilon repens (L.) DC., Lactuca 

serriola, Cannabis ruderalis Janisch., Cirsium arvense (L.) Scop., Conyza canadensis 

(L.) Cronq., Xanthium strumarium L., Berteroa incana, Setaria viridis, etc. 
Permanent haymaking impact promotes changes of plant communities’ structure, 

dominant composition, abundance and viability of species. Haymaking is conducted in 
the summit of efflorescence (maximal development) of the main dominant species. 
Haying does not allow those plant species to seed, to leave seed stock in soil. In this 
period propagate vegetative flexible species (grasses). As a result, forb communities 
very quickly become grass ones or with considerable participation of the latter. In 
addition, there occurs introduction of weed plants. (Catorci et al., 2016) 

The short season of vegetation in the mountains creates certain difficulties in the use 
of natural hayfields. Since the plants develop and finish their growing season rapidly, all 
the haymaking activities have to be performed on a tight schedule. Untimely and 
delayed hay harvesting reduces the nutritional quality of hay and lessens forage weight. 
In delayed hay harvesting, grasses lodge, their stems are intertwined and it becomes 
difficult to perform machine harvesting. This is often observed in tall grass hayfields 
with prevailing Dactylis glomerata, Bromopsis inermis, Elytrigia repens, Medicago 

falcata, Onobrychis arenaria, etc. (Zotov et al, 1987).  

Conclusions 

The most diverse meadows are located in the northern range of the Zhetysu Alatau 
Mountains, meadow vegetation of the southern, more arid range is distributed in 
fragments, and steppes and shrubby thickets are spread in great areas (Dimeyeva et al., 
2015b). The reason is the different amount of annual precipitation. 

Two State National Nature Parks cover a part of the Zhetysu Alatau Mountains, 
including areas with meadow vegetation. The “Zhongar Alatau” National Park is 
located in the northern range. There are widespread forb-grass typical, steppe, flood-
plain and high-mountain meadows, which could serve as a standard of undisturbed 
natural ecosystems. The National Park “Altyn Emel” is located in the southern range. 
Various types of halophytic meadows are presented here, with fragments of floodplain 
meadows. In the buffer zone of the national parks, meadows are used moderately.  

The survey corroborated that the weak and moderate use of meadows is optimal to 
maintain a high diversity of species. This confirms intermediate disturbance hypothesis 
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(Grime, 1973; Connell, 1978; Catorci, 2016, etc.). Meadows of the Zhetysu Alatau 
Mountains throughout a modern history have used to varying degrees, as pastures and 
hayfields, in dependence of types of meadows. Halophytic and swamp meadows are 
little used for grazing. The most valuable are forb-grass valley meadows.  

Grazing leads to increasing in abundance of weed and unpalatable plants. Mowing 
leads to an increase in abundance of weeds, as well as forage species with rhizomes and 
reduction of forbs. 

The national parks have zoning; the core area supports natural ecosystems. The 
creation of protected areas has allowed the meadows to recover after intensive grazing 
and mowing. However, there are signs of weak and sometimes moderate use. This is 
evidenced by species composition and abundance in the meadows some plants. Yarrow 
(Achillea millefoium) is typical natural component of meadows, its forage quality is 
low, and therefore, grazing leads to increasing of its abundance. It is especially 
abundant in valley and mid-mountain meadows. The same tendency can be observed 
with Alchemilla spp., especially in the subalpine zone. 

Janišová (2014) notes that long-lasting intensive human influence, transformation of 
mesic grasslands to agricultural fields leads to uniform landscape structure. We have 
also seen sites with uniform community structure in abandoned fields dominated by 
Cichorium intybus, Avena fatua with patches of native and alien species (Elymus 

dahuricus, Bromus japonicus, Amoria hybrida, Cannabis ruderalis, Coniza canadensis, 
etc.). Overgrazed places show patchi vegetation cover – Artemisia dracunculus, A. 

absinthium, Urtica cannabina, Rumex confertus, and Pseudosophora alopecuroides 

dense aggregations inside meadows. 
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APPENDIX 

Appendix 1. List of sample areas 

N Location Height (m a.s.l.) Types of meadows 
1 foothills of the Altyn Emel 

ridge: Mynbulak, Kolbastau, 
Dongelekbastau springs 

680-732 halophytic,  
swamp  

2 the head of the Borohudzir 
river 

2257-2544 subalpine  

3 the Usek river valley 922-1225 swamp,  
halophytic, 
floodplain forb-grass   

4 the Tyshkan river valley 1665-1676 steppe,  
floodplain forb  

5 the Zhalanash area 975-1072 swamp,   
valley grass-forb,  

steppe  
6 the Lepsy intermountain valley 984-1071 steppe, 

valley forb-grass 
7 the Seghizbay pass 

 
1665-2200 mid-mountain rich grass-forb, 

subalpine  
8 the Orta Tentek river valley 1594-1607 swamp,   

steppe  

 
 

  

(a) (b) 

  

(c) (d) 



Dimeyeva et al.: Meadow vegetation 
- 398 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 375-398. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_375398 
 2016, ALÖKI Kft., Budapest, Hungary 

  

(e) (f)  

Appendix 2. Meadow types of the Zhetysu Alatau Mountains 

(a) halophytic grass meadow (Achnatherum splendens, Atriplex tatarica, Iris sogdiana, etc.) in 

the foothills of the Altyn Emel ridge;  

(b) swamp meadow (Carex melanostachya, Phlomoides oreophila, Nepeta pannonica, 

Calamagrostis epigeios, etc.) in the floodplain of the Aganakty river (Zhalanash area);  

(c) steppe meadow (Centaurea ruthenica, Origanum vulgare, Salvia deserta, Stipa capillata, 

etc.) in the Lepsy intermountain valley;  

(d) mid-mountain rich grass-forb meadow (Agrimonia asiatica, Stemmacantha carthamoides, 

Geranium collinum, etc.) in the Seghizbay pass; 

(e) Alchemilla bungei subalpine meadow in the Seghizbay pass; 

(f) Inula rhizocephala in the floodplain forb meadow of the Tyshkan river. 
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ELECTRONIC APPENDIX 

 

URBAN ENVIRONMENT USE BY SPECKLED (COLUMBA GUINEA) AND FERAL 

(COLUMBA LIVIA) PIGEONS ON THE UNIVERSITY OF SOUTH AFRICA’S 
MUCKLENEUK CAMPUS 

HARRIS, E. ‒ DE CROM, E. P. – LABUSCHAGNE, J. – WILSON, A. 

 

 

APPENDIX A 

Seasonal pigeon population index on the Muckleneuk campus (March 2013 – February 2014) 

 

Appendix 1. Monthly codes for pigeon population index table 

CODE MONTH 

1 January 

2 February 

3 March 

4 April 

5 May 

6 June 

7 July 

8 August 

9 September 

10 October 

11 November 

12 December 
 

 

Appendix 2. Seasonal codes for pigeon population index table 

SEASON  MONTHS 

Spring = 1 September - November  

Summer = 2 December - February 

Autumn = 3 March - May 

Winter = 4 June - August 
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Appendix 3. Weekly pigeon population index on the Muckleneuk campus (March 2013 – February 

2014) 
 

WEEK MONTH SEASON 
SPECKLED 

PIGEON 

FERAL 

PIGEON  

TOTAL 

CAMPUS 

INDEX  

1 1 2 316 47 363 

2 1 2 287 85 372 

3 1 2 260 75 335 

4 1 2 261 58 319 

5 1 2 264 81 345 

6 2 2 271 53 324 

7 2 2 288 78 366 

8 2 2 294 83 377 

9 2 2 312 45 357 

10 3 3 355 63 418 

11 3 3 285 84 369 

12 3 3 299 38 337 

13 3 3 264 53 317 

14 4 3 220 72 292 

15 4 3 334 71 405 

16 4 3 274 79 353 

17 4 3 289 59 348 

18 5 3 314 38 352 

19 5 3 240 67 307 

20 5 3 232 63 295 

21 5 3 285 56 341 

22 5 3 246 39 285 

23 6 4 265 42 307 

24 6 4 287 38 325 

25 6 4 246 43 289 

26 6 4 258 37 295 

27 7 4 296 30 326 

28 7 4 264 34 298 

29 7 4 289 29 318 

30 7 4 245 43 288 

31 8 4 278 37 315 

32 8 4 239 49 288 

33 8 4 253 27 280 

34 8 4 218 45 263 

35 8 4 258 42 300 

36 9 1 296 46 342 

37 9 1 250 63 313 

38 9 1 292 43 335 

39 9 1 345 75 420 
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40 10 1 317 69 386 

41 10 1 363 61 424 

42 10 1 315 30 345 

43 10 1 319 54 373 

44 10 1 321 51 372 

45 11 1 325 41 366 

46 11 1 305 50 355 

47 11 1 343 51 394 

48 11 1 325 44 369 

49 12 2 321 66 387 

50 12 2 329 80 409 

51 12 2 331 49 380 

52 12 2 333 77 410 

 

 

 
Appendix 4. Monthly pigeon population index on the Muckleneuk campus (March 2013 – February 

2014) 
 

SEASONS MONTHS 

SPECKLED 

PIGEON 

FERAL 

PIGEON  

COMBINED SPECKLED 

AND FERAL PIGEONS 

Summer 
January 277.6 69.2 348.4 

February 291.25 64.75 356.25 

Autumn 

March 300.75 59.5 362.75 

April 279.25 70.25 352 

May  263.4 52.6 312 

Winter 

June 264 40 304 

July  273.5 34 307.5 

August 249.2 40 289.8 

Spring 

September 295.75 56.75 350 

October 327 53 373.8 

November 324.5 46.5 372.5 

Summer December 328.5 68 397.75 

  AV 289.5583333 54.54583 343.895833 

  STD DEV  26.59309406 12.40276 33.1718628 

  STD ERROR 7.686 3.585 9.587 
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APPENDIX B 

Presence of breeding activity of the Muckleneuk campus pigeon population (March 2013 – 

February 2014) 

 

Appendix 5. Presence of breeding activity of the Muckleneuk campus pigeon population in ascending 

order of rank (March 2013 – February 2014) 

PRESENCE OF BREEDING BEHAVIOUR 

SEASONS MONTHS COURTING MATING NEST SQUAB JUVENILE 

Summer 
January 0 1 2 2 2 

February 2 2 1 3 0 

Autumn 

March 0 0 0 2 0 

April 0 0 0 1 1 

May 0 1 1 2 0 

Winter 

June 0 1 1 3 0 

July 0 2 2 3 0 

August 0 1 2 4 0 

Spring 

September 0 0 1 1 0 

October 1 1 0 2 3 

November 0 0 0 0 2 

Summer December 1 1 0 2 0 

Behaviour presence ranking: 0 (behaviour was not observed in any of the samples during the month); 1 

(behaviour was observed in one of the samples during the month); 2 (behaviour was observed in two of the 

samples during the month); 3 (behaviour was observed in three of the samples during the month); 4 (behaviour 

was observed in all four samples during the month) 
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APPENDIX C 

Seasonal crop availability in relation to pigeon population index 

 

Appendix 6. Pigeon population indices fluctuation on the Muckleneuk campus with respective 

documented feeding activity on crops (March 2013 to February 2014) 

FEEDING ACTIVITY 

ON CROPS  MONTHS SPECKLED PIGEON FERAL PIGEON 

Speckled pigeons feed on 
maize, sorghum & 
sunflower seeds 

January 277.6 69.2 

February 291.25 64.75 

March 300.75 59.5 

April 279.25 70.25 

Feral pigeons feed on dry 
sunflower and maize seeds 

during harvesting 

May 263.4 52.6 

June 264 40 

July 273.5 34 

August 249.2 40 

No crop seeds available 
September 295.75 56.75 

October 327 53 

Plant sunflower, sorghum 
& maize 

November 324.5 46.5 

December 328.5 68 

 
AV 289.5583333 54.54583333 

 
STD DEV 26.59309406 12.40275736 

 
STD ERROR 7.686 3.585 

 

 

 

APPENDIX D 

Weekly pigeon population index on OR Tambo building with relation to aspect and level height 

(March 2013 – February 2014) 

 

Appendix 7. Seasonal and monthly coding for pigeon population index table 

Season Months 

Spring = 1 September - November 

Summer = 2 December - February 

Autumn = 3 March - May 

Winter = 4 June - August 
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Appendix 8. Weekly pigeon population index on the ledges of balconies on the north and south side of 

OR Tambo building (March 2013 – February 2014) 
 

WEEK SEASON 
NORTH 

INDEX  

SOUTH 

INDEX  

1 2 18 27 

2 2 18 33 

3 2 24 25 

4 2 23 20 

5 2 21 26 

6 2 25 31 

7 2 28 29 

8 2 25 34 

9 2 20 40 

10 3 42 47 

11 3 31 40 

12 3 24 38 

13 3 22 32 

14 3 16 28 

15 3 25 39 

16 3 25 22 

17 3 24 29 

18 3 25 40 

19 3 11 28 

20 3 19 31 

21 3 28 26 

22 3 16 19 

23 4 21 33 

24 4 27 24 

25 4 32 23 

26 4 31 23 

27 4 26 23 

28 4 22 29 

29 4 12 32 

30 4 19 25 

31 4 15 25 

32 4 22 16 

33 4 29 24 

34 4 31 19 

35 4 27 32 

36 1 35 25 

37 1 22 28 

38 1 26 23 

39 1 42 29 

40 1 35 24 
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41 1 63 33 

42 1 41 43 

43 1 42 27 

44 1 35 37 

45 1 37 36 

46 1 32 36 

47 1 40 37 

48 1 30 40 

49 2 37 44 

50 2 50 38 

51 2 39 36 

52 2 21 35 

     

 

 
Appendix 9. Aspect coding for pigeon population index table 

Aspect 

1 North 

2 South 
 

 

Table 10. Pigeon population index on the northern and southern aspects of each level (4 – 15) on OR 

Tambo building 

LEVEL 4 

Aspect Week Month Season Index Level Count 

1 1.0 3.0 3.0 42.0 4.0 3.0 

1 2.0 3.0 3.0 31.0 4.0 0.0 

1 3.0 3.0 3.0 24.0 4.0 0.0 

1 4.0 3.0 3.0 22.0 4.0 0.0 

1 5.0 4.0 3.0 16.0 4.0 1.0 

1 6.0 4.0 3.0 25.0 4.0 1.0 

1 7.0 4.0 3.0 25.0 4.0 2.0 

1 8.0 4.0 3.0 24.0 4.0 3.0 

1 9.0 5.0 4.0 25.0 4.0 2.0 

1 10.0 5.0 4.0 11.0 4.0 0.0 

1 11.0 5.0 4.0 19.0 4.0 1.0 

1 12.0 5.0 4.0 28.0 4.0 4.0 

1 13.0 5.0 4.0 16.0 4.0 0.0 

1 14.0 6.0 4.0 21.0 4.0 2.0 

1 15.0 6.0 4.0 27.0 4.0 1.0 

1 16.0 6.0 4.0 32.0 4.0 0.0 

1 17.0 6.0 4.0 31.0 4.0 3.0 
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1 18.0 7.0 4.0 26.0 4.0 1.0 

1 19.0 7.0 4.0 22.0 4.0 0.0 

1 20.0 7.0 4.0 12.0 4.0 0.0 

1 21.0 7.0 4.0 19.0 4.0 1.0 

1 22.0 8.0 4.0 15.0 4.0 0.0 

1 23.0 8.0 4.0 22.0 4.0 1.0 

1 24.0 8.0 4.0 29.0 4.0 3.0 

1 25.0 8.0 4.0 31.0 4.0 4.0 

1 26.0 8.0 4.0 27.0 4.0 1.0 

1 27.0 9.0 1.0 35.0 4.0 4.0 

1 28.0 9.0 1.0 22.0 4.0 4.0 

1 29.0 9.0 1.0 26.0 4.0 5.0 

1 30.0 9.0 1.0 42.0 4.0 3.0 

1 31.0 10.0 1.0 35.0 4.0 2.0 

1 32.0 10.0 1.0 63.0 4.0 3.0 

1 33.0 10.0 1.0 41.0 4.0 2.0 

1 34.0 10.0 1.0 42.0 4.0 1.0 

1 35.0 10.0 1.0 35.0 4.0 2.0 

1 36.0 11.0 2.0 37.0 4.0 2.0 

1 37.0 11.0 2.0 32.0 4.0 0.0 

1 38.0 11.0 2.0 40.0 4.0 7.0 

1 39.0 11.0 2.0 30.0 4.0 0.0 

1 40.0 12.0 2.0 37.0 4.0 2.0 

1 41.0 12.0 2.0 50.0 4.0 1.0 

1 42.0 12.0 2.0 39.0 4.0 2.0 

1 43.0 12.0 2.0 21.0 4.0 0.0 

1 44.0 1.0 2.0 18.0 4.0 2.0 

1 45.0 1.0 2.0 18.0 4.0 0.0 

1 46.0 1.0 2.0 24.0 4.0 2.0 

1 47.0 1.0 2.0 23.0 4.0 2.0 

1 48.0 1.0 2.0 21.0 4.0 0.0 

1 49.0 2.0 2.0 25.0 4.0 0.0 

1 50.0 2.0 2.0 28.0 4.0 2.0 

1 51.0 2.0 2.0 25.0 4.0 0.0 

1 52.0 2.0 2.0 20.0 4.0 0.0 

2 1.0 3.0 3.0 47.0 4.0 1.0 

2 2.0 3.0 3.0 40.0 4.0 3.0 

2 3.0 3.0 3.0 38.0 4.0 6.0 

2 4.0 3.0 3.0 32.0 4.0 7.0 

2 5.0 4.0 3.0 28.0 4.0 5.0 

2 6.0 4.0 3.0 39.0 4.0 4.0 

2 7.0 4.0 3.0 22.0 4.0 3.0 

2 8.0 4.0 3.0 29.0 4.0 1.0 

2 9.0 5.0 4.0 40.0 4.0 0.0 

2 10.0 5.0 4.0 28.0 4.0 0.0 
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2 11.0 5.0 4.0 31.0 4.0 1.0 

2 12.0 5.0 4.0 26.0 4.0 1.0 

2 13.0 5.0 4.0 19.0 4.0 2.0 

2 14.0 6.0 4.0 33.0 4.0 1.0 

2 15.0 6.0 4.0 24.0 4.0 5.0 

2 16.0 6.0 4.0 23.0 4.0 0.0 

2 17.0 6.0 4.0 23.0 4.0 0.0 

2 18.0 7.0 4.0 23.0 4.0 3.0 

2 19.0 7.0 4.0 29.0 4.0 5.0 

2 20.0 7.0 4.0 32.0 4.0 2.0 

2 21.0 7.0 4.0 25.0 4.0 3.0 

2 22.0 8.0 4.0 25.0 4.0 0.0 

2 23.0 8.0 4.0 16.0 4.0 2.0 

2 24.0 8.0 4.0 24.0 4.0 2.0 

2 25.0 8.0 4.0 19.0 4.0 0.0 

2 26.0 8.0 4.0 32.0 4.0 2.0 

2 27.0 9.0 1.0 25.0 4.0 3.0 

2 28.0 9.0 1.0 28.0 4.0 2.0 

2 29.0 9.0 1.0 23.0 4.0 0.0 

2 30.0 9.0 1.0 29.0 4.0 4.0 

2 31.0 10.0 1.0 24.0 4.0 3.0 

2 32.0 10.0 1.0 33.0 4.0 4.0 

2 33.0 10.0 1.0 43.0 4.0 2.0 

2 34.0 10.0 1.0 27.0 4.0 3.0 

2 35.0 10.0 1.0 37.0 4.0 1.0 

2 36.0 11.0 2.0 36.0 4.0 0.0 

2 37.0 11.0 2.0 36.0 4.0 1.0 

2 38.0 11.0 2.0 37.0 4.0 0.0 

2 39.0 11.0 2.0 40.0 4.0 2.0 

2 40.0 12.0 2.0 44.0 4.0 1.0 

2 41.0 12.0 2.0 38.0 4.0 4.0 

2 42.0 12.0 2.0 36.0 4.0 3.0 

2 43.0 12.0 2.0 35.0 4.0 2.0 

2 44.0 1.0 2.0 27.0 4.0 1.0 

2 45.0 1.0 2.0 33.0 4.0 0.0 

2 46.0 1.0 2.0 25.0 4.0 2.0 

2 47.0 1.0 2.0 20.0 4.0 3.0 

2 48.0 1.0 2.0 26.0 4.0 4.0 

2 49.0 2.0 2.0 31.0 4.0 0.0 

2 50.0 2.0 2.0 29.0 4.0 2.0 

2 51.0 2.0 2.0 34.0 4.0 3.0 

2 52.0 2.0 2.0 40.0 4.0 3.0 
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LEVEL 5 

Aspect Week Month Season Index Level Count 

1 1.0 3.0 3.0 42.0 5.0 0.0 

1 2.0 3.0 3.0 31.0 5.0 0.0 

1 3.0 3.0 3.0 24.0 5.0 1.0 

1 4.0 3.0 3.0 22.0 5.0 0.0 

1 5.0 4.0 3.0 16.0 5.0 0.0 

1 6.0 4.0 3.0 25.0 5.0 2.0 

1 7.0 4.0 3.0 25.0 5.0 0.0 

1 8.0 4.0 3.0 24.0 5.0 0.0 

1 9.0 5.0 4.0 25.0 5.0 0.0 

1 10.0 5.0 4.0 11.0 5.0 0.0 

1 11.0 5.0 4.0 19.0 5.0 0.0 

1 12.0 5.0 4.0 28.0 5.0 0.0 

1 13.0 5.0 4.0 16.0 5.0 1.0 

1 14.0 6.0 4.0 21.0 5.0 0.0 

1 15.0 6.0 4.0 27.0 5.0 0.0 

1 16.0 6.0 4.0 32.0 5.0 0.0 

1 17.0 6.0 4.0 31.0 5.0 0.0 

1 18.0 7.0 4.0 26.0 5.0 0.0 

1 19.0 7.0 4.0 22.0 5.0 0.0 

1 20.0 7.0 4.0 12.0 5.0 1.0 

1 21.0 7.0 4.0 19.0 5.0 0.0 

1 22.0 8.0 4.0 15.0 5.0 4.0 

1 23.0 8.0 4.0 22.0 5.0 2.0 

1 24.0 8.0 4.0 29.0 5.0 2.0 

1 25.0 8.0 4.0 31.0 5.0 1.0 

1 26.0 8.0 4.0 27.0 5.0 3.0 

1 27.0 9.0 1.0 35.0 5.0 5.0 

1 28.0 9.0 1.0 22.0 5.0 0.0 

1 29.0 9.0 1.0 26.0 5.0 0.0 

1 30.0 9.0 1.0 42.0 5.0 0.0 

1 31.0 10.0 1.0 35.0 5.0 0.0 

1 32.0 10.0 1.0 63.0 5.0 0.0 

1 33.0 10.0 1.0 41.0 5.0 0.0 

1 34.0 10.0 1.0 42.0 5.0 2.0 

1 35.0 10.0 1.0 35.0 5.0 0.0 

1 36.0 11.0 2.0 37.0 5.0 0.0 

1 37.0 11.0 2.0 32.0 5.0 0.0 

1 38.0 11.0 2.0 40.0 5.0 0.0 

1 39.0 11.0 2.0 30.0 5.0 0.0 

1 40.0 12.0 2.0 37.0 5.0 0.0 

1 41.0 12.0 2.0 50.0 5.0 0.0 

1 42.0 12.0 2.0 39.0 5.0 1.0 
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1 43.0 12.0 2.0 21.0 5.0 0.0 

1 44.0 1.0 2.0 18.0 5.0 0.0 

1 45.0 1.0 2.0 18.0 5.0 0.0 

1 46.0 1.0 2.0 24.0 5.0 0.0 

1 47.0 1.0 2.0 23.0 5.0 0.0 

1 48.0 1.0 2.0 21.0 5.0 0.0 

1 49.0 2.0 2.0 25.0 5.0 1.0 

1 50.0 2.0 2.0 28.0 5.0 2.0 

1 51.0 2.0 2.0 25.0 5.0 0.0 

1 52.0 2.0 2.0 20.0 5.0 0.0 

2 1.0 3.0 3.0 47.0 5.0 3.0 

2 2.0 3.0 3.0 40.0 5.0 3.0 

2 3.0 3.0 3.0 38.0 5.0 0.0 

2 4.0 3.0 3.0 32.0 5.0 1.0 

2 5.0 4.0 3.0 28.0 5.0 2.0 

2 6.0 4.0 3.0 39.0 5.0 4.0 

2 7.0 4.0 3.0 22.0 5.0 0.0 

2 8.0 4.0 3.0 29.0 5.0 1.0 

2 9.0 5.0 4.0 40.0 5.0 3.0 

2 10.0 5.0 4.0 28.0 5.0 1.0 

2 11.0 5.0 4.0 31.0 5.0 1.0 

2 12.0 5.0 4.0 26.0 5.0 1.0 

2 13.0 5.0 4.0 19.0 5.0 1.0 

2 14.0 6.0 4.0 33.0 5.0 1.0 

2 15.0 6.0 4.0 24.0 5.0 0.0 

2 16.0 6.0 4.0 23.0 5.0 0.0 

2 17.0 6.0 4.0 23.0 5.0 0.0 

2 18.0 7.0 4.0 23.0 5.0 0.0 

2 19.0 7.0 4.0 29.0 5.0 2.0 

2 20.0 7.0 4.0 32.0 5.0 5.0 

2 21.0 7.0 4.0 25.0 5.0 0.0 

2 22.0 8.0 4.0 25.0 5.0 2.0 

2 23.0 8.0 4.0 16.0 5.0 0.0 

2 24.0 8.0 4.0 24.0 5.0 0.0 

2 25.0 8.0 4.0 19.0 5.0 0.0 

2 26.0 8.0 4.0 32.0 5.0 0.0 

2 27.0 9.0 1.0 25.0 5.0 1.0 

2 28.0 9.0 1.0 28.0 5.0 0.0 

2 29.0 9.0 1.0 23.0 5.0 0.0 

2 30.0 9.0 1.0 29.0 5.0 3.0 

2 31.0 10.0 1.0 24.0 5.0 1.0 

2 32.0 10.0 1.0 33.0 5.0 3.0 

2 33.0 10.0 1.0 43.0 5.0 1.0 

2 34.0 10.0 1.0 27.0 5.0 0.0 

2 35.0 10.0 1.0 37.0 5.0 0.0 
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2 36.0 11.0 2.0 36.0 5.0 1.0 

2 37.0 11.0 2.0 36.0 5.0 3.0 

2 38.0 11.0 2.0 37.0 5.0 2.0 

2 39.0 11.0 2.0 40.0 5.0 2.0 

2 40.0 12.0 2.0 44.0 5.0 1.0 

2 41.0 12.0 2.0 38.0 5.0 0.0 

2 42.0 12.0 2.0 36.0 5.0 0.0 

2 43.0 12.0 2.0 35.0 5.0 3.0 

2 44.0 1.0 2.0 27.0 5.0 2.0 

2 45.0 1.0 2.0 33.0 5.0 3.0 

2 46.0 1.0 2.0 25.0 5.0 1.0 

2 47.0 1.0 2.0 20.0 5.0 0.0 

2 48.0 1.0 2.0 26.0 5.0 0.0 

2 49.0 2.0 2.0 31.0 5.0 1.0 

2 50.0 2.0 2.0 29.0 5.0 1.0 

2 51.0 2.0 2.0 34.0 5.0 0.0 

2 52.0 2.0 2.0 40.0 5.0 5.0 

 

LEVEL 6 

Aspect Week Month Season Index Level Count 

1 1.0 3.0 3.0 42.0 6.0 6.0 

1 2.0 3.0 3.0 31.0 6.0 2.0 

1 3.0 3.0 3.0 24.0 6.0 1.0 

1 4.0 3.0 3.0 22.0 6.0 3.0 

1 5.0 4.0 3.0 16.0 6.0 2.0 

1 6.0 4.0 3.0 25.0 6.0 3.0 

1 7.0 4.0 3.0 25.0 6.0 0.0 

1 8.0 4.0 3.0 24.0 6.0 0.0 

1 9.0 5.0 4.0 25.0 6.0 2.0 

1 10.0 5.0 4.0 11.0 6.0 1.0 

1 11.0 5.0 4.0 19.0 6.0 3.0 

1 12.0 5.0 4.0 28.0 6.0 0.0 

1 13.0 5.0 4.0 16.0 6.0 0.0 

1 14.0 6.0 4.0 21.0 6.0 2.0 

1 15.0 6.0 4.0 27.0 6.0 3.0 

1 16.0 6.0 4.0 32.0 6.0 6.0 

1 17.0 6.0 4.0 31.0 6.0 3.0 

1 18.0 7.0 4.0 26.0 6.0 5.0 

1 19.0 7.0 4.0 22.0 6.0 5.0 

1 20.0 7.0 4.0 12.0 6.0 4.0 

1 21.0 7.0 4.0 19.0 6.0 2.0 

1 22.0 8.0 4.0 15.0 6.0 2.0 

1 23.0 8.0 4.0 22.0 6.0 1.0 

1 24.0 8.0 4.0 29.0 6.0 6.0 



APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 399-419. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_399419 
 2016, ALÖKI Kft., Budapest, Hungary 

1 25.0 8.0 4.0 31.0 6.0 4.0 

1 26.0 8.0 4.0 27.0 6.0 2.0 

1 27.0 9.0 1.0 35.0 6.0 1.0 

1 28.0 9.0 1.0 22.0 6.0 1.0 

1 29.0 9.0 1.0 26.0 6.0 0.0 

1 30.0 9.0 1.0 42.0 6.0 0.0 

1 31.0 10.0 1.0 35.0 6.0 1.0 

1 32.0 10.0 1.0 63.0 6.0 20.0 

1 33.0 10.0 1.0 41.0 6.0 4.0 

1 34.0 10.0 1.0 42.0 6.0 3.0 

1 35.0 10.0 1.0 35.0 6.0 3.0 

1 36.0 11.0 2.0 37.0 6.0 8.0 

1 37.0 11.0 2.0 32.0 6.0 1.0 

1 38.0 11.0 2.0 40.0 6.0 3.0 

1 39.0 11.0 2.0 30.0 6.0 0.0 

1 40.0 12.0 2.0 37.0 6.0 2.0 

1 41.0 12.0 2.0 50.0 6.0 0.0 

1 42.0 12.0 2.0 39.0 6.0 0.0 

1 43.0 12.0 2.0 21.0 6.0 0.0 

1 44.0 1.0 2.0 18.0 6.0 1.0 

1 45.0 1.0 2.0 18.0 6.0 0.0 

1 46.0 1.0 2.0 24.0 6.0 0.0 

1 47.0 1.0 2.0 23.0 6.0 0.0 

1 48.0 1.0 2.0 21.0 6.0 0.0 

1 49.0 2.0 2.0 25.0 6.0 0.0 

1 50.0 2.0 2.0 28.0 6.0 1.0 

1 51.0 2.0 2.0 25.0 6.0 0.0 

1 52.0 2.0 2.0 20.0 6.0 0.0 

2 1.0 3.0 3.0 47.0 6.0 6.0 

2 2.0 3.0 3.0 40.0 6.0 0.0 

2 3.0 3.0 3.0 38.0 6.0 1.0 

2 4.0 3.0 3.0 32.0 6.0 0.0 

2 5.0 4.0 3.0 28.0 6.0 3.0 

2 6.0 4.0 3.0 39.0 6.0 3.0 

2 7.0 4.0 3.0 22.0 6.0 1.0 

2 8.0 4.0 3.0 29.0 6.0 3.0 

2 9.0 5.0 4.0 40.0 6.0 3.0 

2 10.0 5.0 4.0 28.0 6.0 0.0 

2 11.0 5.0 4.0 31.0 6.0 1.0 

2 12.0 5.0 4.0 26.0 6.0 0.0 

2 13.0 5.0 4.0 19.0 6.0 0.0 

2 14.0 6.0 4.0 33.0 6.0 6.0 

2 15.0 6.0 4.0 24.0 6.0 0.0 

2 16.0 6.0 4.0 23.0 6.0 2.0 

2 17.0 6.0 4.0 23.0 6.0 1.0 
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2 18.0 7.0 4.0 23.0 6.0 2.0 

2 19.0 7.0 4.0 29.0 6.0 4.0 

2 20.0 7.0 4.0 32.0 6.0 3.0 

2 21.0 7.0 4.0 25.0 6.0 1.0 

2 22.0 8.0 4.0 25.0 6.0 3.0 

2 23.0 8.0 4.0 16.0 6.0 0.0 

2 24.0 8.0 4.0 24.0 6.0 0.0 

2 25.0 8.0 4.0 19.0 6.0 2.0 

2 26.0 8.0 4.0 32.0 6.0 5.0 

2 27.0 9.0 1.0 25.0 6.0 0.0 

2 28.0 9.0 1.0 28.0 6.0 5.0 

2 29.0 9.0 1.0 23.0 6.0 2.0 

2 30.0 9.0 1.0 29.0 6.0 3.0 

2 31.0 10.0 1.0 24.0 6.0 2.0 

2 32.0 10.0 1.0 33.0 6.0 0.0 

2 33.0 10.0 1.0 43.0 6.0 1.0 

2 34.0 10.0 1.0 27.0 6.0 0.0 

2 35.0 10.0 1.0 37.0 6.0 1.0 

2 36.0 11.0 2.0 36.0 6.0 0.0 

2 37.0 11.0 2.0 36.0 6.0 3.0 

2 38.0 11.0 2.0 37.0 6.0 6.0 

2 39.0 11.0 2.0 40.0 6.0 4.0 

2 40.0 12.0 2.0 44.0 6.0 2.0 

2 41.0 12.0 2.0 38.0 6.0 0.0 

2 42.0 12.0 2.0 36.0 6.0 1.0 

2 43.0 12.0 2.0 35.0 6.0 1.0 

2 44.0 1.0 2.0 27.0 6.0 7.0 

2 45.0 1.0 2.0 33.0 6.0 3.0 

2 46.0 1.0 2.0 25.0 6.0 3.0 

2 47.0 1.0 2.0 20.0 6.0 5.0 

2 48.0 1.0 2.0 26.0 6.0 4.0 

2 49.0 2.0 2.0 31.0 6.0 3.0 

2 50.0 2.0 2.0 29.0 6.0 4.0 

2 51.0 2.0 2.0 34.0 6.0 2.0 

2 52.0 2.0 2.0 40.0 6.0 2.0 

 

LEVEL 7 

Aspect Week Month Season Index Level Count 

1 1.0 3.0 3.0 42.0 7.0 1.0 

1 2.0 3.0 3.0 31.0 7.0 1.0 

1 3.0 3.0 3.0 24.0 7.0 2.0 

1 4.0 3.0 3.0 22.0 7.0 2.0 

1 5.0 4.0 3.0 16.0 7.0 0.0 

1 6.0 4.0 3.0 25.0 7.0 0.0 
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1 7.0 4.0 3.0 25.0 7.0 2.0 

1 8.0 4.0 3.0 24.0 7.0 3.0 

1 9.0 5.0 4.0 25.0 7.0 0.0 

1 10.0 5.0 4.0 11.0 7.0 1.0 

1 11.0 5.0 4.0 19.0 7.0 0.0 

1 12.0 5.0 4.0 28.0 7.0 6.0 

1 13.0 5.0 4.0 16.0 7.0 1.0 

1 14.0 6.0 4.0 21.0 7.0 1.0 

1 15.0 6.0 4.0 27.0 7.0 2.0 

1 16.0 6.0 4.0 32.0 7.0 5.0 

1 17.0 6.0 4.0 31.0 7.0 4.0 

1 18.0 7.0 4.0 26.0 7.0 3.0 

1 19.0 7.0 4.0 22.0 7.0 1.0 

1 20.0 7.0 4.0 12.0 7.0 1.0 

1 21.0 7.0 4.0 19.0 7.0 3.0 

1 22.0 8.0 4.0 15.0 7.0 0.0 

1 23.0 8.0 4.0 22.0 7.0 4.0 

1 24.0 8.0 4.0 29.0 7.0 3.0 

1 25.0 8.0 4.0 31.0 7.0 3.0 

1 26.0 8.0 4.0 27.0 7.0 6.0 

1 27.0 9.0 1.0 35.0 7.0 0.0 

1 28.0 9.0 1.0 22.0 7.0 2.0 

1 29.0 9.0 1.0 26.0 7.0 1.0 

1 30.0 9.0 1.0 42.0 7.0 2.0 

1 31.0 10.0 1.0 35.0 7.0 2.0 

1 32.0 10.0 1.0 63.0 7.0 5.0 

1 33.0 10.0 1.0 41.0 7.0 3.0 

1 34.0 10.0 1.0 42.0 7.0 7.0 

1 35.0 10.0 1.0 35.0 7.0 2.0 

1 36.0 11.0 2.0 37.0 7.0 1.0 

1 37.0 11.0 2.0 32.0 7.0 1.0 

1 38.0 11.0 2.0 40.0 7.0 5.0 

1 39.0 11.0 2.0 30.0 7.0 2.0 

1 40.0 12.0 2.0 37.0 7.0 4.0 

1 41.0 12.0 2.0 50.0 7.0 3.0 

1 42.0 12.0 2.0 39.0 7.0 5.0 

1 43.0 12.0 2.0 21.0 7.0 0.0 

1 44.0 1.0 2.0 18.0 7.0 1.0 

1 45.0 1.0 2.0 18.0 7.0 4.0 

1 46.0 1.0 2.0 24.0 7.0 4.0 

1 47.0 1.0 2.0 23.0 7.0 2.0 

1 48.0 1.0 2.0 21.0 7.0 2.0 

1 49.0 2.0 2.0 25.0 7.0 4.0 

1 50.0 2.0 2.0 28.0 7.0 1.0 

1 51.0 2.0 2.0 25.0 7.0 3.0 
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1 52.0 2.0 2.0 20.0 7.0 1.0 

2 1.0 3.0 3.0 47.0 7.0 10.0 

2 2.0 3.0 3.0 40.0 7.0 2.0 

2 3.0 3.0 3.0 38.0 7.0 10.0 

2 4.0 3.0 3.0 32.0 7.0 5.0 

2 5.0 4.0 3.0 28.0 7.0 5.0 

2 6.0 4.0 3.0 39.0 7.0 11.0 

2 7.0 4.0 3.0 22.0 7.0 10.0 

2 8.0 4.0 3.0 29.0 7.0 7.0 

2 9.0 5.0 4.0 40.0 7.0 6.0 

2 10.0 5.0 4.0 28.0 7.0 8.0 

2 11.0 5.0 4.0 31.0 7.0 10.0 

2 12.0 5.0 4.0 26.0 7.0 6.0 

2 13.0 5.0 4.0 19.0 7.0 2.0 

2 14.0 6.0 4.0 33.0 7.0 4.0 

2 15.0 6.0 4.0 24.0 7.0 4.0 

2 16.0 6.0 4.0 23.0 7.0 2.0 

2 17.0 6.0 4.0 23.0 7.0 2.0 

2 18.0 7.0 4.0 23.0 7.0 7.0 

2 19.0 7.0 4.0 29.0 7.0 3.0 

2 20.0 7.0 4.0 32.0 7.0 7.0 

2 21.0 7.0 4.0 25.0 7.0 4.0 

2 22.0 8.0 4.0 25.0 7.0 6.0 

2 23.0 8.0 4.0 16.0 7.0 5.0 

2 24.0 8.0 4.0 24.0 7.0 6.0 

2 25.0 8.0 4.0 19.0 7.0 2.0 

2 26.0 8.0 4.0 32.0 7.0 4.0 

2 27.0 9.0 1.0 25.0 7.0 2.0 

2 28.0 9.0 1.0 28.0 7.0 5.0 

2 29.0 9.0 1.0 23.0 7.0 5.0 

2 30.0 9.0 1.0 29.0 7.0 5.0 

2 31.0 10.0 1.0 24.0 7.0 3.0 

2 32.0 10.0 1.0 33.0 7.0 7.0 

2 33.0 10.0 1.0 43.0 7.0 10.0 

2 34.0 10.0 1.0 27.0 7.0 1.0 

2 35.0 10.0 1.0 37.0 7.0 3.0 

2 36.0 11.0 2.0 36.0 7.0 10.0 

2 37.0 11.0 2.0 36.0 7.0 2.0 

2 38.0 11.0 2.0 37.0 7.0 4.0 

2 39.0 11.0 2.0 40.0 7.0 1.0 

2 40.0 12.0 2.0 44.0 7.0 8.0 

2 41.0 12.0 2.0 38.0 7.0 5.0 

2 42.0 12.0 2.0 36.0 7.0 8.0 

2 43.0 12.0 2.0 35.0 7.0 2.0 

2 44.0 1.0 2.0 27.0 7.0 1.0 
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2 45.0 1.0 2.0 33.0 7.0 6.0 

2 46.0 1.0 2.0 25.0 7.0 1.0 

2 47.0 1.0 2.0 20.0 7.0 0.0 

2 48.0 1.0 2.0 26.0 7.0 1.0 

2 49.0 2.0 2.0 31.0 7.0 1.0 

2 50.0 2.0 2.0 29.0 7.0 4.0 

2 51.0 2.0 2.0 34.0 7.0 4.0 

2 52.0 2.0 2.0 40.0 7.0 1.0 

 

LEVEL 8 

Aspect Week Month Season Index Level Count 

1 1.0 3.0 3.0 42.0 8.0 3.0 

1 2.0 3.0 3.0 31.0 8.0 2.0 

1 3.0 3.0 3.0 24.0 8.0 1.0 

1 4.0 3.0 3.0 22.0 8.0 1.0 

1 5.0 4.0 3.0 16.0 8.0 2.0 

1 6.0 4.0 3.0 25.0 8.0 2.0 

1 7.0 4.0 3.0 25.0 8.0 1.0 

1 8.0 4.0 3.0 24.0 8.0 2.0 

1 9.0 5.0 4.0 25.0 8.0 2.0 

1 10.0 5.0 4.0 11.0 8.0 0.0 

1 11.0 5.0 4.0 19.0 8.0 0.0 

1 12.0 5.0 4.0 28.0 8.0 0.0 

1 13.0 5.0 4.0 16.0 8.0 0.0 

1 14.0 6.0 4.0 21.0 8.0 0.0 

1 15.0 6.0 4.0 27.0 8.0 0.0 

1 16.0 6.0 4.0 32.0 8.0 0.0 

1 17.0 6.0 4.0 31.0 8.0 1.0 

1 18.0 7.0 4.0 26.0 8.0 1.0 

1 19.0 7.0 4.0 22.0 8.0 2.0 

1 20.0 7.0 4.0 12.0 8.0 0.0 

1 21.0 7.0 4.0 19.0 8.0 1.0 

1 22.0 8.0 4.0 15.0 8.0 0.0 

1 23.0 8.0 4.0 22.0 8.0 3.0 

1 24.0 8.0 4.0 29.0 8.0 0.0 

1 25.0 8.0 4.0 31.0 8.0 3.0 

1 26.0 8.0 4.0 27.0 8.0 1.0 

1 27.0 9.0 1.0 35.0 8.0 0.0 

1 28.0 9.0 1.0 22.0 8.0 3.0 

1 29.0 9.0 1.0 26.0 8.0 2.0 

1 30.0 9.0 1.0 42.0 8.0 0.0 

1 31.0 10.0 1.0 35.0 8.0 1.0 

1 32.0 10.0 1.0 63.0 8.0 3.0 

1 33.0 10.0 1.0 41.0 8.0 2.0 
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1 34.0 10.0 1.0 42.0 8.0 3.0 

1 35.0 10.0 1.0 35.0 8.0 5.0 

1 36.0 11.0 2.0 37.0 8.0 7.0 

1 37.0 11.0 2.0 32.0 8.0 6.0 

1 38.0 11.0 2.0 40.0 8.0 1.0 

1 39.0 11.0 2.0 30.0 8.0 2.0 

1 40.0 12.0 2.0 37.0 8.0 0.0 

1 41.0 12.0 2.0 50.0 8.0 2.0 

1 42.0 12.0 2.0 39.0 8.0 3.0 

1 43.0 12.0 2.0 21.0 8.0 0.0 

1 44.0 1.0 2.0 18.0 8.0 0.0 

1 45.0 1.0 2.0 18.0 8.0 3.0 

1 46.0 1.0 2.0 24.0 8.0 3.0 

1 47.0 1.0 2.0 23.0 8.0 1.0 

1 48.0 1.0 2.0 21.0 8.0 2.0 

1 49.0 2.0 2.0 25.0 8.0 2.0 

1 50.0 2.0 2.0 28.0 8.0 3.0 

1 51.0 2.0 2.0 25.0 8.0 1.0 

1 52.0 2.0 2.0 20.0 8.0 1.0 

2 1.0 3.0 3.0 47.0 8.0 4.0 

2 2.0 3.0 3.0 40.0 8.0 1.0 

2 3.0 3.0 3.0 38.0 8.0 1.0 

2 4.0 3.0 3.0 32.0 8.0 0.0 

2 5.0 4.0 3.0 28.0 8.0 0.0 

2 6.0 4.0 3.0 39.0 8.0 2.0 

2 7.0 4.0 3.0 22.0 8.0 1.0 

2 8.0 4.0 3.0 29.0 8.0 0.0 

2 9.0 5.0 4.0 40.0 8.0 6.0 

2 10.0 5.0 4.0 28.0 8.0 2.0 

2 11.0 5.0 4.0 31.0 8.0 2.0 

2 12.0 5.0 4.0 26.0 8.0 1.0 

2 13.0 5.0 4.0 19.0 8.0 2.0 

2 14.0 6.0 4.0 33.0 8.0 0.0 

2 15.0 6.0 4.0 24.0 8.0 0.0 

2 16.0 6.0 4.0 23.0 8.0 3.0 

2 17.0 6.0 4.0 23.0 8.0 1.0 

2 18.0 7.0 4.0 23.0 8.0 1.0 

2 19.0 7.0 4.0 29.0 8.0 3.0 

2 20.0 7.0 4.0 32.0 8.0 0.0 

2 21.0 7.0 4.0 25.0 8.0 1.0 

2 22.0 8.0 4.0 25.0 8.0 3.0 

2 23.0 8.0 4.0 16.0 8.0 4.0 

2 24.0 8.0 4.0 24.0 8.0 2.0 

2 25.0 8.0 4.0 19.0 8.0 1.0 

2 26.0 8.0 4.0 32.0 8.0 4.0 
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2 27.0 9.0 1.0 25.0 8.0 5.0 

2 28.0 9.0 1.0 28.0 8.0 0.0 

2 29.0 9.0 1.0 23.0 8.0 0.0 

2 30.0 9.0 1.0 29.0 8.0 2.0 

2 31.0 10.0 1.0 24.0 8.0 2.0 

2 32.0 10.0 1.0 33.0 8.0 3.0 

2 33.0 10.0 1.0 43.0 8.0 4.0 

2 34.0 10.0 1.0 27.0 8.0 2.0 

2 35.0 10.0 1.0 37.0 8.0 11.0 

2 36.0 11.0 2.0 36.0 8.0 6.0 

2 37.0 11.0 2.0 36.0 8.0 5.0 

2 38.0 11.0 2.0 37.0 8.0 4.0 

2 39.0 11.0 2.0 40.0 8.0 2.0 

2 40.0 12.0 2.0 44.0 8.0 2.0 

2 41.0 12.0 2.0 38.0 8.0 5.0 

2 42.0 12.0 2.0 36.0 8.0 4.0 

2 43.0 12.0 2.0 35.0 8.0 2.0 

2 44.0 1.0 2.0 27.0 8.0 3.0 

2 45.0 1.0 2.0 33.0 8.0 2.0 

2 46.0 1.0 2.0 25.0 8.0 2.0 

2 47.0 1.0 2.0 20.0 8.0 4.0 

2 48.0 1.0 2.0 26.0 8.0 2.0 

2 49.0 2.0 2.0 31.0 8.0 2.0 

2 50.0 2.0 2.0 29.0 8.0 1.0 

2 51.0 2.0 2.0 34.0 8.0 6.0 

2 52.0 2.0 2.0 40.0 8.0 5.0 

 

LEVEL 9 

Aspect Week Month Season Index Level Count 

1 1.0 3.0 3.0 42.0 9.0 6.0 

1 2.0 3.0 3.0 31.0 9.0 4.0 

1 3.0 3.0 3.0 24.0 9.0 0.0 

1 4.0 3.0 3.0 22.0 9.0 0.0 

1 5.0 4.0 3.0 16.0 9.0 0.0 

1 6.0 4.0 3.0 25.0 9.0 2.0 

1 7.0 4.0 3.0 25.0 9.0 0.0 

1 8.0 4.0 3.0 24.0 9.0 0.0 

1 9.0 5.0 4.0 25.0 9.0 2.0 

1 10.0 5.0 4.0 11.0 9.0 1.0 

1 11.0 5.0 4.0 19.0 9.0 1.0 

1 12.0 5.0 4.0 28.0 9.0 3.0 

1 13.0 5.0 4.0 16.0 9.0 0.0 

1 14.0 6.0 4.0 21.0 9.0 0.0 

1 15.0 6.0 4.0 27.0 9.0 0.0 
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1 16.0 6.0 4.0 32.0 9.0 2.0 

1 17.0 6.0 4.0 31.0 9.0 1.0 

1 18.0 7.0 4.0 26.0 9.0 2.0 

1 19.0 7.0 4.0 22.0 9.0 0.0 

1 20.0 7.0 4.0 12.0 9.0 0.0 

1 21.0 7.0 4.0 19.0 9.0 0.0 

1 22.0 8.0 4.0 15.0 9.0 0.0 

1 23.0 8.0 4.0 22.0 9.0 1.0 

1 24.0 8.0 4.0 29.0 9.0 2.0 

1 25.0 8.0 4.0 31.0 9.0 0.0 

1 26.0 8.0 4.0 27.0 9.0 0.0 

1 27.0 9.0 1.0 35.0 9.0 0.0 

1 28.0 9.0 1.0 22.0 9.0 2.0 

1 29.0 9.0 1.0 26.0 9.0 1.0 

1 30.0 9.0 1.0 42.0 9.0 2.0 

1 31.0 10.0 1.0 35.0 9.0 7.0 

1 32.0 10.0 1.0 63.0 9.0 4.0 

1 33.0 10.0 1.0 41.0 9.0 5.0 

1 34.0 10.0 1.0 42.0 9.0 0.0 

1 35.0 10.0 1.0 35.0 9.0 0.0 

1 36.0 11.0 2.0 37.0 9.0 0.0 

1 37.0 11.0 2.0 32.0 9.0 2.0 

1 38.0 11.0 2.0 40.0 9.0 3.0 

1 39.0 11.0 2.0 30.0 9.0 3.0 

1 40.0 12.0 2.0 37.0 9.0 2.0 

1 41.0 12.0 2.0 50.0 9.0 2.0 

1 42.0 12.0 2.0 39.0 9.0 0.0 

1 43.0 12.0 2.0 21.0 9.0 1.0 

1 44.0 1.0 2.0 18.0 9.0 1.0 

1 45.0 1.0 2.0 18.0 9.0 0.0 

1 46.0 1.0 2.0 24.0 9.0 0.0 

1 47.0 1.0 2.0 23.0 9.0 1.0 

1 48.0 1.0 2.0 21.0 9.0 2.0 

1 49.0 2.0 2.0 25.0 9.0 0.0 

1 50.0 2.0 2.0 28.0 9.0 0.0 

1 51.0 2.0 2.0 25.0 9.0 1.0 

1 52.0 2.0 2.0 20.0 9.0 0.0 

2 1.0 3.0 3.0 47.0 9.0 4.0 

2 2.0 3.0 3.0 40.0 9.0 1.0 

2 3.0 3.0 3.0 38.0 9.0 2.0 

2 4.0 3.0 3.0 32.0 9.0 4.0 

2 5.0 4.0 3.0 28.0 9.0 2.0 

2 6.0 4.0 3.0 39.0 9.0 1.0 

2 7.0 4.0 3.0 22.0 9.0 1.0 

2 8.0 4.0 3.0 29.0 9.0 4.0 
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2 9.0 5.0 4.0 40.0 9.0 2.0 

2 10.0 5.0 4.0 28.0 9.0 1.0 

2 11.0 5.0 4.0 31.0 9.0 1.0 

2 12.0 5.0 4.0 26.0 9.0 2.0 

2 13.0 5.0 4.0 19.0 9.0 1.0 

2 14.0 6.0 4.0 33.0 9.0 0.0 

2 15.0 6.0 4.0 24.0 9.0 1.0 

2 16.0 6.0 4.0 23.0 9.0 0.0 

2 17.0 6.0 4.0 23.0 9.0 2.0 

2 18.0 7.0 4.0 23.0 9.0 2.0 

2 19.0 7.0 4.0 29.0 9.0 2.0 

2 20.0 7.0 4.0 32.0 9.0 1.0 

2 21.0 7.0 4.0 25.0 9.0 1.0 

2 22.0 8.0 4.0 25.0 9.0 0.0 

2 23.0 8.0 4.0 16.0 9.0 0.0 

2 24.0 8.0 4.0 24.0 9.0 0.0 

2 25.0 8.0 4.0 19.0 9.0 1.0 

2 26.0 8.0 4.0 32.0 9.0 1.0 

2 27.0 9.0 1.0 25.0 9.0 2.0 

2 28.0 9.0 1.0 28.0 9.0 1.0 

2 29.0 9.0 1.0 23.0 9.0 0.0 

2 30.0 9.0 1.0 29.0 9.0 1.0 

2 31.0 10.0 1.0 24.0 9.0 0.0 

2 32.0 10.0 1.0 33.0 9.0 2.0 

2 33.0 10.0 1.0 43.0 9.0 1.0 

2 34.0 10.0 1.0 27.0 9.0 1.0 

2 35.0 10.0 1.0 37.0 9.0 3.0 

2 36.0 11.0 2.0 36.0 9.0 0.0 

2 37.0 11.0 2.0 36.0 9.0 1.0 

2 38.0 11.0 2.0 37.0 9.0 2.0 

2 39.0 11.0 2.0 40.0 9.0 1.0 

2 40.0 12.0 2.0 44.0 9.0 4.0 

2 41.0 12.0 2.0 38.0 9.0 2.0 

2 42.0 12.0 2.0 36.0 9.0 4.0 

2 43.0 12.0 2.0 35.0 9.0 2.0 

2 44.0 1.0 2.0 27.0 9.0 2.0 

2 45.0 1.0 2.0 33.0 9.0 1.0 

2 46.0 1.0 2.0 25.0 9.0 0.0 

2 47.0 1.0 2.0 20.0 9.0 1.0 

2 48.0 1.0 2.0 26.0 9.0 3.0 

2 49.0 2.0 2.0 31.0 9.0 4.0 

2 50.0 2.0 2.0 29.0 9.0 1.0 

2 51.0 2.0 2.0 34.0 9.0 2.0 

2 52.0 2.0 2.0 40.0 9.0 5.0 
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LEVEL 10 

Aspect Week Month Season Index Level Count 

1 1.0 3.0 3.0 42.0 10.0 2.0 

1 2.0 3.0 3.0 31.0 10.0 6.0 

1 3.0 3.0 3.0 24.0 10.0 4.0 

1 4.0 3.0 3.0 22.0 10.0 5.0 

1 5.0 4.0 3.0 16.0 10.0 4.0 

1 6.0 4.0 3.0 25.0 10.0 2.0 

1 7.0 4.0 3.0 25.0 10.0 4.0 

1 8.0 4.0 3.0 24.0 10.0 2.0 

1 9.0 5.0 4.0 25.0 10.0 4.0 

1 10.0 5.0 4.0 11.0 10.0 3.0 

1 11.0 5.0 4.0 19.0 10.0 2.0 

1 12.0 5.0 4.0 28.0 10.0 5.0 

1 13.0 5.0 4.0 16.0 10.0 1.0 

1 14.0 6.0 4.0 21.0 10.0 2.0 

1 15.0 6.0 4.0 27.0 10.0 3.0 

1 16.0 6.0 4.0 32.0 10.0 4.0 

1 17.0 6.0 4.0 31.0 10.0 3.0 

1 18.0 7.0 4.0 26.0 10.0 0.0 

1 19.0 7.0 4.0 22.0 10.0 1.0 

1 20.0 7.0 4.0 12.0 10.0 0.0 

1 21.0 7.0 4.0 19.0 10.0 0.0 

1 22.0 8.0 4.0 15.0 10.0 1.0 

1 23.0 8.0 4.0 22.0 10.0 3.0 

1 24.0 8.0 4.0 29.0 10.0 1.0 

1 25.0 8.0 4.0 31.0 10.0 1.0 

1 26.0 8.0 4.0 27.0 10.0 0.0 

1 27.0 9.0 1.0 35.0 10.0 5.0 

1 28.0 9.0 1.0 22.0 10.0 2.0 

1 29.0 9.0 1.0 26.0 10.0 4.0 

1 30.0 9.0 1.0 42.0 10.0 3.0 

1 31.0 10.0 1.0 35.0 10.0 4.0 

1 32.0 10.0 1.0 63.0 10.0 2.0 

1 33.0 10.0 1.0 41.0 10.0 3.0 

1 34.0 10.0 1.0 42.0 10.0 1.0 

1 35.0 10.0 1.0 35.0 10.0 2.0 

1 36.0 11.0 2.0 37.0 10.0 1.0 

1 37.0 11.0 2.0 32.0 10.0 4.0 

1 38.0 11.0 2.0 40.0 10.0 4.0 

1 39.0 11.0 2.0 30.0 10.0 1.0 

1 40.0 12.0 2.0 37.0 10.0 2.0 

1 41.0 12.0 2.0 50.0 10.0 6.0 

1 42.0 12.0 2.0 39.0 10.0 5.0 
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1 43.0 12.0 2.0 21.0 10.0 5.0 

1 44.0 1.0 2.0 18.0 10.0 0.0 

1 45.0 1.0 2.0 18.0 10.0 1.0 

1 46.0 1.0 2.0 24.0 10.0 1.0 

1 47.0 1.0 2.0 23.0 10.0 1.0 

1 48.0 1.0 2.0 21.0 10.0 1.0 

1 49.0 2.0 2.0 25.0 10.0 1.0 

1 50.0 2.0 2.0 28.0 10.0 1.0 

1 51.0 2.0 2.0 25.0 10.0 2.0 

1 52.0 2.0 2.0 20.0 10.0 2.0 

2 1.0 3.0 3.0 47.0 10.0 1.0 

2 2.0 3.0 3.0 40.0 10.0 5.0 

2 3.0 3.0 3.0 38.0 10.0 3.0 

2 4.0 3.0 3.0 32.0 10.0 1.0 

2 5.0 4.0 3.0 28.0 10.0 1.0 

2 6.0 4.0 3.0 39.0 10.0 3.0 

2 7.0 4.0 3.0 22.0 10.0 0.0 

2 8.0 4.0 3.0 29.0 10.0 6.0 

2 9.0 5.0 4.0 40.0 10.0 3.0 

2 10.0 5.0 4.0 28.0 10.0 4.0 

2 11.0 5.0 4.0 31.0 10.0 5.0 

2 12.0 5.0 4.0 26.0 10.0 3.0 

2 13.0 5.0 4.0 19.0 10.0 2.0 

2 14.0 6.0 4.0 33.0 10.0 6.0 

2 15.0 6.0 4.0 24.0 10.0 2.0 

2 16.0 6.0 4.0 23.0 10.0 1.0 

2 17.0 6.0 4.0 23.0 10.0 5.0 

2 18.0 7.0 4.0 23.0 10.0 0.0 

2 19.0 7.0 4.0 29.0 10.0 1.0 

2 20.0 7.0 4.0 32.0 10.0 2.0 

2 21.0 7.0 4.0 25.0 10.0 3.0 

2 22.0 8.0 4.0 25.0 10.0 1.0 

2 23.0 8.0 4.0 16.0 10.0 0.0 

2 24.0 8.0 4.0 24.0 10.0 4.0 

2 25.0 8.0 4.0 19.0 10.0 2.0 

2 26.0 8.0 4.0 32.0 10.0 3.0 

2 27.0 9.0 1.0 25.0 10.0 1.0 

2 28.0 9.0 1.0 28.0 10.0 0.0 

2 29.0 9.0 1.0 23.0 10.0 0.0 

2 30.0 9.0 1.0 29.0 10.0 0.0 

2 31.0 10.0 1.0 24.0 10.0 0.0 

2 32.0 10.0 1.0 33.0 10.0 1.0 

2 33.0 10.0 1.0 43.0 10.0 2.0 

2 34.0 10.0 1.0 27.0 10.0 3.0 

2 35.0 10.0 1.0 37.0 10.0 2.0 
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2 36.0 11.0 2.0 36.0 10.0 4.0 

2 37.0 11.0 2.0 36.0 10.0 2.0 

2 38.0 11.0 2.0 37.0 10.0 4.0 

2 39.0 11.0 2.0 40.0 10.0 4.0 

2 40.0 12.0 2.0 44.0 10.0 3.0 

2 41.0 12.0 2.0 38.0 10.0 4.0 

2 42.0 12.0 2.0 36.0 10.0 4.0 

2 43.0 12.0 2.0 35.0 10.0 6.0 

2 44.0 1.0 2.0 27.0 10.0 1.0 

2 45.0 1.0 2.0 33.0 10.0 1.0 

2 46.0 1.0 2.0 25.0 10.0 3.0 

2 47.0 1.0 2.0 20.0 10.0 0.0 

2 48.0 1.0 2.0 26.0 10.0 2.0 

2 49.0 2.0 2.0 31.0 10.0 4.0 

2 50.0 2.0 2.0 29.0 10.0 2.0 

2 51.0 2.0 2.0 34.0 10.0 3.0 

2 52.0 2.0 2.0 40.0 10.0 3.0 

 

LEVEL 11 

Aspect Week Month Season Index Level Count 

1 1.0 3.0 3.0 42.0 11.0 4.0 

1 2.0 3.0 3.0 31.0 11.0 1.0 

1 3.0 3.0 3.0 24.0 11.0 3.0 

1 4.0 3.0 3.0 22.0 11.0 2.0 

1 5.0 4.0 3.0 16.0 11.0 1.0 

1 6.0 4.0 3.0 25.0 11.0 1.0 

1 7.0 4.0 3.0 25.0 11.0 3.0 

1 8.0 4.0 3.0 24.0 11.0 5.0 

1 9.0 5.0 4.0 25.0 11.0 3.0 

1 10.0 5.0 4.0 11.0 11.0 0.0 

1 11.0 5.0 4.0 19.0 11.0 0.0 

1 12.0 5.0 4.0 28.0 11.0 2.0 

1 13.0 5.0 4.0 16.0 11.0 3.0 

1 14.0 6.0 4.0 21.0 11.0 4.0 

1 15.0 6.0 4.0 27.0 11.0 2.0 

1 16.0 6.0 4.0 32.0 11.0 1.0 

1 17.0 6.0 4.0 31.0 11.0 3.0 

1 18.0 7.0 4.0 26.0 11.0 1.0 

1 19.0 7.0 4.0 22.0 11.0 3.0 

1 20.0 7.0 4.0 12.0 11.0 0.0 

1 21.0 7.0 4.0 19.0 11.0 1.0 

1 22.0 8.0 4.0 15.0 11.0 0.0 

1 23.0 8.0 4.0 22.0 11.0 1.0 

1 24.0 8.0 4.0 29.0 11.0 4.0 
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1 25.0 8.0 4.0 31.0 11.0 1.0 

1 26.0 8.0 4.0 27.0 11.0 4.0 

1 27.0 9.0 1.0 35.0 11.0 2.0 

1 28.0 9.0 1.0 22.0 11.0 1.0 

1 29.0 9.0 1.0 26.0 11.0 1.0 

1 30.0 9.0 1.0 42.0 11.0 2.0 

1 31.0 10.0 1.0 35.0 11.0 0.0 

1 32.0 10.0 1.0 63.0 11.0 4.0 

1 33.0 10.0 1.0 41.0 11.0 1.0 

1 34.0 10.0 1.0 42.0 11.0 6.0 

1 35.0 10.0 1.0 35.0 11.0 4.0 

1 36.0 11.0 2.0 37.0 11.0 2.0 

1 37.0 11.0 2.0 32.0 11.0 3.0 

1 38.0 11.0 2.0 40.0 11.0 3.0 

1 39.0 11.0 2.0 30.0 11.0 6.0 

1 40.0 12.0 2.0 37.0 11.0 1.0 

1 41.0 12.0 2.0 50.0 11.0 2.0 

1 42.0 12.0 2.0 39.0 11.0 4.0 

1 43.0 12.0 2.0 21.0 11.0 4.0 

1 44.0 1.0 2.0 18.0 11.0 2.0 

1 45.0 1.0 2.0 18.0 11.0 3.0 

1 46.0 1.0 2.0 24.0 11.0 4.0 

1 47.0 1.0 2.0 23.0 11.0 3.0 

1 48.0 1.0 2.0 21.0 11.0 5.0 

1 49.0 2.0 2.0 25.0 11.0 4.0 

1 50.0 2.0 2.0 28.0 11.0 4.0 

1 51.0 2.0 2.0 25.0 11.0 2.0 

1 52.0 2.0 2.0 20.0 11.0 3.0 

2 1.0 3.0 3.0 47.0 11.0 2.0 

2 2.0 3.0 3.0 40.0 11.0 2.0 

2 3.0 3.0 3.0 38.0 11.0 3.0 

2 4.0 3.0 3.0 32.0 11.0 2.0 

2 5.0 4.0 3.0 28.0 11.0 4.0 

2 6.0 4.0 3.0 39.0 11.0 1.0 

2 7.0 4.0 3.0 22.0 11.0 1.0 

2 8.0 4.0 3.0 29.0 11.0 2.0 

2 9.0 5.0 4.0 40.0 11.0 3.0 

2 10.0 5.0 4.0 28.0 11.0 0.0 

2 11.0 5.0 4.0 31.0 11.0 1.0 

2 12.0 5.0 4.0 26.0 11.0 2.0 

2 13.0 5.0 4.0 19.0 11.0 3.0 

2 14.0 6.0 4.0 33.0 11.0 2.0 

2 15.0 6.0 4.0 24.0 11.0 5.0 

2 16.0 6.0 4.0 23.0 11.0 3.0 

2 17.0 6.0 4.0 23.0 11.0 6.0 
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2 18.0 7.0 4.0 23.0 11.0 0.0 

2 19.0 7.0 4.0 29.0 11.0 2.0 

2 20.0 7.0 4.0 32.0 11.0 0.0 

2 21.0 7.0 4.0 25.0 11.0 0.0 

2 22.0 8.0 4.0 25.0 11.0 1.0 

2 23.0 8.0 4.0 16.0 11.0 0.0 

2 24.0 8.0 4.0 24.0 11.0 3.0 

2 25.0 8.0 4.0 19.0 11.0 4.0 

2 26.0 8.0 4.0 32.0 11.0 1.0 

2 27.0 9.0 1.0 25.0 11.0 2.0 

2 28.0 9.0 1.0 28.0 11.0 1.0 

2 29.0 9.0 1.0 23.0 11.0 4.0 

2 30.0 9.0 1.0 29.0 11.0 0.0 

2 31.0 10.0 1.0 24.0 11.0 1.0 

2 32.0 10.0 1.0 33.0 11.0 2.0 

2 33.0 10.0 1.0 43.0 11.0 3.0 

2 34.0 10.0 1.0 27.0 11.0 2.0 

2 35.0 10.0 1.0 37.0 11.0 4.0 

2 36.0 11.0 2.0 36.0 11.0 3.0 

2 37.0 11.0 2.0 36.0 11.0 4.0 

2 38.0 11.0 2.0 37.0 11.0 0.0 

2 39.0 11.0 2.0 40.0 11.0 2.0 

2 40.0 12.0 2.0 44.0 11.0 4.0 

2 41.0 12.0 2.0 38.0 11.0 2.0 

2 42.0 12.0 2.0 36.0 11.0 4.0 

2 43.0 12.0 2.0 35.0 11.0 2.0 

2 44.0 1.0 2.0 27.0 11.0 2.0 

2 45.0 1.0 2.0 33.0 11.0 5.0 

2 46.0 1.0 2.0 25.0 11.0 5.0 

2 47.0 1.0 2.0 20.0 11.0 3.0 

2 48.0 1.0 2.0 26.0 11.0 3.0 

2 49.0 2.0 2.0 31.0 11.0 5.0 

2 50.0 2.0 2.0 29.0 11.0 3.0 

2 51.0 2.0 2.0 34.0 11.0 1.0 

2 52.0 2.0 2.0 40.0 11.0 2.0 

 

LEVEL 12 

Aspect Week Month Season Index Level Count 

1 1.0 3.0 3.0 42.0 12.0 6.0 

1 2.0 3.0 3.0 31.0 12.0 4.0 

1 3.0 3.0 3.0 24.0 12.0 9.0 

1 4.0 3.0 3.0 22.0 12.0 5.0 

1 5.0 4.0 3.0 16.0 12.0 3.0 

1 6.0 4.0 3.0 25.0 12.0 4.0 
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1 7.0 4.0 3.0 25.0 12.0 4.0 

1 8.0 4.0 3.0 24.0 12.0 6.0 

1 9.0 5.0 4.0 25.0 12.0 8.0 

1 10.0 5.0 4.0 11.0 12.0 1.0 

1 11.0 5.0 4.0 19.0 12.0 4.0 

1 12.0 5.0 4.0 28.0 12.0 3.0 

1 13.0 5.0 4.0 16.0 12.0 5.0 

1 14.0 6.0 4.0 21.0 12.0 2.0 

1 15.0 6.0 4.0 27.0 12.0 8.0 

1 16.0 6.0 4.0 32.0 12.0 6.0 

1 17.0 6.0 4.0 31.0 12.0 5.0 

1 18.0 7.0 4.0 26.0 12.0 4.0 

1 19.0 7.0 4.0 22.0 12.0 4.0 

1 20.0 7.0 4.0 12.0 12.0 3.0 

1 21.0 7.0 4.0 19.0 12.0 2.0 

1 22.0 8.0 4.0 15.0 12.0 4.0 

1 23.0 8.0 4.0 22.0 12.0 3.0 

1 24.0 8.0 4.0 29.0 12.0 2.0 

1 25.0 8.0 4.0 31.0 12.0 2.0 

1 26.0 8.0 4.0 27.0 12.0 6.0 

1 27.0 9.0 1.0 35.0 12.0 9.0 

1 28.0 9.0 1.0 22.0 12.0 6.0 

1 29.0 9.0 1.0 26.0 12.0 6.0 

1 30.0 9.0 1.0 42.0 12.0 15.0 

1 31.0 10.0 1.0 35.0 12.0 8.0 

1 32.0 10.0 1.0 63.0 12.0 8.0 

1 33.0 10.0 1.0 41.0 12.0 8.0 

1 34.0 10.0 1.0 42.0 12.0 13.0 

1 35.0 10.0 1.0 35.0 12.0 14.0 

1 36.0 11.0 2.0 37.0 12.0 8.0 

1 37.0 11.0 2.0 32.0 12.0 9.0 

1 38.0 11.0 2.0 40.0 12.0 9.0 

1 39.0 11.0 2.0 30.0 12.0 4.0 

1 40.0 12.0 2.0 37.0 12.0 14.0 

1 41.0 12.0 2.0 50.0 12.0 21.0 

1 42.0 12.0 2.0 39.0 12.0 9.0 

1 43.0 12.0 2.0 21.0 12.0 7.0 

1 44.0 1.0 2.0 18.0 12.0 6.0 

1 45.0 1.0 2.0 18.0 12.0 3.0 

1 46.0 1.0 2.0 24.0 12.0 3.0 

1 47.0 1.0 2.0 23.0 12.0 5.0 

1 48.0 1.0 2.0 21.0 12.0 6.0 

1 49.0 2.0 2.0 25.0 12.0 6.0 

1 50.0 2.0 2.0 28.0 12.0 8.0 

1 51.0 2.0 2.0 25.0 12.0 11.0 



APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 399-419. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_399419 
 2016, ALÖKI Kft., Budapest, Hungary 

1 52.0 2.0 2.0 20.0 12.0 8.0 

2 1.0 3.0 3.0 47.0 12.0 5.0 

2 2.0 3.0 3.0 40.0 12.0 6.0 

2 3.0 3.0 3.0 38.0 12.0 6.0 

2 4.0 3.0 3.0 32.0 12.0 3.0 

2 5.0 4.0 3.0 28.0 12.0 3.0 

2 6.0 4.0 3.0 39.0 12.0 1.0 

2 7.0 4.0 3.0 22.0 12.0 3.0 

2 8.0 4.0 3.0 29.0 12.0 1.0 

2 9.0 5.0 4.0 40.0 12.0 4.0 

2 10.0 5.0 4.0 28.0 12.0 2.0 

2 11.0 5.0 4.0 31.0 12.0 1.0 

2 12.0 5.0 4.0 26.0 12.0 3.0 

2 13.0 5.0 4.0 19.0 12.0 0.0 

2 14.0 6.0 4.0 33.0 12.0 5.0 

2 15.0 6.0 4.0 24.0 12.0 3.0 

2 16.0 6.0 4.0 23.0 12.0 3.0 

2 17.0 6.0 4.0 23.0 12.0 5.0 

2 18.0 7.0 4.0 23.0 12.0 0.0 

2 19.0 7.0 4.0 29.0 12.0 1.0 

2 20.0 7.0 4.0 32.0 12.0 4.0 

2 21.0 7.0 4.0 25.0 12.0 3.0 

2 22.0 8.0 4.0 25.0 12.0 1.0 

2 23.0 8.0 4.0 16.0 12.0 0.0 

2 24.0 8.0 4.0 24.0 12.0 2.0 

2 25.0 8.0 4.0 19.0 12.0 1.0 

2 26.0 8.0 4.0 32.0 12.0 1.0 

2 27.0 9.0 1.0 25.0 12.0 0.0 

2 28.0 9.0 1.0 28.0 12.0 3.0 

2 29.0 9.0 1.0 23.0 12.0 4.0 

2 30.0 9.0 1.0 29.0 12.0 2.0 

2 31.0 10.0 1.0 24.0 12.0 3.0 

2 32.0 10.0 1.0 33.0 12.0 3.0 

2 33.0 10.0 1.0 43.0 12.0 6.0 

2 34.0 10.0 1.0 27.0 12.0 3.0 

2 35.0 10.0 1.0 37.0 12.0 3.0 

2 36.0 11.0 2.0 36.0 12.0 5.0 

2 37.0 11.0 2.0 36.0 12.0 5.0 

2 38.0 11.0 2.0 37.0 12.0 1.0 

2 39.0 11.0 2.0 40.0 12.0 6.0 

2 40.0 12.0 2.0 44.0 12.0 7.0 

2 41.0 12.0 2.0 38.0 12.0 4.0 

2 42.0 12.0 2.0 36.0 12.0 3.0 

2 43.0 12.0 2.0 35.0 12.0 3.0 

2 44.0 1.0 2.0 27.0 12.0 4.0 
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2 45.0 1.0 2.0 33.0 12.0 2.0 

2 46.0 1.0 2.0 25.0 12.0 3.0 

2 47.0 1.0 2.0 20.0 12.0 1.0 

2 48.0 1.0 2.0 26.0 12.0 1.0 

2 49.0 2.0 2.0 31.0 12.0 4.0 

2 50.0 2.0 2.0 29.0 12.0 3.0 

2 51.0 2.0 2.0 34.0 12.0 3.0 

2 52.0 2.0 2.0 40.0 12.0 1.0 

 

LEVEL 13 

Aspect Week Month Season Index Level Count 

1 1.0 3.0 3.0 42.0 13.0 5.0 

1 2.0 3.0 3.0 31.0 13.0 5.0 

1 3.0 3.0 3.0 24.0 13.0 2.0 

1 4.0 3.0 3.0 22.0 13.0 3.0 

1 5.0 4.0 3.0 16.0 13.0 3.0 

1 6.0 4.0 3.0 25.0 13.0 6.0 

1 7.0 4.0 3.0 25.0 13.0 1.0 

1 8.0 4.0 3.0 24.0 13.0 1.0 

1 9.0 5.0 4.0 25.0 13.0 1.0 

1 10.0 5.0 4.0 11.0 13.0 1.0 

1 11.0 5.0 4.0 19.0 13.0 0.0 

1 12.0 5.0 4.0 28.0 13.0 3.0 

1 13.0 5.0 4.0 16.0 13.0 3.0 

1 14.0 6.0 4.0 21.0 13.0 0.0 

1 15.0 6.0 4.0 27.0 13.0 3.0 

1 16.0 6.0 4.0 32.0 13.0 2.0 

1 17.0 6.0 4.0 31.0 13.0 4.0 

1 18.0 7.0 4.0 26.0 13.0 3.0 

1 19.0 7.0 4.0 22.0 13.0 2.0 

1 20.0 7.0 4.0 12.0 13.0 2.0 

1 21.0 7.0 4.0 19.0 13.0 4.0 

1 22.0 8.0 4.0 15.0 13.0 2.0 

1 23.0 8.0 4.0 22.0 13.0 2.0 

1 24.0 8.0 4.0 29.0 13.0 2.0 

1 25.0 8.0 4.0 31.0 13.0 3.0 

1 26.0 8.0 4.0 27.0 13.0 2.0 

1 27.0 9.0 1.0 35.0 13.0 4.0 

1 28.0 9.0 1.0 22.0 13.0 0.0 

1 29.0 9.0 1.0 26.0 13.0 4.0 

1 30.0 9.0 1.0 42.0 13.0 6.0 

1 31.0 10.0 1.0 35.0 13.0 2.0 

1 32.0 10.0 1.0 63.0 13.0 4.0 

1 33.0 10.0 1.0 41.0 13.0 6.0 
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1 34.0 10.0 1.0 42.0 13.0 2.0 

1 35.0 10.0 1.0 35.0 13.0 3.0 

1 36.0 11.0 2.0 37.0 13.0 4.0 

1 37.0 11.0 2.0 32.0 13.0 3.0 

1 38.0 11.0 2.0 40.0 13.0 5.0 

1 39.0 11.0 2.0 30.0 13.0 11.0 

1 40.0 12.0 2.0 37.0 13.0 6.0 

1 41.0 12.0 2.0 50.0 13.0 8.0 

1 42.0 12.0 2.0 39.0 13.0 8.0 

1 43.0 12.0 2.0 21.0 13.0 4.0 

1 44.0 1.0 2.0 18.0 13.0 0.0 

1 45.0 1.0 2.0 18.0 13.0 4.0 

1 46.0 1.0 2.0 24.0 13.0 0.0 

1 47.0 1.0 2.0 23.0 13.0 3.0 

1 48.0 1.0 2.0 21.0 13.0 2.0 

1 49.0 2.0 2.0 25.0 13.0 2.0 

1 50.0 2.0 2.0 28.0 13.0 2.0 

1 51.0 2.0 2.0 25.0 13.0 2.0 

1 52.0 2.0 2.0 20.0 13.0 1.0 

2 1.0 3.0 3.0 47.0 13.0 1.0 

2 2.0 3.0 3.0 40.0 13.0 7.0 

2 3.0 3.0 3.0 38.0 13.0 5.0 

2 4.0 3.0 3.0 32.0 13.0 5.0 

2 5.0 4.0 3.0 28.0 13.0 2.0 

2 6.0 4.0 3.0 39.0 13.0 4.0 

2 7.0 4.0 3.0 22.0 13.0 2.0 

2 8.0 4.0 3.0 29.0 13.0 3.0 

2 9.0 5.0 4.0 40.0 13.0 1.0 

2 10.0 5.0 4.0 28.0 13.0 4.0 

2 11.0 5.0 4.0 31.0 13.0 6.0 

2 12.0 5.0 4.0 26.0 13.0 3.0 

2 13.0 5.0 4.0 19.0 13.0 2.0 

2 14.0 6.0 4.0 33.0 13.0 6.0 

2 15.0 6.0 4.0 24.0 13.0 2.0 

2 16.0 6.0 4.0 23.0 13.0 5.0 

2 17.0 6.0 4.0 23.0 13.0 1.0 

2 18.0 7.0 4.0 23.0 13.0 4.0 

2 19.0 7.0 4.0 29.0 13.0 2.0 

2 20.0 7.0 4.0 32.0 13.0 3.0 

2 21.0 7.0 4.0 25.0 13.0 5.0 

2 22.0 8.0 4.0 25.0 13.0 0.0 

2 23.0 8.0 4.0 16.0 13.0 3.0 

2 24.0 8.0 4.0 24.0 13.0 3.0 

2 25.0 8.0 4.0 19.0 13.0 3.0 

2 26.0 8.0 4.0 32.0 13.0 5.0 
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2 27.0 9.0 1.0 25.0 13.0 1.0 

2 28.0 9.0 1.0 28.0 13.0 7.0 

2 29.0 9.0 1.0 23.0 13.0 5.0 

2 30.0 9.0 1.0 29.0 13.0 4.0 

2 31.0 10.0 1.0 24.0 13.0 3.0 

2 32.0 10.0 1.0 33.0 13.0 3.0 

2 33.0 10.0 1.0 43.0 13.0 8.0 

2 34.0 10.0 1.0 27.0 13.0 6.0 

2 35.0 10.0 1.0 37.0 13.0 4.0 

2 36.0 11.0 2.0 36.0 13.0 3.0 

2 37.0 11.0 2.0 36.0 13.0 4.0 

2 38.0 11.0 2.0 37.0 13.0 5.0 

2 39.0 11.0 2.0 40.0 13.0 8.0 

2 40.0 12.0 2.0 44.0 13.0 5.0 

2 41.0 12.0 2.0 38.0 13.0 8.0 

2 42.0 12.0 2.0 36.0 13.0 4.0 

2 43.0 12.0 2.0 35.0 13.0 2.0 

2 44.0 1.0 2.0 27.0 13.0 3.0 

2 45.0 1.0 2.0 33.0 13.0 2.0 

2 46.0 1.0 2.0 25.0 13.0 3.0 

2 47.0 1.0 2.0 20.0 13.0 1.0 

2 48.0 1.0 2.0 26.0 13.0 3.0 

2 49.0 2.0 2.0 31.0 13.0 2.0 

2 50.0 2.0 2.0 29.0 13.0 2.0 

2 51.0 2.0 2.0 34.0 13.0 5.0 

2 52.0 2.0 2.0 40.0 13.0 3.0 

 

LEVEL 14 

Aspect Week Month Season Index Level Count 

1 1.0 3.0 3.0 42.0 14.0 6.0 

1 2.0 3.0 3.0 31.0 14.0 2.0 

1 3.0 3.0 3.0 24.0 14.0 0.0 

1 4.0 3.0 3.0 22.0 14.0 1.0 

1 5.0 4.0 3.0 16.0 14.0 0.0 

1 6.0 4.0 3.0 25.0 14.0 2.0 

1 7.0 4.0 3.0 25.0 14.0 2.0 

1 8.0 4.0 3.0 24.0 14.0 2.0 

1 9.0 5.0 4.0 25.0 14.0 1.0 

1 10.0 5.0 4.0 11.0 14.0 3.0 

1 11.0 5.0 4.0 19.0 14.0 2.0 

1 12.0 5.0 4.0 28.0 14.0 2.0 

1 13.0 5.0 4.0 16.0 14.0 2.0 

1 14.0 6.0 4.0 21.0 14.0 6.0 

1 15.0 6.0 4.0 27 14 3 
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1 16.0 6.0 4.0 32 14 6 

1 17.0 6.0 4.0 31 14 4 

1 18.0 7.0 4.0 26 14 6 

1 19.0 7.0 4.0 22 14 1 

1 20.0 7.0 4.0 12 14 0 

1 21.0 7.0 4.0 19 14 0 

1 22.0 8.0 4.0 15 14 2 

1 23.0 8.0 4.0 22 14 0 

1 24.0 8.0 4.0 29 14 1 

1 25.0 8.0 4.0 31 14 3 

1 26.0 8.0 4.0 27 14 2 

1 27.0 9.0 1.0 35 14 4 

1 28.0 9.0 1.0 22 14 1 

1 29.0 9.0 1.0 26 14 1 

1 30.0 9.0 1.0 42 14 9 

1 31.0 10.0 1.0 35 14 3 

1 32.0 10.0 1.0 63 14 8 

1 33.0 10.0 1.0 41 14 4 

1 34.0 10.0 1.0 42 14 4 

1 35.0 10.0 1.0 35 14 0 

1 36.0 11.0 2.0 37 14 1 

1 37.0 11.0 2.0 32 14 2 

1 38.0 11.0 2.0 40 14 0 

1 39.0 11.0 2.0 30 14 1 

1 40.0 12.0 2.0 37 14 0 

1 41.0 12.0 2.0 50 14 0 

1 42.0 12.0 2.0 39 14 0 

1 43.0 12.0 2.0 21 14 0 

1 44.0 1.0 2.0 18 14 4 

1 45.0 1.0 2.0 18 14 0 

1 46.0 1.0 2.0 24 14 5 

1 47.0 1.0 2.0 23 14 3 

1 48.0 1.0 2.0 21 14 1 

1 49.0 2.0 2.0 25 14 3 

1 50.0 2.0 2.0 28 14 4 

1 51.0 2.0 2.0 25 14 3 

1 52.0 2.0 2.0 20 14 3 

2 1.0 3.0 3.0 47 14 5 

2 2.0 3.0 3.0 40 14 5 

2 3.0 3.0 3.0 38 14 1 

2 4.0 3.0 3.0 32 14 1 

2 5.0 4.0 3.0 28 14 1 

2 6.0 4.0 3.0 39 14 4 

2 7.0 4.0 3.0 22 14 0 

2 8.0 4.0 3.0 29 14 1 
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2 9.0 5.0 4.0 40 14 3 

2 10.0 5.0 4.0 28 14 2 

2 11.0 5.0 4.0 31 14 2 

2 12.0 5.0 4.0 26 14 4 

2 13.0 5.0 4.0 19 14 4 

2 14.0 6.0 4.0 33 14 2 

2 15.0 6.0 4.0 24 14 2 

2 16.0 6.0 4.0 23 14 4 

2 17.0 6.0 4.0 23 14 0 

2 18.0 7.0 4.0 23 14 3 

2 19.0 7.0 4.0 29 14 4 

2 20.0 7.0 4.0 32 14 5 

2 21.0 7.0 4.0 25 14 2 

2 22.0 8.0 4.0 25 14 4 

2 23.0 8.0 4.0 16 14 1 

2 24.0 8.0 4.0 24 14 2 

2 25.0 8.0 4.0 19 14 3 

2 26.0 8.0 4.0 32 14 2 

2 27.0 9.0 1.0 25 14 6 

2 28.0 9.0 1.0 28 14 4 

2 29.0 9.0 1.0 23 14 2 

2 30.0 9.0 1.0 29 14 5 

2 31.0 10.0 1.0 24 14 6 

2 32.0 10.0 1.0 33 14 3 

2 33.0 10.0 1.0 43 14 4 

2 34.0 10.0 1.0 27 14 4 

2 35.0 10.0 1.0 37 14 5 

2 36.0 11.0 2.0 36 14 2 

2 37.0 11.0 2.0 36 14 5 

2 38.0 11.0 2.0 37 14 5 

2 39.0 11.0 2.0 40 14 4 

2 40.0 12.0 2.0 44 14 4 

2 41.0 12.0 2.0 38 14 2 

2 42.0 12.0 2.0 36 14 0 

2 43.0 12.0 2.0 35 14 2 

2 44.0 1.0 2.0 27 14 1 

2 45.0 1.0 2.0 33 14 4 

2 46.0 1.0 2.0 25 14 2 

2 47.0 1.0 2.0 20 14 2 

2 48.0 1.0 2.0 26 14 1 

2 49.0 2.0 2.0 31 14 2 

2 50.0 2.0 2.0 29 14 5 

2 51.0 2.0 2.0 34 14 4 

2 52.0 2.0 2.0 40 14 7 

 



APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 399-419. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_399419 
 2016, ALÖKI Kft., Budapest, Hungary 

LEVEL 15 (ROOF EXCLUDED FROM ANALYSIS)  

Aspect Week Month Season Index Level Count 

1 1.0 3.0 3.0 42 15 0 

1 2.0 3.0 3.0 31 15 4 

1 3.0 3.0 3.0 24 15 1 

1 4.0 3.0 3.0 22 15 0 

1 5.0 4.0 3.0 16 15 0 

1 6.0 4.0 3.0 25 15 0 

1 7.0 4.0 3.0 25 15 6 

1 8.0 4.0 3.0 24 15 0 

1 9.0 5.0 4.0 25 15 0 

1 10.0 5.0 4.0 11 15 0 

1 11.0 5.0 4.0 19 15 6 

1 12.0 5.0 4.0 28 15 0 

1 13.0 5.0 4.0 16 15 0 

1 14.0 6.0 4.0 21 15 2 

1 15.0 6.0 4.0 27 15 2 

1 16.0 6.0 4.0 32 15 0 

1 17.0 6.0 4.0 31 15 0 

1 18.0 7.0 4.0 26 15 0 

1 19.0 7.0 4.0 22 15 3 

1 20.0 7.0 4.0 12 15 1 

1 21.0 7.0 4.0 19 15 5 

1 22.0 8.0 4.0 15 15 0 

1 23.0 8.0 4.0 22 15 1 

1 24.0 8.0 4.0 29 15 3 

1 25.0 8.0 4.0 31 15 6 

1 26.0 8.0 4.0 27 15 0 

1 27.0 9.0 1.0 35 15 1 

1 28.0 9.0 1.0 22 15 0 

1 29.0 9.0 1.0 26 15 1 

1 30.0 9.0 1.0 42 15 0 

1 31.0 10.0 1.0 35 15 5 

1 32.0 10.0 1.0 63 15 2 

1 33.0 10.0 1.0 41 15 3 

1 34.0 10.0 1.0 42 15 0 

1 35.0 10.0 1.0 35 15 0 

1 36.0 11.0 2.0 37 15 3 

1 37.0 11.0 2.0 32 15 1 

1 38.0 11.0 2.0 40 15 0 

1 39.0 11.0 2.0 30 15 0 

1 40.0 12.0 2.0 37 15 4 

1 41.0 12.0 2.0 50 15 5 

1 42.0 12.0 2.0 39 15 2 
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1 43.0 12.0 2.0 21 15 0 

1 44.0 1.0 2.0 18 15 1 

1 45.0 1.0 2.0 18 15 0 

1 46.0 1.0 2.0 24 15 2 

1 47.0 1.0 2.0 23 15 2 

1 48.0 1.0 2.0 21 15 0 

1 49.0 2.0 2.0 25 15 2 

1 50.0 2.0 2.0 28 15 0 

1 51.0 2.0 2.0 25 15 0 

1 52.0 2.0 2.0 20 15 1 

2 1.0 3.0 3.0 47 15 5 

2 2.0 3.0 3.0 40 15 5 

2 3.0 3.0 3.0 38 15 0 

2 4.0 3.0 3.0 32 15 3 

2 5.0 4.0 3.0 28 15 0 

2 6.0 4.0 3.0 39 15 1 

2 7.0 4.0 3.0 22 15 0 

2 8.0 4.0 3.0 29 15 0 

2 9.0 5.0 4.0 40 15 6 

2 10.0 5.0 4.0 28 15 4 

2 11.0 5.0 4.0 31 15 0 

2 12.0 5.0 4.0 26 15 0 

2 13.0 5.0 4.0 19 15 0 

2 14.0 6.0 4.0 33 15 0 

2 15.0 6.0 4.0 24 15 0 

2 16.0 6.0 4.0 23 15 0 

2 17.0 6.0 4.0 23 15 0 

2 18.0 7.0 4.0 23 15 1 

2 19.0 7.0 4.0 29 15 0 

2 20.0 7.0 4.0 32 15 0 

2 21.0 7.0 4.0 25 15 2 

2 22.0 8.0 4.0 25 15 4 

2 23.0 8.0 4.0 16 15 1 

2 24.0 8.0 4.0 24 15 0 

2 25.0 8.0 4.0 19 15 0 

2 26.0 8.0 4.0 32 15 4 

2 27.0 9.0 1.0 25 15 2 

2 28.0 9.0 1.0 28 15 0 

2 29.0 9.0 1.0 23 15 1 

2 30.0 9.0 1.0 29 15 0 

2 31.0 10.0 1.0 24 15 0 

2 32.0 10.0 1.0 33 15 2 

2 33.0 10.0 1.0 43 15 1 

2 34.0 10.0 1.0 27 15 2 

2 35.0 10.0 1.0 37 15 0 
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2 36.0 11.0 2.0 36 15 2 

2 37.0 11.0 2.0 36 15 1 

2 38.0 11.0 2.0 37 15 4 

2 39.0 11.0 2.0 40 15 4 

2 40.0 12.0 2.0 44 15 3 

2 41.0 12.0 2.0 38 15 2 

2 42.0 12.0 2.0 36 15 1 

2 43.0 12.0 2.0 35 15 8 

2 44.0 1.0 2.0 27 15 0 

2 45.0 1.0 2.0 33 15 4 

2 46.0 1.0 2.0 25 15 0 

2 47.0 1.0 2.0 20 15 0 

2 48.0 1.0 2.0 26 15 2 

2 49.0 2.0 2.0 31 15 3 

2 50.0 2.0 2.0 29 15 1 

2 51.0 2.0 2.0 34 15 1 

2 52.0 2.0 2.0 40 15 3 
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Abstract. A study on a population of speckled Columba guinea and feral Columba livia pigeons on the 
University of South Africa’s (UNISA) Muckleneuk campus was conducted from March 2013 to February 
2014. Morning and evening counts, once a week, were conducted by an observer who also noted the 
presence of breeding activity and the use of ledges in relation to aspect and levels of buildings. The 
pigeon population index fluctuated seasonally. Breeding occurred throughout the year, with notable peaks 
and declines relating to physiological and population dynamics. Opportunistic use of the crop availability 
was made during optimal production periods, while conserving energy when not favourable. Site 
selection in relation to building aspect indicated significant differences in all the seasons except for 
winter, while a positive significant relationship between level height and pigeon numbers was recorded. 
Knowledge of pigeon ecology and their use of urban landscapes contribute to further understanding 
wildlife management.  
Keywords: pigeons; agricultural availability; ledge use; aspect choice; urban environments 

Introduction 

Separated by genetic variation, speckled pigeons (Columba guinea Linnaeus, 1758) 
and feral pigeons (Columba livia Gmelin, 1789) (hereafter referred to collectively as 
pigeons) (Stringham et al., 2012)  have for centuries populated urban environments 
worldwide (Robbins, 1995). The species has had to adapt to the expanding urban sprawl 
by learning to cohabit with human lifestyles to supplement and ensure their own 
survival (Fitzwater, 1988).  Their ability to adjust through behavioural, physiological 
(Shochat et al., 2010) and life-history strategy changes (Ditchkoff et al., 2006) has 
enabled the species to successfully colonise and adapt to abundant food and water 

mailto:decromep@tut.ac.za
mailto:JP.Labuschagne@gmail.com
mailto:cheata@unisa.ac.za
mailto:harrie1@unisa.ac.za
https://en.wikipedia.org/wiki/Carl_Linnaeus
https://en.wikipedia.org/wiki/10th_edition_of_Systema_Naturae
https://en.wikipedia.org/wiki/Johann_Friedrich_Gmelin
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resources, choose nesting and roosting sites (Bolger, 2001; Hadidian, 2007; Krimowa, 
2012), select milder micro-climates (Jokimäki et al., 2005) and fewer predators (Tigas 
et al., 2002; Hadidian, 2007; Tsurim et al., 2008) in new and unfamiliar habitats 
(Luniak, 2004; Shochat et al., 2010). Changes in social and spatio-temporal strategies of 
the species have resulted in an estimated global occurrence of 165 to 330 million 
pigeons (Haag-Wackernagel and Bircher, 2009), with high densities being recorded in 
cities such as Milan (492/km2) (Sacchi et al., 2002) and Basel (840/km2) (Haag-
Wackernagel, 1995).  

Resource preferences have been recorded to differ between pigeons inhabiting urban, 
suburban and rural environments (Krimowa, 2012). While pigeon population densities 
decrease away from city centres (Sacchi et al., 2002), their densities often exceed 
socially acceptable standards (Dobeic et al., 2011). Numerous studies (Jones, 2001; 
Sacchi et al., 2002) suggest that structural design and environmental features of urban 
areas affect the species’ movements, habitat selection and population densities as 
pigeons make use of infrastructure and anthropogenic resources for life-preserving 
activities.  

Research has indicated a relationship between structural characteristics of buildings 
and pigeon abundance (Sacchi et al., 2002). Highest densities have been recorded on 
older buildings (Sacchi et al., 2002) at high altitudes (Shotter, 1978) which resemble the 
cliffs of their ancestors (Goodwin, 1983), while infrastructure made from glass and 
reinforced concrete were less favourable due to limited access points (Sacchi et al., 
2002). Other factors affecting site selection are the macro and microclimates (Kochert, 
1972; Brambilla et al., 2006) thermoregulatory considerations (Bech and Reinertsen, 
1989; Kőrtner and Geiser, 1999), risk of predation (Walsberg and King, 1980; Martin, 
1993; Brambilla et al., 2006) and proximity to available resources (Chandler et al., 
1995; McCollin, 1998).  

By making use of building structures to roost and breed, pigeons select sites that are 
safe and sheltered (Haag-Wackernagel, 2008) resembling a cave or crevice that their 
ancestors would have used in rock cliffs (Haag-Wackernagel, 1998). According to 
Walsberg (1986), energetic costs involved with choosing a site crucially impact the 
remaining energy available for other life-preserving activities – an idea supported by 
Haag-Wackernagel and Geigenfeind (2008) who found that pigeons who had identified 
an ideal site would display special behavioural strategies such as sitting on steeply 
inclined and narrow ledges or even pass through the smallest of openings (6 x 6cm) to 
ensure protection from predation and the elements.  

Another such activity affecting site selection of buildings is communal roosting. 
Feral and speckled pigeons have been observed to roost and forage together (Johnston, 
1992a; Earle and Little, 1993; Little, 1994; Lofts et al., 1966). Horn (1967) suggests that 
this behaviour allows pigeons to be more vigilant of predators and improves learnt 
behaviours relating to foraging success, as individuals are able to follow experienced 
flock members to abundant and or guaranteed resources. Krimowa (2012) and Johnston 
and Janiga (1995) found that pigeons roost and or breed in cities but fly to surrounding 
agricultural areas to feed; while (Earle and Little, 1993) suggest that the opposite is also 
true whereby pigeons roost in rural areas but fly into the cities to forage. Regardless of 
seasonal fluctuations in communal roosting (Eiserer, 1984), large pigeon populations 
making use of urban environments have been considered to reduce the structural 
integrity of buildings (Krebs, 1974; Hutton and Rostron, 2005; Seamans and Blackwell, 
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2011) and are cause for ongoing maintenance and financial outlay (Giunchi et al., 
2012).  

The University of South Africa’s (UNISA) Muckleneuk campus in Pretoria is host to 
a large number of pigeons. The birds gain access into the buildings through open access 
points such as loose exterior ceiling boards and open electrical and air conditioning 
ducts  (cabling ducts), positioned on the exterior of the buildings. This easy access 
increases the number of protected and sheltered breeding and roosting sites available. It 
has also increased health concerns relating to the build-up of their faeces and associated 
fungi, nest mites and bird lice which have been reported to infest the offices and 
inhabitants of certain buildings on campus (Westington, 2013). Faeces and accumulated 
nesting material build-up on the various external structures of the campus buildings was 
also a concern raised. According to Ntshoe (2013) large financial inputs have been put 
towards trying to manage the birds and their associated problems on an ad hoc and 
reactive basis. University Estates Management, who is responsible for the upkeep of the 
campus, has identified the need for a long-term and sustainable pigeon control strategy. 

The spatial and temporal use of the campus environment by pigeons will therefore be 
incorporated into an interdisciplinary management plan for a future humane and non-
lethal pigeon control strategy for the Muckleneuk campus of the University of South 
Africa. 

This paper explores the overall use of the UNISA Muckleneuk campus by pigeons, 
by addressing the following objectives and null hypotheses.  
 
Objectives 

 To determine whether pigeon populations fluctuate seasonally on the UNISA 
Muckleneuk campus 

 To confirm the all year round breeding of pigeons on the UNISA Muckleneuk 
campus 

 To determine whether the presence of regional agriculture crop production can 
be linked with a pigeon population change on the UNISA Muckleneuk campus 
 

Null hypotheses 

 Aspect choice by pigeons on building ledges will not be affected by seasons on 
the UNISA Muckleneuk campus 

 Heights of building levels will not influence ledge use on the UNISA 
Muckleneuk campus 

Materials and Methods 

Study area 

 UNISA (-25.76776, 28.199158) is situated on top of a hill (1411.19m above sea 
level) near the central business district of Pretoria in the Gauteng Province of South 
Africa. The city is surrounded by the Magaliesburg mountain range in the transitional 
zone between the Central Bushveld and Moist Highveld Grassland vegetation types 
(Kruger, 2004). The city has a moderate warm temperate climate with an annual 
minimum and maximum temperature average of 13ᵒC (June) and 24ᵒC (January) during 
the course of the study. According to the South African Weather Service (2010) 
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precipitation averages 677mm, while relative humidity ranges between 44% and 75% 
annually. Pretoria experiences 3254 hours of sunshine a year with 2.4 to 2.7 okta cloud 
cover on average, recorded annually (South African Weather Service, 2010). The 
Pretoria region within a 20km radius of UNISA includes commercial, industrial, 
suburban and rural areas, with farming and crop (maize, soya, sorghum and sunflowers) 
production in the surrounding districts (Collett, 2015). 

The campus is located within a green belt which includes the surrounding Groenkloof 
Nature Reserve, Fountains Valley, Apies River, Voortrekker Monument and Freedom Park. 
Various small mammals and bird species inhabit the University’s grounds. These include 
avian migrants and small raptors (Harris, 2014, pers. obs) (Fig. 1). 

 

Figure 1. Aerial view of the University of South Africa’s Muckleneuk campus indicating the 

building layout and surrounding habitat where the research took place. The buildings indicated 

were censused to determine pigeon indices (Google Maps, 2015). 

 
 
Established in 1972, the Muckleneuk campus consists of seven administrative and 

academic buildings; however for the purpose of this study five of the seven buildings 
were investigated as part of the pigeon research. These are as follows: the Theo van 
Wijk building, OR Tambo building, AJH van der Walt building, Cas van Vuuren 
building and Samuel Pauw building (Fig. 2). Each building is unique in its design, 
providing various roosting and nesting site possibilities for the pigeon population on the 
campus. Academic and administrative offices positioned lengthwise along the buildings 
face out onto balconies. 

Theo van Wijk, the largest building positioned on the far western side of the campus, 
has 11 levels uniform in design with balconies and exterior cabling ducts running the 
length of the building. Due to its y-shape, the building offers two north facing and two 
south facing aspects. The Philadelphia cafeteria is positioned on the third floor, which 
includes an extensive catering balcony.  
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Figure 2. The University of South Africa’s Muckleneuk campus in Pretoria, indicating the five 
buildings used in the pigeon count, showing their proximity to each other and indicating north 

 
 
The AJH van der Walt building is positioned on the northern side of the campus 

facing an undeveloped vegetated mound which meets the campus’ northern boundary. 
All seven levels are continuous in balcony and cabling ducts design.  

To the east of the campus is the library, the Samuel Pauw building, roughly 
hexagonal in shape with eight levels; it has continual cabling ducts and balconies. 
Beyond this building towards the campus boundary in the east is parking space and 
natural vegetation.  

OR Tambo, the administrative building, is positioned to the south. Due to its 14 
levels, it is the tallest building on campus. Balconies and cabling ducts provide uniform 
exterior structural design, with the exception of the Good Hope cafeteria and balcony 
positioned on level four.  

Adjacent to the OR Tambo building is Cas van Vuuren with seven levels. It is the 
only structural exception, as no exterior cabling ducts is positioned above its balconies. 
Natural areas extend to the southern and south western boundaries.  

A characteristic of all the buildings are the loose, broken or open exterior ceiling 
boards and or cabling ducts can be found on all the buildings which provide additional 
roosting and breeding space for the pigeon population on campus. 

 
Objective 1 

Data was collected for a full year from the beginning of March 2013 to the end of 
February 2014. The counting of adult and juvenile pigeons took place during the 
pigeons’ bimodal foraging activity periods, which have been recorded to peak in the 
morning and afternoon (Krebs, 1974; Rose et al., 2006; Soldatini et al., 2006). These 
counts took place early morning during the first two hours after sunrise and again in the 
evening during the last two hours before sunset, once a week for 52 weeks. If the 
particular chosen day for counting experienced extreme weather conditions, then the 
next consecutive day with fine weather was chosen and documented.  
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The observer maintained a standard designated route in a west to east direction, 
counting each of the campus’ five buildings during the course of the research period. 
Observations were aided binoculars, digital camera and dictaphone, later transcribed 
onto data sheets. Double counts of individuals taking off and perching on the same 
building was taken into consideration and avoided. As the pigeons were wild and free 
roaming, the exact number of pigeons on campus could not be determined. An increase 
or decrease in the number of pigeons counted was in essence a reflection of an increase 
or decrease in pigeon presence. Presence was represented as an index to monitor the 
extent of the increases or decreases as actual numbers could not be attained through the 
methodology implemented.  The paper will therefore refer to indices to convey the 
extent of the pigeon presence, and it changes over time. 

The objective to determine whether pigeon populations fluctuate seasonally on the 
UNISA Muckleneuk campus required the arithmetic mean and standard errors of the 
monthly pigeon population indices to be depicted graphically for both the Speckled and 
Feral pigeons over the course of a full year. The graphical representation of the data will 
be described and inferences will be supported by literature reviews on pigeon ecology 
and the seasonal parameters of the study area. 

 
Objective 2 

Breeding season fluctuations have been debated extensively over the years (Lofts et 
al., 1966; Shotter, 1978; Shetty, 1992; Hetmański, 2004; Rose et al., 2006). The 
objective was to determine whether breeding on the campus’s buildings took place all 
year round or indeed fluctuated seasonally. This was determined by observing breeding 
activity through reproductive behaviour, nesting behaviour (Shotter, 1978) and or the 
presence of young pigeons. The following reproductive associated behaviours were 
recorded: courting, mating, nesting, squab presence and juvenile presence. Courting 
referred to vocalisations and head bobbing of a male pigeon directed at a female pigeon. 
Mating referred to copulation of a male pigeon mounted onto the back of a female 
pigeon. Nesting referred to activities associated with active nest building or physically 
sitting on nests. Squabs describes very young pigeons in nests from the date of hatching 
to one month old when they are due to fledge from the nest (Krebs, 1974; Hetmański 
and Wołk, 2005). Juveniles describe young pigeons (one to six months of age) which 
have fledged the nest but have not yet obtained adult plumage (Murton et al., 1972a; 
Murton et al., 1972b).  

If breeding were to be taking place all year round, the assumption would be that all 
breeding activity and reproductive behaviours would in fact be present all year round 
with no significant peaks being associated with seasonality. The presence or absence of 
a breeding activity or a reproductive behaviour was recorded during each count. Data 
was then converted from 52 (week) counts to 12 (month) counts. The presence or 
absence could now be ranked, where 0 referred to no presence of a breeding activity and 
or reproductive behaviour within a particular month, to 4 referring to a particular 
activity or behaviour as having been present in each of the 4 weeks of that particular 
month. 

 
Objective 3 

In order to identify a relationship between surrounding agricultural crop production 
and the pigeon population index fluctuation on campus, a list of agricultural crops 



Harris et al.: Urban environment use by pigeons 
- 405 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 399-419. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_399419 
 2016, ALÖKI Kft., Budapest, Hungary 

ecologically important to pigeons (maize, sorghum and sunflowers) within a 20 
kilometre radius of the Muckleneuk campus, was obtained from the Department of 
Agriculture, Forestry and Fisheries. Twenty kilometres is the distance from an urban 
centre that is considered to experience the highest agricultural damage by pigeons (Earle 
and Little, 1993; Little, 1994; van Niekerk, 2009). Their respective planting and 
harvesting times were linked to the pigeon population index on campus. While no 
statistical methodologies were applied to this data, inferences were made with regards 
agricultural crop use by the pigeons and associated with their presence on the campus 
during these times. These inferences were supported by literature reviews on pigeon 
foraging behaviours through a process of deductive reasoning. 

 
Hypothesis 1 

To determine whether building aspect and or height influenced the use of buildings 
by pigeons, OR Tambo (14 levels, 46.2m), the campus’ tallest building was used. Data 
on the number of pigeons perched out in the open on balcony ledges and or cabling 
ducts was recorded in relation to height and aspect. Counts were conducted on the north 
and south side between levels four and fourteen, as these were identical in structural 
design. The roof was also counted, but for the purpose of data analysis, was not 
included, as it was not identical in structure to the other levels.  

The first null hypothesis stated that aspect choice by pigeons on building ledges will 
not be affected by seasonality. As such, a chi-square test, typically used to compare 
observed data with expected data was used to determine if there was in fact a significant 
association between the north and south sides of the OR Tambo building, for each of the 
four seasons. 

 
Hypothesis 2 

The second null hypothesis states that the heights of the building levels will not 
influence ledge use by the pigeons. A Spearman’s rho correlation does not assume any 
assumptions about the distribution of data and is considered an appropriate correlation 
analysis for variables in an ordinal scale. The building levels were therefore ranked to 
levels according to height and the Spearman’s rho correlation determined whether or not 
an association between the height of the building and pigeon use / presence exists. This 
was also done for each season respectively. 

Institutional ethical clearance and permission (2013/CAES/017) was received for the 
research.  

Results  

Objective 1 

The pigeon population index on the Muckleneuk campus had an arithmetic mean 
value of 344 individuals/month over the course of the year (SE = 10). Speckled pigeons 
constituted the majority of the pigeons on campus at 84% (   = 290 individuals/month; 
SE = 8) and feral pigeons considerably less at 16% (   = 55 individuals/month; SE = 4) 
of the total pigeon population (Fig. 3).  
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Figure 3. Indicating the pigeon population indices for both Speckled and Feral pigeon 

populations on the UNISA Muckleneuk campus from March 2013 to February 2014  

 
 
It was found that the pigeon populations on the UNISA Muckleneuk campus does 

fluctuate seasonally as population indices for both speckled and feral pigeons peaked 
during the spring (   = 365; SE = 4) and summer (   = 367; SE = 8) seasons and similarly 
declined during autumn (   = 342; SE = 8) and winter (   = 300; SE = 3) seasons.  
 

Objective 2 

The presence of breeding activity on campus was evident throughout the year (Table 1).  
 

Table 1. Presence of breeding activity and reproductive behaviour of the Muckleneuk 

campus pigeon population in ascending order of rank  

PRESENCE OF NESTING BEHAVIOUR 

SEASONS MONTHS COURTING MATING NEST SQUAB JUVENILE 

Summer 
January 0 1 2 2 2 

February 2 2 1 3 0 

Autumn 

March 0 0 0 2 0 

April 0 0 0 1 1 

May 0 1 1 2 0 

Winter 

June 0 1 1 3 0 

July 0 2 2 3 0 

August 0 1 2 4 0 

Spring 

September 0 0 1 1 0 

October 1 1 0 2 3 

November 0 0 0 0 2 

Summer December 1 1 0 2 0 
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However, a marked decrease in activity presence relating to reproductive and nesting 
behaviour was documented in autumn. There was an increase in squab presence during the 
winter and spring months coinciding with the annual peak breeding season (July to 
October). Low juvenile presence was noted during the year.  

 
Objective 3 

The speckled pigeon population index showed an increase between January to April 
(   = 287; SE = 3) and again in September to December (   = 319; SE = 4). The objective 
that agricultural crop production will correlate with pigeon population change was 
therefore found to be true. Feral pigeons supplement their diet with dry maize and 
sunflower seeds during harvesting in the autumn/winter months (May to August) (van 
Niekerk, 2003). However, their population index declined (   = 42; SE = 2) in relation to 
the rest of the year (   = 61; SE = 2) when crop seed availability is instead exploited by 
speckled pigeons – this decrease coincides with the colder winter months (Fig. 4). 

 

 

Figure 4. Pigeon population indices for both Speckled and Feral pigeons on the UNISA 

Muckleneuk campus from March 2013 to February 2014, and indicating the seasonal 

availability of crops within a 20km radius of the study site 

 
 

Hypothesis 1 

The selection and use of sites by pigeons aid survival and reproduction of the 
species. The null hypothesis stating that the choice of a building’s aspect will not be 
affected by season was rejected, as significant differences were observed in all the 
seasons except winter (X2 (df = 1, n = 52) = 0.26, p = 0.610) as indicated in Table 2. 
These results are graphically illustrated in Fig. 5. 
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Table 2. Seasonal difference in balcony ledge use by pigeons on the north and south side of 

the OR Tambo building  

  Summer Autumn Winter Spring 

*Chi Square statistic 6.02 16.95 0.26 4.14 

Df 1 1 1 1 

*P-value 0.014 <0.0001 0.6101 0.0419 

*[Note that for df=1, the calculated value of chi-square is corrected for continuity.] 

 
 
 

 

Figure 5. Indicating the seasonal aspect choice by both Feral and Speckled pigeons collectively 

on the OR Tambo building of the UNISA Muckleneuk campus from March 2013 to February 

2014.  

 

 

Hypothesis 2 

Pigeons perching on the cabling ducts and balcony ledges of the OR Tambo building, 
the tallest building with 14 levels (46.2 metres), indicated a preference in the choice of 
level. The study rejected the null hypothesis of no association between the height of 
building levels and ledge use, as Spearman coefficients indicated a positive significant 
relationship, and a moderately strong association between the number of pigeons on the 
building ledges and the building level (rs = 0.64, p = 0.035) (Table 3). For the purpose 
of analysis the number of pigeons making use of the roof (level 15) was not included as 
the structure is not identical to the other ledges – as indicated in Fig. 6.  
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Table 3. Correlation between number of perched pigeons and level height on OR Tambo 

building 

Spearman's 
rho 

Level 

Correlation 
Coefficient 

1.000 .636* 

Sig. (2-tailed)   .035 
N 11 11 

Count 

Correlation 
Coefficient 

.636* 1.000 

Sig. (2-tailed) .035   
N 11 11 

*Correlation is significant at the 0.05 level (2-tailed). 

Figure 6. A scatter plot indicating the correlation between pigeon indices and ledge height 

selection, on the OR Tambo building on the UNISA Muckleneuk campus from March 2013 to 

February 2014 

Discussion 

Pigeon ecology  

Speckled and feral pigeon populations indices on the University’s Muckleneuk 
campus indicated a small yet distinct seasonal fluctuation. The study found that the 
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pigeon population index peaked in spring (   = 365) and summer (   = 367) and declined 
during autumn (   = 342) and winter (   = 300) similar to the outcome of numerous 
studies (Hetmański and Wołk, 2005; Giunchi et al., 2012; Murton et al., 1972b). 
Ecological factors (Ali et al., 2013) such as breeding activity, seasonal variations, 
resource distribution and availability (Soldatini et al., 2006), regulates the seasonal 
patterns of pigeons in urban environments. Increased visibility of pigeons perched on 
building ledges during the warmer months contributed to the population index peaks 
noted during spring and summer with minimum and maximum temperature averages 
ranging between 15◦C - 28◦C (ICAE, 2013). Whilst in winter, when the average 
minimum and ma imum temperatures in Pretoria range between 6◦C – 23◦C (ICAE, 
2013), the pigeons were most likely hidden from the cooler elements and 
consequentially also from the observer. 

This finding is similar to findings of European studies which describe pigeon 
population increases during breeding season and declines in winter (Johnston and 
Janiga, 1995; O’Regan et al., 2012). However, this finding is in contrast to a study 
conducted in the coastal city of Wellington, New Zealand, which found that pigeon 
population densities were higher in winter (6.8/ha) as individuals were more visible 
during courting or in search of mates, in comparison to the summer months (4.5/ha) 
when they were less detectable because of nest incubation (Ryan, 2011). 

That said the population structure on the Muckleneuk campus remains stable and 
relatively constant regardless of the rise and fall between the warmer and cooler months 
leading to the deduction that it is in fact a resident population utilising the permanent 
resources available. This was corroborated by Ali et al. (2013), who found that the 
pigeon population density in Pakistan remained relatively similar over the seasons due 
to constant roosting and nesting sites and food and water availability, all of which can 
be found on the Muckleneuk campus.  

Resource abundance results in the extension of the breeding seasons (Shochat et al., 
2010) and improved reproductive capacities (Ryan, 2011). Pigeons are physiologically 
ready to start breeding between six to seven months of age (Murton et al., 1972a; 
Murton et al., 1972b). Once a mate is found, they pair for life (Johnston, 1992b) 
producing up to 12 squabs a year (Mooallem, 2006; Haag-Wackernagel, 2008), if the 
pair is experienced in overlapping clutches, to shorten clutch intervals (Krebs, 1974; 
Hetmański and Wołk, 2005). The research found that breeding seasons did not affect the 
pigeon population’s use of the Muckleneuk campus, as the presence of breeding activity 
was recorded all year without seasonality. This finding is supported by numerous 
studies which found that pigeons breed throughout year, the extent of which depends on 
food availability and climate (Lofts et al., 1966; Hetmański and Wołk, 2005; Hutton and 
Rostron, 2005; Ryan, 2011; Murton et al., 1972b). Shotter (1978) and Mooallem (1969) 
also found this to be true for studies of pigeons in Africa where breeding activity 
occurred year-round with a peak between July to October. Shetty (1992) explain how 
pigeons are non-seasonal breeders. However, just because pigeons are physiologically 
capable of prolonged breeding, it does not necessarily mean that they do (Lofts et al., 
1966). Murton et al. (1972b) explain that not all pigeons in a population breed 
simultaneously, or even throughout the year – meaning that some pigeons breed 
erratically or not at all. This could be the reason for the low presence of reproductive 
and nesting behaviour noted in November, or a direct response to the regular weekly 
sightings of pied crow (Corvus albus), a known predator of pigeons (Gregory and 
Marchant, 1995; Gŏrski, 1997; Wanless and Jupiter, 2002), over the buildings 
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throughout the month (Harris, 2014, pers. obs.), resulting in pigeons being less 
detectable as they cower in roosts or on nests (Hutton and Rostron, 2005; Hutton and 
Dobson, 1993). 

Numerous factors affect the breeding of pigeons. Hetmański (2004) suggests these 
factors to be historical as ancestral breeding seasons were prolonged, intra-populational 
as some individuals are more experienced in breeding and therefore able to frequently 
overlap clutches for maximum reproductive output, and extrinsic in terms of food 
availability and seasonal day length. The latter affects physiological functions as 
photoperiods act as a timing device for gonadal regression in anticipation of moulting 
during autumn. This was evident on the Muckleneuk campus, where the presence of 
courting, mating and nesting activities were not recorded between March to April. This 
drop in breeding activity allows costly energy to be diverted for feather regrowth and 
plumage change (Murton, 1966; Johnston and Janiga, 1995). Lofts et al. (1966) did 
however find that not all pigeons in a population go through this regression and do not 
therefore remain in a reproductive condition for continual breeding.  

The rearing process of squabs from hatchling to fledgling takes between four to six 
weeks (Krebs, 1974; Jacquin et al., 2010). On fledging the nest, juveniles undergo 
natural dispersion towards lower density populations, thereby allowing the parent 
population to remain stable (Hetmański, 2007). The low presence of juveniles on the 
University’s campus may be indicative of the 30% of fledglings that disperse yearly 
(Hetmański, 2007). These results paralleled Skead’s (1969) observations who noted the 
relative absence of juveniles in speckled pigeon flocks even though breeding occurred 
throughout the year.  

Food availability and distribution is another extrinsic factor which affects breeding 
and therefore population density and structure. Flocks living within urban environments 
have adopted flexi foraging strategies to maximise on food consumption (Rose et al., 
2006), in addition to retaining the foraging habits of their ancestors who utilised 
agricultural fields as their primary source of food [Goodwin, 1983; Little, 1994; Ryan, 
2011).  

Pigeon populations worldwide have been recorded to commute from urban roosts to 
farmlands and agricultural feeding grounds, often in very high numbers (over 6 500 
pigeons in Pisa (Giunchi et al., 2012), and in doing so create very large temporary 
congregations – over 5000 pigeons in Gauteng (van Niekerk, 2003). 

Pigeons in South Africa feed extensively on sunflower seeds, maize and sorghum 
(van Niekerk, 2003; van Niekerk and van Ginkel, 2004), often travelling 3 to 50 
kilometres daily to feed on these crops (van Niekerk, 2009). Studies have shown that 
the highest degree of damage to crops by pigeons is within 20 kilometres of a city 
(Earle and Little, 1993; Little, 1994; van Niekerk, 2009). Within a 20km radius of the 
campus nearly a total of 130 maize, sunflower and sorghum fields were available to 
pigeons for consumption before and during the harvesting season when speckled and 
feral pigeons show preference for moist and dry seeds (van Niekerk and van Ginkel, 
2004; Collett, 2015).  

Pigeons display bimodal feeding because of the alternation of sexes on the nest 
(Johnston and Janiga, 1995; Krimowa, 2012). Rose et al. (2006) found that the females 
incubate through the night and early morning and are only relieved once the males 
return from their morning foraging; thereafter the females leave to forage until the 
afternoon, thus resulting in at least one individual of a pigeon pair remaining on campus 
at any given time. Crop availability for speckled pigeon falls in the months just prior to 
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ripening of maize, sorghum and sunflower seeds in January to April, with limited crop 
seeds being available for consumption between September and December when planting 
recommences (van Niekerk, 2003; van Niekerk and van Ginkel, 2004). During the pre-
harvest months (January to April) speckled pigeons have been recorded to feed on the 
moist crop seeds, thought to sustain energy and endurance for long distance flights (van 
Niekerk, 2003). The slight percentage difference between the two spring/summer peaks 
in the Muckleneuk campus population index may be inversely related to crop 
availability, thus supporting the objective that agriculture crop production will 
correspond with pigeon population change. During the available crop seed months 
individuals may have departed at first light to maximise on food availability in 
farmlands as suggested by Counsilman (1974), leaving their partners to incubate on 
nests. In doing so fewer pigeons were visible on the buildings. The higher speckled 
pigeon population density index during the months when crops were less likely to 
provide guaranteed sustenance (September to December) may be related to energy 
expenditure (Bryant, 1997). Pigeons may be aware of the lower agricultural availability, 
and therefore do not waste costly energy undertaking long distance flights towards the 
farmlands when they are required to forage locally, thus remaining on buildings for 
longer periods.  

Feral pigeons rely heavily on deliberate feeding and scraps (Brown, 1969; Little, 
1994), with dry maize kernels available during harvesting (May to August) to a lesser 
extent (Soldatini et al., 2006). Of the resident pigeon population on campus, feral 
pigeons constitute 16%. These individuals may make use of the campus for roosting and 
breeding whilst exclusively travelling to surrounding maize fields. This is, however, 
unlikely considering the anthropogenic food availability on campus around which they 
congregate (Harris, 2014, pers. obs.).  
 
Site selection ecology 

Pigeons have been recorded to favour certain heights when making use of natural and 
man-made sites (Haag-Wackernagel and Geigenfeind, 2008). Pigeons making use of 
ledges on the north and south facing sides of the OR Tambo building indicated a 
preference for the southern aspect during autumn (X2 (df = 1, n = 52) = 16.95, p < 
0.0001) and summer (X2 (df = 1, n = 52) = 6.02, p = 0.014), contrary to numerous avian 
studies which documented a northerly site selection (Leonard, 1998; Kőrtner and 
Geiser, 1999; Ontiveros, 1999; Fisher et al., 2004). Studies demonstrate that the primary 
motivation for a northerly aspect preference is energetic considerations (Walsberg, 
1986; Zwartjies and Nordell, 1998; Antczak, 2010). Yet during the coldest season, 
when the warmer northerly side would minimise heat loss and thermoregulation costs, 
pigeons did not indicate a significant preference X2 (df = 1, n = 52) = 0.26, p = 0.610). 

Winter climate in Pretoria is cool and dry with the annual rainfall of approximately 
700mm being experienced during the summer months (ICAE, 2013). Climatic 
temperatures in Pretoria rarely drop below zero as average temperatures range between 
6◦C - 23◦C, therefore the need to warm up quickly after a cold night is not as acute as in 
the Northern Hemisphere where a northerly site with higher temperatures would be 
beneficial to survival. Maximum sun exposure during winter, heat retention of building 
materials, insulated balconies and cabling ducts availability create warmer 
microclimates and minimise exposure to low temperatures. Thus the selection of sites is 
not influenced by cold climatic conditions. 
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Aspect choice may also be environmentally related, as sites are chosen in relation to 
the direction of preferred feeding sites (Chandler et al., 1995; Sacchi et al., 2002). 
Pigeons indicated a significant preference for the southern aspect when seasonal crop 
availability was at its highest. Maize, sorghum and sunflower seeds are planted and 
ripen during summer and autumn thus correlating with a peak in pigeon foraging. The 
nature reserves and protected areas located to the south of the campus also have natural 
grasses which flower and produce seed which are consumed by pigeons, within the 
overlapping summer and autumn months. Due to the campus positioning, flocks in 
excess of 40 speckled pigeons were recorded departing from the campus and flying in a 
south-easterly direction during the early mornings in summer to forage in surrounding 
agricultural lands. The converse applied in spring, when pigeons indicated a northerly 
site selection preference as preferred foraging sites had limited crop availability. 

The height at which sites are selected also affects ecological parameters. Having 
originally descended from the coastal and inland cliffs (Goodwin, 1983), pigeons have 
easily adapted to prominent tall buildings in urban environments (Hutton and Rostron, 
2005). The pigeon population on the ledges of OR Tambo building indicated a positive 
significant relationship with a moderately strong association between the number of 
pigeons using the ledges and the building level (rs = 0.64, p = 0.035). Pigeons and level 
indicated an upward trend, with the pigeon index increasing in ledge use the higher the 
level. These results are supported by a nesting ecology study which found band-tailed 
pigeons (Columba fasciata) nesting at heights of 26.5 and 36.3m depending on the 
natural substrate (Leonard, 1998). Similarly, in human-modified habitats, Shotter (1978) 
found that pigeons on the Ahmadu Bello University campus in Nigeria preferred ledges 
at high altitudes while (Haag-Wackernagel, 2008) recorded pigeon sites to be positioned 
at elevated altitudes and on the upper sections of structures. 

Preference for elevated heights is considered to contribute to the creation of 
microclimates, in particular thermoregulation, as high altitudes allow for individuals to 
control insulation by reducing the exposure to cold temperatures (Mosher and White, 
1976). Site placement can also offer updrafts which aid in flight (Kochert, 1972). High 
positioning of sites essentially contribute to the evasion of predators as height, along 
with sheltered building features offer protection and camouflage (Kőrtner and Geiser, 
1999). However, the opposite is true for pigeons that make use of the roof without the 
protective structural characteristics found on the other levels. Previously considered to 
be ‘safe-zones’ due to lower predator pressure (Jokimäki et al., 2005) urban areas no 
longer hold this characteristic as several raptor species have adapted to the modified 
macro-climate of cities which provide suitable nesting sites and an abundance of prey 
species (Ratcliffe, 1993). The exposure of pigeons to the elements, but more 
importantly to predators, is the driving factor which limits the selection of sites on the 
roof of buildings. This is especially applicable as pied crows (Corvus albus), peregrine 
falcons (Falco peregrinus) and African goshawks (Accipter tachiro), known predators 
of pigeons, have been identified on campus (Harris, 2014, pers. obs.).  

Conclusion 

Pigeons over the centuries have become one of the most successful colonisers of 
urban environments (Haag-Wackernagel et al., 2006). They developed the remarkable 
ability to utilise buildings to nest, breed and roost while simultaneously exploiting 
various forms of food supplied by urban lifestyles and surrounding farmlands. The 
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pigeon population on UNISA’s Muckleneuk campus is no different. The population 
index indicated peaks over the warmer months, and a decline during the cooler periods. 
The population has however been considered to be stable and constant, regardless of 
fluctuations as the difference between peaks and dips is nominal along with suggested 
juvenile dispersal.  

Responses to environmental releasers (day length), proximity of available food and 
known predators were evident in the population. Pigeons considered energy drivers with 
regards to foraging, as the population index was higher on campus when crops were not 
at their optimum for consumption, and lower when crop seeds were available as they 
departed early to maximise on consumption on neighbouring agricultural fields.  

Unlike most avian studies relating to spatial dynamics, the University’s pigeon 
population on the OR Tambo building indicated significant differences between the 
north and south aspect in all the seasons except for winter. Temperate climate and 
feeding site direction during optimal agricultural availability contributed to the 
behavioural responses and energetic decisions of pigeons when choosing sites in 
relation to aspect. The investigation of pigeons making use of OR Tambo building in 
relation to aspect and height was limited to individuals on the balcony ledges and 
cabling ducts. However, this is not a true representation of the selection of roosting and 
nesting sites as those on the floor of the balcony, in cabling ducts or in open access 
points, were not visible and thus not recorded. A further study of actual nesting and 
roosting sites needs to establish preference for aspect and building height in relation to 
breeding and roosting sites.  

Pigeons did however support other research study findings with regards to site 
selection and building height. Individuals chose the higher altitudes on which to select 
their sites, as the benefits of controlled microclimates and predator evasion contribute to 
their survival.  

Pigeons are known to display nest and roosting site plasticity (Haag-Wackernagel 
and Geigenfeind, 2008) while architectural features, age and substrate colour of 
buildings have been recorded to affect site selection (Sacchi et al., 2002; Ali et al., 
2013). The University’s Muckleneuk campus’ building design and structure dates back 
over forty years reflecting prominent architectural overhangs, ledges and balconies 
which provide ideal environments for roosting and breeding pigeons. Human negligence 
is also a contributing factor as exterior ceiling boards and cabling ducts are left open 
providing safe and sheltered access to pigeons. Only one of the buildings in the study 
did not have cabling ducts which in turn provides fewer sites for pigeons to breed and 
roost in comparison to the remaining six buildings. Due to the inconsistency in the 
design and size of each of the buildings, comparative data could not be collected and 
therefore the difference in pigeon preference could not be established. Nonetheless, it 
can be suggested that due to the favourable benefits obtained from roosting and 
breeding in abundant open cabling ducts, accessible balcony ceilings and structural 
overhangs, pigeons are able to breed without restricted safety and spatial limitations.  

The use of urban environments within space and time by wildlife has been a topic of 
discussion by researchers for many years (Philo and Wilbert, 2000). There is a need to 
understand the implications of man-made developments, urban-related consequences 
and opportunities on urban wildlife inhabiting these spaces in order to understand how 
they use these fragmented environments. An idea seconded by Ditchkoff et al. (2006), 
considers science to be lacking in understanding wildlife management in urban spaces, 
thus resulting in continual challenges and difficulties in managing these wildlife 
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populations. Hutton and Rostron (2005) also stated that inappropriate strategies to 
control populations often result from wildlife management programmes when 
management and building professionals have a lack of understanding the problem.  

Knowledge of pigeon biology, ecology and behaviour relating to the use of urban 
environments are therefore important factors to consider when designing wildlife 
management plans (Giunchi  et al., 2007; Giunchi et al., 2012). Cities need to be 
recognised as ecosystems, with new niche habitats that require specific attention and 
management, ultimately guided by wildlife’s use of urban spaces.  

Pigeon population fluctuation will be used as a control to determine the efficiency of 
various humane and non-lethal control measures implemented on the campus. The 
combined results will inform an interdisciplinary management plan for pigeon control 
on the University of South Africa’s Muckleneuk campus.  
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Abstract. In 2009 an experiment was set up in order to determine the effects of an exogenous growth 
regulator on morphological traits of alfalfa (Medicago x varia T. Martyn). The regulator was based on 
auxin and cytokinin. The tested features included: shoot mass, the number of shoots per plant, root collar 
diameter, and leaf area. The experiment lasted three years, with three cuts of alfalfa harvested each year. 
The growth regulator increased biomass weight, root collar diameter, and the leaf area but it did not affect 
the number of shoots per plant. Studies also showed a significant relationship between the diameter of the 
root collar and shoot weight as well as the number of shoots. Plants with larger root collar produced more 
shoots with a higher weight. 
Keywords: plant, growth regulator, biomass, cultivation, Ecklonia maxima 

Introduction 

Hybrid alfalfa is a source of many chemical products with multiple pharmacological 
activities (Barnes et al., 2002; Zgórka and Głowniak, 2008). A variety of chemical 
compounds present in alfalfa determines the multidirectional pharmacological action of 
extracts derived from it (Massiot et al., 1991; Stochmal et al., 2001; Huhman and 
Sumner, 2002). Additionally, because it contains important vitamins, Fe and K, it is 
used to treat anaemia and vitamin deficiency (Barnes et al., 2002). It purifies the blood, 
removes toxins, balances blood sugar level, and improves nutrient absorption. Alfalfa 
saponins lower cholesterol concentration in the blood and have antiviral, antifungal, 
anti-inflammatory, and antioxidant properties (Francis et al., 2002). The European 
Union Commission decision 2009/826/EC of 13 October 2009 authorised the placing a 
leaf extract from alfalfa as food supplement on the market. In accordance with this 
decision alfalfa protein concentrate is safe for human consumption if it contains such 
chemical compounds as L-canavanine, and if its daily dose does not exceed 10 g 
(Barnes et al., 2002). In view of the above, research on treating alfalfa with synthetic 
growth regulators makes it possible to obtain new insight into its mechanism of action. 
The placing of an extract from the leaves as a novel food ingredient on the market by 
the Commission of the European Communities can help to enhance the value of alfalfa 
among agricultural crops. 

Alfalfa can be successfully grown throughout the whole of Poland and in most 
European countries, but only when the basic requirements of habitat and agronomy 
are fulfilled (Ćwintal, 2000; Zając, 2007; Ćwinatal and Wilczek, 2008). 
Environmentally friendly nature of alfalfa cultivation is worth emphasising. It is 
important for sustainable agricultural production due to the symbiosis with bacteria of 
Rhizobium meliloti, converting atmospheric nitrogen to make it available to the plant. 
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It also increases the amount of organic matter in the soil and improves its physical 
properties (Ćwinatal and Wilczek, 2008). Alfalfa yield potential is high, which is 
indicated by the results of many experiments (Broniarz, 2009). Correct methods of 
cultivation ensure a high production of aboveground biomass, proper plant density, 
and canopy structure (Wilczek, et al., 1999). 

Recently there has been a growing interest in new substances the use of which will 
improve the productivity and health of crops, while reducing the use of fertilizers and 
plant protection products. An example of this may be an extract from seaweeds. 
Literature data show a positive impact of this preparation on plants (Verkeley, 1992); its 
effects have been characterized by a yield increase, resulting primarily from an increase 
of resistance to unfavourable environmental factors (drought, frost), greater resistance to 
pathogens and pests, and more intense uptaking of nutrients from the soil (Bai et al., 
2007). Bio stimulating effects of such extracts are related to the presence of plant 
hormones, primarily cytokinins, responsible for cell division regulation, cell volume 
increase, and the differentiation of the chloroplast. In addition, they are involved in the 
regulation of plant aging and induce the differentiation of shoots. Different species of 
algae are different in cytokinin content and their proportion in relation to other plant 
hormones and, therefore, the effect of these extracts is heterogeneous (Matysiak, 2005; 
Matysiak and Adamczewski, 2005). Furthermore, algae are rich in micro and 
macronutrients required for plant growth. Studies have shown that the effect of use of 
the extract is dependent on the concentration, method of application, and the plant 
species (Sultana, et al., 2005). 

The aim of this study was to determine the effect of plant growth regulator Kelpak 
(extract of Ecklonia maxima) on morphological traits of hybrid alfalfa grown in pure 
stand. The three-year study tested the variability of root collar diameter, mass of shoots, 
the number of shoots per plant, and leaf area under the influence of Kelpak on 
successive growths of alfalfa. 

Materials and methods 

Design of the experiment 

In 2009, a field experiment with alfalfa (Medicago x varia T. Martyn - Tula variety) 
was set up on the experimental object of the Department of Grasslands and Landscape 
Architecture Development in Siedlce. According to the Polish classification system the 
soil on which the experimental was carried out was of the order of anthrosole and 
hortisole type, formed from light loamy sand.  

An analysis carried out at the Regional Chemical Station in Wesoła found that the 
soil was of neutral pH (pH in 1n KCl = 7.2), with a high content of humus (3.78%), 
available phosphorus (P205 - 900 mg∙kg-l) and magnesium (Mg - 84 mg∙kg-l) and a 
moderate content of total nitrogen (N - 1.8 g∙kg-l) and available potassium (K20 - 190 
mg∙kg-l). A plot area in the experiment was 6 m2. 

Before sowing and in the second and third year phosphorus fertilization was applied 
in the amount of 45 kg P∙ha-1 and potassium at 100 kg K∙ha-1. Alfalfa seeds were sowed 
in April 2009 at 12 kg∙ha-1 (600 units of 100% germination per square meter), at a depth 
of about 1 cm. Growth regulator Kelpak SL, which consists of natural plant hormones 
such as auxin (11 mg∙l-1) and cytokinin (0.03 mg∙l-1), was applied during the shooting 
stage. It is an extract from brown algae Ecklonia maxima. The preparation was applied 
during each growth period of alfalfa in the form of a spray. The experimental units were 
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as follows: A1- control (without the regulator), A2 - application at a dose of 2 l∙ha-1 of 
the regulator diluted in 350 litters of water. Each experimental combination was 
replicated three times. 

 
Analysis of selected morphological features  

Throughout the experiment alfalfa was harvested three times a year (B1, B2, B3) in 
the early stage of flowering. However, from each plot and each growth (with three 
growths a year) of alfalfa, plants in the early flowering stage were sampled randomly to 
determine: shoot mass (g DM), the number of shoots per plant, root collar diameter 
(mm) and leaf area (cm2) expressed as the product of leaf lamina length and width 
(Kluza-Wieloch, 2004). 

 
Data analysis 

The results were analyzed statistically using analysis of variance (ANOVA) with a 
significance level of 0.05 (LSD0.05) and Tukey's test. Furthermore, Pearson correlation 
coefficient (r) was calculated in order to determine the relationship between the number 
of shoots per plant and root collar diameter but also between shoot dry matter and root 
collar diameter. The coefficient of determination (R2) was also calculated as a measure 
of association between the variables. 

 
Meteorological conditions 

Meteorological data during the research years were obtained from the Hydrological 
and Meteorological Stations in Siedlce. The location of the study area was 52.169° N, 
22.280° E. However, in order to determine temporal variability of meteorological 
elements and their influence on plant growth, Sielianinov's hydrothermal coefficient 
was calculated (Bac et al., 1993). 

The data presented in Table 1 show that the most favourable distribution and the 
amount of rainfall, with optimum air temperature within the growing season, was in 
2009 and 2011. In those years there were no months with drought or strong drought. 
 

Table 1. Value of Sielianinov's hydrothermal coefficient (k) throughout the growing seasons  

Year 
Month 

Apr.  May June July Aug. Sept. Oct. 

2009 1.03 2.24 1.03 1.26 1.36 1.01 1.73 

2010 0.40 2.21 1.19 1.18 1.79 2.81 0.53 

2011 1.10 0.89 0.72 2.19 0.84 0.78 0.94 

K < 0.5 – serve drought; 0.51 – 0.69 - drought; 0.70 – 0.99  – moderate  drought; K > 1 – no drought 

Results and discussion  

Shoot dry matter is one of the main indicators of the yield potential of alfalfa. In the 
present experiment the cut, research year, and the regulator had a significant impact on 
the mass of shoots (Table 2). Shoots collected from the first growth had the largest mass 
(0.96 g DM). In the third growth their average weight decreased by over 14% (0.82 g 
DM) compared to the first growth, and in the second by 25% (0.72 g DM). Application 
of Kelpak, regardless of the cut and the study year, resulted in an increase of shoot 



Sosnowski et al.: The effects of exogenous plant growth regulator on morphological characteristics of alfalfa  
- 424 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 421-428. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_421428 
 2016, ALÖKI Kft., Budapest, Hungary 

weight, on average from 0.79 g DM (A1) to 0.87 g DM (A2), an increase of over 10%. 
The analysis of research years showed that the shoots with the highest weight (an 
average of 0.92 g DM) were in the third year of alfalfa cultivation. This was due to 
weather conditions because during plant vegetation in 2011, at the stage of formulating 
and extending the alfalfa shoots, there was not a month with a strong drought, which 
enhanced the acting of the regulator and contributed to plant growth and development 
(Table 2). 
 

Table 2. Effect of the growth regulator on shoot weight of hybrid alfalfa [g DM] 

Objects 

(A) 

Cut 

(B) 

Study year 

(C) Mean 

2009 2010 2011 

A1 

(control) 

B1 0.86 0.85 1.02 0.91 
B2 0.78 0.58 0.71 0.69 
B3 0.80 0.76 0.78 0.78 

A1 0.81 0.73 084 0.79 

A2 

(regulator) 

B1 0.92 0.91 1.20 1.01 
B2 0.84 0.56 0.87 0.76 
B3 0.76 0.92 0.90 0.86 

A2 0.84 0.79 0.99 0.87 

B 

B1 0.89 0.88 1.11 0.96 
B2 0.80 0.57 0.79 0.72 
B3 0.78 0.84 084 0.82 

Mean 0.83 0.76 0.92  
LSD0.05 for: A – 0.07; B – 0.09; C – 0.06; AxB –  .07; AxC – NS; BxC – 0.09; AxBxC  – 0.09 

 
 
Another characteristic is the number of shoots per plant. It should be noted that 

this feature did not significantly vary in result of Kelpak application (Table 3). The 
growth stage also did not significantly affect the number of shoots. The only factor 
differentiating this value was the year. The smallest number of shoots per plant 
(5.5) was in 2009, the first year of the experiment. In the following years its value 
significantly increased, and in the 2011 it stood at 6.1. This is the effect of plant 
aging on the increase of root collar diameter, which, as statistical analysis showed, 
significantly positively affected the number of shoots per plant (Table 5). Analysis 
of the meteorological conditions throughout the experiment does not indicate 
explicitly the dependence of the above features on the weather conditions during 
the growing season. 

The study showed that the use of the growth regulator resulted in a significant 
increase in alfalfa root collar diameter (Table 4). It increased on the plots with 
Kelpak (A2), regardless of the growth period and experimental year, standing, on 
average, at 8.9 mm. On the control plot (A1) its value was 7.3 mm. In addition, as 
said above, plant aging increased their collar diameter, and it was the largest in the 
third year. The growth period did not significantly affect this feature. Root collar 
diameter of plants grown on the plots with Kelpak (A2), regardless of the cut and 
the research year, amounted to an average of 8.9 mm. On the control plots (A1) its 
value was 7.3 mm. It again proves that the growth regulator contributed to the 
plant growth and development (Table 2).  
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Table 3. Effect of the growth regulator on the number of shoots of hybrid alfalfa  

Objects  

(A) 

Cut   

(B) 

Study year  

(C) Mean 

2009 2010 2011 

A1 

(control) 

B1 5.1 5.8 6.6 5.8 
B2 5.5 6.0 6.7 6.1 
B3 5.7 5.6 5.6 6.1 

A1 5.5 5.8 6.3 5.9 

A2 

(regulator) 

B1 4.8 6.0 5.9 5.6 
B2 5.1 5.8 6.5 5.8 
B3 5.7 5.8 5.4 5.6 

A2 5.3 5.9 5.9 5.7 

B 

B1 5.1 6.0 6.3 5.8 
B2 5.3 6.0 6.6 5.8 
B3 5.7 5.8 5.5 5.7 

Mean 5.5 5.9 6,1  
LSD0.05 for: A – NS; B – NS; C – 0.18; AxB – 0.18; AxC – NS; BxC – 0.21; AxBxC – 0.20 

NS- not significant 

 
 

Table 4. Effect of the growth regulator on root collar diameter [mm]  

Objects 

(A) 

Cut  

(B) 

Study year  

(C) Mean 

2009 2010 2011 

A1 

(control) 

B1 5.2 5.9 9.1 6.7 
B2 5.3 7.8 9.3 7.5 
B3 5.7 7.0 104 7.7 

A1 5.4 6.9 9.6 7.3 

A2 

(regulator) 

B1 7.2 8.7 11.6 9.2 
B2 7.1 8.6 10.4 9.1 
B3 7.6 8.5 10.4 8.8 

A2 7.3 8.6 10.8 8.9 

B 

B1 6.2 7.3 10.4 8.0 
B2 6.2 8.2 9.9 8.1 
B3 6.7 7.8 10.4 8.3 

Mean 6.4 7.8 10.2  
LSD0.05 for: A – 1.5; B – NS; C – 2.3; AxB – 1.0; AxC – 1.7; BxC – 0.9; AxBxC – 1.2 

NS- not significant 

 
 

Table 5. Correlation of morphological characteristics of alfalfa 

Morphological characteristics 
x - Root collar 

r (R2) The regression equation 

y1 - Alfalfa shoot weight depending on the 
diameter 

7.66 (58.7%)* y = 0.1848+0.0799∙x 

y2 - Number of shoots per alfalfa plant 7.87 (61.9%)* y = 3.9862+0.1691∙x 
* - significant for p = 0.05, N = 54 

r - correlation coefficient, R2 - coefficient of determination 
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In addition, the analysis of the linear dependence between the number of shoots per 
plant and the root collar diameter as well as between the shoot mass and the diameter of 
the root collar showed a significant positive correlation between these characteristics 
(Table 5). The number of shoots per plant of alfalfa in more than 61% (R2 = 61.9%) was 
dependent on the diameter of the root collar. A similar relationship with R2 = 58.7% 
was also in relation to the weight of the shoots. 

Treating alfalfa plants with Kelpak contributed to the significant increase in leaf 
blade area (Table 6). The average area of the blade, regardless of the cut and the study 
year for the plants grown in plots without the regulator was 13.8 cm2, and the blades of 
the plants treated with it were 10% larger (15.3 cm2) than in the control objects. 
Additionally, weather conditions had a significant effect on the leaf blade area. In the 
years with no severe drought during the growing season, such as 2009 and 2011 (Table 

1), the leaf blade area of alfalfa was, on average, more than 8% larger than the blade 
area during the drought year. 

 
Table 6. Effect of the growth regulator on leaf area of hybrid alfalfa [cm

2
]  

Objects 

(A) 

Cut 

(B) 

Study year 

(C) Mean 

2009 2010 2011 

A1 

(control) 

B1 12.4 12.1 12.7 12.4 
B2 15.8 13.2 14.1 14.4 
B3 13.8 13.7 16.6 14.7 

A1 14.0 13.0 14.5 13.8 

A2 

(regulator) 

B1 16.4 13.5 14.5 14.8 
B2 16.2 13.2 15.7 15.0 
B3 14.8 16.7 16.8 16.1 

A2 15.8 14.5 15.7 15.3 

B 

B1 14.4 12.8 13.6 13.6 
B2 16.0 13.2 14.9 14.7 
B3 14.3 15.2 16.7 15.4 

Mean 14.9 13.8 15.1  
LSD0.05 for: A – 1.4; B – NS; C – 1.2; AxB – 1.9, AxC – 1.2; BxC – 1.3; AxBxC – 2.1  

NS- not significant 

 
   

Activity of exogenous growth regulators based on phytohormones depends on their 
concentration, method of application but also on the species and variety of the crop 
(Sultana et. al., 2005). Literature data show that Kelpak does not harm crops (Verkeley, 
1992; Zodape, 2001; Temple and Bomke, 1989; Russell, 2002) but it stimulates some of 
their organs to increase their size (Matysiak, 2005; Matysiak and Adamczewski, 2005; 
Pietryga and Matysiak, 2003). This was confirmed by the present study of hybrid 
alfalfa. The growth regulator caused an increase in weight and leaf blade area of plants. 
It also contributed to the increase of the root collar diameter. But Bai et al. (2007), as a 
result of the foliar application of algae extracts, found that, compared to the control, 
shoots of the plants treated were about 35% longer, while roots were 22% longer. 
Similar results are presented by Thevanathan, et al. (2005). Pietryga and Matysiak 
(2003) and Matysiak (2005) confirm a positive effect of Kelpak on the yield of plants. 
However, Matysiak and Adamczewski (2005) point out that the plants which responded 
to the greatest extent to the use of Kelpak were cereals; Klepak application resulted in 
an increased yield of more than 21% compared to the control. The same authors also 
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indicate a difference in the response of individual cereals to Kelpak. They found that 
spring cereals reacted more strongly than winter cereals. It should be noted, however, 
that there are some publications describing experiments in which there was no 
significant effect of extracts from algae on plants (De Villiers et al., 1983). Yet in the 
majority of cases the beneficial effects of Kelpak on crops has been confirmed, often 
indicating than the time of application is more effective than the dose (Matysiak et al., 
2010). In addition, some varieties of the same species respond to exogenous growth 
regulators stronger than others (Matysiak and Adamczewski, 2006). 

Conclusions 

The use of the growth regulator on hybrid alfalfa led to a significant increase in shoot 
mass, root collar diameter, and leaf area. It had no effect on the number of shoots per 
plant. However, there was dependence between the root collar diameter and shoot mass 
as well as the number of shoots per plant. The harvest time of alfalfa only influenced the 
plant mass. Other morphological features did not undergo significant differentiation 
under the influence of Kelpak. The weather conditions during the growing season of 
alfalfa most intensely affected shoot mass and leaf area. A strong spring drought limited 
the value of these characteristics. 
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Abstract. The prokaryotic diversity of the hot springs Sındırgı, Güre, and Havran in the Balıkesir 
Province and Eynal in the Kütahya Province, both located in the western part of central Anatolia, was 
analyzed and compared using cultivation and cultivation-independent methods, including Fluorescence In 
Situ Hybridization (FISH) and cloning of PCR-amplified fragments of 16S rRNA genes. A total of 66 
isolates were obtained from the cultures. They were identified to the species or genus level as 
Geobacillus, Bacillus, Brevibacillus, Aneurinibacillus, Anoxybacillus, and Aeribacillus. As a result of the 
FISH study, only bacteria domain signals were received, but arkea domain signals were not. A total of 
265 clones from the 16S rRNA gene library were analyzed with Amplified Ribosomal DNA Restriction 
Analysis. These bacterial clones were identified as the genera Anoxybacillus, Meiothermus, Uncultured 
bacterium, Aneurinibacillus, Brevibacillus, Bacillus, and Geobacillus. This research highlights the 
prokaryotic diversity of hot springs in the Balıkesir and Kütahya Provinces. 
Keywords: thermophilic bacteria, 16S rRNA, cloning, FISH, ARDRA 

Introduction 

Waters that are located near the magma layer, formed by the heating of 
groundwater, and disturbed on the fault line are called hot springs. Turkey is one of 
seven countries in the world that are rich in hot springs, with almost 1300 thermal 
springs throughout Anatolia (Akkaya and Kıvanç, 2002). Nowadays, thermophilic 
bacteria have significance due to their characteristic enzymes that resist high 
temperatures and biogas production by decomposition (Kardos et al., 2011). 
Hyperthermophile enzymes such as amylase, xylenase, protease enzymes, and DNA 
polymerase from thermophiles are extremely important in industrial areas and 
genetic engineering research. Therefore, demonstrating the microbial properties of 
thermal springs is important for industry and the economy. For this reason, studies 
on the discovery of microorganisms and new enzymes have become more common 
(Rifaat et al., 2005; Demirjian et al., 2001). 

The Balıkesir and Kütahya Provinces are located in western Turkey, which are 
both well known for their hot springs. Several springs in different regions of these 
provinces have been known to geologists for many years. However, their 
prokaryotic diversity has not been explored with molecular phylogenetic approaches.  

In the present study, we have used the 16S rRNA methodology to determine the 
prokaryotic community structure of some of the most popular hot springs of Balıkesir 
and Kütahya: Sındırgı (93°C), Güre (65°C), Havran (62°C), and Eynal (70°C).  

mailto:meralyilmaz@anadolu.edu.tr
http://www.allaboutturkey.com/anatolia.htm
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Materials and Methods 

Isolation and morphological determination of cultures 

Four hot springs were analyzed (Figure 1,2). Water samples were collected with 
sterile glass bottles during February and August 2014. Samples were brought to the 
laboratory on the same day. For inoculation, 1 liter of each sample was filtered with 0.2-
µm pore size sterilized filters, which were placed in a 0.2% Nutrient broth (Sigma 
Aldrich) and Low Phosphate Basal Medium (LPBM). It contained the following, in 
grams per liter: NH4C1, 1.0; KH2P04, 1.0; Na2HP04. 7 H20, 0.1; MgS04. 7H20, 0.2; 
CaC12. 2H20, 0.2; and yeast extract 1.0). It was then left at 55°C and 70°C for several 
weeks until active biomass became visible. After this, it was purified. Gram staining 
was applied to isolates and morphological properties were determined with an 
OLYMPOS BX50 light microscope.  

 

  

Figure 1. The hot spring Sındırgı in Balıkesir (A, B) and hot springs Güre (C) and Eynal (D) in 

Kütahya. 

 
 

 

Figure 2. Sampling locations were marked on the map. GPS coordinates of the sampling points 

are 39°15’50.11”N 28°18’21.59”E (Sındırgı); 39°15’18.5”N 26°52’58.9”E (Güre); 
39°34’12.1”N 27°02’38.6”E (Havran); 39°07’40.4”N 28°59’45.3”E (Eynal) (Satellite 

imagery: Google/Google Earth). 

 
 

Chemical analysis of thermal water samples 

Chemical analysis of water samples was performed with an ICP (Perkin Elmer 
Optical Emission Spectrofotometer Optima 4300 DV). Na, K, Mg, Ca, Mn, and Fe were 
detected. 
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Fluorescence In Situ Hybridization (FISH) analysis of thermal water samples 

For fixation, 1.2 ml formaldehyde (Sigma Aldrich) (37%) was added to 5-ml water 
samples and incubated at 4°C overnight. Then samples were filtered with a 0.2-µm pore 
size GTTP filter (Milipore). For hybridization, we used 16S rRNA targeted oligonucleotide 
probes with a Cy3-tagged Eub 338 and an Arc 344 universal probe. Hybridization was 
carried out at 46°C for 2.5 h. Next, filters were washed with washing buffer and stained 
DNA-specific fluorescent DAPI dye, rinsed ethyl alcohol, distilled water, and finally 
analyzed with a Leica DMIRE2 epifluorescence microscope (Anton et al., 1999).  
 
DNA extraction from pure cultures and water samples  

The bacterial genomic DNA from purified cultures were prepared using the protocol 
described by the ZR Fungal/Bacterial DNA MicroPrep™ Kit. To obtain total bacterial 
genomic DNA, water samples (2 liters) were filtered with 0.2-µm pore size filters 
(Millipore). DNA extraction from filters was performed according to Boutte et al. 
(2005). Extracted DNA was stored at –85°C until used. 
 

Cloning of 16S rDNA  

The water samples were used for cloning. PCR amplification of the 16S rRNA gene was 
done in a 3 × 50 µl mixture with a set of universal primers: 27F 
(AGAGTTTGATCMTGGCTCAG), 21F (TCCGGTTGATCCYGCCGG), and 1492R 
(TACGGYTACCTTGTTACGACTT) (Nakagawa et al., 2002; Antoniou et al., 2015). PCR 
reactions were carried out with an Applied Biosystems® thermal cycler under the following 
conditions: 25 µl OneTaq® 2X Master Mix with Standard Buffer (New England Biolabs, 
Inc), 0.2 µM of the forward and reverse primers, and 2 µl DNA in a final volume of 50 µl. 
Amplification was carried out as follows: one cycle of 3 min at 94°C; 30 cycles of 30 s at 
94°C, 1 min at 55°C, and 1 min at 72°C; and a final elongation step of 10 min at 72°C. PCR 
products were purified with Wizard® SV Gel and a PCR Clean-Up System. Poly (A) 
extension was performed using a Qiagen® A-Addition kit according to the manufacturer’s 
instructions. Cloning of the PCR products was done with a Qiagen PCR Cloning plus kit 
following the manufacturer’s instructions. White and light blue transformants were purified 
twice by streaking and then were screened by performing colony PCR with the primer pairs 
M13F (5'-GTAAAACGACGGCCAGT-3') and M13R (5’-GTTTTCCCAGTCACGAC-
3’). The amplification conditions were those described in by Piterina et al. (2010). Primers 
were subjected to Amplified Ribosomal DNA Restriction Analysis (ARDRA) to screen the 
clone libraries.  

 
ARDRA (Amplified Ribosomal DNA Restriction Analysis) 

The 16S rRNA gene amplicons obtained from the genomic DNA of the isolates and 
clones were used for ARDRA with the restriction endonuclease MboI (MBI Fermentas) 
(Table 1). The digestion reaction was prepared according to the manufacturer’s 
instructions. ARDRA patterns were compared and identical patterns were considered to 
be from the same group. Partial sequences of 16S rDNAs from representatives of each 
group were determined. For each ARDRA type, sequencing was carried out with 
primers 1492R (5´-GTACGGCTACCTTGTTACGAC-3´) and 907R (5′-
CCGTCAATTCMTTTRAGTTT-3′) (Lane et al., 1985) by Macrogen (Seoul, Korea) 
and then these sequences were assembled. Environmental 16S rRNA gene sequences 
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from the hot springs were deposited in the GenBank with these accession numbers: 
KR864865, KR864866, KR864867, KR864868, KR864869, KR864870, KR864871, 
KR864872, KR864873, KR864874, KR864875, KR864876, KR864877, KR864878, 
KR864879, KR864880, KR864881, KR864882, KR864883, KT893400, KT893401. 

 
Analyses of sequence data  

All sequences were compared with the BLAST search program on the National 
Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov). The top 
five hits as well as some additional relevant sequences were used for phylogenetic 
analysis. 16S rRNA sequences from hits of our sequences were obtained through the 
RDP (Ribosomal Database Project) site at Michigan State University 
(http://rdp.cme.msu.edu/). Sequences of partial 16S rDNA of cultures and clones were 
analyzed with the MEGA 6.0 program (Tamura et al., 2007). All sequences were 
checked for chimera formation using DECIPHER (ES Wright et al., 2012). The 
CHECK-CHIMERA program, developed by the Ribosomal Database Project, and the 
phylogenetic affiliations of their 5´ and 3´ ends were compared. 
 
Phylogenetic analysis  

Sequences obtained from the isolates and clones were aligned with the closest strains 
and retrieved from environmental samples obtained from RDP II and NCBI. 
Phylogenetic trees were constructed using the MEGA 6.0 program. The Distance Matrix 
was calculated using the Jukes-Cantor algorithm and the trees were constructed using 
the Nearest-Neighbor-Interchange (NNI) method. Validity of tree topology was 
evaluated with the bootstrap method (1000 replicates).  

Results and Discussion 

Chemical properties of the water samples 

Thermal water samples of the springs had different chemical properties, but pH was 
about 7.13–8.04 in all springs. Chemical analysis of the thermal waters shows that they are 
neutral and slightly alkaline. Na (1054 ppm), Mg (12.23 ppm), Ca (42.34 ppm), Fe (1.7 
ppm), and K (66.38 ppm) ions were highest in the Eynal spring whereas Mn ions (0.03 
ppm) were highest in the Güre spring. Each water sample had different chemical properties 
because of the temperature differences of the sources and geological structure of the schist. 
 
Culture identifications 

In total, we obtained 66 pure isolates with different morphologies on agar plates. 
Like the Gram reaction, 66 isolates were Gram positive bacilli. Their colony colors 
were white, cream, and yellow and some of them had a mucoid structure. These isolates 
had 20 different ARDRA profiles with the MboI restriction enzyme. ARDRA profiles of 
the isolates and their closest Genbank matches are shown in Table 1. 

The Eynal hot spring is more diverse, with 10 different ARDRA profiles and 8 that 
were not in other springs. According to the cultivation result, Bacillus sp. and 
Geobacillus sp. were most abundant in all springs. The Aeribacillus genus was obtained 
from only the Eynal hot spring. Group 13 has most isolates whereas groups 3, 6, 8, 10, 
11, 14, 15, and 20 were represented by only 1 isolate each. 

http://www.ncbi.nlm.nih.gov/
http://rdp.cme.msu.edu/
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Table 1. Thermophilic isolates and their closest GenBank matches. 

ARDRA 

Group No 
Isolate Code * 

(GenBank No) 

Closest GenBank Match 

  % of identity  

with the closest relative 

Closest relative  

according to BLAST search/Length 
Accession no./Source 

1 
S2 

(KR864865) 
99% Geobacillus thermoleovorans/1434 

NR074931/ 
United Kingdom hot spring 
 

2 
S5 

(KR864881) 
100% Geobacillus thermoparaffinivorans/1291 

KT266806/ 
China Fujian hot spring 
 

3 
E4 

(KR864882) 
99% Geobacillus thermoleovorans/1457 

AJ564612/ 
United Kingdom hot spring 
 

4 
E6 

(KR864883) 
99% Geobacillus kaustophilus/1211 

FJ823105/ 
Lakeshore duff 
 

5 
G1 

(KR864876) 
100% Bacillus licheniformis/1353 

KF879248 / 
Morocco hot spring 
 

6 
G2 

(KT893401) 
99% Brevibacillus thermoruber/1304 

KJ842630/  
Indonesia hot spring 
 

7 
G9 

(KR864879) 
100% Bacillus licheniformis/1353 

KF879248 / 
Morocco hot spring 
 

8 
G5 

(KR864877) 
100% Aneurinibacillus thermoaerophilus/1341 

EF032876/ 
Selangor 
 

9 
H4 

(KR864869) 
99% Anoxybacillus flavithermus/1379 

KJ722464/  
China Fujian hot spring 
 

10 
H6 

(KR864870) 
99% Bacillus sp./1174 

LN681603/ 
Tapovan, India 
 



Celikoglu‒Yilmaz Cankilic: Prokaryotic diversity of hot springs  
- 434 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 429-440. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_429440 
 2016, ALÖKI Kft., Budapest, Hungary 

11 
H7 

(KR864871) 
99% Aneurinibacillus sp./1123 

FJ268961/ 
Pendula leaf 
 

12 
EY 

(KR864873) 
97% Geobacillus sp./1329 

HQ703944/ 
Manikaran hot spring 
 

13 
EY5 

(KR864866) 
100% Bacillus sonorensis/1131 

KP282741/  
Crude oil samples 
 

14 
EY13 

(KR864874) 
100% Geobacillus thermoparaffinivorans/1369 

KC252981/  
Benguet hot spring 
 

15 
EY18 

(KR864867) 
100% Aeribacillus pallidus/1128 

KR611619/  
Reservoir fromatiion water 
 

16 
EY21 

(KR864875) 
100% Bacillus licheniformis/1284 

KJ572278 / 
Morocco hot spring 
 

17 
SY5 

(KR864880) 
100% Bacillus licheniformis/1192 

GU945232 / 
Morocco hot spring 
 

18 
GY4 

(KR864868) 
99% Anoxybacillus sp./1393 

GQ184213/  
Sungai Klah hot spring 
 

19 
H9 

(KR864872) 
99% Brevibacillus thermoruber/1357 

KJ722521/  
Schoenebeck geothermal station 
 

20 
EY12 

(KT893400) 
100% Bacillus licheniformis/1191 

KF879248 / 
Morocco hot spring 
 

*S (Sındırgı), E (Eynal), G (Güre), H (Havran) 
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Uncultural molecular analysis based on the 16S rRNA gene 

To determine the biodiversity of the thermal sources, we first cultivated water 
samples and identified those with 16S rRNA gene sequences. In addition, we used 
culture-independent methods, FISH and cloning. A total of 265 clones containing 
inserts of the right size were analyzed. First, they were grouped on the basis of their 
restriction profiles and then representatives from 15 different restriction groups were 
sequenced with the sequence primer 1492R. The best match to databases was obtained 
from BLAST analyses of the selected clones (Table 2). Most clones were from Group 1, 
related to Anoxybacillus flavithermus (99% similarity). Groups 7 and 8 were also related 
to Anoxybacillus flavithermus, with 99% and 100% similarities. 
 

Table 2. Clones and their closest GenBank matches. 

ARDRA 

Group No 

Clone Code 

 

Closest GenBank Match 

  % of identity 

with the closest 

relative 

Closest relative  

according to BLAST 

search/Length 

Accession no./Source 

1 Clone G1  
(KT893391) 

99% Anoxybacillus flavithermus 

/792 

KJ722464.1/  
Schoenebeck geothermal 
station 

2 Clone G7 
(KT893392) 

99% Meiothermus silvanus /906 NR074273 /  
Portugal hot spring 

3 Clone G12 
(KT893393) 

95% Uncultured bacterium /670 HQ639470.1/  
China  

4 Clone H4 
(KT893394) 

93% Uncultured bacterium /889 EF648061.1 /  
Activated sludge-China 

5 Clone H12 
(KT893395) 

99% Aneurinibacillus 

thermoaerophilus /559 

KJ190161.1 /  
Activated sludge-China 

6 Clone H13 
(KT893396) 

99% Brevibacillus thermoruber 

/826 
KJ842631.1 /  
China 

7 Clone H15 
(KT893397) 

99% Anoxybacillus flavithermus 

/859 
KJ842638.1/  
Tanjung Sakti Hot spring 

8 Clone S12 
(KT893399) 

100% Anoxybacillus flavithermus 

/809 
KJ722464.1 /  
Schoenebeck geothermal 
station 

9 Clone E21 
(KT893383) 

97% Bacillus licheniformis /735 KP216563.1 /  
High salt wastewater 

10 Clone E25 
(KT893384) 

91% Uncultured bacterium /940 HM184957 /  
China 

11 Clone E27 
(KT893385) 

98% Geobacillus sp. /484 CP001638.1 /  
Hot wood compost, 
Middleton 

12 Clone E33 
(KT893386) 

91% Meiothermus sp. /565 AY845055.1 / 
Hot spring 

13 Clone E36 
(KT893387) 

99% Bacillus amyloliquefaciens 

/542 
KR109267.1 / 
Hot spring 

14 Clone E41 
(KT893389) 

99% Uncultured organism /837 HQ767379.1 /  
Gastrointestinal specimens 

15 Clone E42 
(KT893390) 

99% Geobacillus sp. /883 
 

CP001638.1 /  
Hot wood compost, 
Middleton 
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The Eynal hot spring had the most diversity. Groups 9–15 were only found at Eynal. 
Groups 1 and 2 were present in all hot springs whereas Groups 3 and 8 were found only 
in the Güre and Sındırgı hot springs, respectively.  

The sequences of clone G12, H4, and E25 were related to Uncultured bacterium 
(Acc. Number HQ639470; EF648061; HM184957) and Clone G7 and E33 were 
affiliated with Meiothermus silvanus (Acc. Number NR074273) and Meiothermus sp. 
(Acc. Number AY845055). Clone H12, H13, and E21 were related to Aneurinibacillus 

thermoaerophilus (Acc. Number KJ190161), Brevibacillus thermoruber (Acc. Number 
KJ842631), and Bacillus licheniformis (Acc. Number KP216563), respectively. Clone 
E27 and E42 were affiliated with Geobacillus sp. (Acc. Number CP001638). Clone E36 
and 41 were related to Bacillus amyloliquefaciens (Acc. Number KR109267.1) and 
Uncultured organism (Acc. Number HQ767379), respectively. 
 
Phylogenetic trees 

Phylogenetic analysis was performed using the maximum likelihood treeing 
algorithm in the MEGA 6.0 program. Phylogenetic trees for bacteria constructed based 
on partial 16S rRNA sequences are shown Figures 3 and 4. 

 
 HQ641336 Bacillus licheniformis; SAero

 JQ045276 Bacillus licheniformis; SCC 125036

 X68416 Bacillus licheniformis; DSM 13

 KP282741 Bacillus sonorensis

 KF879248 Bacillus licheniformis

 G9-i (KR864879)

 EY12-i (KT893400)

 SY5-i (KR864880)

 EY5-i (KR864866)

 G1-i (KR864876)

 DQ981798 uncultured bacterium

 EY21-i (KR864875)

 LN681603 Bacillus sp. SWCR50_18

 GU945232 Bacillus licheniformis strain B26

 H6-i (KR864870)

 AJ582722 Bacillus licheniformis; R-13585

 EY18-i (KR864867)

 KR611619 Aeribacillus pallidus

 GY4-i (KR864868)

 GQ184213 Anoxybacillus sp. SK3-4

 JF292514 Anoxybacillus thermarum; DSM 17141

 JQ267733 Anoxybacillus flavithermus strain T1

 H4-i (KR864869)

 GQ342689 Anoxybacillus flavithermus

 E6-i (KR864883)

 FJ823105 Geobacillus kaustophilus strain L14

 HQ703944 Geobacillus sp. NBM49

 EY1-i (KR864873)

 AY608983 Bacillus sp. BGSC W9A6

 S5-i (KR864881)

 S2-i (KR864865)

 E4-i (KR864882)

 EY13-i (KR864874)

 NR_074931 Geobacillus thermoleovorans CCB_US3_UF5

 AJ564612 Geobacillus thermoleovorans; F30

 KT266806 Geobacillus thermoparaffinivorans

 EU214615 Geobacillus thermoparaffinivorans

 AY603071 Geobacillus sp. STB2

 KC252979 Geobacillus thermoleovorans; Ba5

 AJ536599 Geobacillus thermoleovorans; CCR11

 H7-i (KR864871)

 AB112726 Aneurinibacillus thermoaerophilus

 EF032876 Aneurinibacillus thermoaerophilus

 G5-i (KR864877)

 FJ268961 Aneurinibacillus sp. Z3

 H9-i (KR864872)

 AY950801 Brevibacillus sp. WF146

 KJ722521 Brevibacillus thermoruber strain B4M

 KJ842630 Brevibacillus thermoruber

 G2-i (KT893401)

 AB488463 Brevibacillus thermoruber; YAS-1

 X80724 Escherichia coli; ATCC 25922
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Figure 3. Phylogenetic inferences based on 16S rRNA gene sequences from isolates (indicated 

by green squares). The scale bar represents the expected number of substitutions per site. 

Bootstrap support values below 50% were not included in the figure. 
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 KJ722464 Anoxybacillus flavithermus strain 8POT11

 HQ767379 Uncultured organism clone ELU0061

 KJ722464 Anoxybacillus flavithermus strain 8POT11

 clonS12 (KT893399)

 clonE41 (KT893389)

 clonG1 (KT893391)

 clonH15 (KT893397)

 KJ842638 Anoxybacillus flavithermus strain TS_15

 clonE27 (KT893385)

 clonE42 (KT893390)

 clonE21 (KT893383)

 clonH13 (KT893396)

 KP216563 Bacillus licheniformis strain Nam1-2

 clonE36 (KT893387)

 KR109267 Bacillus amyloliquefaciens strain NCIM 2829

 KJ842631 Brevibacillus thermoruber strain TS_06

 clonH12 (KT893395)

 KJ190161 Aneurinibacillus thermoaerophilus strain G3

 clonE33 (KT893386)

 AY845055 Meiothermus sp. I40

 clonG7 (KT893392)

 NR_074273 Meiothermus silvanus

 clonH4 (KT893394)

 EF648061 Uncultured bacterium clone HB55

 clonE25 (KT893384)

 HM184957 Uncultured bacterium clone bac52

 clonG12 (KT893393)

 HQ639470 Uncultured bacterium clone
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99
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Figure 4. Phylogenetic inferences based on 16S rRNA gene sequences from clones (indicated by 

pink circles) belonging to the bacteria. The scale bar represents the expected number of 

substitutions per site. Bootstrap support values below 50% were not included in the figure. 

 
 
FISH Analysis 

FISH analysis of the hot springs’ prokaryotic communities showed that bacterial 
species were dominant. The signals of the bacteria specific Eub 338 probe showed that 
Eynal hot spring had the most species. Long and short bacilli were dominant in all 
springs (Figure 5). Also, there were cells with long chain morphology and spontaneous 
radiation. These cells were most probably a member of the Cyanobacteria. 

In agreement with the culture and cloning results, the FISH results showed that 
bacilli morphology was abundant in all hot springs. 

 

 

Figure 5. A. Eub 338 positive cells with thin bacilli morphology from the Sındırgı hot spring. 
B. Autoflourescent chain cell from the Eynal hot spring. C. Eub 338 positive cells with thin, 

twisted bacilli morphology from the Güre hot spring. D. Eub 338 positive cells with thin, twisted 

bacilli morphology from the Havran hot spring. 
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Conclusions 

Since 16S rRNA is the best conserved part of the 30S rRNA operon, it has been 
proposed as an “evolutionary clock,” which has led to the reconstruction of the tree of 
life (Woese, 1987). The 16S sequence analysis is used to identify and classify isolated 
pure cultures and estimate bacterial diversity in environmental samples without 
culturing through metagenomic approaches. The cloning and sequencing of 16S genes 
amplified directly from extreme environments through metagenomic approaches has 
demonstrated that microbial diversity is far more extensive than we ever imagined 
from culture-based studies alone. Culture methods continue to improve to reveal the 
exact diversity (Janssen et al., 2002; Lopez-Garcia and Moreira, 2008). The ARDRA 
is a technique based on the cutting with restriction enzymes of 16S rRNA gene region 
after amplification with appropriate primers. Restriction profiles obtained by cutting 
with restriction enzymes are chosen as representative of different species (Sklarz et 
al., 2009). 

Our thermophilic isolates have high similarities to previously cultured thermophilic 
bacteria such as Aneurinibacillus, Aeribacillus, Anoxybacillus, Bacillus, Brevibacillus, 

and Geobacillus, which were obtained from the Gene-Bank (Canganella and 
Trovatelli, 1995; Nazina et al., 2004; Yasawong et al., 2011; Özdemir et  al., 2012; 
İnan et al., 2012). 

The species Meiothermus silvanus, Aneurinibacillus thermoaerophilus, and 
Bacillus amiloliquefaciens were only detected using cloning and the species 
Geobacillus thermoleovorans, Geobacillus thermoleovorans, Geobacillus 

thermoparaffinivorans, Bacillus sonorensis, Aeribacillus pallidus, and Geobacillus 

kaustophilus were obtained only from the culture studies.  
Aneurinibacillus, Aeribacillus, Anoxybacillus, Bacillus, Brevibacillus, Geobacillus , 

Thermus, Pseudoxanthomonas, Acinetobacter, Paenibacillus, and 
Thermoactinomycetes were found in earlier studies from different hot springs 
(Palmisano et al., 2001; Adıgüzel et al., 2009; Ghati et al., 2013). Although 
Geobacillus and Bacillus species were dominant in our samples, Thermus, 

Pseudoxanthomonas, Acinetobacter, Paenibacillus, and Thermoactinomycetes species 
were not encountered in our culture and cloning studies.  

This is the first study to reveal the diversity of the Güre, Havran, Sındırgı, and 
Eynal hot springs. Culture-dependent and culture-independent techniques were used 
simultaneously to target unique regions of the 16S rRNA gene. The isolates obtained 
in this study have potentially important biotechnological applications because their 
industrial enzymes are resistant to harsh conditions. These abilities of our isolates will 
be investigated in future projects.  
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Abstract. The loss of biodiversity is a major concern for conservationists and whole human societies 
these days. Understanding plant species diversity pattern along local environmental gradients can be very 
useful for undertaking management and conservation measures. Despite the enormous efforts in the last 
decades, however, unified theory about the plant diversity pattern has not yet emerged. This study tries to 
model plant species diversity pattern in the context of four local/indirect environmental gradients. 
Nonparametric correlation and multiple regression methods have been used. Ecological response surfaces 
of species richness at the two levels of observation showed similar complex distribution in the local 
environmental space. Vegetation diversity and evenness also had complex pattern with several peaks. 
Dividing species into growth forms revealed their specific manner of diversity distribution. Plant diversity 
correlated positively with elevation, habitat dryness, herb stratum cover and mature forest stands. It 
correlated negatively with slope convexity and inclination, tree stratum cover and early-successional 
stands. Alien and rare plant species number were also positively correlated with species richness and 
diversity. β-diversity variation along moisture gradient was due mainly to herbs. Trees and shrubs showed 
decreasing β-diversity along moisture gradient with increasing elevation. β-diversity along elevational 
gradient showed no clear trend. Our results support the idea that diversity pattern is much more 
complicated than previously thought due to the complex interplay between local environmental gradients, 
vegetation succession and history. Understanding of diversity pattern in the local environmental space 
will allow resident managers and conservationist to set more specific goals and to take more applicable 
actions in order to preserve plant diversity in the area for the future generations. 
Keywords: correlation, regression, GAM, plant diversity, environmental gradients 

Introduction  

In the beginning of 21st century, the loss of biological diversity has become major 
concern not only to the conservationists but to the whole humanity. Can diminishing 
biological diversity compromise ecosystem functioning? Do we have enough evidence 
about the consequences following that process? These and other questions have become 
a source of concern and controversies but also have let to growing consensus. It turns 
out that the answer to these questions is not an easy task. The work of numerous 
researchers until now shows that the ecosystem stability and species diversity have 
multiple aspects. The relationship stability-diversity depends on which one of their 
aspects is considered (van der Maarel and Franklin, 2012). 

Species diversity can be studied at different scales. Whittaker (1960, 1965, 1972) 
proposed several different diversity levels: 1) diversity in a particular sampling plot 
(α-diversity); 2) species composition change along an environmental gradient (β-
diversity); 3) overall landscape diversity (γ-diversity). Cody and Diamond (1975) also 
proposed different levels of diversity: 1) point diversity; 2) sampling plot diversity; 3) 
diversity change along a local environmental gradient; 4) diversity change along a 
geographic gradient. However, Whittaker’s β-diversity (Whittaker, 1960) remains one 
of the simplest to quantify among the highest-level diversity measures because it can 
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be measured either as rate of compositional change or environmental gradient length 
(Peet, 1978b).  

Over most landscapes there is obvious regularity of spatial vegetation pattern which 
is often a consequence of the underlying environmental gradients. A gradient is defined 
as the change of a particular value of a specific parameter (temperature, soil pH, 
elevation, soil moisture, species diversity) over space. The term gradient means gradual 
unidirectional change of the parameter or change in discrete steps over that space 
(Huston, 1994). 

A specific type of gradients are classified as complex because they influence the 
variation of other resource and regulator gradients (Huston, 1994). They have also been 
called “factor-complex” (Whittaker, 1956) or “indirect” (Austin and Smith, 1989) 
gradients. Elevation and habitat moisture are examples of complex gradients. They have 
no direct effect on plant growth, but they are correlated with various factors that 
influence growth directly such as precipitation, temperature and solar radiation intensity 
(Huston, 1994). 

Species diversity is measurable attribute of vegetation resulting from the combined 
effect of processes such as immigration, resource partitioning, competition, 
adaptation, speciation and extinction. The trade-offs in physiological and life-history 
characteristics cause the spatial patterns of species composition in response to 
environmental gradients (Huston, 1994). Measuring the species diversity with the aim 
of understanding these processes let to implementation of multiple studies whose main 
goal was documentation of its change along compositional and environmental 
gradients. However, despite the enormous efforts, unified theory about the plant 
diversity has not yet emerged (Peet, 1978b). 

Studying of plant diversity and its influence requires quantitative measurements. In 
order to understand species diversity it is needed to determine what factors are 
correlated with it. The correlations may be positive or negative and may result from 
direct or complex indirect relationships that demand greater efforts to be clarified. Then, 
it has to be determined whether the correlations are causal or coincidental by 
experiments, comparative studies of separate locations, and studies of gradients. 
However, determining the causes of diversity gradient is extremely difficult (Huston, 
1994). The factors that influence this vegetation attribute also have to be understood, 
thereafter causation relationships, sitting behind statistical ones, can also be tested (van 
der Maarel and Franklin, 2012). Although statistical analyses can never show causal 
relationship, they can often show strong correlations of diversity with factors that are 
marginally responsible for the diversity gradients (Huston, 1994). 

Correlation and multiple regression combine field observation of species abundance 
or presence/absence data with quantitative data of environmental gradients also 
measured on the field. They produce, statistically tested for accuracy, graphical (biplots, 
response surfaces, etc.) and numerical models, which can then be used for conservation 
or management of natural areas. General Additive Models (GAM) (Yee and Mitchell, 
1991) are one of the principal statistical techniques used for modeling of vegetation 
spatial patterns (Guisan and Zimmermann, 2000). 

Using correlation and multiple regression analyses, this study tries to model plant 
diversity and its variation in a constrained environmental space shaped by four 
important local environmental gradients. We have also attempted to 
associate/disassociate the emerged knowledge with some well-established classical or 
more contemporary theories about species diversity pattern. 
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Material and methods 

Study site 

The study object was Vitosha Mountain, located in Central Western Bulgaria. It is 
characterized with compactness and well expressed elevational gradient. The 
mountain has steep slopes with variable expositions occupied by diverse vegetation 
with multiple plant species. The current study covers the south slope of the mountain. 
The GPS coordinates of the studied territory are between N42°32’ E23°09’ and 
N42°26’ E23°21’. The area covers 118 km2. For details about the studied area refer to 
(Dyakov, 2012, 2013, 2014). 

 
Sampling 

Sampling strategy was based on gradsect method of Austin and Heyligers (1990). Its 
advantages are: 1) relatively cheap; 2) highly effective; 3) easy to apply on the field, but 
requiring experienced workers. During the summers of 2008 and 2009 totally 159 (0.1 
ha) samples were taken. The gradsect method design ensures that the gathered samples 
encompass the greatest variety of environmental condition (elevations, slope 
inclinations, aspects and slope topographies) throughout the studied territory, covering 
greatest portion of the realized niche space of most plant species in the area. In all 
analyses we used species importance value (Curtis, 1959; van der Maarel and Franklin, 
2012), which was calculated as mean value of species density, cover and frequency. It is 
a popular measure of species significance in the sampled vegetation because it 
combines important aspects of species quantitative occurrence (van der Maarel and 
Franklin, 2012). Detailed information on the field techniques can be found in previous 
papers (Dyakov, 2012, 2013, 2014; Dyakov and Zhelev, 2013). 

 
Quantifying the environmental gradients 

Four indirect or factor-complex (Whittaker, 1978) environmental gradients were used 
– elevation, habitat dryness/moisture, slope inclination and slope convexity. Indirect 
gradients influence direct gradients, such as temperature and rainfall, which in turn have 
direct effect on plant growth (Austin, 2005; Austin and Smith, 1989). On a local scale, 
however, it is recommend measuring and using indirect gradients because they have 
much more meaningful influence on vegetation pattern and processes (Austin, 2005). 
Elevation and slope inclination variables were input into analyses with their direct 
measurements in meters above sea level and degrees, respectively. Habitat dryness and 
slope topography were quantified using the methodology of Whittaker (1956). For 
complete procedure on gradient quantification methodology refer to Dyakov (2012). 

 
Species diversity measurement 

Plant community plot diversity (α-diversity) and species turnover along the 
environmental gradients (β-diversity) have been analyzed (Whittaker, 1960). Among 
the multiple diversity indices in the contemporary literature (Magurran, 2004; 
Magurran and McGill, 2010) only those meeting the goals and data specificity of this 
study were used. 

Plant species diversity (heterogeneity) (Krebs, 1999) was analyzed in two aspects – 
species richness and evenness. Species richness was measured at two scales – species 
richness per 0.1 ha sampling plots and mean species richness per 1 m2 sampling 
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subplots. On the other hand, species diversity was also represented by the diversity 
index of Hill (1973) N2 because it is less dependent of the species number in the 
samples and sample volume (Baev and Penev, 1995). Moreover, it is considered as 
simple and easy for ecological interpretation (Peet, 1974). 

The second aspect of plant diversity, evenness, is defined as a relationship between 
the diversity index and the maximum value of diversity index which the sample can 
have, given the same species number (Pielou, 1975). Evenness index of Hill (1973) E’ 
was used because it depends only on the diversity indices and does not depend on the 
sample volume (Peet, 1974). 

Whittaker (1960) defined the term β-diversity as the species diversity along an 
environmental or compositional gradient. Thus, β-diversity was always measured as a 
rate of species compositional change (Bratton, 1975; Cody and Diamond, 1975; 
Whittaker, 1960, 1972) or as an environmental gradient length (Gauch and Whittaker, 
1972; Moral, 1972; Whittaker, 1972). Using species compositional change rate requires 
knowledge of the environmental gradient measurement scale which is always arbitrary. 
Therefore, the gradient length is considered more appropriate measurement as well as 
easier for interpretation (Peet, 1978a). Gradient length is measured in half-changes. One 
half-change signifies that distance along the gradient for which given similarity measure 
(for instance, percent similarity) shows that the species composition has changed with 
50%. Because the β-diversity is a measure for species compositional change along a 
single gradient, it has been attempted to overcome the influence (variation) of the other 
environmental gradients. Therefore, trying to separate the effect of elevation from that 
of habitat dryness, the gathered data were divided into belts (Peet, 1978b). The two 
leading local environmental gradients (elevation and habitat dryness) were divided into 
seven equal parts. The lowest limit of the elevation gradient starts from 900 m and ends 
up with 2150 m. The habitat dryness gradient parts matched the seven gradient 
categories described in the cited literature in the Quantifying the environmental 
gradients section. Gradient lengths were calculated using the Detrended 
Correspondence Analysis (DCA) algorithm (Hill and Gauch, 1980). 

 
Describing the detailed relationship between species diversity and environmental 

gradients 

Trying to reveal the detailed relationships between the species diversity and the 
environmental gradients, nonparametric multiple regression and correlation techniques 
were used. Because correlated variables were not normally distributed, nonparametric 
correlation coefficient of Spearman (Rs) (Spearman, 1904) was used. 

The aim of regression analysis is to describe the dependent variable as a function of 
one or multiple independent ones. Using regression analyses, dependent variables can 
be predicted (described) with minimal or less statistical error (Jongman et al., 1995). As 
a nonlinear regression method, General Additive Models (GAM) were used. The aim of 
GAM models is to maximize the quality of the dependent variable description which 
may have various distributions. GAM does so by developing unspecified nonparametric 
functions of the independent variables which are “connected” with the depended 
variable by link function. Numerous advantages have made GAM usage in the current 
ecological studies an indispensable tool (Franklin, 1998; Thuiller et al., 2003; Yee and 
Mitchell, 1991). 

As a better method for visual representation of response surfaces, Locally Weighted 
Regression (LOESS) (Cleveland and Devlin, 1988) was used. It is one of the 
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contemporary modelling techniques intending to overcome some of the drawbacks of 
the classical ones. LOESS combines the simplicity of the least square methods together 
with the flexibility of nonlinear regression. This is a procedure for building regression 
surfaces by multivariate smoothing. Dependent variable is smoothed in a moving 
fashion as a function of the independent variables analogous to a moving average time 
series computation (Cleveland and Devlin, 1988). 

The most parsimonious regression model was selected with the aim of Akaike 
Information Criterion (AIC). AIC checks the models for goodness-of-fit and 
parsimony, and rejects the very complex ones (Carol et al., 2006). According to 
Thuiller et al. (2003) AIC allows the removal of variable redundancy and 
multicollinearity problems too. 

In all statistical tests the significance level was Р<0.05 unless indicated otherwise. 
The following specialized software products were used: SigmaPlot for Windows, 
version 12.3 (Systat Software, 2011); CANOCO for Windows, version 4.51 (ter Braak 
and Šmilauer, 1997-2003); CanoDraw for Windows, version 4.1 (Šmilauer, 1999-2003). 

Results 

Plant species richness was calculated at two levels of observation – 0.1ha and 1 m2 
(Figure 1), and species diversity and evenness only at 0.1ha scale (Figure 2). These 
calculation were based on total sample number of 159 0.1ha plots and 159 1 m2 
subplots. The tendency of species richness change in the context of elevation, habitat 
moisture/dryness, slope inclination and convexity is presented on Figure 1. Table 1 
shows the statistical significance of chosen models. 
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Figure 1. Regression response surfaces of species richness in the local environmental space. 

Elevation = altitude above sea level; Xeric = habitat dryness; Slope = slope inclination; 

Convexity = slope convexity. Isolines show the predicted species number. (A) Species number 

per 0.1 ha; (B) Mean species number per 1 m
2
. 

 
 
Species richness at 0.1ha scale has several maxima. The first one is located in the 

most xeric open subalpine habitats at about 1600 m (Figure 1A). The second one 
appears in the xeric and subxeric places located at about and below 1000 m. The 
transitional zone between the forest and open subalpine vegetation (at about 1600 m), 
along the whole length of moisture gradient, also has high species richness. The least 
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species richness was found in the submesic habitats, located in the elevational belt of 
1200-1300 m where common beech forests (Fagus sylvatica L.) dominate. 

Response surface of plant species richness per 1 m2 is shown on Figure 1B. The 
resemblance between the response surfaces with the previous figure is obvious. Species 
richness at this scale is least in the submesic beech forests and highest in the xeric 
habitats at about 1600 m in the subalpine zone. It is also higher about and below 1000 m 
in some mixed oak forests and pine plantations occupying these habitats. With the 
elevation increase above 1600-1700 m it abruptly decreases. 

Response surfaces of diversity and evenness of local vegetation in the environmental 
space are shown on Figure 2. The tendency of species diversity response repeats the 
species richness trend per 0.1ha. 
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Figure 2. Regression response surfaces of species diversity and evenness in the local 

environmental space. The names of environmental gradients are the same as in Figure 1. 

Isolines show the predicted values of the two indices. (N2) Index of species diversity of Hill; 

(E’) Evenness of Hill. 
 

 
Table 1. Statistical parameters of used models in Figure 1 and Figure 2. ***P<0.001 

Variable Used model Model significance (F) 

Species number per 0.1ha GAM 13.99*** 

Mean species number per 1 m2 GAM 48.95*** 

Diversity (N2) GAM 33.45*** 

Evenness (Е’) GAM 33.04*** 

    
 
Plant community evenness (Figure 2) has one prominent maximum located in the 

transitional zone between the forest and subalpine vegetation in the submesic and 
subxeric habitats at about 1600 m. Second, weaker, mode is seen in the xeric places at 
about and below 1000 m where mixed oak forests and Austrian pine (Pinus nigra 
J.F.Arnold) plantations dominate the vegetation. The beech forests found in the mesic 
and submesic habitats were least even. Yet, more even seem to be the beech 
communities from the submesic places, and, with the transition into more mesic sites on 
steeper slopes, the evenness slowly decreases. With the increasing elevation above 1700 
m, vegetation evenness decreases steeply. However, the most abrupt change in all 
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diversity and richness indices is seen in the transitional zone between the open 
subalpine vegetation and forest vegetation, which, most often, is found at about 1500-
1600 m, or slightly lower. 

Detailed picture of species richness pattern in the local environmental space divided 
into growth forms is shown on Figure 3. 

It is evident that there is obvious similarity between the whole richness pattern and 
some growth form richness pattern. For example, local richness depression in the beech 
zone (upper left quadrant of the graphs) is due mainly to the low number of shrubs and 
perennials. On the other hand, the higher richness of subalpine vegetation is again due 
mainly to the richness of these two growth forms, but also, to the additional species 
number of annuals and biennials. Finally, the local vegetation is richest on trees in the 
low-elevational xeric and subxeric habitats where mixed oak forests and pine 
plantations dominate (lower left quadrant). 

The correlations between the species diversity and richness measurements with the 
local environmental gradients and vegetation cover are presented in Table 2. All four 
indices are highly positively correlated with the elevation and moisture gradients but the 
relationships for species richness per 1m2 and the evenness are strongest. The opposite 
trend is found in the relationship with the other two local environmental gradients – 
slope inclination and convexity. All correlations are significant and negative – yet, 
strongest with the slope inclination. 

The right part of Table 2 shows the correlations between the vertical vegetation 
layers (tree, shrub and herb) and diversity indices. The trend in the tree and herb layers 
is clear but the shrub layer shows obscure relationships. Tree layer cover is highly 
negatively correlated with all diversity indices but strongest are the correlations with 
species richness at 1m2 and the evenness. Shrub cover is highly positively correlated 
only with the species richness at 0.1ha but there are two nonsignificant correlations too. 
The herb layer correlates highly positively with all α-diversity indices. 

Table 3 shows the correlations with other important vegetation variables. Most 
correlations with the trees are nonsignificant except the correlation with species richness 
at 1 m2 scale. This trend would have stayed blurred if the total species richness had not 
been divided into growth forms. The correlations with the other growth forms are 
strongly positive as well as the relationship with the groups of rare and alien plant 
richness. In other words, the richer the local vegetation on native plant species the richer 
it is on alien and rare plants too. 

The right part of Table 3 shows the correlations between the stem diameter classes 
(canopy and understory structure) and diversity indices. Most indices are either 
negatively correlated or show nonsignificant correlation with the early-successional 
stands where stems with diameters between 1-20 cm dominate. These are mainly beech 
coppice stands occupying subxeric habitats. On the other hand, forest stands where 
thicker stems dominate, like some pine plantations and mature beech forests, are 
positively correlated with diversity index. Whether the relationship is stronger at the 
coarsest or finest level of observation (0.1ha versus 1 m2) is hard to tell from this 
analysis only. Generally, younger and middle-aged forest stands are poorer on species 
than mature and old ones, which are more even and diverse too. 
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Figure 3. Regression response surfaces of species richness by growth forms in the local environmental space. The names of environmental gradients 

are the same as in Figure 1. Isolines show the predicted values of species number. Model significance is shown in the lower right part of the graphs. 
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Table 2. Spearman correlations between diversity indices, local environmental gradients, and vegetation layer cover. 

ns = not significant; correlation coefficients >±0.4 are given in Bold. * P<0.05; ** P<0.01; *** P<0.001 

Indices 

Environmental gradients Areal cover (%) 

Elevation (m) Habitat 
dryness 

Slope 
inclination (°) 

Slope 
convexity 

Trees 
(0.1ha) 

Shrubs 
(100 m2) 

Herbs 
(1 m2) 

Species richness per 0.1ha 0.189* 0.259** -0.400*** -0.206** -0.703*** 0.277*** 0.686*** 

Mean species richness per 1 m2 0.466*** 0.346*** -0.410*** -0.184* -0.808*** ns 0.874*** 

Species diversity (N2) 0.355*** 0.337*** -0.441*** -0.232** -0.795*** 0.185* 0.808*** 

Evenness (Е’) 0.422*** 0.351*** -0.409*** -0.260** -0.801*** ns 0.818*** 

 
 

Table 3. Spearman correlations between diversity indices and some vegetation variables. 

ns = not significant; correlation coefficients >±0.4 are given in Bold. * P<0.05; ** P<0.01; *** P<0.001 

Indices 

Growth form (species number per 0.1 ha) Alien species 
number per 0.1 ha 

Rare species 
number per 0.1 ha 

Stem diameter class (cm) (stem number per 0.1 ha) 

Trees Shrubs Perennials Biennials Annuals 1-5 5-10 10-15 15-20 20-25 25-30 30-35 >35 

Species richness per 0.1ha ns 0.762*** 0.972*** 0.695*** 0.523*** 0.680*** 0.319*** ns -0.354*** -0.185* ns 0.308** 0.221* ns ns 

Mean species richness per 1 m2 -0.193* 0.624*** 0.858*** 0.619*** 0.455*** 0.506*** 0.431*** ns -0.331*** -0.223* ns 0.272** 0.216* 0.208* ns 

Species diversity (N2) ns 0.736*** 0.930*** 0.687*** 0.511*** 0.631*** 0.375*** ns -0.389*** ns ns 0.341*** 0.237* 0.197* ns 

Evenness (Е’) ns 0.695*** 0.874*** 0.628*** 0.488*** 0.562*** 0.388*** -0.204* -0.348*** ns ns 0.319** 0.240* 0.200* ns 
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β-diversity analysis along the moisture gradient measured in seven elevational belts 
is presented on Figure 4. 
 

 

 

Figure 4. β-diversity along the moisture gradient. Seven measurements of β-diversity are shown 

in different elevation belts. The measurement unit is DCA standard deviation and applies to the 

gradient length. The overall species compositional change happens in 4 DCA units. 

 
 
Using the database of all species, we have found highest β-diversity in habitats at 

middle to higher elevations (1400-1900 m). Above 1900 m follows steep decrease. 
Local depression has been found in the beech forest belt which stretches from about 
1300 to 1400 m. Trying to be more specific, we have analyzed the β-diversity by growth 
forms. In the tree group, the β-diversity reaches its maximum in the low-elevational 
belt, between 900-1150 m. It is followed by a gradual decrease until reaching its 
minimal values in the zone between 1400-1650 m. Above that elevation in the studied 
area, tree species can hardly be found. The shrubs have their maximum located at the 
middle elevations (1300-1400) where their lower species richness in the beech belt (see 
Figure 3) is not an obstacle for their higher β-diversity. This is probably due to the 
presence of pine plantations across that area where the shrub layer is very well 
represented. Herbs show highly similar curve shape to all species’ curve which leaves 
no doubt that the highest contribution to the β-diversity trend along the moisture 
gradient is mainly due to them. The herbs show highest β-diversity in the subalpine 
habitats, extending across middle to higher elevations (1400-1900 m). There is second 
mode in the mixed oak forest belt and pine plantation belt, as well as a local depression 
in the beech forest belt, occupying elevations between 1300 and 1400 m. 
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β-diversity trend along the elevational gradient measured in seven moisture segments 
is shown on Figure 5. 

 

 

 

Figure 5. β-diversity along the elevation gradient. Seven measurements of β-diversity are 

shown in different moisture gradient belts from the moistest to the driest habitats. 

 
 
With the exception of the minimal value in the most mesic sites, the lowest β-

diversity of all species, taken together, is found in the subxeric habitats. This trend is 
somehow obscured by the successive changes of the index values in the opposite 
directions across the whole spectrum of moisture segments. The trees’ β-diversity is 
highest in the subxeric and xeric sites which is probably due to the presence of mixed 
oak forest there and their higher tree species richness. The shrubs show the opposite 
trend. Their highest β-diversity is located in the moistest gradient segments (occupied 
mainly by beech forests). The herbs almost repeat the trend of all species but with more 
weakly expressed successive changes along the moisture gradient segments. Their 
maximal β-diversity is found in the submesic habitats. Here, similarly to some former 
cases, the probable cause for this trend is the more intense competition in the favorable 
sites leading to ecological niche compression which leads to higher β-diversity. 

Discussion 

This study tried to model plant species richness and diversity in the context of four 
local environmental gradients (the local environmental space) – elevation, habitat 
moisture, slope inclination and slope convexity. It also attempts to juxtaposition its 
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findings to the accumulated so far knowledge, concerning species richness and diversity 
pattern along environmental gradients, and to bring new insights into the species 
diversity pattern understanding. 
 
α-diversity relationship with moisture gradient 

α-diversity can change systematically along the environmental gradients (Gauch and 
Whittaker, 1976) but this trend cannot be easily explained. It can also demonstrate 
variable patterns along habitat moisture gradient (Minchin, 1989). 

It has been reported that the α-diversity reaches its maximum in the most mesic part 
of moisture gradient (Daubenmire and Daubenmire, 1968; Glenn-Lewin, 1975; 
Terborgh, 1973) or has its optimum in the middle parts of the gradient (Auclair and 
Goff, 1971; Monk, 1965, 1967; Whittaker, 1956; Whittaker and Niering, 1965). 
Furthermore, most xeric habitats have been documented to be least diverse 
(Daubenmire and Daubenmire, 1968; Moral, 1972) but the opposite trend has also been 
observed, i.e. increasing diversity with the transition from wet (with temperate climate) 
to dry (with variable climate) habitats (Whittaker, 1960). Finally, there is evidence that 
species diversity of different growth forms can vary in different (opposite) manner 
along the productivity gradient – for example, decreasing of tree diversity versus 
increasing grass and herb diversity (Huston, 1994). Similar pattern can be witnessed in 
our results, where all growth forms, except trees, showed increasing diversity along the 
decreasing moisture gradient (Figure 3). It also became clear that total species diversity 
has its maximum in the xeric end of moisture gradient in both forest and open subalpine 
vegetation. For the forest communities, explanation of this phenomenon can be sought, 
as already proposed by some previous researches (Auclair and Goff, 1971; Moral, 1972; 
Peet, 1978b), in the more open forest canopy in these sites, letting greater quantities of 
sunlight to reach the forest floor, thereby giving chance for development of more 
abundant and diverse herb layer. The greater diversity of the open subalpine 
communities, however, can be explained with the Grime’s (Grime, 1973; Grime, 2006) 
hypothesis which suggests that the α-diversity should have unimodal shape of 
distribution along the stress/productivity gradient (Al-Mufti et al., 1977; Tilman, 1982) 
with maximum diversity under moderate stress/productivity. In our case, the cause of 
this moderate stress/productivity is the summer and autumn drought (the studied area is 
under rain shadow cast by the higher northwestern mountainous ridge) which does not 
allow one or few dominant plant species to outcompete the rest species and to 
monopolize the habitat. 

The relationship between the competitive exclusion rate and diversity pattern is in 
the basis of the dynamic equilibrium theory (Huston and DeAngelis, 1994), according 
to which, the rate of competitive exclusion is faster in the most favorable habitats. 
Austin and Smith (1989) speculated that species richness should take bimodal shape 
along both, resource-gradients and regulator gradients, and its modes should appear in 
the extreme parts of the gradients. Our results partly supported the later hypothesis 
because we have found highest diversity under extreme drought. On the other hand, 
Peet (1978b) discusses and concludes that generalization about the relationship between 
the diversity and moisture gradient is not possible, and explanation of the diversity 
variation along environmental gradients should be sought in the relationship diversity-
elevation. He also acknowledges that the more moderate (in terms of their habitat 
conditions) and most widely distributed plant communities are distinguished with least 
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diversity (for example, dense even-aged forests) in contrast to vegetation occupying the 
more extreme sites, having highest diversity. 

 
α-diversity relationship with elevation 

The trend of species diversity change along the elevational gradient is unclear. There 
is evidence that diversity decreases along the elevational gradient (Reed, 1969; 
Stohlgren, 2007; Whittaker, 1956; Yoda, 1967). However, in the dry regions it often 
reaches its maximum at middle elevation (Daubenmire, 1970; Daubenmire and 
Daubenmire, 1968; Gradstein et al., 1989; Peet, 1978b; Tryon et al., 1989; Whittaker 
and Niering, 1965, 1975). This trend is explained with the higher richness of herbs. 
They reach local maximum in sites where the tree stratum is poorly developed and the 
canopy is more open (Daubenmire and Daubenmire, 1968; Moral, 1972; Peet, 1978b; 
Stohlgren, 2007; Whittaker and Niering, 1965). It has been also shown (Whittaker, 
1960) that the plant diversity decreased with increasing elevation, but only for the tree 
growth form, while the herb diversity showed the opposite trend. Tree richness 
approached its maximum at middle elevation followed by a decrease in the highest 
mountainous habitats. Generally, negative relationship between tree and the other 
vegetation strata have been established (Whittaker, 1960). Our results concerning the 
total species richness change along the elevational gradient showed increasing richness 
with increasing elevation, but this trend is obscured by the complex species richness 
pattern, resulting from the use of several local gradients altogether. The regression 
analysis, for example, showed two maxima. The first one was located in the xerophilous 
forests at lower elevation and the second one was centered in the transitional zone 
(ecotone) at middle elevation. It is considered that multiple-gradient analyses represent 
a closer-to-the-reality picture, because of the underlining interaction between them, 
compared to single-gradient ones proposed in earlier studies. On the other hand, our 
growth form diversity analysis completely supports the Whittaker’s (Whittaker, 1960) 
observation of the negative relationship between tree and understory strata. 

It is known that the diversity is relatively high in the transitional sites (ecotones), 
where forest vegetation changes into open or scrubland vegetation (Peet, 1978b). This 
trend is fully supported by our results too. We have found higher diversity in the 
transitional zones between the forest and subalpine vegetation along the whole length of 
moisture gradient, despite that, its diversity mode was in its driest part. This is probably 
due to saturation of ecotones with plant species adapted to survive in the two vegetation 
types in close proximity (forest and open herb and shrub vegetation), and to the higher 
heterogeneity of these habitats, giving chance to more plant species to establish and 
persist in the specific microhabitats of that area. 

 
α-diversity relationship with vegetation succession 

Plant diversity interpretation is additionally complicated due to interrelationship 
between successional and environmental gradients. As a surrogate of the successional 
gradient we used the quantitative distribution of stem diameter classes in the 
environmental space (on the chronosequence-principle grounds) (Pickett, 1989). It has 
been theoretically suggested (Odum, 1969) and empirically/experimentally observed 
(Bazzaz, 1975; Burrows, 1990; Monk, 1965, 1967; Tilman, 1988) that species 
diversity increases during the successional development of stands, reaching an 
asymptote at the final steady-state phase. It has also been reported that diversity 



Dyakov: Modelling plant species diversity pattern in a local environmental space 
- 454 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 441-459. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_441459 
 2016, ALÖKI Kft., Budapest, Hungary 

increases reaching a peak in the later successional phases, afterwards, due to loss of 
early-successional species, it slowly decreases with the approaching of “climax” phase 
(Auclair and Goff, 1971; Whittaker, 1972). Finally, there are observations showing 
that plant diversity was highest in the early successional stage after which it abruptly 
declined (Houssard et al., 1980; Whittaker, 1970). Our results support the second 
hypothesis because we have found that the least diverse stands were those where 
thinner stems dominated (5-10 cm). Then, the plant diversity increased and reached its 
maximum in the mature stands, followed by a new decrease in the oldest forests. 
However, making such interpretations should be done carefully, because successional 
forest development is highly influenced by the environmental gradients and can have 
significant deviations from this tendency in the different habitats. According to Peet 
(1978b), in the xeric habitats, as well as in the transitional sites at higher elevations, 
species diversity increases slowly until the steady-state phase, or increases to a 
moderate, early peak, after which it decreases smoothly with the stand development. 
The unfavorable conditions in these habitats hamper the seedlings’ establishment and 
growth, leading to slower stand development, in contrast to the favorable sites, where 
stand development is much more accelerated. As a result of the delayed stand 
development in the unfavorable sites, the vegetation occupying them rarely, or even 
never, reach enough canopy closure to prevent understory survival and regeneration, 
thus, leading to their higher species diversity (Peet, 1978b; Whittaker, 1970). 
 
α-diversity relationship with vegetation history 

Finally, the interpretation of species diversity should always be placed in the 
context of habitat history, i.e. what natural and anthropogenic disturbances have taken 
place in the past (Peet, 1978b). The relatively low diversity of the beech forests in our 
study is also indication of their preservation from such events in the near past and the 
present. The emergence and maintenance of intermediate-level natural and 
anthropogenic disturbances in these forests will probably increase their species 
diversity but it could also lead to their degradation. The location of the mixed oak 
forests and pine plantations close to the human settlements suggests their substantial 
disturbance pressure. Along with the other factors, this unquestionably contributes for 
their higher plant species diversity. 

It can be summarized that the adequate interpretation of vegetation’s α-diversity 
should be done in the context of environmental and successional gradients, as well as 
the disturbance history of the area. Moderate stress and disturbance frequency often lead 
to increased diversity. When the diversity is very high and the habitat conditions are far 
from optimal, though, the crucial factor is the relaxed competition from the dominant 
plant species in the area (Peet, 1978b). 

 
β-diversity 

The β-diversity is conceptually important because it is directly connected to the 
concept of ecological niche along the environmental gradients (Peet, 1978b). The 
favorable site conditions and their predictability should lead to niche compression and 
higher β-diversity. On the contrary, the frequent fluctuations and intense ecological 
stress should lead to low β-diversity (Cody and Diamond, 1975; MacArthur, 1970; 
Macarthur and Levins, 1967; May, 2001; Whittaker, 1972). 
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The higher β-diversity at low elevations is due to the variable site conditions, 
compared to the more uniform conditions in the highest mountainous parts (Peet, 
1978b). In our case, though, this applies only to the tree and shrub growth forms. The 
harsh climatic conditions at higher elevation do not allow greater number of trees and 
shrubs to survive and adapt, which leads to their lower β-diversity. In contrast, the herbs 
are most abundant and diverse in the open subalpine habitats, excepting the highest 
mountainous parts (above 1900 m), where again, few herb species can adapt and assume 
dominance, which leads to very low β-diversity. On the other hand, in the low-
elevational (favorable) mesic habitats, herbs are outcompeted by the dominant shrubs 
and trees. In the open subalpine habitats the competition is also intense but mainly 
between herbs and some dwarf shrub species, which cannot outcompete them, leading 
to their highest β-diversity. The highest mountainous parts have least β-diversity not 
only because of the harsh conditions there but also because of their isolation and poor 
species pool of potential colonizers (Peet, 1978b). Another potential reason is the loss of 
species during the last ice age – the so called “relaxation” process (Peet, 1978b). 

Whittaker (1960) has found that the rate of β-diversity change along the moisture 
gradient increases from tree to herb species. This is confirmed in our results too. 
However, this tendency cannot be confirmed for the elevational gradient. It was also 
found (Whittaker, 1960), that β-diversity of forest vegetation decreases with elevation 
but that trend was not proved for all vegetation strata and all elevational belts. Similar 
trend is evident in our results too. It is especially well expressed for the tree stratum. 
Shrubs show similar pattern with the exception of the local peak in the 1300-1400 m 
elevational segment. Herbs, on the other hand, show exactly the opposite tendency. The 
most noticeable similarity between our and Whittaker’s (Whittaker, 1960) results 
concerns the parallel change of α- and β-diversity. The increase and decrease of the two 
indices happens analogously along the whole spectrum of environmental site conditions. 
It was suggested (Whittaker, 1960), that the cause of this phenomenon is the relatively 
abrupt change of site conditions in the adjacent habitats. We can add that this is the 
probable cause of the higher β-diversity in the transitional zone between the forest and 
subalpine vegetation. 

The difference in the β-diversity along the moisture gradient in the various plant 
communities is caused by the different environmental conditions on the slopes with 
different exposition (Whittaker and Niering, 1965). For example, the difference between 
southwest-facing slopes and the deep moist ravines in their microclimate is much more 
evident in the continental climate of the studied territory. The lower β-diversity of the 
shrubs and herbs at the mountainous base (for instance, in the mixed oak forests) can be 
explained with the lack of one or few strong competitors which allows more extended 
ecological niches along the moisture gradient, hence lower β-diversity. As already 
mentioned, these communities are characterized with intense human disturbance 
(logging, livestock grazing) which additionally leads to extended ecological niches via 
the maintenance of more open forest canopy. For example, the moderate, or even 
intensive, but not extremely intensive grazing, let to increased α-diversity (Naveh and 
Whittaker, 1980). This is the result from the extended period of coevolution during 
which the plant species have adapted to this type of disturbance. For thousands of years, 
the plant species adapted to grazing disturbance, have saturated these habitats leading to 
increased α-diversity and decreased β-diversity (Naveh and Whittaker, 1980), which can 
be offered as explanation for the discrepancy between the greater α-diversity and the 
lower β-diversity that we have found. 
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In conclusion, it should be stated that plant α-diversity shows complex pattern in the 
context of several local environmental gradients compared to the single-gradient 
analyses from the past documenting unimodal or bimodal curve shapes. It is considered 
that analyzing plant diversity along several environmental gradients altogether gives 
more realistic picture of this natural phenomenon. Dividing species diversity into 
growth forms can bring additional information about their contribution to the total plant 
diversity pattern. The β-diversity modelling can reveal information about plant species 
competition in the local environmental space as well as information about the 
disturbance regime and history of the vegetation. 
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Abstract. The vertically generalized production model (VGPM), which was designed for open ocean 
waters (Behrenfeld and Falkowski, 1997), was evaluated using in situ measurements of primary 
productivity (PP) in the characteristically turbid coastal waters of Khure-Mussa, in northwest Persian 
Gulf, to develop a regionally modified version of the model. The euphotic depth (Zeu)-integrated PP (IPP) 
calculated from the VGPM using in situ chlorophyll a (Chla), sea surface temperature (SST) and Zeu was 
significantly underestimated ,but 59% of the observed variability was explained. The weak correlation 
could have partially resulted from overestimations by the sub-models embedded in the original VGPM 
model for estimation of Zeu (Morel and Berthon, 1989) and the optimal Chla-normalized PP (PB

opt). Chla 
was the most important parameter influencing the modeled IPP variation in Khure-Mussa. The modeled 
and in situ PB

opt were weakly correlated. This NPP model for the Khure-Mussa incorporates an improved 
prediction of the PB

opt, as a function of sea surface temperature (SST). The estimation of Chla was 
improved by optimizing the Chla algorithm with in situ Rrs data. The daily average of primary 
productivity in the whole Khure-Mussa was 0.63 gcm-2d-1. Thus, even though the VGPM is a global open 
ocean model, when coupled with turbid water algorithms for Zeu and Chla and modeled PB

opt, it provided 
realistic estimates of IPP in the turbid water ecosystem of Khure-Mussa. 
Keywords: ocean, VGPM model, chlorophyll, carbon dioxide, ecology, temporal pattern 

Introduction 

Ocean primary productivity controls the exchange of carbon dioxide at the air-sea 
interface and plays an important role in the global carbon dioxide cycle and climate 
change. Furthermore, primary production is the base of the food web in marine 
ecosystems, and it influences the nature of marine food webs and abundance of marine 
organisms (Son et al., 2014). Continental shelf areas may account for 21% of global 
primary productivity (Walsh et al., 2004). Khure- Mussa consists of a basin that is 
surrounded by corona of many tidal creeks of varying length and width, and is linked to 
the Persian Gulf via a 50 km long estuary-like channel (Hopner and Maraschi, 1999). 
This estuary, one of the biggest estuaries in the Persian Gulf, is the most important 
fishery resource for people of Mashahr, Sarbandar and Hendijan cities (Khalfehnilsaz, 
2000). Ship-based investigations of primary productivity in the Khure-Mussa have 
previously concentrated on areas around Mahshahr (Khalfehnilsaz, 2000;؛ 
Habibikhaledi, 2001); however, cruise scan only covered a very limited temporal and 
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spatial range. Recently, some models have been developed to estimate primary 
productivity using satellite-derived data (Platt and Sathyendranath, 1999; Platt et al., 
1991; Behrenfeld and Falkowski, 1997; Gong and Liu, 2003; Kameda, 2003; Kameda 
and Ishizaka, 2005; Tripathy et al., 2012; Nardello et al., 2013). Satellite-based 
instruments can measure key factors controlling primary productivity, such as 
chlorophyll-a concentration, sea surface temperature (SST), and photosynthetically 
active radiation (PAR), with high spatial and temporal resolution. However, primary 
production is a very complicated process and may be influenced by factors that affect 
the intensity of photosynthesis and chlorophyll-a concentration, such as SST, light, 
nutrients, optical properties, and phytoplankton respiration(Siegel et al., 2001; 
Behrenfeld et al., 2002; Campbell et al., 2002). In this study, we attempted to estimate 
primary productivity in the Khure-Mussa and to derive the spatial and temporal 
variability of primary productivity using satellite-derived chlorophyll a concentration, 
PAR, and SST data and primary productivity estimation with Vertically Generalized 
Production Model (VGPM). 

Materials and methods 

Field observation 

The sampling site was located in western north of Persian Gulf (Figure 1). Data 
collection started on the 14th Feb 2014 and ended on the 13th Nov 2014, with 8 sampling 
trips carried out. The daily total photosynthetic active radiation (E0) was recorded on 
deck with a surface hemispherical scalar irradiance sensor (QSR-240, Biospherical 
Inc.). The mean downwelling attenuation coefficient (Kd) was obtained from a linear 
regression of the log-transformed underwater irradiance profiles which were measured 
with a Biospherical log quantum scalar irradiance sensor (4p; QSP-200L). Primary 
productivity was measured using the 14C assimilation method (Parsons et al., 1984). 
Optimal specific primary productivity (PB

opt) was taken as maximum chlorophyll-
normalized primary productivity within the euphotic zone. The euphotic zone-integrated 
primary production (IP) was computed by means of the trapezoidal rule. 

In addition, the 8-month averaged merged chlorophyll a concentration was validated 
by the in situ chlorophyll a concentration measured in the Khure-Mussa by 8 research 
during Feb 2014 to Nov 2014. The surface water samples were collected at a depth of 
0.5 m below the water–air surface. After sampling, water samples were conserved in 
bottles at a low temperature and then sent for laboratory analysis in the afternoon. 
Samples for chlorophyll a were filtered on GF/F fiberglass filters (25 mm diameter). 
The Chla was extracted using acetone (100%) and was measured using reverse-phase 
high-performance liquid chromatography (HPLC). The HPLC method employed was 
that proposed by Wright et al. (1991) slightly modified as per Hooker et al. (2000).  
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Figure 1. Location of the stations 

 
 

Satellite data 

Satellite-derived chlorophyll a concentration, SST, and PAR(E0) data were applied to 
the VGPM. All the datasets had the same temporal resolution and 30 × 30-m spatial 
resolution and were provided by the National Aeronautics and Space Administration 
Goddard Space Flight Center Ocean Biology Processing Group (NASA GSFC OBPG). 
Atmospheric correction was conducted using method of dark object subtraction 
technique (DOS)(Kim et al., 2014). It is an image-based model that has been proposed 
to simplify atmospheric correction. The image were processed in Matlab software. 

 
Model of primary production 

VGPM model has been validated by thousands of real measuring data in the large 
scale and different water areas for a long time, therefore it has been used widely with 
accurate estimation results. Daily primary productivity is shown by the following 
equation(Behrenfeld and Falkowski, 1997): 

 
 Pp=0.66125×PB

opt×(E0/E0+4.1)×Zeu×Csat×DL (Eq.1) 

 
where PPeu is integrated primary productivity in the euphotic zone (mgCm-2d-1),PB

opt is 
the maximum rate of daily photosynthesis within a water column (mgC/mgChla/h), E0 is 
daily PAR at the sea surface (Ein m-2d-1), Csat is the satellite-derived sea surface 
chlorophyll a concentration (mgm-3), DL is the photoperiod (h), and Zeu is the depth of 
the euphotic zone (m) defined as the depth that E0 decreases by 1%, estimated by the sea 
surface chlorophyll a concentration using the following equations (Morel and Berthon, 
1989): 
 
 Zeu=(568.2(Ctot)

-0.746 when Zeu<102200.0؛(Ctot)
-0.293 when Zeu>102) (Eq.2) 
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 Ctot=(38.0(Csat)0.425 when Csat<1.040.2 ؛(Csat) 0.547 when Csat>1.0) (Eq.3) 
 
Considering the relationship between primary production and SST, Behrenfeld and 

Falkowski (1997) took the parameterization of PB
opt as a seventh-order polynomial 

function of SST. 
 

PB
opt =1.2956+ 2.749×10-1 T+ 6.17×10-2 T2- 2.05×10-2 T3+2.462×10-3 T4- 1.348×10-4 T5 

+3.4132×10-3 (Eq.4) 

Results 

Temporal variations of measured and satellite E0, SST, DL, Chla, PB
opt, Zeu, Kd(490), 

DL and IPP clearly emerged in this study (Fig. 2). The lowest E0 (31.12 Einstein m–2d–1) 
were observed in Zangi in Feb and the highest E0 (47.49 Einstein m–2d–1) were observed 
in July in Mosa creek. SST exhibited the most distinct temporal variation with the 
lowest (15.1°C) in Zangi and the highest (31°C) values in Mosa in February and July, 
respectively. The lowest Chla (0.5 mgm-3) were observed in Zangi in Nov and the 
highest Chla (1.8 mgm-3) were observed in April in Mosa creek. The lowest Zeu (5.35m) 
were observed in Zangi in May and the highest Zeu (7.5m) were observed in Feb in 
Mahshahr creek. The lowest Kd(490) (0.48m) were observed in Feb in Mahshahr creek 
and the highest Kd(490) (0.67m) were observed in May in Zangi creek. The lowest Day 
length (10.3h) were observed in Nov and the highest Day lenght (14h) were observed in 
July. The lowest PB

opt (4mgc/mgChla/h) were observed in July in 3per creek and the 
highest PB

opt (6.59mgc/mgChla/h) were observed in April in Mahshar creek. The lowest 
IPP(0.21gc/m2/d) were observed in Nov in Zangi creek and the highest IPP 
(2.11gc/m2/d) were observed in April in Khure-Mussa. 
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Figure 2. Temporal variations of E0, SST, Chla, DL, P
B

opt, Zeu, Kd(490) and IPP observed in this 

study 

 
 
Among sea surface variables, Chla and Kd(490) showed a significant linear 

relationship (R2 = 0.35, R2=0.34) with measured IPP (Fig. 3). There was no significant 
relationship between measured IPP and SST (Fig. 3). The highest IPP measured in April 
that coincided with the highest amount of Chla seemed to be an outlier value from the 
seasonal variation (Fig. 2). VGPM accounted for 60% of variation in measured IPP 
(Fig. 3). 
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Figure 3. Relationships between measured IPP and E0, SST, Kd(490), Zeu, DL, SST, P
B

opt, Chla 

and satellite primary production 

 
 
Regression model were used to modification of VGPM model in this region (Table 1 

and 2). 
 

Table 1. Results of the regression analysis for models describing production (P) 

sig F Mean square Sum of squares df model 
0.005 5.937 0.536 

0.090 
2.680 
1.174 
3.854 

5 
13 
18 

regression 
residual 
total 

 
 

Table 2. Results of the coefficient regression analysis for models  

Sig t Beta Std.Error B model 
0.146 
0.562 
0.701 
0.002 
0.507 
0.001 

-1.546 
0.596 
-0.393 
3.934 
-0.682 
4.170 

 
0.214 
-0.146 
1.005 
-0.134 
1.226 

3.838 
0.827 
0.322 
0.115 
2.348 
0.109 

-05.932 
0.492 
-1.126 
0.453 
1.601 
0/456 

Constant 
Chla 
Zeu 
PB

opt 
E0/E0+4.1 
DL 

 
 

The fitted result after regressive analysis is: 

 IPP = -5.932 + 0.492·Chla - 1.126·Zeu + 0.453·PB
opt + 1.601·[E0/(E0+4.1)] + 0.456·DL  (Eq.5) 

where Zeu is euphotic depth, E0 is surface PAR, and DL is day length.  
A third polynomial regression relationship between P

B
opt and SST was derived to 

parameterize PB
opt:  

 
 PB

opt = -2.32×10-1 + 4.34×10-2 SST + 1.00×10-3 SST2 – 5.00×10-5 SST3 (Eq. 6) 
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Comparing the data of the measured IP with those of the model calculations using 
Eq. (1), the correlation coefficient (R2) is 0.90 (Fig. 4). Monthly variability of primary 
productivity from Feb to Nov in Khure-Mussa are shown in Figure 5. 
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Figure 4. Relationship between the measured IP and model IP as calculated from Eq.1 

described in the text. 
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Figure 5. Landsat8 measured monthly NPP images for the Khure-Mussa 

Discussion 

After excluding the highest measured IPP, which was presumably an outlier, DL and 
Chla were more important factors in determining variation in measured IPP than others 
(Table 1). Many studies have also shown that the greater variance of measured IPP can 
usually be captured by including Chla and DL, along with variables amenable to remote 
sensing (e.g. Peierls et al., 2012; Banse and Postel, 2003). In this study, PB

opt increased 
consistently even at SST > 28°C, similar to the observations in southeastern Caribbean 
Sea, with a consistent increase in PB

opt even at SST as high as 29°C (Muller-Karger et 
al., 2004). Comparisons of model-derived and in situ NPP show the new approach to 
generate PB

opt significantly improves retrievals for the Khure-Mussa. Landsat8 NPP are 
lowest in winter and fall for the entire Khure-Mussa, due to limited light availability. 
The daily average of primary productivity in the whole Khore-Mussa is 0.63gcm-2d-1. 
Comparison of the historical investigated result of primary productivity in the other 
subtropical zone has shown in Table 3.   
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Table 3. Comparison of the historical investigated result of primary productivity in the other 

subtropical zone   

Refrences Annual mean 
primary 
production(gc/m2/y( 

ecosystems 

(Purvaja and Ramesh, 
2000) 

157 Ennore creek 

(Kang and Kang, 
2005) 

200 Ilkwang bay 

(Krishna Kumari et 
al., 2002) 

300 Mandovi-Zuari 
estuarine 
complex 

(Ara et al., 2011) 770 Mikawa bay 
(Ara et al., 2011) 825 Osaka bay 
(Ara et al., 2011) 366 Sagami bay 
(Ara et al., 2011) 292 Shijiki bay 
This study 230 Khure-Mussa 

 
 
Distributions shown in Fig. 5 indicate that Khure-Mussa is characterized by a 

longitudinal gradient in primary productivity, that productivity increases seaward. 
Hence our perception of estuaries as highly productive ecosystems should be qualified 
with the observation that phytoplankton productivity can be higher in nearby coastal 
waters where the photic zone is deeper and nutrient concentrations are still sufficient to 
sustain algal growth. Because light availability controls productivity it must also play a 
major role in determining the population growth rate of estuarine phytoplankton, and we 
expect that biomass should vary across spatial gradients in the ratio of photic depth to 
mixed depth. 

NPP is highest in spring (April) in Khure-Mussa. The increasing trend in Net 
Primary Production may be related to the increases in nutrient, reduced grazing losses to 
benthic suspension feeders (Dehghan Madiseh et al., 2012), phytoplankton biomass and 
light availability. Seasonal variations in SPM concentration can also influence light 
penetration and phytoplankton dynamics. In Khure-Mussa, bottom resuspension 
intensifies during mid-summer when wind speed and mean tidal current speed are both 
rapid. As a consequence, SPM concentration increases, Zeu decreases, growth rates are 
near zero, and phytoplankton biomass is low in during mid-summer. Physical processes 
operating within estuaries (horizontal and vertical mixing, advection, sediment 
suspension, light absorption) and across their interfaces with watersheds (freshwater, 
nutrient, sediment input), the coastal ocean (tidal oscillations, exchanges of salt, heat, 
nutrients, plankton and predators), and atmosphere (heat exchange, wind stress, photon 
flux to the water surface) all play essential roles in driving the variability of 
phytoplankton production in ecosystems at the land-sea interface (Cloern et al., 2014). 

Conclusions 

Match-up analyses show that Landsat8 NPP compares favorably with in situ NPP, 
despite limitations of sample size due to a short temporal overlap. Interannual 
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variability in NPP in the Khure-Mussa would be positively (lower Bay) or negatively 
(upper Bay) related to freshwater flow from the rivers, particularly the Arvand and 
Shatolarab River, sediment suspension, tidal oscillations, wind stress and light 
availability. The regional daily NPP model for the Khure-Mussa has been improved for 
use with satellite ocean color data and landsat-derived NPP data corresponding 
reasonably well with in situ measurements. 
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Abstract. Considering that the damage caused by phytophagous insects can alter the chlorophyll content 
of plants, we established the hypothesis that variations in chlorophyll concentration could be applied to 
assess stress caused by these kind of harmful agents. In this paper, relationship between insect damage 
and the chlorophyll content of sclerophyllous oak species (Quercus suber and Q. ilex) is investigated. The 
survey was carried out in Hornachuelos Natural Park (southern Iberian Peninsula). For each plant species, 
a comparative study of chlorophyll concentration on healthy leaves was performed among a control group 
of harmless trees and other groups affected by one of the following damaging insects: woodborers, 
chewing and gall-formers. Results relative to Q. ilex indicated that only damage by gall-formers had a 
significant effect on average chlorophyll content of healthy leaves. As regard Q. suber, differences in 
chlorophyll content were only significant when injuries were caused by the woodborer Coraebus 

florentinus. In conclusion, insect damage could influence the chlorophyll content of the holm and cork 
oaks, but the effect varies depending on the plant species and the type of harmful agent. 
Keywords: environmental assessment, oak forests, Quercus ilex, Quercus suber, photosynthesis  

Introduction 

Several herbivorous insects are associated with Quercus species (Romanyk and 
Cadahía, 1992) and, depending on the way of affecting the plant, can be classified as 
woodborers, carpophagous and folivorous (chewing insects and galls-formers). The 
most prevalent woodborers in oak forests in southwest Spain are the longicorn’s species 
belonging to the Cerambyx genus (Coleoptera: Cerambycidae) and the jewel beetle 
Coraebus florentinus (Herbst, 1801) (Coleoptera: Buprestidae) (Montoya, 1989). The 
larvae of these xylophages drill trunks and branches and cause considerable damages 
and even tree death. Other insects feed on Quercus leaves: i.e. larvae of Lymantriidae, 
Tortricidae, Noctuidae (Lepidoptera) and Curculionidae or Chrysomelidae (Coleoptera). 
These chewing insects eat leaves, flowers, buds and twigs. They can seriously damage 
foliage, reducing plant fitness (Hochwender et al., 2003) and regenerative capacity 
(Howe, 1990), and also affecting photosynthesis and plant growth (Doyle et al., 2002). 
In addition, some Diptera and Hymenoptera can also affect leaves producing galls.  

Plants develop several compensatory mechanisms to these damages by increasing their 
relative grow rate, activating the growth of meristems or enhancing photosynthetic 
activity (Mizumachi et al., 2006). As regards photosynthesis, the effects of phytophagous 
can be understood in two ways: direct effects if they remove photosynthetic tissue 
(leaves); and indirect effects, if photosynthetic activity increases or decreases in tissues 
not directly damaged (Welter, 1989; Aldea et al., 2005). Relationship between 
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photosynthetic activity and chlorophyll (Chl in advance) content in some Quercus species 
has been investigated in previous research (Gratani et al., 1998). 

In another context, nowadays great importance is attributed to the evaluation of the 
condition of forests in order to identify states of stress induced by environmental changes 
(Bussotti, 1994). Assessment and monitoring of forest health represents a key point for 
environmental policy. Considerable work has already been done in monitoring the 
condition of forest trees, and there is an entire range of methods and diagnostic 
techniques. Nevertheless, these indicators are often difficult to incorporate into 
monitoring programs since they are time consuming and require adequate expertise. 
Therefore, it is necessary to develop reliable and consistent tools to assess health of 
forests.  

Taking into account the possible effect of insect’s damage on photosynthetic activity 
and the relationship between Chl content and photosynthetic rate (Šesták, 1966; Palta, 
1990; Nagaraj et al., 2002; Zarco-Tejada et al., 2002), we formulated the hypothesis that 
Chl content may be a suitable tool for evaluating biotic stress caused by harmful insects. 
To validate this statement we explored if there is relationship between insect damage 
and Chl content of the major Mediterranean Quercus species. For that, we compared the 
Chl content of uninjured leaves of a control group of undamaged trees (without visible 
signs of damage by phytophagous insects) with those of other groups exclusively 
damaged by one of the following agents: woodborers, chewing insects or gall-formers.  

This study is a part of a Research Project aimed to assess the incidence of harmful 
insects in the Quercus forest in the Hornachuelos Natural Park (southern Iberian 
Peninsula). This area is currently participating in an Environmental Recovery program 
(Cárdenas et al., 2008). Useful tools are needed to assess the long-term effectiveness of 
measures implemented. This research aimed to validate whether Chl concentration 
could be a simple but suitable index for assessing biotic stress caused by phytophagous 
insects in the main Quercus species from the Mediterranean forest, in the southern 
Iberian Peninsula. 

Review of Literature 

In literature, information is available regarding the effect of biotic agents such as 
herbivorous insect (Romanyk and Cadahia, 1992), other arthropods (Longonje et al., 
2014), and pathogens on plants or on their photosynthesis rate (Osmond et al., 1990; 
Faeth, 1992; Jiao et al., 1999) and plant growth (El Omari et al., 2001). Alteration in 
phyto-chemistry of plants under environmental factors is well documented (Hunter, 
2001; Khadar et al., 2014) and some studies have reported the effects of biotic damage 
on leaf and response in photosynthesis (Aldea et al., 2006; Tang et al., 2006). In 
addition, Aldea et al. (2006) stated that arthropods and pathogens damaging leaves in 
natural ecosystems may reduce photosynthesis rather than directly injured plant tissue, 
since foliar damage often triggers complex interactions between defensive processes 
and photosynthesis. Herbivory damage can alter plant physiology by inducing the 
production of costly defensive compounds or disrupting water and nutrient movements. 
These authors also found significant effects of fungal and galls infections on 
photosynthetic efficiency, while chewing damage (caterpillar damage) resulted in minor 
effects. Plants react against the effect of these harmful agents by developing 
compensatory mechanisms as activating the growth of meristems or enhancing 
photosynthetic activity (Mizumachi et al., 2006). Previous studies also indicate that, for 
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some vegetal species, leaf Chl concentrations respond to pest presence (Baldy et al., 
1996 a and b). 

On the other hand, most existing assessments of forest condition are limited to 
ground-based visual evaluation (Zarco-Tejada et al., 2002). Although this procedure 
may be useful for other purposes, it is not practical for detecting physiological changes 
that characterize stress responses (Sampson et al., 2000). Nevertheless, the 
physiological evaluation of tree can indicate adaptability to environmental stress 
(Colombo and Parker, 1999) and may provide early signs of declines in stand vigour 
and health. Literature contains studies on the eco-physiological responses of plants in 
Mediterranean ecosystems that emphasize the relationships between photosynthesis and 
the multiple stress-factors characteristic of these environments (Marino, 2000). 
Chlorophyll fluorescence has been applied to assess environmental stress produced by 
abiotic factors in urban trees (Percival, 2005) and also in wild trees as Q. ilex L. 1753, 
(Bussotti, 1994). Percival (2004) found that Chl fluorescence was highly correlated to 
foliar damage in Q. ilex.  

Research on the relationships between photosynthetic activity and Chl content in 
Quercus species revealed positive, but no significant, correlation between both parameters 
(Gratani et al., 1998). This is because other factors such as leaf age, nutritional status and 
a range of environmental and phenological conditions may also influence the relationship 
between photosynthetic rate and Chl content (Nagaraj et al., 2002; Barry et al., 2009). In 
addition, previous studies also indicate that leaf Chl concentrations respond to pest 
presence, among others agents (Baldy et al., 1996 a and b). 

Materials and methods 

Study area 

The study was carried out in the surrounding of the “Sierra de Hornachuelos” Natural 
Park, located in centre-western of the province of Córdoba (Andalusia, Spain; Figure 

1). The main landscape is dominated by the Mediterranean oak forest. Vegetation in the 
area belongs to the Duriilignosa formation, represented by the Quercetea ilicis Type 
(Rivas-Martínez, 1974). It is constituted by perennial leaf and phanerophyte 
communities dominated by shrubs and bushes. The most representative species are: Q. 

ilex subsp. ballota (Desf.) Samp. (1908-9), Q. suber L. 1753, Pistacia lentiscus L.1753, 
Asparagus albus L. 1753 and different species of Erica and Cistus. 

 

 

 

Figure 1. Location of the research area 
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The climate in the area is typically Mediterranean, with annual rain-fall ranging 
between 500 and 800 mm and mean annual temperatures of ≈ 17ºC (Figure 2). The 
summers are relatively warm (mean ≈ 24ºC), and the winters are temperate, with mean 

temperatures ranging between 6 and 10o C (Gallardo et al., 2010). 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Damage assessment 

To assess damage, a total of 550 trees, including healthy and damaged trees, were 
thoroughly prospected. Sampling was carried out from March 2012 to September 2013. 
Damage caused by the Cerambyx group species (Figure 3) was searched during the 
entire sampling period by the identification and quantification of holes, after carefully 
prospecting around the trunk and the main branches in top of trees. Damage by C. 

florentinus was quantified counting the yellowish-brown dry branches on each 
examined oak (Figure 4). 

 

 
 

Figure 2. Climate-diagram with data from the Hornachuelos Meteorological Station 

(http://www.juntadeandalucia.es/agriculturaypesca/ifapa/ria/servlet) 
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Figure 3. Damage in trunk of Q. suber 
caused by the Cerambyx group species 

Figure 4. Damage in holm oak canopy 

caused by C. florentinus 
 

http://www.juntadeandalucia.es/agriculturaypesca/ifapa/ria/servlet
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Each sampling year, leaf damage caused by folivorous insects was sampled in spring 
(April-May), just after the trees had sprouted. Damage was estimated by visual inspection 
(using binoculars) of the canopy. This is the most commonly applied method in such surveys 
(Abbott et al., 1993; Mizumachi et al., 2006; Gu et al., 2008), provided the observers are 
sufficiently trained. After each top tree observation, a categorical scale with five levels 
according to the percentage of damaged leaves was applied (Johnson et al., 2001). 

Damage caused by leaf-eating insects was typified as bites (free and hole feeding); 
skeletonising and galls (Coulson and Witter, 1984), (Figures 5, 6 and 7, respectively). 

As the tree age could be an additional factor affecting the leaf Chl content, the age of 
each sampled oak was indirectly estimated measuring the trunk perimeter (recorded at 
breast height: 1,30 m; Orozco, 1982). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chlorophyll measurement 

Considering that Chl concentration on leaves strongly increases at the beginning of 
the growing season (from April to May; Demarez et al., 1999) and that the pattern of 
leaf senescence may also affect the Chl content (Gratani and Moriconi, 1989; Gratani 
and Bombelli, 2001), all the leaves were collected in winter (November-January), when 
the tree growth was minimal and the Chl content remains more stable (Oliveira et al., 
1994; Castro-Díez and Montserrat-Martí, 1998). 

For Chl extraction, a sample of 42 healthy trees (32 Q. ilex and 10 Q. suber) and 74 
damaged trees (41 Q. ilex and 33 Q. suber) was considered. The damaged trees selected 
were those that showed exclusively damage caused by one of the harmful agent. A tree 
was considered healthy if it was free of woodborer damage and when the presence of 
folivorous insects did not surpass the first level ( see previous section). This was 
because it was assumed that, in nature, a variable proportion of leaves are always 
affected by phytophagous agents but at the lowest level this infestation does no cause 
stress or alters tree physiology (Domínguez and Tejero, 1972). In addition, to avoid the 
effect of differences in sun exposure from each analyzed tree a total of 10 leaves were 
collected at each orientation (N, S, E and W). Healthy and totally developed leaves were 
always selected for Chl extraction, even when they came from damaged trees. 

Chl was extracted following the method proposed by Rodríguez de Cianzio et al. 
(1979) because this procedure extracts most (approximately 90%) of Chl. In addition, 
the anatomical features (thickness, sclerophyllouse) of Q. ilex and Q. suber leaves 

Figure 5. Bites in Q. ilex 

leaves 

 

Figure 6. Skeletonising in Q. 
ilex leaves 

 

Figure 7. Galls in Q. ilex 

leaves 
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(Andicoberry et al., 2007) would make data obtained from other easier procedures 
unreliable (for a fully description of Chl extraction methods see Palta, 1990). 

Chl concentration was estimated as mg/g of fresh weight, and was calculated from 
absorbance values to 644 and 663 nm, applying the Lichtenthaler and Wellburn (1983) 
expression (Eq. 1):  
 
[2.02*Absorvance644+8.02* Absorvance663]* Volume of methanol/ fresh weight of leaf strip (Eq.1) 
 

Chl content was expressed on a fresh weight basis rather unit area of leaf blade 
because this parameter is most reliable to relate photosynthetic rate and Chl 
concentration for thick leaves (Šesták, 1966), as are those from holm and cork oaks. 
 

Statistical analyses 

To rule out the possibility that Chl content could be affected by the tree age (indirectly 
estimated by the tree size), the Spearman correlation coefficient between trunk perimeter and 
Chl concentration was calculated. The T-test was used to check differences in Chl content 
between damaged and unharmed trees. The Shapiro-Wilk test was used to test normality of 
the distributions. When normality assumptions were not satisfied for any one or both of the 
groups, the equivalent non-parametric U Mann-Whitney test was applied. Analyses of 
variance homogeny and normality were achieved to satisfy the terms of parametric analysis 
(Zar, 1984). Data were statistically analysed using the SPSS statistical software (SPSS 
Inc. 20.0, 2011) with α value of 0.05.  

Results 

Preliminary analysis 

Table 1 shows the results of the average Chl content for healthy trees as well as for 
the trees affected by each of the harmful agents considered on this study. Data from 
each Quercus species were analysed independently. The correlation coefficient between 
the perimeter of the unharmed trees and their respective Chl content revealed no 
significant differences between the two considered parameters for any of the studied 
species: Q. ilex r=0.137, P=0.228; Q. suber r=0.103, P=0.388 (r: correlation coefficient, 
P: signification). 

 
Table 1. Mean Chl content (mg/g) of healthy trees and trees only affected by 

one of the harmful agents analysed. N: trees number; SE: standard error 

                                         Chl Content 

 Quercus ilex Quercus suber 

N Mean Chl SE N Mean Chl SE 

 Healthy trees 32 1.65 0.10 10 1.82 0.13 
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t C. florentinus 11 1.69 0.18 3 3.04 0.10 

Cerambyx sp. 10 1.99 0.10 5 1.82 0.18 

Bites 4 1.67 0.15 10 2.05 0.18 

Skeletonising 1 0.98 - 10 1.77 0.21 

Galls 15 2.02 0.10 5 2.05 0.28 
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Relationships between damage by borer-insects and chlorophyll content 

Table 2 shows the results of the tests performed to compare Chl content between 
healthy trees and those affected by a particular type of damage.  
 

Table 2. Results of test performed to compare Chl content between healthy trees and 

those affected by a particular type of damage. P: significance; N: trees number; T: 

values of independent T test; Z: values of non-parametric U Mann-Whitney test. (*) 

statistical signification 

 
 
Considering first the species Q. ilex, and comparing the unharmed holm oaks vs. 

damaged trees by C. florentinus, the Z statistics did not reveal significant differences in 
Chl content between these two groups of trees (P=0.867). 

Respect to relationship between damage by Cerambyx species, the results neither 
found significant differences in Chl content between undamaged trees and those 
showing hole lesions in trunk (P=0.098). Nevertheless, the additional information 
supplied comparing the data sets (box plots in Figures 8 and 9) shows different trends in 
response to damage caused by wood borer species: The Chl concentration in holm oaks 
damaged by Cerambyx species is slightly upper than when damage was due to the 
branch borer C. florentinus. The holm oaks in the sample affected by Cerambycidae 
showed Chl values above the average Chl obtained for the sample of healthy holm oaks.  

As regards the cork-oaks, the T statistic was significant when healthy trees were 
compared with trees affected by C. florentinus (P=0.001). In contrast, the test was no 
significant (P=0.982) if the average Chl content of undamaged trees was compared with 
the values of trees affected by species of the Cerambyx group (Table 2). 

 

Statistics for mean comparison 

Quercus ilex P T/Z N 

Healthy  
0.867 Z=- 0.167 

32 
Damaged by C. florentinus 11 
Healthy  

0.098 Z=- 1.654 
32 

Damaged by Cerambyx sp. 10 
Healthy  

0.919 T=- 0.107 
32 

Damaged by bite 4 

Healthy 
0.011* T=- 2.684 

32 
Damaged by galls 15 

Quercus suber P T N 

Healthy 
0.001* - 4.710 

10 
Damaged by C. florentinus 3 

Healthy 
0.982 0.023 

10 

Damaged by Cerambyx sp. 5 
Healthy 

0.333 - 0.994 
10 

Damaged by bites 10 
Healthy 

0.842 0.202 
10 

Damaged by skeletonising 10 

Healthy 
0.426 - 0.821  

10 

Damaged by galls 5 
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Relationships between damage by folivorous-insects and Chlorophyll content 

The average Chl content of trees damaged by leaf eating insects was compared with 
those of unharmed trees (see also Table 2). Three types of leaf damage caused by 
insects (bite, skeletonising and gall; see Methods section) were analyzed. 

Summarising the information provide on Table 2, it should be mentioned that the 
statistic tests indicate no significant differences on average of Chl content when Q. ilex 
showing bites were compared with the sample of unharmed holm oaks (P=0.919). 
Nevertheless, the T statistic was significant when comparing healthy trees with trees 
affected by gall-formers (P=0.011). As only one holm oak was found exclusively 
displaying skeletonising damage; this data was not considered on the study. 

Similar result was obtained when data from healthy specimens of Q. suber and those 
showing bites, skeletonising or gall damage are statically compared (P=0.333, P=0.842 
and P=0.426, respectively). The graphs comparing the data sets (Figure 10) showed a 
trend to have higher Chl content in trees damaged by biting insects.  
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Figure 10. Graphs of Chl content comparison 

between healthy cork oaks (H) and those 

showing damage  caused by folivorous (FD). 

The box plot interpretation as in Figure 8 
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Figure 8. Graph of Chl content comparison 

between healthy holm oaks (H) and those 

affected by Coraebus florentitus (CFD). 

Vertical bars indicate the minimum and 

maximum data values. The line in the box 

indicates the median value of the data. The 

upper and lower edges of the box indicate the 

75
th
 and 25

th
 percentiles respectively 
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Figure 9. Graph of Chl content 

comparison between healthy holm oaks 

(H) and those affected by Cerambyx group 

(CGD). The box plot interpretation as in 

Figure 8 
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Discussion 

When assessing the incidence of harmful insects in a restored natural area, we 
perceived the need to have useful tools for diagnosing changes during the posterior 
monitoring. In consequence, we decided to explore different potential parameters 
susceptible to be applied for diagnosing stress by insect damage.  

Bearing in mind previous studies, it may be assumed that Chl content may results a 
good short-term indicator of health in Quercus species because of its direct role in the 
photosynthetic process and because the leaf chlorophyll concentration responds, among 
others agents, to pest presence (Baldy et al., 1996 a and b). In addition, it is also 
assumed that chlorophyll content is strongly related to the photosynthetic functioning of 
plants and that this capacity varies in a range of environmental and phenological 
conditions (Barry et al., 2009). In order to avoid these shortcomings, the experiments in 
this research study were carried out in the middle of winter, just when variations in leaf 
chlorophyll content are considered to be minimal (Demarez et al., 1999). 

Since it is also known that tree senescence is an integral age-related biological 
process intimately linked to Chl degradation (Iturraspe et al., 1995), and that perimeter 
is a suitable but indirect indicator of tree-age (Orozco, 1982), the corresponding analysis 
was performed to rule out the possibility that tree size could affect Chl concentration. 
Correlation between the perimeter of the group of unharmed trees and their respective 
Chl content revealed no significant differences for any of the studied species. 
Accordingly, a broader interpretation of our results could also rule out the possibility 
that tree age significantly affected Chl content in the studied Quercus. 

Tests performed to compare average Chl content of unharmed holm oaks vs. 
damaged trees by C. florentinus or by species belonging to Cerambyx group did not 
reveal significant differences among any of these groups of trees.  

Nevertheless, the additional information supplied in the box plots shows different 
trends: The holm oaks in the sample affected by Cerambycidae showed Chl values 
above the average Chl obtained for the sample of healthy holm oaks.  

However the statistic was significant when healthy cork oaks were compared with 
those affected by C. florentinus. This result suggests that Q. suber seems to be highly 
sensitive to the effects of woodborers, although the shortage of data makes this result 
insufficiently reliable. 

Accepted a positive relationship between photosynthetic activity and Chl content 
(Gratani et al., 1998), our observations contrast with those reported by Aldea et al. 
(2006) and Tang et al. (2006) that indicate a decrease in photosynthesis as response to 
herbivorous damage, but agree with those described by Bown et al. (2002), who 
interpreted the increase in Chl as a rapid local resistance mechanism to insect herbivory. 
According to these authors, insect presence on leaves stimulates the synthesis of certain 
substances (such as 4-aminobutyrate) and increases Chl concentration. 

As regards skeletonising damage, no significant differences were observed in Chl 
concentration between unharmed and damaged trees. In this sense, both plant species 
behaved in the same way. In contrast, gall damage resulted in significant differences in 
average Chl content for Q. ilex. The presence of galls-forming insects also resulted in an 
increase in average Chl content. Contrarily, Aldea et al. (2006) mentioned the important 
effects of gall affectation with reduced photosynthetic efficiency over extended areas of 
leaves around visible damage. 

Other question to be mentioned is the possible interaction between several harmful 
agents because when damage caused by one of them is intensified due to the presence of 
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another, the response mechanisms may be more evident and may include changes in 
foliage quality and quantity. In this sense, Lower et al. (2003) indicated that change in 
foliage quality could influence a herbivore’s ovipositing and feeding preferences, 
possibly resulting in a change in the intensity of the herbivore attack (Mizumachi et al., 
2006). In addition, Compte and Caminero (1982) described a strong relationship 
between woodborer activity and high incidence of phytophagous (Lepidoptera 
caterpillar), so that the trees affected by any harmful pest are more vulnerable to suffer a 
second attack than healthy trees. This fact explains the difficulty during our field-
sampling to find trees only affected by a single type of damage, which was an important 
handicap for obtaining definitive results on this research. Survey of interactions among 
two or more types of damaging insects on Quercus Chl content is also necessary to 
validate the worth of this parameter to assess biotic stress of trees, but this issue will be 
addressed later. 

In conclusion, the response of the level of Chl was highly variable in the different 
situation studied. Accordingly to the information available in literature, the observed 
changes do not respond to a constant pattern but vary depending on the plant species, 
the type of harmful agent that produces the stress.  
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APPENDIX 

Appendix 1. Chl content (mg/g) of healthy Q. ilex and affected by one of 

the harmful agents analysed 

Chl content in Q. ilex 

Harmless 

trees 

                        Trees damaged by: 

C. florentinus Cerambyx sp. Bites Skeletonising Galls 

2.229 1.826 1.218 1.357 0.979 2.710 
2.435 2.429 2.113 2.059  1.605 
2.455 1.515 2.141 1.544  1.909 
2.299 2.782 1.916 1.718  2.416 
2.172 1.487 2.169   2.742 
2.039 1.993 2.261   2.195 
1.605 2.062 2.259   2.086 
1.162 1.142 1.857   1.785 
0.953 1.168 1.991   1.836 
1.354 1.089 1.993   1.544 
1.297 1.071    1.718 
2.286     2.055 
2.563     2.075 
1.986     1.556 
1.952     2.088 
1.851      
0.816      
1.081      
0.891      
1.124      
1.605      
1.730      
1.859      
2.249      
2.090      
1.609      
1.994      
0.869      
1.025      
1.021      
1.005      
1.209      
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Appendix 2. Chl content (mg/g) of healthy Q. suber and affected by one of 

the harmful agents analysed 

Chl content in Q. suber 

Harmless 

trees 

                        Trees damaged by: 

C. florentinus Cerambyx sp. Bites Skeletonising Galls 

2.123 3.239 1.653 2.382 1.429 2.382 
1.923 2.981 1.743 2.055 0.853 2.863 
2.057 2.900 1.513 2.590 1.208 1.913 
1.817  2.528 2.783 1.177 1.904 
2.270  1.660 2.561 2.382 1.177 
2.448   1.308 2.055  
1.653   1.495 2.590  
1.503   1.188 2.783  
1.363   2.046 1.495  
1.089   2.044 1.775  
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Abstract. The aim of this contribution is mapping and analysing of biotopes sensitivity in Antakya urban 
city with its surroundings. The three objectives were: (1) to identify the biotope types which display the 
structural characteristics of the study area, (2) to map the biotopes using object-oriented classification and 
(3) to determine sensitivity of these biotopes using rarity and reestablishment of research area. The study 
mainly carried out in two stages: the first one determination of biotope types using information from field 
surveys and aerial images; the second stage determination of biotope sensitivity to human disturbance. 
The sensitivity assessment based on two parameters; the rarity and the re-establishment ability of 
biotopes. Based on sensitivity results, 1.581 ha of the research area –forest, river banks and river and 
banks- is very sensitive, 454,6 ha of the research area –cemetery, settlement with site, and maquie- of 
land sensitive.  
Keywords: Antakya, object-based classification, re-establishment, rarity, sensitivity, worldview imagery 

Introduction  

Cities are complex ecosystems affected by social, economic, environmental, and 
cultural factors. The problem of attaining urban sustainable development is thus an 
important challenge (Li et al, 2009). Additionally, rapid urbanization and urban sprawl 
have significant impact on conditions of urban ecosystems. The impact is usually 
accompanied by many environmental problems, such as a reduction of green spaces and 
ecosystem deterioration. To maintain a characteristic flora and fauna as well as the 
functionality of ecosystem, we must consider how land use changes will influence the 
biotope in urban area (Katarina et al., 2002; Guzelmansur and Kılıç, 2013). 

Urban ecosystem services help to maintain sustainable development in urban areas. It 
depends on the structural parameters of urban green spaces. In order to facilitate the 
analysis and evaluation of these parameters, a method has been sought to enable the 
detailed identification of urban ecosystem services on the basis of urban vegetation 
structures. It is based on the mapping of urban biotope types as well as an analysis 
ofterrestrial and aerial photographs (Lehman et al., 2014). Biotopes are generally 
described as a part or element of environment which create suitable conditions for living 
organisms to be nourished, to shelter, to protect one another, and to contact with each 
other, and can be limited according to their functional point of view (Foody, 2002). The 
conceptual basis is the classification of biotopes mainly based on land use and habitat 
type, as most habitats in urban areas have important social and economic functions, e.g. 
parks and school grounds (Sukopp and Weiler, 1988; Lo Fvenhaft et al., 2002).  
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Geographic Information System give upportunitiy to analyse and evaluate urban 
ecosystem servises with help of biotope mapping. Rapid development of GIS and 
remote sensing techniques gives new opportunities in vegetation science (Cserhalmi and 
Erdos, 2016). Object-based image analysis is quickly gaining acceptance among remote 
sensors, and has demonstrated great potential for classification and change detection, 
compared to pixel-based approach (Blanschke, 2010; Myint et al., 2011; Zhou and 
Troy, 2008; Yu et al., 2016). The advantage of the object-based approach is that it offers 
new possibilities for image analysis because image objects can be characterised by 
features of different origin incorporating spectral values, texture, shape, context 
relationships and thematic or continuous information supplied by ancillary data. 
Integration of additional knowledge is a valuable means to distinguish ecologically 
meaningful habitat types that don’t have necessarily very distinct spectral features. 
Moreover integration with existing vector-databases can be achived during all steps of 
the classification proces (Bock et al., 2005)   

The aim of this contribution is mapping and analyzing of biotopes sensitivity in 
Antakya urban city with its surroundings. The study which performed with the help of 
RS and GIS mainly consists of three objectives: (1) to identify the biotope types which 
display the structural characteristics of the study area (2) to map the biotopes using 
object-oriented classification and (3) to determine sensitivity of these biotopes using 
rarity and re-establishment of research area. 

Materials and Methods 

Study area 

Antakya is a city in the Mediterranean region of the southern part of Turkey, with a 
population of 500.749 (Tüik, 2016) (Fig.1). The study area is a 8*9 km area including 
the Antakta city center. It is surrounded by forest cover of Amanos Mountain in the 
west, Amik Plain in the north and Habibi Neccar Mountain in the east. Orontes River is 
the main river which is across the urban area. Climate regime is Mediterranean climate 
characterized by a mild winter during which about 67 % of the annual precipitation of 
1124 mm falls, and a hot dry summer. Average annual temperature reaches a maximum 
of 44° in the summer and a minimum of -15 C° in the winter, with an average annual 
temperature of 18 °C. Parent material consists mostly of conglomera, calcaire and 
alluvial. Mediterranean vegetation consists of evergreen forest of Pinus brutia, and 
shrublands composed of maquis, and garrigues (Guzelmansur and Kılıç, 2013). There 
are 1861 taxons (223 of them endemic) of natural vegetation in the whole city (Davis et 
al, 1988). Regressive succession stages of evergreen forests have taken place under 
drastic human induced disturbances such as overgrazing, overcutting and clearance for 
cultivation.  

 
Methodology 

The study comprises 2 stages: (1) determination of biotope types using information 
from field surveys and aerial images, (2) determination of biotope sensitivity using 
rarity and reestablishment. 
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Figure 1. Site location of study area. 

 
 

Determination of biotope types using information from field surveys and aerial images 

Determination of biotope types whic is an important item for urban ecosystem 
services give an opportunity to maintain sustainable urban development. Urban 
ecosystem services depend on the structural parameters of urban green spaces. It is 
based on the mapping of urban biotope types as well as an analysis ofterrestrial and 
aerial photographs. It enables the identification and description of all areas within a city 
characterized by vegetation according to type, size, structural characterization as well as 
density, structure and building type (Lehmann et al., 2014). Basic information about the 
area of investigation, its ecology, species, etc., is to be gathered and selected. In 
Antakya city, floristic data were available through publications, former mappings, 
unpublished species lists and species distribution maps, expert’s reports, expert 
knowledge, local literature and other local information from citizens. Further data were 
supplied from field work with expert of vegetation (Frey, 1999).  

Worldview Ortoready Pansharpened (WV2-NT/ORPNP) collected on September 
2014 was used in this study. The image data has 50 cm spatial resolution and comprise 
three wavebands and 16 bites. The image geometrically corrected and geocoded to the 
UTM-WGS 84, zone 37. Object-based analysis method was preferred in the 
classification process. Primarily stuctural aspect rather than functional characteristics of 
vegetation and land use structures (as well as undeveloped sites) that are relevant to 
mapping of biotopes. Image objects are described and classified by using a wide range 
of attributes including image features such as spectral variables, shape, texture, size, but 
also potentially thematic data such as slope, aspect, soil properties provided by digital 
maps. Image objects may also be classified by reference to expert rules such as rules 
based on the spatial relationship between objects (contiguity) or the distance between 
objects (Mathieu et al., 2007). The software used in this research, ArcGIS 10.2. Object-
oriented techniques have been recently used in a wide range of application fields, 
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examples in: habitat mapping (Bock, 2003), landscape pattern analysis (Ivits et al., 
2005), fire monitoring (Gitas et al., 2004), land cover/land use mapping in rural (Van 
der Sande et al., 2003) or urban environments (Meinel et al., 2001) and topographic 
feature extraction (Repaka et al., 2004; Mathieu et al., 2007). 3 main categories of 
biotope types were identified: (1) built-up, (2) non-built-up, (3) agricultural area. These 
3 categories were divided into 19 sub biotope types. Additionally, field surveys were 
carried out to verify these biotope types by visual inspection by experts.  

 

Determination of biotope sensitivity to human disturbance  

Biotope sensitivity analysis method used which developed by Altan (1997); 
Guzelmansur (2000); Mansuroğlu et al. (2006), which is based on two parameters to 
assess the biotope sensitivity to human disturbance: 1) the rarity of biotopes and 2) the 
re-establishment ability (Table 1). 

The rarity of biotopes was evaluated at the level of Antakya city. The degrees of 
rarity of urban biotopes were determined according to the rarity classification of Altan 
(1997): I.Very rare (VR): Those biotopes standing alone or distributed in a very 
restricted area; II.Rare (R): Those biotopes limited in numbers or distributed in a 
restricted area; III.Partly present (PP): Those biotopes seen at intervals in large areas 
sufficiently; IV.Sufficiently present (SP): Those biotopes regularly seen in large areas. 

The re-establishment of a destroyed or negatively affected biotope depends on the 
regeneration processes of plants and other natural elements (Altan, 1997). In this study, 
the following classification which developed by Kaule and Schober (1985) for the 
reestablishment ability of biotopes (Altan, 1997; Güzelmansur, 2000): I.Re-
establishment impossible (RI): Those biotopes need more than 50 years for re-
establishment; II.Re-establishment very difficult (RVD): Those biotopes need 25–50 
years for re-establishment; III.Re-establishment partly possible (RPP): Those biotopes 
need 5-25 years for re-establishment; IV.Re-establishment possible (RP): Those biotops 
need about 5 years for re-establishment. 

Table 1 shows the sensitivity matrix according to rarity and re-establishment (Altan, 
1997; Güzelmansur, 2000). 

 
Table 1. Sensitivity matrix of biotops acording to rarity and re-establishment  (Altan, 1997; 

Güzelmansur, 2000). 

 
Rarity 

Re-establishment 

Impossible 

(RI) 

Very difficult 

(RVD) 

Partly possible 

(RPP) 

Possible  

(RP) 

Very rare (VR) I I II II 
Rare (R) I I II II 
Partly present (PP) I II II III 
Sufficiently present (SP) II II III IV 

Results 

Urban biotope types are identified and defined by structural aspects. 3 main biotope 
types of study area were identified: (1) “Built up”, (2) “Non-built-up”, and (3) 
“Agricultural area”. The three main categories were divided into 19 supbiotopes. After 
that the defined biotope types mapped using object-oriented classification with help of 
field surveys. Finally sensitivity analysis developed using rarity and reestablisment of 
biotopes.  

http://www.sciencedirect.com/science/article/pii/S0169204606002684#bib9
http://www.sciencedirect.com/science/article/pii/S0169204606002684#bib33
http://www.sciencedirect.com/science/article/pii/S0169204606002684#bib33
http://www.sciencedirect.com/science/article/pii/S0169204606002684#bib25
http://www.sciencedirect.com/science/article/pii/S0169204606002684#bib67
http://www.sciencedirect.com/science/article/pii/S0169204606002684#bib67
http://www.sciencedirect.com/science/article/pii/S0169204606002684#bib44
http://www.sciencedirect.com/science/article/pii/S0169204606002684#bib51
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Based on biotope map, built-up areas have 3467,788 ha and cover the largest area 
among all biotopes, non-built-up areas have 2351,79 ha, and agriculture have 2023,1 ha. 
(Table 2) (Figure 2). On the other hand, built-up areas biotope group has the highest 
parcels around them. In other words, this biotope group is the most fragmented 
constituting number of parcels.  

 
Table 2. Biotope types and sensitivity assessment of the City of Antakya and its environs 

 
Biotopes 

Area Sensitivity 

ha % Rarety 

Degree 

Re-

establishment 

Sensitivity 

degree 

 

 

 

 

 

 

 

Built-up 

Cemetery 24,3 0,31 PP RPP II 
Open pit-mines 46,7 0,60 SP RP IV 
Commercial institutions 342,1 4,36 SP RP IV 
Educational institutions 49,0 0,62 SP RP IV 
Recreational institutions 14,4 0,18 PP RP III 
Parks 38,8 0,49 PP RP III 
Settlement (garden houses) 346,6 4,42 SP RP IV 
Settlement (multi story) 937,6 11,95 SP RP IV 
Settlement (site) 50,6 0,64 R RPP II 
Settlement (low density) 1598,6 20,38 SP RP IV 
Other Public Inst 19,2 0,24 SP RP IV 

Non-built-

up 

Forest 1238,7 15,79 PP RI I 
River bank 275,4 3,51 R RI I 
River and Banks 69,9 0,89 R RI I 
Maquie 379,7 4,84 SP RVD II 
Garrique 285,6 3,64 SP RPP III 
Open areas 102,5 1,31 SP RP IV 

Agricultural 

area 

Agriculture (annual) 1700,7 21,69 SP RP IV 
Horticulture 322,3 4,11 SP RPP III 

Total  7842,6 100,00    

 
 

 
Figure 2. Biotope map of the City of Antakya and its environs. 

 
 



Gürkan: Biotope mapping for sustainable urban development  
- 498 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 493-504. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_493504 
 2016, ALÖKI Kft., Budapest, Hungary 

Built up areas  

Largest sub biotope area among the biotope is settlement with low density with the 
rate of 20,40%. Settlement (multi story) 11,95%, Settlement (garden houses) 4,42%, 
commercial institutions 4,36%, settlement (site) 0,64%, educational institutions 0,62%, 
open pit-mines 0,60%, parks 0,49%, cemetery 0,31%, other public institutions 0,24%, 
respectively. 

 
Cemetery 

Cemeteries have different structure in the urban area. These are greenest area in 
Antakya city. Cupressus sempervirens L. var. pyramidalis is dominant and very 
common tree. The other thress and srubs are; Cupressus sempervirens L. var. 

horizontalis, Cupressus arizonica Greene, Callistemon viminalis (Sol. Ex Gaertn.) 
G.Don. Some ruderal annual plants are; Iris germanica L., Plantago lanceolata L., 
Anagallis arvensis L., Inula viscosa (L.) Aiton.   

 

Open pit-mines 

Garrigue formations exist around three of mines. 
 

Commercial, educational, recreational institutions  

All of them host some woody plants. Most common woody plants are; Platanus 

orientalis L., Cupressus sempervirens var. horizontalis (Mill.) Loudon, C. macrocarpa 

Hartw, Pinus brutia Ten., Eucalyptus camaldulensis Dehnh., Washingtonia filifera 

(Linden ex Andre) H. Wendl ex de Bary, Morus alba L., Fraxinus excelsior L., Robinia 

pseudoacacia L., Thuja orientalis L., Pittosporum tobira (Thunb.) W.T.Aiton, Buxus 

sempervirens L.. Commercial areas consist from Antakya small industrial sites and the 
other commercial area, while recreational institutions comprise sports areas, 
amphitheater and playgrounds.  These biotopes endowed by exotic ornamental plants. 
Some of the most commonly seen tree and shrub species in these areas are Acer 

negundo L., Melia azedarach L., Viburnum tinus L., Rosmarinus officinalis L., 
Ligustrum vulgare L., Nerium oleander L., Populus alba L., Morus alba L., Laurus 

nobilis L.. Araucaria excelsa (Lamb.) R.Br., Chamaecyparis lawsoniana (A. Murray 
bis) Parl., Cupressocyparis leylandii (A.B.Jacks. & Dallim.) Dallim., Cycas revolute 

Thunb., Magnolia grandiflora L., Phoenix canariensis Chabaud,  Phoenix dactylifera 
L., Albizzia julibrissin Durazz., Brachychiton populneus (Schott & Endl.) R.Br., 
Callistemon viminalis (Sol. Ex Gaertn.) G.Don., Casuarina equisetifolia L., Catalpa 

bignonioides Walter, Ceratonia siliqua L., Cedrus libani A.Rich., Cotoneaster 

acutifolius Turcz, Fraxinus exelsior L., Grevillea robusta A.Cunn. ex R.Br., 
Koelreuteria paniculata Laxm., Ligustrum japonicum Thunb., Liquidambar orientalis 

Mill.. Some annual plants: Glycyrrhiza glabra L., Avena sp., Lactuca sp, Trifolium 

angustifolium L.,  Plantago sp., Centaurea iberica Trevir. ex Spreng. 
 

Settlement (Site)  

There are two to three floors, historical Antakya houses reflecting the civil 
architectural samples of Ottoman period and many of them are used as housing even 
today. Fruit tree species and rapid growing tree species generally cover an important 
place in gardens and in open lands between houses; Citrus sinensis (L.) Osbeck, Citrus 
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reticulate Blanco, Citrus paradise Macfad., Citrus limon (L.) Osbeck, Citrus aurantium 

L., Punica granatum L., Olea europaea L., Vitis vinifera L., Eriobotrya japonica 

(Thunb.) Lindl., Phoenix dactylifera L., Musa cavendishii Lamb., Morus alba L., 
Prunus domestica L. 

 

Settlement (multi story)  

Multi story settlements take place in the new part of Antakya. These areas 
substantially endowed by exotic ornamental plants. Some of the most commonly seen 
tree and shrub species in these areas are similar with the parks. In the transportation 
routes, cosmopolitan and ruderal herb species are considerably pervasive depending on 
the land destructions occurred as a result of road construction activities. These are 
mostly cosmopolitan and ruderal species such as Avena clauda Durieu, Scolymus 

hispanicus L., Centaurea iberica Trevir. ex Spreng., C. solstitialis L., Xanthium 

strumarium L., Hordeum murinum L., Crepsis sp., Lactuca saligna L., Glycyrrhiza 

glabra L., Sinapis arvensis L., Raphanus raphanistrum L. 
 

Settlement (garden houses)  

These kinds of settlement take place between Habibi Neccar Mountain and 
settlement with site. These kind of settlement is dominates with shantytown.  

 
Other public institutions 

There some other public institutions like public building, military building in 
Antakya city. The sub biotope hosts the same plant with settlement.   
 
Non-built-up areas  

Sub biotope types grouped under forest, river bank, river and banks, maquie, 
garrique, open area, cover the 2351.79 ha of land. Forest covers 1238,7 ha, river bank 
275,4 ha, river and banks 69,9, maquie 379,7 ha, garrique 285,6 ha, open area 102,5 ha.  

 
Forest  

Forest biotopes, Pinus brutia Ten. is the dominant tree. The biotope is seen in the 
Habibi Neccar Mountain where take place unbuilt central locations and in the suburbs 
of the city. This biotope hosts Quercus coccifera L., Q. infectoria G.Olivier, Arbutus 

andrachne L., Pistacia terebinhtus L., Rhus coriaria L., Cistus creticus L., Vicia cracca 

L., Iris unguicularis Poir., Eryngium palmatum Pancic & Vis., Hypericum montbretii 

Spach, H. Triquetrifolium Turra, Cyclamen persicum Miller,  Ophrys speculum Link 
var. orientalis. 

 
River and bank vegetation 

The most important water flow of the City is Asi (Orontes) River. Organic and 
chemical pollution resulting from residential, industrial and agricultural activities in the 
river bed negatively affect water quality, fauna and the flora. It host very rich flora such 
as; Ficus carica L., Eucalyptus camaldulensis Dehnh., Salix babylonica L., Celtis 

australis L., Phragmites australis (Cav.) Trin. ex Steud., Arundo donax L., Glycyrrhiza 

glabra L., Silybum marianum (L.) Gaertn., Centaurea iberica Trevir. ex Spreng., 

Ecballium elaterium (L.) A.Rich., Hordeum murinum L., Arundo donax L., Onopordum 
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acanthium L., Torilis sp., Scolymus hispanicus L., Centaurea solstitialis L., C. iberica 

Trevir. ex Spreng, Inula viscosa (L.) Aiton, Echinops spinosus L., Verbascum sinuatum 

L., Saccharum ravennae (L.) L., Notobasis syriaca (L.) Cass., Sonchus oleraceus (L.) 
L.  

 

Garrigue 

These biotopes are easily sacrificed for different land uses to Sarcopoterium 

spinosum (L.) Spach. The other species; Euphorbia rigida M.Bieb., Ononis nartix L., 
Echium angustifolium Mill, Verbascum sinuatum L., Crepis sp., Alcea setosa (Boiss.) 
Alef., Calicotome villosa (Poir.) Link, Micromeria myrtifolia (Boiss. & Hohen) 
Greuter&Burdet, M. graeca (L.) Benth. ex. Rchb., Helichrysum stoechas (L.) Moench, 

Pallenis spinose (L.) Cass., Lolium sp., Avena sp., Dactylis glomerata L., Hordeum sp., 
Carthamus dentatus Vahl, Galium cassium Boiss., Salvia viridis L., Origanum syriacum 

L., Allium orientale Boiss. Carlina lanata L., Dianthus elegans var. cous.  

 

Maqui 

Quercus coccifera L. is most dominant species. The other species are; Q. infectoria 
subsp. Boisseri(Reut.) O.Schwarz, Laurus nobilis L., Myrtus communis L., Crataegus 

monogyna Jacq., Styrax officinalis L., Arbutus andrachne L., Ceratonia siliqua L., 
Cistus creticus L., Erica manipuliflora Salisb., Pistacia terebinthus L., Rhus coriaria 

L.,  Juniperus oxycedrus L., Lavandula stoechas L., Hypericum perforatum L., 
Origanum syriacum L., Hedera helix L., Rubia tenuifolia d’Urv, Smilax excelsa L., 
Asparagus sp., Phillyrea latifolia L., Centaurea antiochia Boiss., Vicia cracca L., 
Trifolium purpureum Loisel., Ruscus sp., Michauxia campanuloides L’Her., Rubus 

sanctus Schreb., Cotinus coggygria Scop., Thymus sp.  
 

Agricultural area 

Agricultural area consists from agriculture (annual) and horticulture. Total land of 
agriculture is 2023,1 ha while subgroup of agriculture land is  1700,7 ha, subgroup of 
horticulture is 322,3 ha.   

 
Agriculture (annual) 

Agricultural areas main biotope group dominates in the study area. The plants 
observed in these areas mostly consist of weed species, such as Avena clauda Durieu, 

Scolymus hispanicus L., Centaurea iberica Trevir.ex Spreng., Centaurea solstitialis L., 
Xanthium strumarium L., X. spinosum L., Hordeum murinum L., Crepis foetida L. 

subsp. foetida, Lactuca saligna L., Glycyrrhiza glabra L., Sinapis arvensis L., 
Raphanus raphanistrum L.. Furthermore, there are also ruderal species. Some other 
species; Melilotus alba Desr. Clypera jonthlaspi L.  Prosopis farcta 

(Banks&Sol.)J.F.Macbr., Tribulus terrestris L., Sonchus oleraceus L. Papaver rhoeas 
L. Sorghum halepense L. Pers. Alhagi pseudalhagi (Bieb.) Desv., Vaccari pyramidata 
Medik. Solanum nigrum L., Amaranthus retroflexus L., Convolvulus arvensis L., 
Sonchus asper L. Hill., Portulaca oleracea L., Silene conidae L. 

 
Horticulture 

Olive groves sub biotope is among the leading biotopes destroyed due to 
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urbanization. Olea europaea L. is the dominant tree in the biotope. These types of areas 
are generally covered by the cosmopolitan plant species. 

After making biotope type evaluation map, the results are confirmed with field 
check. The map can be used as evaluation criteria for wildlife habitat conservation and 
land use control.  
Sensitivity assessment of biotopes 

To perform sensitivity assessment two parameters were used: rarity and re-
establishment ability (Altan, 1997; Güzelmansur, 2000). The sensitivity assessment 
method of Altan (1997), explained in the Method section, was applied to the biotopes of 
Antakya city and the results are given in Table 2. Based on sensitivity results, 1.584 ha 
of the research area –forest, river banks and river and banks- is very sensitive, 454,6 ha 
of the research area –cemetery, settlement with site, and maquie‒ is sensitive land. 

Conclusions 

Maintaining sustainability for urban development is quite complex issue. There are 
several methods for this purpose. Sensitivity analysis with help of biotope mapping was 
used in the contribution. Rarity and reestablishment of defined biotopes used for 
sensitivity analysis. Vegetation analysis was conducted with importance of biotopes. 
Biotope mapping was also conducted to provide an ecological basis for sustainable 
urban development. So, the aim of the biotope maps can be specified to allow lands to 
be used under reflection of their environmental states. The results present that the built-
up area are dominant biotopes in Antakya city. This has a great pressure on the natural 
species diversity. Urban area of Antakya city has been significant for almost four 
decades. Urban area is spreading out from 1821.531 hectare in 1987, 2601.473 hectare 
in 2001, to 2747.701 hectare in 2008 (Guzelmansur and Kılıc, 2013). The study shows 
that urban population increases to 500.749 while urban area reached 3467.788 hectare. 
This shows that urban expansion is going on increasingly. Therefore, although it covers 
the smallest land in the study area, built-up areas biotope group which has a sprawled 
form creates a powerful impact in large areas with its high number of parcels in 
occurrence and increasing fragmentation of habitats. Habitat fragmentation is harmful 
for urban environment.  

Built-up areas have been increasing year by year. Therefore, urban biotopes 
transform from natural to cultural damaging biodiversity of urban area. Some natural 
plant formations like Olea europaea L. are cut to construct new building. This situation 
shows that urbanization can cause reduction of dispersion areas of these natural species. 
Oppositely, cosmopolitan herbal species which have high dispersion and competitive 
capacity were also observed throughout the investigation area. Natural species which 
are non-tolerant from the viewpoint of habitat choice leave the area, while the 
cosmopolitan ones which can disperse easily in degraded areas become dominant. In 
this context, the most remarkable situation observed during the vegetation analysis was 
that natural species can have the possibility to live and disperse in urban areas on 
condition that their habitats are protected (Doygun et al., 2013). 

Some precautions should be taken for maintaining sustainability of the urban 
biotopes which are under pressures of human activities. First of all, very sensitive sub 
biotope types need to be protected and then improved. Secondly, Antakya city needs an 
ecological planning approach in the structural planning process. Various authors argued 
that ecological knowledge should be integrated into urban planning and decision 
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making for the maintenance of urban biodiversity (Lofvenhaft et al., 2002; Mansuroğlu 
et al., 2006, Janisova, 2014)  

Biotope map was created using high resolution remote sensing data. High resolution 
satellite images like Worldview images can be used for biotope mapping in urban area 
by delineating land cover. It can save time and efforts for fieldwork. But the 
disadvantages of this kind of images are high prices. On the other hand some 
advantages of biotope mapping are the following: 1) It helps to provide basic 
information for land use plan which is important in defining priority for nature 
conservation. 2) It helps to develop programs for endangered species. 3) It helps to 
provide some recommendations for nature management. 4) It helps to provide basic 
information for green area. 5) It helps to provide an ecological basis for urban planning 
activities. To sum up, biotope mapping is very necessary for sustainable development 
and for sustainability.  

The results presented in the paper show that object oriented classification is a 
valuable method for biotope mapping. Object oriented methods perform very well when 
applied to Worldview (50 cm). The method provides flexibility in the ability to transfer 
classification schemes developed recent images where a fair set of ground truth data is 
available. 

The results produced by the sensitivity analysis can be used for management of 
sustainable land uses. Rarity and re-establishment factors are very important to maintain 
sustainability. Therefore the two factors can be used to determine sensitivity of biotopes 
to human disturbance. The disadvantage of the methodology is the difficulties to define 
rarity, because it is sometimes affected by users. On the other hand specification of all 
classes of re-establishment gives us an advantage.   
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Abstract. Global sensitivity analysis of the parameters of the modified universal soil loss equation 
(MUSLE) was conducted by using the extended Fourier amplitude sensitivity test (EFAST) method. 
Results show that the runoff factor, slope length and gradient factor, crop management factor and erosion 
control practice factor were the most sensitive parameters which affected the model outputs, followed by 
soil texture, organic matter content, aggregation class and the class of the water permeability of the soil 
profile. The number of iterations for Monte Carlo simulation had significant influence on the sensitivity 
analysis results. Only when the number of iterations was larger than 50000, EFAST can yield satisfactory 
convergence of sensitivity indices. Overall, the interaction of the runoff factor, soil erodible factor and 
adjustment factors was substantial when using the MUSLE. The key parameters should be prioritized for 
calibration to determine the most optimal values and reduce the uncertainty in soil loss predictions. 
Keywords: MUSLE equation, EFAST method, key parameters, Monte Carlo simulation, uncertainty 

analysis 

Introduction 

China is one of the most serious soil erosion countries in the world, and the amount of 
soil erosion is 5 billion tons per year, accounting for nearly 30% of the total land area. 
Water loss and soil erosion causes the limited land resources in ruins and soil fertility 
decline, and frequent flood disasters due to large amounts of sediment discharge. At the 
same time, it also can influence the social and economic sustainable development of 
China. To some extent, it is becoming the main ecological environmental problems 
(Wang et al., 2001). There are many reasons for water loss and soil erosion. The key 
influencing factors are different in different regions, but in general can be divided into 
natural factors and human factors (Li et al., 2012). Natural factors include topography, 
geology, climate, soil, vegetation and other foundation erosion power factor, while 
human factors are mainly for large-scale destruction of the vegetation and unreasonable 
land use and other human activities (Bu et al., 2002; Yao et al., 2013). Therefore, in order 
to prevent water loss and soil erosion effectively, it should practice soil and water 
conservation on the basis of analyzing these two influencing factors. 
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The Prediction of the amount of soil loss is directly related to the layout of the 
prevention and control measures of soil and water conservation. In order to quantitatively 
forecast soil loss quantity, the modified universal soil loss equation (MUSLE) was 
proposed and has been widely used around the world (Meyer, 1984; Toy et al., 1999; 
Zhang et al., 2009; Arekhi and Rostamizad, 2011; Odongo et al., 2013). MUSLE was 
improved on the basis of the universal soil loss equation (USLE). In MUSLE equation, 
rainfall erodible factor was replaced by runoff factor, thus improving the sediment yield 
prediction (Williams and Berndt, 1977). Soil erodible K value is another important factor 
in MUSLE, which is decided by a variety of soil physical and chemical properties. It is 
worth noting that the MUSLE equation is applied under the condition of standard 
community (22.13 m long slope, 9% gradient, bare fallow with cultivation up and down 
the slope). Therefore, MUSLE also introduced three correction factors (slope length and 
gradient factor, crop cover factor and water conservation measures factor) under different 
field conditions. It can be seen that soil loss quantity prediction accuracy depends on 
above-mentioned parameters. However, not all the parameters can be obtained by 
experimental measurement. Sometimes, we just indirectly estimate them by empirical 
model or statistical methods. Even the measured value often has observational error due 
to limited conditions. These factors may lead to strong uncertainty in forecast results.  

Sensitivity analysis (SA) is a kind of effective method used to evaluate the uncertain 
model. Through sensitivity analysis for the parameters of MUSLE equation, the part of 
sensitive parameters which have greater influence on the predicted results can be 
screened out. The sensitive parameters can be priority measured, with the limited 
resources, which has a very good guidance function for popularization and application of 
the MUSLE equation. SA method includes local sensitivity analysis (or called OAT) and 
global sensitivity analysis (GSA). The main drawback of the former is that this method 
can only analyze the effect of individual parameters on the predicted results, and ignore 
the parameters of the coupling action between indirect effects. The latter GSA method is 
able to deal with this problem (Saltelli et al., 1999). The typical global sensitivity analysis 
methods are the Sobol technique (Sobol, 1993) and extended Fourier amplitude 
sensitivity test (EFAST), which have been applied for land (Wang et al., 2013), plants 
(Wu et al., 2009; Jiang et al., 2011) and hydrological model (Kong et al., 2011) 
parameters. This study will use the EFAST method to analyze the sensitivity of the 
parameters in the MUSLE equation. To our knowledge, little research has been 
conducted to discuss this issue. 

Model and Method 

Modified Universal Soil Loss Equation (MUSLE) 

MUSLE was proposed by Williams and Berndt based on the previous studies in the 
early 1970s. 

 

 PCLSKqQA   )(  (Eq.1) 
 
(Where, A is the sediment yield from an individual storm in metric tons; Q is the storm 

runoff volume in m3; q is the peak runoff rate in m3 sec-1; K is soil erodible factor in Mg 
MJ-1 mm-1 (Wischmeier et al., 1971); LS is the slope length (dimensionless) and gradient 
factor (topographical factor) (dimensionless); C is the crop management factor 
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(dimensionless); P is the erosion control practice factor (dimensionless);  and  are 
location specific conceptual factors) 

 

 
100
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K  (Eq.2) 

 
(Where, N1 is the sum of fine silt (0.05 ~ 0.1 mm) and silt (0.002 ~ 0.05 mm) contents; 

N2 is the difference between 100 and the clay content (0 ~ 0.002 mm); OM is organic 
matter content; R is the coefficient of soil structure level; U is the level in soil 
permeability coefficient). Substitute Eq.2 into Eq.1: 
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Extended Fourier amplitude sensitivity test (EFAST) 

EFAST is a global sensitivity analysis method proposed by Saltelli in 1999. The 
characteristics of this method lies in the combination of Sobol and FAST method for their 
respective advantages, for example, the few number of sample size, high computation 
efficiency and a good algorithm robustness (Saltelli et al., 1999). The EFAST analyzes 
the model input parameters generated by the model output variance, and reflects the 
relative importance (sensitivity) of the parameters as well as the contribution of changes 
in the model output. The total variance of model was not only derived from the changes of 
a single impact input parameters, but also considered the interaction between the 
parameters, which makes it very suitable for solving the “equifinality” phenomenon in 
numerical simulation. Assuming that the model can be expressed as: 

 
 ),...,,( 21 kxxxfY   (Eq.4) 
 
(Where, Y is the model output; x1, x2, … , xk are independent input factors). Selecting 

the appropriate periodic function Gk, Eq.4 is converted to Y = f(s), and satisfies: 
 
 nksGsx kkk ,,2,1),(sin)(    (Eq.5) 
 
(Where, s is a scalar; ωk is the corresponding integer frequency by xk). EFAST uses 

Fourier transform to decompose the f(s): 
 

 





p

pp psBpsAsf coscos)(  (Eq.6) 

 
(Where, p is the Fourier transform parameter; Ap and Bp are the Fourier amplitudes). 

The sampling values use Gk conversion for each parameter value and the input model for 
multiple operations can calculate model of total variance by means of taking sample in 
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the interval of [-π，π]. The concrete method and process have been introduced in the 
document. Because there has interaction between single parameters, we can resolve V as: 

 

 k

ji

ij

i

i VVVV  12 


 (Eq.7) 
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(Where, Vi and Vj are variance caused by parameter xi and xj respectively; Vij is the 

coupled variance from xj impacting on xi; V1,2...,k is variance produced by x1,2,…,k acting on 

xi; E is conditional expectation). By normalization processing, parameter xi’s first order 
sensitivity index Si can be defined as:  

 
 VVS ii /  (Eq.9) 
 
Similarly, parameter xi’s second order sensitivity index Sij and total sensitivity STi 

index can express respectively: 
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 (Eq.10) 

 
(Where, Si is the direct contribution rate of parameter xi on V, while STi reflects the 

amount of between the direct contribution rate and the coupling effect between 
parameters). STi equals to Si if there are no coupling of variance. In this case, the EFAST 
analysis is the same as the local sensitivity. This research compares each parameter index 
that can analyze the impact of which on input MUSLE model. 

 
Experimental Design 

The research object of this study is to analyze the sensitivity of all 12 parameters in 
MUSLE model, and use EFAST method to quantitatively identify key influencing 
parameters. Runoff data adopted in this study are from the Kenya Government Water 
Resource Management Authority (WRMA)’s observational data, which were collected 
on Malewa Basin in 2007 (Odongo et al., 2013). Ranges of variation of the four runoff 
factors (α, β, Q and q) are shown in Table 1. The range of five factors affecting K value 
(N1, N2, OM, R and U) is in strict accordance with the applicable conditions of 
monogram formulas. In addition, the ranges of three correction factors (LS, C and P) are 
reasonably limited by prior knowledge (Table 1). When determining a reasonable 
parameter range, we firstly assumed that they are evenly distributed between the 
minimum and maximum values. Then, the Monte Carlo method was used to randomly 
sample all parameters. In order to make sampling fill the entire parameter space, we set 
the sampling frequency to 500 000 times. Subsequently, the parameters were 
successively entered into the MUSLE equation and calculate, and then we can get the 
stochastic simulated values of the amount of soil loss and statistical variance. Finally, the 
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EFAST method was applied to calculate first-order sensitivity index and total sensitivity 
index of every parameter, which were then compared. 

 
Table 1. The data range of parameters in MUSLE equation 

Parameters Minimum value Maximum value 

α 1 65 

β 0 1 

Q/m3
 0 30 

q/(m3/s) 0 3 

N1/% 0 70 

N2/% 0 100 

OM/% 0 4 

R 1 4 

U 1 6 

LS 0 20 

C 0 1 

P 0 1 

Results and Discussion 

The first-order sensitivity index 

As can be seen from Figure 1, when not considering the interactions among the 
parameters, the first-order sensitivity index of β is about 0.06, which is significantly larger 
than those of the other parameters of the model. This suggests that the MUSLE model is most 
sensitive to the changes in β, which contributes 6% of the model output variance. Followed 
by the parameters P and α, their first-order sensitivity indexes are close to 0.04. The 
first-order sensitivity indices of N1, N2 and LS (between 0.02 and 0.03) are smaller than those 
of other parameters, while the remaining parameters’ first-order sensitivity index vary 
between 0 and 0.02, indicating that their effects on model output is relatively small. It is 
worth noting that the sum of all first-order sensitivity index parameters is only 0.29, 
indicating that their contributions to the total variance of the model output are 29%. This 
implies that there is still 71% of the variance is not taken into account. This may be 
contributed to two reasons: the first is MUSLE model’s nonlinear relationship between input 
and output, and the second is the coupling between parameters. 

 

 

Figure 1. Parameter sensitivity index in MUSLE equation 
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In previous studies, Odongo and other scholars have used OAT method to conduct a 
partial sensitive analysis on four runoff factors (α, β, Q and q) in MUSLE equation. They 
found that compared with the other two parameters, the amount of soil loss predicted 
value is more sensitive to the changes in location factors α and β (Odongo et al., 2013), 
which is consistent with the findings of this study. This also demonstrated the feasibility 
of applying EFAST method in MUSLE model. In addition, based on a lot of soil data 
analysis of Bulgaria area, Mitova and Rousseva (2013) used sensitivity analysis method 
to study the impact factors of soil erodible factor K. They found that K values is most 
sensitive to N1 and N2 changes, which is consistent with the conclusions of this study. 

 
The total sensitivity index 

The total sensitivity index can be used to represent the coupling effect among 
parameters (Figure 1). The total sensitivity index of parameter β is 0.20, which increases 
significantly when compared with the first-order sensitivity index. It is significantly 
greater than those of other parameters. Followed by parameters P, α, LS, C and q 
successively, varying from 0.09 to 0.11. The parameters Q, N1 and N2 are relatively close 
to each other and their total sensitivity index is approximately 0.08, while the other 
parameters' contribution to model output is relatively small. It can be deduced that the 
order of every parameter sensitivity have changed when considering the coupling 
between parameters. The reason may be that the interaction between different parameters 
is an objective reality. In this case, the total sensitivity index can better reflect the model 
output’s relative importance for each parameter. 

The above results indicate that the parameter β is the key influencing parameter, which 
may be related to that this parameter exists in the form of exponential power in the MUSLE 
equation. Meanwhile, it shows that we should give priority to correct the parameters to obtain 
the optimum value when calculating the amount of soil loss in specific areas. In particular, in 
the powerful hydrological model SWAT, the default β value is 0.56, while the location factor 
α is 11.8. These values are obtained from foreign soil and hydrological surveys. This will 
cause great prediction error or uncertainty if they are directly used in China. Therefore, it 
must be corrected in practical application. LS, C and P also have a great influence on the 
model output, which is consistent with our previous understanding. LS represents the terrain 
information, which can directly affect the washing ability of slope runoff , while C and P 
reflect the interactions among the vegetation, crops planting, tillage measures, rainfall 
distribution and so on. These parameters have a direct or indirect relationship with soil 
erosion. Compared with the first-order sensitivity index, Q and q’s total sensitivity indices 
increase significantly. This is because they reflect the combined effects of precipitation, 
rainfall duration, rainfall intensity and surface runoff on soil erosion. N1 and N2’s total 
sensitivity indices also increase obviously, because they represent the soil texture 
information and dynamic factors. Soil erosion is closely related to soil water holding capacity 
and water transmission capacity. It is worth noting that the impact of soil organic matter on 
the model output is not always obvious. The reason may be that the OM content is relatively 
small in this study. 

 

The number of Monte Carlo sampling’s influence 

In order to investigate the effect of the number of samples on EFAST, this study 
respectively conduct different numbers (1 000, 5 000, 10 000, 50 000 and 100 000) of 
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random sampling. For comparative analysis, assuming that the results from the sampling 
number of 500 000 is approximately correct. As can be seen in Figure 2, when the 
number of samples is less than 50 000 times, every parameter’s first-order sensitivity 
index and total sensitivity index of vary significantly with the sampling numbers. When 
the sampling number is larger than 50 000, the results did not vary. This suggests that the 
number of Monte Carlo sampling has a great impact on the EFAST analysis results. If the 
sampling number is very small, the model’s output is not representative and accurate. 
Meanwhile, the excessive samples will result in the time increases exponentially and even 
increase the simulating costs. Therefore, when using EFAST model, sampling number 
should be carefully selected. It is better to determine the value by trial and error analysis. 

 

 

 

Figure 2. Effects of different Monte Carlo sampling frequency to EFAST analysis 

 
 

The impact of various parameters’ changes 

Runoff and correction factors represent the external causes of soil erosion, while the K 
value is internal reason. They do not always change at the same time in the 
regionalization applications of MUSLE equation. Therefore, it is necessary to carry out 
EFAST analysis on these factors respectively, which helps to further clarify the influence 
of various parameters on MUSLE model output. In order to independently analyze the 
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sensitivity of runoff and correction factors, K value should be set to a constant, which is 
defined as 0.2 in this study. When the independent analysis of the influence factors of K 
value, the remaining parameters are defined as 1. 

From the Figure 3, when the K value is defined, the most sensitive parameter of 
MUSLE model is β. The Monte Carlo sampling number’s influence is 0.24. This is the 
same as all parameter in EFAST’s analysis. However, the next parameter sensitivity 
priority is different, followed by P, LS, C, α, q and Q, and varies from 0.11 to 0.14. Under 
the condition of runoff and correction factors being determined, Sensitivity sequencing 
for 5 impact parameters of K value consistent with previous analyzes, but their impact on 
the model output varies. Among them, N1 and N2 are the most sensitive. These two 
parameters’ total sensitivity indices are close to 0.40, showing that they can explain 80% 
the prediction of the results of variance. Also, it shows that other three parameters have 
little influences on the output of the model. 

 

 
Figure 3. Sensitivity index of runoff and correction factors (a) and influencing factors of K value (b) 

 
 
The analysis results (Figures 1 and 3) show that the interaction between runoff factor, 

K value and correction factor should be considered in the application of MUSLE 
equation. The key point is to optimize the key parameters of the model output, so as to 
reduce the uncertainty of the prediction results and improve the application ability of the 
MUSLE model. Generally speaking, soil texture is a very stable property and easy to get 
with high precise. However, the progress of runoff has much more uncertainty and the 
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measurement of this variable is rather difficult. Especially, location factors α and β can 
only be obtained by adjusting the model. Therefore, under the limited resources, the 
prediction result uncertainty caused by the difference of runoff factor should be 
considered more. In addition, the effect of correction factor is also great. Especially the 

secondary factors of P factor are varied, and it is difficult to quantify. The fine expression 
of C value also has certain difficulty, usually based on experience. So we should be 
caution about their value in order to ensure that it is scientific. The calculation of LS 
depends on the accuracy of DEM. Meanwhile, different terrain exponentiation algorithm 
will influence this value. So we should consider different DEM accuracy or algorithms to 
select best parameters for ensuring relative rationality and exactitude in the future. 

Conclusions 

(1) The location factor β is the most sensitive parameter to predict the amount of soil 
loss, followed by P, α, LS, C and q, K’s influencing factors (such as OM, R and U) is less 
sensitive, So the accuracy of runoff and correction factors should be determined firstly in 
simulated calculation. 

(2) The Monte Carlo sampling frequency has a significant impact on EFAST’s 
analytical results. The difference of each parameter’s sensitive index is significant when 
sampling number is less than 50000 times. When the sampling number is more than 
50000, the results are close to each other. However, this value (50000) is not 
representative of other similar studies. Therefore, a reasonable sampling number should 
be selected by trial and error analysis in order to ensure the sampling efficiency. 

(3) Each parameter’s first-order sensitivity index is different from the total sensitivity 
index. It shows that the traditional partial sensitivity analysis methods ignore the coupling 
effects of parameters, while the global sensitivity analysis can overcome these problems 
effectively. 
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Abstract. Soil available water capacity (AWC) plays an important role in soil and water resource 
management, and is time-consuming and expensive to measure over large areas. AWC is often predicted 
with pedotransfer functions (PTFs) using easily measured soil properties (e.g., texture, bulk density and 
organic matter content). This study investigated the effectiveness of using neural network 
based-ROSETTA PTF to estimate AWC from four hierarchical levels of soil information: textural class 
(R1), texture (R2), texture and bulk density (R3), texture, bulk density, and water content at -33 kPa (θ-33) 
and -1500 kPa (θ-1500) (θ-33 and θ-1500 derived from Gupta-Larson PTF) (R4). A comprehensive dataset 
containing 58 soil samples collected from eastern China were used for evaluation. Results show that all the 
ROSETTA models except R1 estimate reliably the AWC. R2 and R3 produce similar estimates, both of 
which have only slightly poorer performance than R4. In this case soil texture is considered to be the most 
important soil property influencing AWC, making negligible the effects of the bulk density and organic 
matter content. It can be concluded that measuring soil texture as inputs for ROSETTA is the most 
affordable and reasonable approach to predict AWC in the study area. 
Keywords: soil water content, pedotransfer functions, ROSETTA, soil texture, water resource 

management 

Introduction 

Available water capacity (AWC) is the water retained in soils between field 
capacity (FC, water content at -33 kPa, θ-33) and permanent wilting point (PWP, water 
content at -1500 kPa, θ-1500). AWC is a component of the water and energy balances of 
terrestrial biosphere, and is required in ecological studies to establish the response of 
plant or animal species or communities to environmental conditions (Cazemier et al., 
2001). The availability of soil moisture controls the rates of evaporation and 
transpiration, which in turn can have a major impact on climate. It also controls 
hydrologic processes such as groundwater recharge, infiltration and overland flow. 
Soil water holding capacity is one of the most important soil factors for plant growth, 
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influencing carbon allocation, nutrient cycling, and the rate of photosynthesis.  
Specially, AWC is considered to be an important indicator of soil quality since plant 
growth relies on water for delivery of nutrients in solution and an indispensable 
parameter in different hydrologic models like the SWAT (Arnold et al., 1993) and 
TOPMODEL models (Beven and Freer, 2001). Therefore, knowledge of AWC is very 
essential for hydrological, ecological and agricultural management in a particular 
region. However, it is time-consuming and costly to measure AWC over large areas. 
Pedotransfer functions (PTFs) have often been used to estimate water retention at FC 
and PWP from easily measurable basic soil properties, such as particle size 
distribution, bulk density (BD) and organic matter (OM) content (Pachepsky and 
Rawls, 2004; Nemes et al., 2011). The regression was initially used to develop the 
PTFs (Gupta and Larson, 1979; Rawls et al., 1982). Recently, Schaap et al. (2001) 
applied the artificial neural network to develop the ROSETTA PTF for a convenient 
application. Because neural network is able to capture and simulate the complex 
relationships between water retention points and basic soil properties, it outperformed 
regression analysis (Merdun et al., 2006). 

Although PTFs offer a means to predict AWC, it is still necessary to determine 
which level of soil information would be sufficient for use with PTFs. Such an 
analysis can minimize soil measurements. However, to our knowledge very little 
research has been conducted on this issue, especially in China. The objective of this 
study was to compare ROSETTA-predicted AWC against observations with four 
hierarchical levels of soil information. 

Materials and methods 

Soil sampling and analysis 

A total of 58 undisturbed soil samples were collected from surface horizon (0-20 
cm) in agricultural regions of Qingdao City, eastern China. The land use is dominated 
by the intensive dual-cropping systems of winter wheat and summer maize. The main 
soil texture types were sandy loam (26 samples) and loam (32 samples) according to 
the USDA classification.  

FC and PWP were measured using pressure plates following the method of Klute 
(1986). Pressure plates apparatus are very common experimental devices utilized to 
measure the soil water retention curve. Solone et al. (2012) have demonstrated that no 
significant differences in measurements made by the pressure plates apparatus as 
compared to the dew point method were detected for coarse textured soils (e.g., sandy 
loam and loam in this study). Therefore, we consider that the measurement error has 
little influence on the final results. The contents of sand (0.05-2 mm), silt (0.002-0.05 
mm) and clay (0-0.002 mm) particles in soils were measured with the pipette method, 
and are listed in Table 1. The BD was determined by oven-drying soil samples at 
105oC for 24h.The soil OM content was estimated from the organic carbon content 
determined by the Walkley-Black wet oxidation method using a constant 1.724 for 
transformation (Nelson et al., 1996). Figure 1 shows a substantial variation of the soil 
clay and OM contents. 
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Table 1. Statistics of measured soil particle size distributions 

  Min (%) Max (%) Mean (%) SD (%) 

Sand 34.33 70.84 50.89 8.66 

Silt 19.19 49.42 33.22 6.03 

Clay 7.62 27.00 15.89 4.72 

SD = standard deviation. 

 

 

 
Figure 1. Scatter plot of soil organic matter and clay contents of the investigated soil samples. 

 

 

ROSETTA model 

ROSETTA has the ability to predict FC and PWP from texture, BD and one or two 
retention points (Schaap et al., 2001). In this study, a hierarchical method was applied 
using ROSETTA, with four levels of soil information used as inputs: textural class (R1), 
texture (R2), texture and BD (R3), texture, BD, and predicted FC and PWP from texture, 
BD and OM using the formula offered by Gupta and Larson (1979). 

 
Evaluation criteria 

The prediction accuracy of the four ROSETTA models was evaluated by the mean 
error (ME) and the root mean squared error (RMSE):  
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(Where, n is the number of samples used for evaluation; AWCm is the measured value; 

AWCP is the predicted value; ME is a measure of the overall forecast bias, while the 
RMSE provides a measure of accuracy). 

Results 

Statistics of the measured and ROSETTA-predicted AWC from four levels of soil 
information have been conducted and are listed in Table 2. The mean and standard 
deviations (SDs) of the predictions are 0.212 and 0.0240 cm3 cm-3 for R1, 0.186 and 
0.0227cm3 cm-3 for R2, 0.182 and 0.0219 cm3 cm-3 for R3, and 0.189 and 0.0253 cm3 
cm-3 for R4, respectively. By contrast, the mean and SDs of the observations are 0.181 
and 0.0395 cm3 cm-3, respectively. The MEs and RMSEs are -0.0310 and 0.0468 cm3 
cm-3 for R1, -0.0050 and 0.0322 cm3 cm-3 for R2, -0.0053 and 0.0321 cm3 cm-3 for R3, 
and -0.0057 and 0.0313 cm3 cm-3 for R4, respectively. 

 
Table 2. Statistics of measured and ROSETTA-predicted available water capacity used for 

assessment 

Model 

Summary statistics (cm
3
 cm

-3
) 

ME RMSE 

Min Max Mean SD 

Measured available water capacity 

 0.096 0.257 0.181a 0.0395   

ROSETTA-estimated available water capacity 

R1 0.186 0.234 0.212b 0.0240 -0.0310 0.0468 

R2 0.138 0.254 0.186a 0.0227 -0.0050 0.0322 

R3 0.136 0.247 0.182a 0.0219 -0.0053 0.0321 

R4 0.126 0.263 0.189a 0.0253 -0.0057 0.0313 

SD = standard deviation, ME =mean error, RMSE=root mean squared error. The lowercase after the 

number indicate the significances. Numbers with the same lowercase are not significant (Paired samples 

T test, P < 0.05). 

Discussion 

From Table 1, a significant difference in sample means could only be found between 
measured and R1-predict AWC by using the paired samples T test. This suggests that R1 
provides worse estimates than the other three ROSETTA models. SDs are generally 
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smaller for the ROSETTA predictions than for the observations, which implies a kind of 
smoothing effect concerning the reference data caused by using the ROSETTA model. 
Romano and Santini (1997) also observed smoothing effect when using PTFs to predict 
soil water retention points.  

The MEs for the four ROSETTA models are less than 0, which indicates that they 
generally overestimate the AWC values. The RMSE of R1 is substantially larger than 
those of the other three models, implying that textural class as inputs for ROSETTA is not 
enough to estimate AWC with acceptable accuracy. The accuracy of ROSETTA is 
significantly improved by introducing more complexity levels of soil information. It is 
found that R2 and R3 produce similar RMSE values, both of which give only slightly 
greater RMSE values than R4. This implies that soil texture is the main soil property 
influencing AWC, making negligible the effects of the soil BD and OM content. 
Pachepsky and Rawls (2004) also proposed that soil texture has the greatest effect on 
AWC among soil properties. Therefore, measuring soil texture for ROSETTA (R2) is the 
most affordable and reasonable approach to estimate AWC in the study area.  

From Figure 2, the predicted AWC by R2 is similar to the measured AWC, with a 
determination coefficient of 0.40. The observed deviations can partly be attributed to the 
extrapolative use of the ROSETTA model. Although the ROSETTA model R2 
overestimates the AWC values, the RMSE value is only 0.032 cm3 cm-3 for this method. 
Therefore, the prediction accuracy of R2 is considered to be acceptable. Errors in soil 
water retention points determined with pressure plates might also contribute to the 
differences between observed and predicted AWC (Bittelli and Flury, 2009). However, 
addressing this aspect is beyond the scope of this study.  

 

Figure 2. Measured versus ROSETTA-predicted values of available water capacity from 

soil sand, silt and clay contents.** means significant at 1% probability level. N = 58. 

Conclusions 

This study used 58 soil samples to evaluate the effectiveness of using the ROSETTA 
PTF to estimate AWC from four hierarchical levels of soil information. Statistical 
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comparisons show the greatest difference between measured and predicted AWC with 
textural class (R1). Good agreement between observed and predicted AWC was found 
using the more extended set of soil information. Since only two soil texture classes were 
considered in this study, assessments on other soil texture types are needed in future 
work. Especially, we consider that the ROSETTA PTF could also be valid for relatively 
coarse textured soils in other regions. However, the performance of this method is still 
needed to be tested for those fine textured soils. 
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Abstract. In this present study, the ecological characteristics of Phalolepis (Cass.) DC. a section of the 
Centaurea L. genus growing in Turkish was investigated. Important to note is that all species of the 
section are restricted endemics. Physico-chemical soil analyses as well as chemical analyses of different 
parts of the species were conducted. Soil and bedrock samples were investigated resuling in petrographic 
diagnoses. Discriminant analyses were used to determine the amount of the plant nutritional elements of 
the different plant parts such as root, stem, and leaf, depending on physical and chemical features of 0-10 
cm soil specimens. The amount of the nutrient elements in the roots, stem and leaves, the classification 
success percentages were 92.3, 92.3 and 88.5, respectively. The discrimination analysis success 
percentage of the chemical and physical soil contents resulted in 96.2%.  
Keywords: ecology, Centaurea, soil, plant, analysis 

Introduction 

Ecological areas are the result of geological, paleogeographic and historical factors 
where protected areas are determined based on endemic species (Olson and Dinerstein, 
1998; Mittermaier et al., 1998; WWF and IUCN 1994-2001). Islands, mountains or isolated 
edaphic systems such as ultrabasic rocks, gypsum or limestone areas are generally classified 
as endemic plant areas (Favarger, 1972; Gomez-Campo et al., 1984). Widespread species 
become rare depending on the effects of humans on nature. Naturally rare and aquianted 
rare species are not distinguished easily (Rabinowitz et al, 1986; Gaston, 1994; Norton and 
De Lange, 1998). Restricted areas such as rocky slopes and cliffs are one of the major 
reasons for naturally rare plant species (Gaston, 1994). This kind of natural isolations and 
extreme habitats may lead to formations of local endemic and naturally rare plant species 
(Wyatt, 1997; Larson et al., 2000; Hopper, 2000). Geographical locations, ecological 
characteristics, paleogeography and historical features make Turkey rich for its flora. 
Although Turkey is about one fifth of Europe it has relatively more endemic plant species 
when compared. Approximately 30% of Turkish Flora is endemic, while all Europe consists 
about 2750 endemic plants (Ekim et al., 2000).  

Globally around 700 Centaurea L. species are present in Asia, North Africa and 
America (Brummitt, 2004). The genus Centaurea is represented in Turkey by 34 
sections, 226 species and the overall endemism rate is 66 % (Kültür, 2016). All of the 
Phalolepis section species are restricted endemic species, one of them is classified as 
NT (Near Threatened), 4 species are EN (ENdangered), and 4 species are CR (Critical 
Endangered) (IUCN, 2001).  

mailto:ybkose@anadolu.edu.tr
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The main purpose of the study was to determine ecological features of the section 
Phalolepis.  

Materials and Methods 

Studied species were collected from their natural habitats between 2003-2005 (see 
Table 1, Fig. 1). Petrographic diagnoses were made both for soil and bedrock samples 
of plant species. Geological features of all section members were investigated by 
comparing Turkey geological map (1/500 000 scales), which was previously prepared 
by the Mineral Research and Exploration Institute (Duberted, 1973). 

Plant samples of the root, stem and leaves were evaluated in detail, respectively. 
Chemical analyses were made by Semi-Micro Kjeldhal method for N (Jackson, 1962), 
Olsen method for P (Chapman and Pratt, 1961); Ca, Mg, K, ammonium-acetate; Na, 
sodium-acetate (Jackson, 1962); Fe, Cu, Zn and Mn wet digestion method (Walkley and 
Black, 1934). Also, 0-10 cm depth soil samples of the plants were collected from the 
areas, which were dried and color of the samples were compared with Standart Soil 
Color Charts (1970). Physical analyses of soils were made by Bouyoucus hydrometer 
method (1962), and soil types were determined using soil types utilizing triangle (Çepel, 
1983). Chemical analyses of soils were made with Beckman and pH meter about 0,01 
sensitivity (Jackson, 1962). Soil reaction was observed the in 1/2.5 ratio of suspension, 
the values of soil pH were compared with Kantarcı (2000). The amount of salt in the 
soil was determined by Conductance Bridge device (Jackson, 1962), and the results 
were compared with Eruz (1979). Amounts of CaCO3 of soils were determined with 
Scheibler (Çepel, 1983), and the results were compared with Tüzüner (1990). Total N 
amounts of soils were determined by micro Kjeldahl Method (Jackson, 1962), and 
compared with Schröder (1972). Organic soil contents and Fe, Cu, Zn and Mn analyses 
were determined by the combustion method of Walkley and Black (1934). P amount 
was determined by Olsen method (Chapman and Pratt, 1961). Soil extracts were 
prepared for ammonium-acetate method (Jackson, 1962), and the results were evaluated 
comparing with Schröder (1972). Discrimination method was used for plant nutrient 
elements and soil types. Statistical analyses were performed using SPSS 10.0 software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Study fields 
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Table 1. The localities of Phalolepis section  

 

 

 Species  Sample 
area 

Locality 

 

C. cadmea 

1 Denizli: Honaz, National Park way, cliff, 804 m, 24 vi 2004, K 37o 44’ 58.2”, D 29o 16’ 07.3” 
1 2 Zonguldak: Devrek-Eğerci way, Yeşilöz village, cliff, 330 m, 19 vi 2004, K 41o 05’ 42.4”, D 31o 50’ 06.2” 
 3 Bartın: Ulus, Ulukaya waterfall, cliff, 275 m., 6 ix 2005, K 41o 40’ 07.4’’, D 32o 45’ 59.8’’ 
 

C. aphrodisea 

1 Aydın/Denizli: Geyre-Tavas way, rood side, rocky slopes, 1022 m, 25 vi 2004, K 370 39’ 53.0” D 280 51’ 52.7”  
2 2 İzmir: Ödemiş, Bozdağ,  Ski center road, cliff, 1200 m, 25 vii 2004, K 380 21’ 07.8” D 280 05’ 19.6” 
 3 Denizli: Başkarcı village, İsrail waterfall, Picnic area, rocky slopes, 933 m, K 370 55’ 42.6’’ D 290 08’ 07.4’’ 
3 C. amaena 1 Kayseri: Exit of Yılanlı mountain, rood side, cliff, 1194 m, 14 vii 2004, N 380 42’ 55.4” E 350 25’ 18.2” 
 

C. lycia 

1 Antalya: Antalya-Korkuteli way, 20. km, rood side, cliff, 538 m, 2 vi 2003, K 370 01’ 35.7” D 300 27’ 39.6” 
4 2 Antalya: Saklıkent way, 9 km before the plants, rocky slopes, 1142 m, 5 vii 2003 
 3 Antalya: Kozdağı, Tahtalı resting place road, rocky slopes, 1130 m, 5 vii 2003, K 360 53’ 51.5” D 300 22’ 21.5”  
 4 Burdur: Kızılkaya-Korkuteli way, Steep cliff, 844 m, 2 vii 2005, K 360 18’ 32.6’’ D 300 21’ 26.9’’ 
 

C. luschaniana 

1 Antalya: Between Elmalı-Korkuteli, Karaman beli, cliff, 1300 m, 5 vii 2003, K 360 56’ 52.5” D 300 09’ 43.8” 
 2 Antalya: Elmalı-Korkuteli way, rood side, limestone rocks, 1156 m, 4 vii 2003, K 360 45’ 09.6” D 290 54’ 22.6”  
5 3 Antalya: Between Korkuteli-Elmalı, 30. km, 1308 m, 4 vii 2003, K 360 56’ 37.7” D 300 07’ 04.4” 
 4 Antalya:  Between Korkuteli-Elmalı, 14. km, cliff, 1265 m, 3 vii 2005, K 360 58’ 17.3’’ D 300 09’ 05.7’’ 
 

C. wagenitzii 

1 Antalya: Adrasan, Sazak way, under red pine, 18 m, 23 v 2004, K 360 18’ 52.4” D 300 28’ 00.0”  
6 2 Antalya: Adrasan, southwest of cost, walkways, macchia, 3 m, 9 vi 2004, K 36 0 17’ 53.8” D 300 28’ 25.6” 
 3 Antalya: Adrasan, southwest slopes, macchia, 13 m, 3 vii 2005, K 360 17’ 54.1’’ D 300 28’ 26.5’’    
 

C. tossiensis 

1 Kastamonu: Between Tosya-Kastamonu, roodside, open forest area, 1048 m, 5 ix 2005, K 410 11’ 25.0’’ D 340 01’ 40.7’’   
7 2 Kastamonu: Daday, between Hasanağa-Çayözü, stony slope, 1035 m, 5 ix 2005, K 410 35’ 05.7’’ D 330 30’ 00.7’’ 
 3 Kastamonu: between Kastamonu-Araç, Ahlatçık village road, forest clearance, 1154 m, 6 ix 2005 
 

C. hieropolitana 

1 Afyon:  Between Dazkırı-Çardak, Sarıkavak village, pond side, 974 m, 2 vii 2003, N 37 0 53’ 29.4” E 290 48’ 32.4” 
8 2 Denizli: Pamukkale, The front of travertine, 318 m, 24 vi 2004, N 370 55’ 20.4” E 290 07’ 00.7” 
 3 Afyon: Exit of Dazkırı, steppe-Peganum harmala union, 870 m, 24 vi 2004, N 370 53’ 56.7” E 290 51’ 08.9” 
 

C. antalyense 
1 Antalya: Akseki, Güzelsu way, Serebel well side, under P. brutia, 1090 m, 6 vii 2003 

9 2 Antalya: Sadıklar-Güzelsu way, under Cedrus, 1077 m, 3 vii 2055, K 360 54’ 46.1’’ D 310 48’ 48.3’’ 
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Results and Discussion 

Bedrock and Geology 

Sample area of C. cadmea in Denizli-Honaz, bedrock is metamorphic schist while 
the geological structure is paleozoic; in Zonguldak-Devrek-Eğerci, main rock is 
andesite, the geological structure is Eocene, Paleocene, and Cretaceous; in Bartın-Ulus, 
bedrock is limestone and the geological structure is Cretaceous. Sample area of C. 

aphrodisea in Ödemiş-Bozdağ, bedrock is mica schist while the geological structure is 
paleozoic; in Aydin-Geyre, bedrock is mica schist, the geological structure is Neogene; 
in Denizli-Başkarcı, bedrock is crystallized limestone and the geological structure is 
paleozoic. Sample area of C. amaena in Kayseri-Yılanlı Mountain, bedrock is 
agglomerate and the geological structure is paleozoic. Sample areas of C. lycia in 
Antalya-Korkuteli road, Antalya-Kozdağı, Burdur-Kızılkaya and Antalya-Saklıkent 
main rocks are limestones and the geological structures are Mesozoic-tertiary in 
Antalya-Korkuteli road, Antalya-Kozdağı, and Antalya-Saklıkent. The geological 
structure of Burdur-Kızılkaya is Holocene. All sample areas of C. luschaniana main 
rocks are limestones, in Karaman beli, between Elmali-Korkuteli 30 km and 14 km 
geological structures are Holocene, and in the other locality geological structure is 
Miocene. In three localities of C. wagenitzii bedrocks are alluvial, and the geological 
structures are Quaternary. Sample area of C. tossiensis on rood side, bedrock is 
serpentine, the geological structure is Eocene; in Tosya bedrock is ultrabasic rocks, the 
geological structure is Neogene; in Daday bedrock is ultrabasic rocks and the geological 
structure is Cretaceous. Sample area of C. hieropolitana in Sarıkavak village between 
Dazkırı-Çardak main rock is marl, the geological structure is Oligocene; in the exit of 
Dazkırı bedrock is limestone, the geological structure is Quaternary; in Denizli-
Pamukkale bedrock is travertine and the geological structure is paleozoic. Sample areas 
of C. antalyense in Güzelsu-Serebel well side and Sadıklar-Güzelsu way both two 
localities have limestone bedrocks and upper Cretaceous as the geological structures. 

 
Plant Analysis 

The amounts of nutrient elements of plants roots are seen in Table 2. The highest 
amount of N have been found 3.1351% and is seen on the second sample area of C. 

cadmea. The lowest one is 0.3327% and is seen on the fourth sample area of C. 

luschaniana. The highest Mg rate (10250 ppm) is seen on the first sample area of C. 

aphrodisea and the highest Zn amount (419.5 ppm) is seen on the first sample area of C. 

luschaniana.  
The amounts of nutrient elements of the plants stems has given in Table 3. The 

analyses show the stems have lower N amounts than the roots. A third sample area of C. 

wagenitzii, second sample area of C. tossiensis and third sample area of C. 

hieropolitana stems have higher N rates than the roots. A third sample area of C. 

wagenitzii has the highest Na (1300 ppm), third sample area of C. cadmea has the 
highest Fe (2500 ppm), first sample area of C. lycia has the highest Cu (125.5 ppm) 
rates.  
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Table 2. The nutrient elements of species roots 

Species Locality N  
% 

Na 
ppm 

Mg 
ppm 

Ca 
ppm 

Fe 
ppm 

K 
ppm 

Mn 
ppm 

Zn 
ppm 

Cu 
ppm 

P 
ppm 

C. cadmea 
1 1,0603 400 1715 31795 2130 15000 167,5 39 30 1550 
2 3,1351 450 1555 14525 1430 11000 398,5 71 29,5 550 
3 1,0564 700 1595 29760 2310 15250 140,5 31,5 31,5 1650 

C. aphrodisea 
1 1,3938 225 10250 9500 2970 6250 152 38 15,5 525 
2 1,8704 575 1335 8680 1080 13500 96,5 10,5 11 450 
3 0,7167 450 1635 25620 1920 7000 209 57 18 700 

C. amaena 1 1,4651 350 1185 21450 445 8000 77 71 30 950 

C. lycia 

1 2,0476 1500 1250 17590 445 15000 43,5 90 33,5 1550 
2 1,1029 575 1175 4740 680 7250 82 72,5 20 1050 
3 1,4509 625 1010 7915 215 10500 14 72 9 900 
4 1,2018 625 2130 22805 3995 11000 154,5 37 20,5 1300 

C. luschaniana 

1 1,1653 775 1780 13495 2025 10500 113,5 419,5 37 1250 
2 0,8293 600 940 8675 980 8750 90 84 44 700 
3 0,969 350 995 14485 1335 6250 91 80,5 56,5 950 
4 0,3327 575 1135 15300 520 8750 42,5 18,5 13,5 450 

C. wagenitzii 
1 2,0484 875 6695 16535 1520 7000 74 174 22 2100 
2 0,3576 550 1455 3750 900 5000 22 31 14,5 200 
3 0,6382 775 1155 2865 330 6250 8,5 20,5 10 525 

C. tossiensis 
1 0,9056 350 1310 9250 350 13000 38 26,5 15 2350 
2 0,4396 275 1450 8455 235 12500 20 16,5 9 1000 
3 0,5862 350 1305 10640 585 11750 79,5 37,5 16,5 1100 

C. hieropolitana 
1 0,9151 1050 1470 9380 500 10000 21,5 69,5 11 250 
2 1,2687 400 6550 35005 500 14500 31 68,5 13 750 
3 1,592 1175 1795 16575 1035 9500 39 53,5 6,5 525 

C. antalyense 
1 1,0647 675 1435 12850 1870 19500 85,5 176 33,5 1850 
2 0,8107 500 1080 10400 1290 10000 56 29 26,5 1350 

 

 

Table 3. The nutrient elements of species stems 

Species Locality N  
% 

Na 
ppm 

Mg 
ppm 

Ca 
ppm 

Fe 
ppm 

K 
ppm 

Mn 
ppm 

Zn 
ppm 

Cu 
ppm 

P 
ppm 

C. cadmea 
1 1,0048 275 1215 13150 445 10500 24 17,5 9,5 1600 
2 1,1763 300 1040 8230 270 14500 106,5 19 9 750 
3 0,5922 450 1340 18875 2510 7250 74,5 27,5 12 1600 

C. aphrodisea 
1 0,9026 500 1435 11590 210 9250 15 18,5 5,5 1000 
2 0,9808 300 1100 9420 755 12000 36,5 10 6,5 250 
3 0,5566 500 930 6560 160 9500 20,5 24,5 10 700 

C. amaena 1 1,1115 200 1005 11915 145 14500 23 24,5 9 1250 

C. lycia 

1 1,6296 625 1320 15790 365 10500 25 101 125,5 1200 
2 1,4202 200 1155 4790 375 6500 18,5 83,5 11,5 300 
3 1,5348 275 1350 14070 280 14000 9,5 63,5 12,5 750 
4 0,7383 550 1980 22700 515 8500 22 16,5 7 950 

C. luschaniana 

1 0,984 325 1265 11850 505 8750 28,5 181,5 42,5 1100 
2 0,6869 475 1145 11835 385 7000 29 75,5 30,5 700 
3 0,7157 250 755 7525 280 5500 15,5 93 23 650 
4 0,325 175 2330 16875 210 5250 13,5 20 5,5 600 

C. wagenitzii 
1 1,6964 350 1340 12790 575 8000 30,5 177 17 1050 
2 0,5554 800 2360 5715 135 6250 15,5 19,5 10,5 450 
3 0,4 1300 1800 4890 185 7000 13 12,5 9,5 525 

C. tossiensis 
1 0,9855 450 1515 14515 275 12000 20,5 24,5 9 2950 
2 0,646 250 1380 14590 75 10500 7 12,5 8 1350 
3 0,8832 125 1435 10315 310 11250 37 33,5 12,5 1350 

C. hieropolitana 
1 0,7041 700 2230 11620 145 11250 9,5 50 10 700 
2 1,1337 300 6150 32445 200 7000 29 39,5 10,5 550 
3 1,6449 250 2180 24905 240 4750 17 31 7 950 

C. antalyense 
1 0,746 325 1090 8010 95 18250 4,5 109,5 15 850 
2 0,5797 400 620 5275 75 17250 3 18,5 8,5 1650 

 
 
Table 4 shows the amount of nutrient elements in the leaves of the species. Almost 

all the elements are the greater amount of the leaves than the roots and stems. In second 
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and third sample areas of C. wagenitzii have the highest Na (1650-2000 ppm), and third 
sample area has the highest Mg (14 305 ppm) rates. 

 
Table 4. The nutrient elements of species leaves 

Species Locality N  
% 

Na 
ppm 

Mg 
ppm 

Ca 
ppm 

Fe 
ppm 

K 
ppm 

Mn 
ppm 

Zn 
ppm 

Cu 
ppm 

P 
ppm 

C. cadmea 
1 2,0169 300 3910 31270 1290 23000 65 37,5 21,5 2100 
2 2,3444 225 1840 17170 1110 16500 237 39,5 19 1700 
3 1,1191 350 1800 17505 2940 20750 94,5 46 26 4450 

C. aphrodisea 
1 1,3833 175 2655 25140 650 12500 37 26 7,5 700 
2 2,2592 325 3395 25045 3880 15250 107,5 33 14,5 750 
3 1,1414 450 1600 16635 545 11000 43,5 45 22 950 

C. amaena 1 1,9419 225 1915 28095 480 15750 51 55 11,5 1470 

C. lycia 

1 2,2657 450 2310 36200 2700 8750 113,5 107 114,5 1300 
2 1,4619 500 2610 11205 3165 6500 118 93,5 44 500 
3 2,8814 450 2515 37405 3725 13750 104 70 49 1300 
4 1,5095 575 3860 34610 1230 10000 56 26,5 10,5 1050 

C. luschaniana 

1 1,4243 275 1330 17055 915 8750 55 58,5 22,5 950 
2 1,1122 375 1365 16480 855 10000 61,5 40 20 1050 
3 1,3064 250 1725 22455 2250 11000 91,5 74,5 51,5 1100 
4 0,4922 325 5800 35340 1490 5750 52 28,5 10 600 

C. wagenitzii 
1 2,4083 625 7300 23070 1280 7750 96 68 71 600 
2 0,9655 1650 6655 7135 445 9250 25,5 25 20 350 
3 0,6426 2000 14305 9890 1260 8000 45,5 23,5 19,5 400 

C. tossiensis 
1 2,6647 175 1855 22550 1805 15250 86,5 41 15 3000 
2 0,9985 225 1265 16210 160 13500 14,5 19,5 9,5 1250 
3 1,8141 225 6300 21430 2615 17000 172,5 53 29,5 1750 

C. hieropolitana 
1 1,5874 450 2480 23890 465 15000 26 34,5 10 750 
2 1,8227 275 7450 38015 265 9500 50,5 38,5 14 1000 
3 2,6221 325 3895 27080 295 8750 25 34 12,5 1900 

C. antalyense 
1 1,7396 350 2115 29230 490 24750 35 89 38,5 1900 
2 1,0479 700 1955 30165 4845 22000 147 40 17 1450 

 
 

Physical Analysis of Soils 

C. cadmea prefers sandy-slime type soil, two sample areas of C. aphrodisea is 
sandy-slime type soils and another sample area is slimy sand (Table 5). C. amaena is 
found in sandy-slime soil; slimy-clay, slimy sand, sandy-slime, slime types soils have 
been observed in localities of C. lycia, has large soil type tolerance.   

 
Table 5. The physical properties of the soils in the localities of species 

Species r Locality 

Structure of Soil 
Soil  

Type 

Color of Soil 

Sand  

% 

Clay  

% 

Dust  

% 
Dry  Wet  

C. cadmea 

1 79,33 10,62 10,05 Sandy- slime 2,5 Y – 6/2 2,5 Y – 3/2 

2 84,9 6,23 8,82 Sandy- slime 2,5 Y – 4/2 5 YR – 1,7/1 

3 72,4 13,44 14,16 Sandy- slime 10 YR – 6/4 10 YR – 4/4 

C. aphrodisea 

1 76,39 14,61 9 Sandy- slime 10 YR – 5/4 5 YR – 2/2 

2 89 4,2 6,8 Slimy-sand 10 YR – 6/4 5 YR – 2/2 

3 74 13,3 12,7 Sandy- slime 5 YR – 4/3 10 R – 2/3 

C. amena 1 70,9 12,8 16,3 Sandy- slime 7,5 YR-5/3 5 YR-2/4 

C. lycia 

1 41,17 41,08 17,75 Slimy-clay 5 YR – 5/4 5 YR – 3/6 

2 86,31 7,5 6,18 Slimy-sand 2,5 Y – 5/3 10 YR – 3/2 

3 76,04 9,55 14,41 Sandy- slime 5 YR - 4/2 5 YR – 2/2 
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4 48,91 13,21 37,87 Slime 7,5 YR - 4/3 7,5 YR – 3/3 

C. 

luschaniana 

1 56,02 38,95 5,03 Sandy-clay 7,5 YR – 5/4 2,5 YR – 2/4 

2 31,23 38,51 30,25 Slimy-clay 5 YR – 5/6 2,5 YR – 3/4 

3 41,47 32,35 26,17 Slimy-clay 5 YR – 4/4 2,5 YR – 2/4 

4 43,75 33,57 22,68 Slimy-clay 7,5 YR – 6/6 7,5 YR – 5/8 

C. wagenitzii 

1 42,57 47,12 10,31 Slimy-clay 5 YR – 3/6 7,5 R – 3/6 

2 71,2 18,86 9,93 Sandy- slime 5 YR – 4/8 10 R – 3/4 

3 59,71 25,45 14,84 Sandy-clay 5 YR – 4/6 5 YR – 3/6 

C. tossiensis 

1 87,91 4,03 8,06 Slimy-sand 10 YR – 5/2 10 YR – 3/1 

2 48,58 39,08 12,34 Slimy-clay 10 YR – 5/3 10 YR – 3/4 

3 72,46 15,17 12,37 
Sandy-clay 

Slime 
10 YR – 5/3 10 YR – 4/4 

C. 

hieropolitana 

1 64,24 19,54 16,22 
Sandy-clay 

Slime 
10 YR – 6/3 5 YR – 4/3 

2 40,52 8,89 50,6 Dusty-slime 2,5 Y – 8/2 10 YR – 7/2 

3 69,54 15,53 14,93 
Sandy-clay 

Slime  
2,5 Y – 7/3 7,5 YR – 4/3 

C. antalyense 
1 41,46 34,48 24,06 Slimy-clay 10 YR – 3/3 10 YR – 2/2 

2 38,82 38,19 22,98 Slimy-clay 7,5 YR – 4/3 7,5 YR – 3/4 

 
 
Soil types of distribution areas of C. luscahaniana are 75% of slimy-clay and 25% 

sandy clay. C. wagenitzii prefers slimy-clay, sandy-slime, and sandy clay type soils. C. 

tossiensis distributes in slimy-sand, slimy-clay, and sandy clay-loam type soils. Two 
sample areas of C. hieropolitana are sandy clay-loam type soils and in the other 
locality, soil type is dusty slime. Soil type of both two localities of C. anatlyense is 
slimy-clay. 

Soil type rates of Phalolepis section are 30.7% of sandy-slime, 30.7% of slimy-clay, 
11.6%, of slimy-sand, 11.6% of sandy clay-loam, 7.8% of sandy-clay, 3.8% of slime 
and 3.8% of dusty-slime. 

 
Chemical analysis of soils 

Table 6 shows the chemical properties of the soils in the distribution areas of the 
species. C. cadmea spreads in slightly acidic and alkaline soil has large tolerance on the 
amount of CaCO3. Besides, first sample area of C. cadmea has the high rate of P2O5. C. 

aphrodisia prefers neutral and lightly alkaline soil like C. cadmea has tolerance to the 
CaCO3. Soil type of distribution area of C. amaena is neutral and without lime. C. lycia 
and C. luschaniana grow in limestone main rocks, they prefer high lime and alkaline 
soils. An also fourth sample area of C. lycia has the high rate of K. C. wagenitzii grows 
in lightly alkaline soils and localities of the species have the high rate of Mg. C. 

tossiensis has a high tolerance for the soil type, prefers without lime or low lime soils. 
C. hieropolitana grows on marl, lime, travertine bedrock so prefers alkaline and lime 

soils. C. antalyense prefers neutral, low amounts of lime soils, in the present study first 
sample area has the high rate of organic compounds. 
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Table 6. The chemical properties of soils in the area of distribution of species 

Species  Locality 
pH 

1/2,5 
Salt  

ms/cm 
Lime  

% 
Organic 

% 
N 
% 

Na 
ppm 

Mg 
ppm 

Ca 
ppm 

Fe 
ppm 

K 
ppm 

Mn 
ppm 

Zn 
ppm 

Cu 
ppm 

P2o5 

ppm 

 

C. cadmea 

 

1 8,32 0,47 0,45 1,15 0,0186 15 47 3285 1,2 70 6,2 1,01 0,71 82,82 

2 6,52 0,32 0 2,49 0,0497 30 73 946 1,1 51 10,3 1,01 0,2 16,16 

3 8,64 0,3 55,9 0 0,0489 30 70 7049 0,4 71 6,8 1,11 0,3 5,05 

C. aphrodisea 

1 7,95 0,37 0 0,98 0,028 21 1751 1569 1,4 93 4,8 0,82 0,21 5,15 

2 7,45 0,28 0,15 0,4 0,0113 25 191 1546 1,1 56 5,9 1,31 0,4 16,16 

3 8,59 0,24 44,5 0 0,047 21 2470 6586 1,3 101 0,7 0,74 0,42 37,1 

C. amena 1 7,36 0,47 0 2,87 0,0578 31 190 3005 1,1 296 7,2 4,18 0,82 74,46 

C. lycia 

1 8,26 0,41 44,5 2,02 0,2045 51 204 7781 0,6 416 9,4 1,13 0,93 18,54 

2 8,09 0,34 0,9 0 0,0644 52 331 5673 0,4 98 6 1,13 0,62 21,63 

3 7,98 0,44 39,2 1,33 0,3746 21 334 7631 1,2 165 3,2 0,93 0,62 18,54 

4 8,21 0,72 25 11,33 0,5546 74 366 7917 1,7 1525 15,2 0,84 8,51 18,9 

C. luschaniana 

1 8,23 0,29 6,96 12,07 0,4188 37 581 8175 0,6 783 1,3 1,07 0,75 24,61 

2 8,39 0,26 13,04 2,59 0,2657 37 296 8055 0,9 411 3,3 0,74 0,74 22,05 

3 8,22 0,3 10,1 3,66 0,3265 53 262 8140 0,8 318 2,3 0,95 0,74 19,08 

4 8,64 0,4 54,4 0,93 0,036 31 427 7381 0,5 258 0,7 0,72 10,61 27,81 

C. wagenitzii 

1 8,1 0,11 0 1,08 0,0201 251 3019 1745 0,5 238 10,2 1,16 0,65 6,45 

2 7,94 0,36 0 0,58 0,0098 85 2360 746 0,3 97 6,6 0,91 0,34 5,7 

3 8,22 0,81 0 0,28 0,0371 334 2639 1310 0,7 138 15,8 0,74 0,21 11,66 

C. tossiensis 

1 8,43 0,43 5,84 1,8 0,0693 25 137 6420 1 55 22,1 1,14 0,61 5,05 

2 6,25 0,2 0 0,27 0,1156 36 244 1265 0,8 98 10,7 1,01 0,62 23,69 

3 8,41 0,36 2,71 0,99 0,0789 26 112 7434 0,8 82 3,5 1,55 0,52 5,15 

C. hieropolitana 

1 8,22 0,39 28,4 1,27 0,177 25 215 6923 0,8 304 0,9 1,01 0,61 23,23 

2 8,68 0,49 71,9 1,59 0,0419 21 214 7150 1,4 57 1,4 0,94 0,73 21,84 

3 8,35 0,53 29,8 1,67 0,0223 32 147 7239 0,6 171 3,7 1,5 0,64 32,1 

C. antalyense 
1 7,45 0,13 2,19 12,95 0,7206 69 248 8000 1,8 297 16 1,38 1,17 9,54 

2 7,65 0,58 0,5 1,92 0,1943 47 207 6259 1,2 287 5,6 1,35 0,62 16,64 
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Statistical Analysis 

In the analyses of the amount of the nutrient elements of the roots, the classification 
success have been found 92.3%. One sample area of C. aphrodisea passed to C. lycia, 
one sample area of C. luschaniana passed to C. wagenitzii, other plant species stayed in 
their own groups (Fig. 2). First, two discrimination functions include 71,8 % of all 
variance. In separation analyses of amounts of the nutrient elements of the roots, in the 
first function Mn, P, Ca and N are the most important variants, and in the second 
function Ca, Mn, Zn, and P (Table 7). 

 

 
Figure 2. The graphical representation of the discriminant analysis of amount of nutrient 

element analyses of roots 

 
 
The classification analysis success of amounts of nutrient elements of the stems is 

92.3%. One sample area of C. cadmea passed to C. tossiensis, one sample area of C. 

hieropolitana passed to C. lycia, other plant species stayed in their own groups (Fig. 3). 
First, two functions of Table 8 explain the 77,1% of the variations. In separation 
analyses of amounts of the nutrient elements of the stems, in the first function Na, N, P, 
and Cu are the most important variants, and in the second function N, Zn, Fe, and K. 

 
 

Table 7. The results of discrimination of amount of nutrient elements of the roots 

Function 
Core 
value 

Variance 
(%) 

Total 
(%) 

Kanon. 
Korelas 

Wilks' 
Lambda 

Khi-Kare SD 
Severity 
level 

1 8,408 51,7 51,7 ,945 ,001 102,391 80 ,047 

2 3,279 20,1 71,8 ,875 ,013 67,646 63 ,322 

3 2,471 15,2 87,0 ,844 ,054 45,113 48 ,592 

4 ,754 4,6 91,6 ,656 ,189 25,823 35 ,871 

5 ,611 3,8 95,4 ,616 ,332 17,113 24 ,844 

6 ,550 3,4 98,7 ,596 ,534 9,720 15 ,837 

7 ,190 1,2 99,9 ,400 ,828 2,925 8 ,939 

8 ,015 ,1 100,0 ,120 ,986 ,225 3 ,973 
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Standardized Separation Function Coefficients 

Function 

 1 2 3 4 5 6 7 8 

N % -1,103 ,339 ,113 -1,010 ,605 -,523 -1,063 ,009 

Na ppm -,418 ,329 -,329 ,547 ,417 ,280 ,961 ,063 

Mg ppm ,003 ,197 -,470 ,886 -,510 ,314 ,383 ,740 

Ca ppm -1,201 ,626 ,416 -,740 -,288 ,016 ,130 ,125 

Fe ppm -,361 ,147 ,085 ,246 ,883 -,243 -,950 -,166 

K ppm 1,099 ,409 ,039 ,298 ,003 ,849 -,258 -,008 

Mn ppm 1,457 ,599 -,017 ,676 -,470 -,080 1,078 -,116 

Zn ppm  -,660 -,530 ,365 ,009 -,268 ,243 -,054 -,164 

Cu ppm -,106 -,347 ,892 ,179 ,093 ,130 -,018 ,307 

P
 ppm 1,431 -,504 -,595 -,324 ,212 -,507 ,497 ,346 

 
 

 

Figure 3. The graphical representation of the discriminant analysis of amount of nutrient 

element analyses of stems 

 

 
Table 8. The discriminate analysis results of amount of nutrient element analyses of 

stems 

Function 
Core 
value 

Variance 
(%) 

Total 
(%) 

Kanon. 
Korelas 

Wilks' 
Lambda 

Khi-Kare SD 
Severity 
level 

1 14,596 60,8 60,8 ,967 ,000 118,585 80 ,003 

2 3,927 16,3 77,1 ,893 ,007 76,006 63 ,126 

3 2,652 11,0 88,2 ,852 ,037 51,289 48 ,346 

4 1,198 5,0 93,1 ,738 ,133 31,213 35 ,652 

5 1,096 4,6 97,7 ,723 ,293 19,004 24 ,752 

6 ,359 1,5 99,2 ,514 ,615 7,534 15 ,941 

7 ,173 ,7 99,9 ,384 ,836 2,785 8 ,947 

8 ,020 ,1 100,0 ,140 ,980 ,307 3 ,959 
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Standardized Separation Function Coefficients 

Function 

 1 2 3 4 5 6 7 8 

N % 1,764 1,565 ,217 ,031 -,016 -,553 ,054 -,243 

Na ppm 1,834 ,444 ,144 ,602 ,123 ,082 ,225 -,191 

Mg ppm ,486 ,433 ,040 ,199 ,835 ,151 ,142 ,614 

Ca ppm ,160 -,244 -,294 -,844 -,368 ,518 ,106 -,501 

Fe ppm ,060 ,873 ,059 ,303 -,445 ,127 ,177 ,772 

K ppm -,648 ,789 -,598 ,164 -,118 ,420 ,172 ,006 

Mn ppm -,425 -,337 ,969 ,010 ,051 ,257 ,106 -,410 

Zn ppm ,336 -1,271 -,320 ,345 ,270 ,532 ,591 -,432 

Cu ppm -,649 -,184 -,227 -,480 -,534 -,405 ,272 ,607 

P ppm -1,017 -,137 ,431 ,128 ,865 -,438 ,269 ,070 

 
 
The classification analysis success of amounts of nutrient elements of the leaves have 

been found 88.5%. One sample area of C. aphrodisea passed to C. luschaniana, one 
sample area of C. luschaniana and C. hieropolitana passed to C. aphrodisea, other plant 
species stayed in their own groups (Fig. 4). 

First, two separation functions explain the 85,3% of all variations. In the first 
function Mn, N, K and Cu, in the second function Zn, Cu, Ca and Mg have provided the 
biggest contribution (Table 9). 

The discrimination analysis success of chemical and physical soil (0-10 cm) contents 
of the species is 96.2%. One sample area of C. hieropolitana passed to C. lycia, other 
plant species stayed in their own groups (Fig. 5). 

 

 

Figure 4. The graphical representation of the discriminant analysis of amount of nutrient 

element analyses of leaves 
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Table 9. The discriminate analysis results of amount of nutrient element analyses of 

leaves 

Function 
Core 
value 

Variance 
(%) 

Total(%
) 

Kanon. 
Korelas 

Wilks' 
Lambda 

Khi-Kare SD 
Severity 
level 

1 17,631 47,7 47,7 ,973 ,000 133,598 80 ,000 

2 13,893 37,6 85,3 ,966 ,003 88,264 63 ,020 

3 3,488 9,4 94,8 ,882 ,050 46,400 48 ,539 

4 ,821 2,2 97,0 ,671 ,225 23,127 35 ,938 

5 ,698 1,9 98,9 ,641 ,410 13,838 24 ,950 

6 ,331 ,9 99,8 ,499 ,695 5,634 15 ,985 

7 ,044 ,1 99,9 ,204 ,925 1,200 8 ,997 

8 ,035 ,1 100,0 ,185 ,966 ,540 3 ,910 

 
Standardized Separation Function Coefficients 

Function 

 1 2 3 4 5 6 7 8 

N % -1,026 -,756 -,010 ,684 ,215 ,899 ,275 -,305 

Na ppm -,640 1,342 1,297 ,193 ,415 -,119 -,283 -,486 

Mg ppm -,297 -1,766 -,199 ,212 -,212 -,074 ,398 ,739 

Ca ppm ,315 2,504 ,537 ,364 ,559 -,275 -,705 ,076 

Fe ppm -,620 ,311 -,510 -,412 -,570 ,751 ,264 ,532 

K ppm ,923 -,519 ,459 ,096 -,493 ,134 ,008 ,058 

Mn ppm 1,177 ,240 ,610 -,341 ,715 -,462 -,378 -,594 

Zn ppm ,276 3,350 ,655 ,683 ,262 -,696 1,032 -,033 

Cu ppm -,739 -2,700 -,039 -1,064 -,222 ,513 -,606 ,326 

P ppm ,654 -,332 ,123 -,065 ,831 -,276 ,061 ,211 

 

 

 
Figure 5. The graphical representation of the discriminant analysis of chemical and physical 

properties of the soils (0-10 cm) of the distribution localities of the species 
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First, two separation functions explain the 92,4% of all variations. In the first 
function Ca++, N, the organic compound, and Zn++, in the second function Ca++, pH, 
sand and K amounts are important (Table 10). 

 

Table 10. The discriminate analysis results of chemical and physical properties of the 

soils (0-10 cm) of the distribution localities of the species 

Function 
Core 
value 

Variance 
(%) 

Total(%
) 

Kanon. 
Korelas 

Wilks' 
Lambda 

Khi-Kare SD 
Severity 
level 

1 227,09 82,0 82,0 ,998 ,000 194,444 128 ,000 

2 28,653 10,4 92,4 ,983 ,000 126,572 105 ,075 

3 13,331 4,8 97,2 ,964 ,001 84,202 84 ,473 

4 4,121 1,5 98,7 ,897 ,017 50,922 65 ,899 

5 1,635 ,6 99,3 ,788 ,087 30,505 48 ,977 

6 1,063 ,4 99,7 ,718 ,230 18,394 33 ,981 

7 ,563 ,2 99,9 ,600 ,474 9,344 20 ,979 

8 ,351 ,1 100,0 ,510 ,740 3,762 9 ,926 

 
Standardized Separation Function Coefficients 

Function 
 1 2 3 4 5 6 7 8 

pH 2,652 1,691 ,088 ,043 -,326 ,323 -,488 ,807 

Salt  -,060 -,822 -1,109 -,166 -,021 ,023 ,700 ,007 

Lime  2,823 ,508 1,788 ,688 ,043 ,188 ,539 ,547 

Dust  1,913 ,441 -,954 1,552 -,010 -,495 ,282 -,748 

Sand  2,334 ,942 1,156 1,073 ,466 ,055 ,109 -,288 

Org. comp. -3,724 ,004 -,614 ,141 -1,787 -1,107 ,229 ,204 

N 3,976 ,400 -1,523 ,643 1,132 1,045 ,089 1,082 

Na+ 
-,033 ,826 ,322 ,496 -,100 -,089 ,186 ,252 

Mg++ 
2,409 ,121 -,827 -,314 ,051 ,219 ,074 -,414 

Ca++ 
-5,822 -2,083 -,480 -,491 ,207 -,234 ,189 -1,191 

Fe++ 
-,739 -,744 1,847 -1,637 -,465 ,510 ,187 ,230 

K+ 
2,098 ,932 2,160 ,702 ,831 ,740 -,352 -,441 

Mn++ 
1,003 -,421 -,164 -,313 ,904 -,616 -,040 -,117 

Zn++ 
3,232 -,855 -,260 -,054 -,006 ,128 -,001 -,057 

Cu++ 
-1,042 -,507 -1,096 -,379 ,060 ,256 -,579 ,041 

P2O5 ,481 -,178 ,133 ,830 ,075 -,238 -,240 ,342 

Conclusion 

Because of limited distribution areas, population of these species are under risk of 
being extinct. Having narrow habitat let species in Phalolepis section be damaged by 
any natural or antropogenic activity. Tourism activities (Saklıkent, Termessos), 
agriculture, road construction, grazing and building activities in the region are the most 
dangerous activities for future of these species populations. Conservation strategies 
must be performed immediately for species. 
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Abstract. Fire weather indices (FWIs) are among the most effective techniques to define real time or long 
term forest fire risk using meteorological data. In this research, long term forest fire risk of Turkey was 
modelled using a fire weather index called F index for present (1990 – 2010) and future (2061 – 2080) 
periods. Dry bulb temperature, relative humidity and maximum wind speed were mapped using 945 
meteorological stations in Turkey, with a spatial resolution of 250 m. Long term mean F index values 
(from 1990 to 2010 and from 2061 to 2080) were calculated for 7 months representing fire seasons from 
April to October. Average fire occurrence of each month and monthly mean F index values of the 
forestlands were correlated using Pearson correlation statistic and determination coefficiency (R2) was 
0.82. Additionally, projected annual mean temperature and humidity based on HadGEM2-ES model RCP 
4.5 scenario were used to derive future F index. Mean F index values of the forestlands were shown that 
forest fire risk of Turkey will have an increase of 21.1% in 2070s.  
Keywords: future forest fire risk, Turkey, geostatistical mapping and modelling, fire weather condition.  

Introduction  

Forest fire risk assessment provides useful information for forest fire managers to 
plan and allocate firefighting resources, and has been used widely by forest agencies 
(Schneider et al., 2008). Forest fire risk assessment, based on an integrated index, 
becomes an important tool for forest fires management. The integrated index includes 
the information about fuel, topography and weather condition which constitute potential 
fire environment together (Liu et al., 2009).  

Fire weather is traditionally represented by five main meteorological variables: 
temperature, relative humidity, wind speed and direction, and precipitation. Different 
types of data can be used depending on the particular functional form of the different 
fire danger indices, however usually they are derived from these five main 
meteorological variables (Hasson et al., 2008). There are many fire weather indices; 
however, three of them are outshined in literature: i) Canadian Forest Fire Danger 
Rating System (FFDRS) (Stocks et al., 1989), ii) National Fire Danger Rating System in 
US (NFDRS) (Deeming et al., 1977) and, iii) Forest Fire Danger Index (FFDI) 
(McArthur, 1967). FFDRS has been used since 1971 in Canada, and adopted to some 
other countries such as Portugal (Viegas et al., 1999), South-Eastern Asia (de Groot et 
al., 2005) and New Zealand (Dudfield, 2004). NFDRS has been used by different 
agencies since 1972 and FFDRS has been widely used in South Australia since 1967.    

Forest Fire Weather Indices (FFWIs) are described fire occurrence environment 
based on climate variables. In a forest ecosystem, high temperature and low humidity 
indicate high fire probability. Additionally, wind speed has strong influence on fire 
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probability and spread as a result of drying and directing effects. There are many 
forest fire risk evaluation methods including, remote sensing based methods, FFWIs 
(Gabban et al., 2008; Maffei et al., 2007) and integrated data methods in geographical 
information system (GIS) interface such as multi criteria evolution or artificial neural 
network (Dickson et al., 2006; Satir et al., 2016). Even if integrated methods are more 
accurate, FFWIs have two significant advantages over other approaches; i) Applicants 
are not required any extra computing knowledge and additional dataset so FFWIs 
application is more user friendly than other approaches. ii) FFWIs capable of 
predicting present, past and future fire risk by introducing relevant climate dataset. 
Addionally, a strong correlation was observed between burnt area and weather 
condution in a part of Aegean region of Turkey, which is at high forest fire risk, by 
Ertugrul and Varol, (2016). 

Forest ecosystem activities, forest fires, land degradations, soil erosion and human 
pressure on forest areas will likely be increased according to climate change projections 
(Liu et al., 2013; Cilek et al., 2015; Fan et al., 2016). It was declared in COP 21 UN 
Climate Change Conference organized in Paris on November 2015 that mean 
temperature raise will not exceed 2 ºC in the world until 2100. Summer temperature 
raise of Turkey will be in between 2-3 ºC according to the 5th IPCC report and 
HadGEM-ES projection with RPC 4.5 scenario (Demir et al., 2013). This scenario was 
selected in this study because RPC 4.5 is not too pesimistic or optimistic scenario. The 
purpose of this study was to predict present and future forest fire risk of Turkey based 
on climate variables using fire weather index called F index described by Sharples et al. 
(2009a). The results will support the forest fire prevention plans for future actions. 
Additionally, forest fire fighting strategies can be modified with respect to future 
predictions and integrating with new technologies like real time satellite monitoring 
systems and unmanned air vehicles (UAVs).  

 
Study area 

Turkey covers an area of 783.562 km2 and population is 78.74 million (TSI 2016). 
Approximately 20 – 25% of Turkey is covered by productive forestland. Turkey 
includes three main flora regions called Mediterranean (southern and eastern part), 
Euro-Siberian (northern part) and Iran – Turan (middle and eastern part). 
Approximately 9000 plant species exist in Turkey and 3000 of them are endemic 
(Davis, 1965).  Conifer forestlands are located mainly around Mediterranean and 
Aegean coastal places. However, black sea coastal regions are covered by largely 
deciduous forestlands. Pinus brutia Tenore, Pinus nigra J.F.Arnold, Pinus sylvestris L., 
Cedrus libani A. Rich and C. deodora G. Don, Abies cilicica Carr, A. nordmanniana 

Steven and A. Bornmulleriana Mattf. are the natural dominant conifers and Quercus 

pubescens Willd, Q. cerris L., Q. robur L., Q. Petraea Liebl, Fagus orientalis Lipsky., 

Carpinus orientalis Mill, C. betulus L.., Platanus orientalis L., Acer negundo L., 

Fraxinus ornus L. and Alnus glutinosa L., A. orientalis Decne  are the most common 
deciduous forest trees in Turkey. This richness is the function of topographic and 
seasonal climate variation together with historical human activities and Turkey has been 
geographically a bridge between Asia and Europe (Fig. 1).   
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Figure 1. Location of the study area (Turkey) 

 
 

Forest fires in Turkey 

Forest fires are one of the most significant forest degradation factor in Turkey. 
Particularly, forestlands located in Mediterranean (south part) and Aegean (west part) 
(arid and semi-arid) regions of Turkey are under an intense risk during fire season (from 
April to October) (Ozturk et al., 2010).  Unfortunately, Turkey always keeps its place in 
top 5 or 6 in Mediterranean Basin Countries on forest fire (Table 1) and 11.456 ha forest 
area burnt only in 2013 (JRC, 2014).  

 
Table 1. Top 6 countries on forest fires and forest area lost in 2013 in European Region 

(JRC 2014) 

Country Portugal Spain Greece Italy Algeria Turkey 
No. of fires 19291 10626 862 2936 2443 3755 
Burned area 

(ha) 

152756 58985 46676 20076 13396 11456 

 
 
90390 ha forest area was damaged by fires between 2004 and 2013 in Turkey (TEMA, 

2014). Although the forestlands with highest density are located in north part of Turkey, forest 
fire occurrence is higher in the western and southern parts. Because, climatic factors affect the 
forest fire diversities. Black sea region (north part) of Turkey is the most humid region and 
annual mean precipitation varies in between 1500 and 2200 mm based on elevation (TMSS, 
2015). However, west and south regions are very hot in summer season and annual mean 
precipitation is ranging in between 400 and 800 mm.   

Material and Methods 

Dataset  

Long term climate dataset for present and future, forest mask of Turkey and long 
term seasonal forest fire records of Turkey were used in this study (Table 2). 
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Table 2. Detailed dataset specifications 

Data Deriving method Purpose Source 

Current climate data 
(1990 – 2010) 

Interpolation by 
ANUSPLIN 

Current F index 
calculation 

Government 
meteorological 
stations 

Future Climate Data 
(2061 – 2080) 

WorldClim climate 
database interpolated by 
ANUSPLIN using 
HadGEM2-ES model 
RCP 45 scenario 

Future F index 
calculation 

Hijmans et al. 2005. 
WorldClim database.  

Forest mask of 
Turkey 

Regression tree method Extraction of the forest 
areas 

Berberoglu & 
Hickler 2014.  

 

 
Present climate dataset was extracted from 945 government meteorological stations 

of Turkey for the period 1990 – 2010. Seasonal mean dry bulb temperature, mean 
relative humidity and annual maximum wind speed data were obtained for present time. 
This dataset was interpolated using ANUSPLIN software package with 250 m spatial 
resolution considering climate station locations and elevation (Fig. 2).  

 

Figure 2. Location of climate stations on Digital Elevation Model of Turkey 

 
 
Future climate data was derived from WorldClim Global Climate Data platform 

(WGCD, 2015). This platform provided free global climate data for past-current and 
future time. WorldClim is a set of global climate layers (climate grids) with a spatial 
resolution of 1 km2. The data can be used for mapping and spatial modelling in a GIS or 
with other computer programs. In this extent, Hijmans et al. (2005) were created global 
climate dataset using ANUSPLIN software package in several spatial resolutions. 
Future climate data was projected from global climate models (GCMs) for four 
representative concentration pathways (RCPs) which was introduced in the Fifth 
Assessment IPCC report. The GCM output was downscaled and calibrated (bias 
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corrected) using WorldClim as baseline 'current' climate data (Hijmans et al., 2005). 
HadGEM2-ES model RCP 4.5 scenario was used to derive future climate dataset. 
Future mean temperature was derived and future relative humidity was predicted using 
regression equation derived using temperature, elevation and humidity. Current wind 
speed data was used for the future analysis. Because, wind projections in WorldClim 
database for future were different in terms of resolution, scenario, climate stations etc. 
So this research considered only future temperature and relative air humidity. Future 
wind speed is neglected. Additionally, wind speed modelling for the long term future 
period has still uncertainties, particularly, maximum wind speed (Rockel and Woth, 
2007). Nukulin et al. (2010) showed that projected future wind speed of Turkey using 6 
different global climate models under the SRES A1B scenarios were stabile relative to 
other European countries.  

Current forest mask of Turkey was integrated from Berberoglu and Hickler (2014) 
percent tree cover map of Turkey. This map was produced using MODIS multi-
temporal dataset and Geoeye images with 12% RMSE in 2010. This map was enabled 
applying a threshold value (10% cover) to define current forestlands in Turkey.  

Seasonal long term forest fire records were obtained from Ministry of Forestry and 
Water Affairs of Turkey from 2005 to 2011 period. Monthly forest fire counts and 
monthly calculated mean F index values were compared each other to test the seasonal 
sensitivity of the F index to forest fire occurrence.   

 
Methodology 

There are three main steps in the study; i) Interpolating the current climate data using 
ANUSPLIN, ii) Downscaling future climate data and deriving future humidity by 
regression, iii) F index calculation and change comparison (Fig. 3). 

 

 

Figure 3. Summary of the methodology 

 
 
 



Satir et al.: Modelling long term forest fire risk using FWI  
- 542 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 537-551. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_537551 
 2016, ALÖKI Kft., Budapest, Hungary 

Climate data interpolation 

ANUSPLIN a statistical package developed by Dr. MF Hutchinson from The 
Australian National University, was used to interpolate climate data. This approach uses 
thin plate smoothing splines to create continuous surfaces from point data. The package 
is a popular interpolator which is often used for climate research and for the production 
of commercial climate maps (Jeffrey et al., 2001; Johnson et al., 1999). ANUSPLIN 4.3 
software package was used in this study (Hutchinson, 2004) that implements the thin-
plate smoothing splines procedure described by Hutchinson (1995). It was used in 
global studies successfully (New et al., 1999), performed more accurately in 
comparison to multiple interpolation techniques (Jarvis and Stuart, 2001).  

 
Future climate data  

Future temperature data was derived from WorldClim database, and relative 
humidity data was produced using linear relationship between temperature and relative 
humidity. In this extent, current long term mean temperature, elevation and relative 
humidity data (1990 – 2010) were used as descriptive variables to create regression 
equation to predict humidity data. Present wind speed data was used in calculation 
process of future F index. The reason of this was discussed earlier in data characteristics 
section.   

Spatial resolution of future climate dataset was 1km however, current climate data 
was mapped in 250 m. A simple downscaling technique was applied to make 
compatible both dataset spatially. Current temperature map rescaled to 1x1 km and 
percent difference was obtained for each grid. Calculated difference was applied in GIS 
environment to current 250 m data and future temperature data was produced in same 
spatial resolution.  

 
F index calculation  

F index introduced by Sharples et al. (2009a) is a combination of information on 
wind speed and fuel moisture content, where the latter is derived through consideration 
of temperature and relative humidity. Intuitively, fire danger decreases as fuel moisture 
content increases, whereas increases as wind speed increases. Sharples et al. (2009a) 
compared three widely used fire weather index (FWI) in the literature and produced a 
simple FWI which has advantages over others called F index. Additionally, Sharples et 
al. (2009b) introduced a dimensionless fuel moisture index (FMI), compared with 
several existing models for determining the moisture content of fine, dead fuels. The 
results suggested that FMI provides a measure of fuel moisture content that is 
equivalent to that produced by the complex models. The FMI is given by the simple 
expression: 

 
 FMI = 10 – 0.25(T – H) (Eq.1) 

 
Where T is the dry bulb temperature (ºC) and H is the relative humidity (%). F index 

calculated by the following equation: 
 
 F = max(U) / FMI (Eq.2) 
 
U is the wind speed (km h-1) and FMI fuel moisture index defined in Equation (1). 
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Results 

Study results were presented in three stages: i) Interpolation results of the 
present (1990 – 2010) F index derived from climate data, ii) calculating future F 
index and, iii) evaluating the forest fire risk rate between two periods under the 
climate change.  

 
Mapping present climate data and future humidity 

Procedure developed by Hijmans et al. (2005) was used to map the current 
climate data using ANUSPLIN-SPLINA package. ANUSPLIN-SPLINA uses each 
station as a data point, whereas SPLINB uses a subset of stations. Second-order 
spline was fitted using latitude, longitude, and elevation as descriptive variables as 
it resulted the lowest overall cross-validation errors comparison to other settings 
(e.g. third-order spline, elevation as a covariate). Long term mean temperature,  
relative humidity and wind speed data were interpolated with a spatial resolution 
of 250 m using 945 climate stations together with SRTM DEM data of Turkey. All 
interpolated data characteristics and RMSE were shown in Table 3. 

 
Table 3. Interpolation validity and data characteristics 

Climate data Minimum value Maximum value Mean value RMSE 

Mean temperature (Cº) -1.32 26.4 16.3 1.08 
Mean relative humidity 
(%) 

32.7 79.2 58.7 5.3 

Wind speed (km/h) 1.53 3.34 2.15 0.4 

 
 
Long term (1990 – 2010) mean temperature, humidity and wind speed maps of 

forestlands were extracted using forest mask that was created from present (2010) 
percent tree cover map of Turkey. Firstly these maps were obtained monthly for 
forest fire season (Fig. 4) and monthly mean values were used in analyses (Fig. 5).  

Future temperature data was derived from WorldClim dataset in 1km spatial 
resolution and it was downscaled to 250 m spatial resolution. Future long term 
mean humidity data was estimated using multiple regression of present 
temperature, elevation and humidity. Relationship of these maps and long term 
humidity map were analysed through determination co-efficiency (R2) and 
prediction equation (Table 4). 

 
Table 4. MLR model equation for future humidity calculation 

Dependent 
Variable 

Independent Variables Prediction Model 
Equation 

R R2
adj 

Long term mean 
humidity 

Long term mean 
temperature and DEM 

H=129.1 – 3.19T – 
0.018DEM 

0.883 0.781 

“H” refers to humidity, “T” refers to temperature 
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Figure 4. Interpolated monthly mean climate dataset for F index calculation 
 
 
Mean temperature difference between the two periods was detected as 3.61 ºC. The 

highest temperature rise was estimated at the Eastern Mediterranean part and Eastern 
Black Sea Region of Turkey. On the other hand mean relative humidity decreased in the 
same regions, while a large increase will take place at the western part of Turkey 
according to HadGEM2-ES model RCP 4.5 scenario (Fig. 6). 
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Figure 5. Long term mean temperature (ºC), relative humidity (%) and wind speed (km h-1
) 

maps of the current time period in forest areas  

 
 

 
Figure 6. Long term temperature (ºC) and relative humidity (%) difference (future – current)  

 
 

Forest fire rate change based on F index    

Firstly, F index was validated using monthly forest fire counts between 2005 and 
2011, and mean F index values of Turkey in fire season (April-October). With that, 
calculated F index sensitivity vs. forest fires were evaluated. In this extent, 
determination co-efficiency (R2) was derived as 0.82, and a significant linear 
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relationship was detected in a positive way (Fig. 7). This result showed that F index and 
forest fire occurrence or risk highly correlated with each other and it can be used as a 
forest fire risk rate indicator.   

 

 

Figure 7. F index vs. forest fire occurrence 

 
 

 

Figure 8. Current and future F index values and difference map of Turkey 
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F index values were calculated for current and future time periods. Results showed 
that current and future mean F index values of forestlands were 0.387 and 0.469 
respectively in Turkey. Forest fire risk rate increased approximately 21% in overall. The 
largest change was observed particularly in Eastern Mediterranean, Eastern Black Sea, 
and western coastal region of Turkey (Fig. 8). Forestlands located in southern and 
eastern coastal regions of Turkey, have already been under high forest fire risk. 
Therefore, especially these regions will most likely be affected from climate change.  

 
Basin scale risk evaluation 

Forest fire risk rate for present and future time was evaluated in basin scale. Turkey 
has 26 naturally bounderied basins (Fig. 9). Mean F index value of the each basin was 
calculated in ArcGIS environment using zonal analyses toolbox for present and future 
time. Basin scale F index change and percent rise were obtained and shown in Appendix 

1. According to the F index change, forest fire risk probability will have been increased 
in 2070s, particularly in Eartern Mediterranean Basins such as Seyhan, Ceyhan, Hayat 
and Eart Mediterranean. In addition to this, Tigris, Eart Black Sea and Lake Van basins 
were outshined from other basins on increased forest fire probability.   

    

Figure 9. Basins of Turkey 

Discussion 

This study presented effects of climate change on forest fire risk rate using a fire 
weather index in Turkey. Forest fires are among the most important environmental risks 
in Turkey and other countries in the Mediterranean, Australia and America (Dios et al., 
2007). Future predictions provide valuable information to develop planning strategies 
against forest fires. Forestlands located at low fire risk zones currently may have large 
risks in the future as a result of climate change. Thus, new strategies need to be 
developed such as establishing new firefighting stations, water pools or UAV stations. 
In this study, forest fire risk rates difference between present and future were mapped to 
evaluate potential risk areas. Particularly, Mediterranean part of Europe will be under 
high risk according to the future forest fire risk scenarios, and climate change which 
will affect fire seasons in a year (Moriondo et al., 2006). The results of this study 
supported this assumption for Turkey. Additionally, Eastern Black Sea Region of 
Turkey will also likely be under risk in the future. Forest fires are triggered by 
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vegetation changes (forest cover, dominant plant species, land degradation), which is 
another variable for the forest fire in future landscapes (Allen et al., 2010; Breugel et al., 
2016). F index was found to have a strong correlation with fire counts and it indicates 
that potential forest fire counts will rise in the future by 21.1% overall in Turkey. 
Additionally, when the fire risk rate increases, vegetation change is expected, 
particularly in the hot spots like Mediterranean coastal part of Turkey and Eastern Black 
Sea Region.   

In conclusion, F index is an efficient forest fire risk assessment technique and it can 
be used for future forest fire risk assessment because it only requires climate data. 
Forest fire risk rate of Turkey will increase by around 21% in 2070s according to 
HadGEM2-ES model RCP 4.5 scenario. New strategies are necessary for future to 
reduce forest fire effects on vegetation changes. Additionally, the issues of capacity 
building, new firefighting stations, equipment, and afforestation should be considered.         
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APPENDIX 

 

Appendix 1. Forest fire probability difference on basin scale 

Basin name Current mean 

F index value 

Future mean 

F index value 

F index 

difference* 

Percent 

difference 

Gediz 0.195 0.215 0.02 10.26 % 
Marmara 0.257 0.304 0.047 18.29 % 
Small Menderes 0.271 0.306 0.035 12.92 % 
Big Menderes 0.183 0.205 0.022 12.02 % 
East Mediterranean 0.161 0.209 0.048 29.81 % 
Middle Mediterranean 0.231 0.275 0.044 19.05 % 
West Mediterranean 0.258 0.313 0.055 21.32 % 
Aegean 0.308 0.353 0.045 14.61 % 
Susurluk 0.252 0.295 0.043 17.06 % 
Yesilirmak 0.19 0.229 0.039 20.53 % 
Coruh 0.144 0.182 0.038 26.39 % 
Aras 0.093 0.115 0.022 23.66 % 
Euprates 0.05 0.063 0.013 26.00 % 
Tigris 0.05 0.071 0.021 42.00 % 
Lake Van 0.02 0.032 0.012 60.00 % 
East Black Sea 0.237 0.309 0.072 30.38 % 
West Black Sea 0.264 0.322 0.058 21.97 % 
Seyhan 0.12 0.161 0.041 34.17 % 
Ceyhan 0.128 0.173 0.045 35.16 % 
Hatay 0.182 0.256 0.074 40.66 % 
Lake Burdur 0.121 0.139 0.018 14.88 % 
Central Anatolia 0.039 0.046 0.007 17.95 % 
Meric 0.107 0.124 0.017 15.89 % 
Afyon 0.062 0.071 0.009 14.52 % 
Sakarya 0.12 0.14 0.02 16.67 % 
Kizilirmak 0.109 0.128 0.019 17.43 % 

*Future mean F index value – Current mean F index value  
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Abstract. Operation of large reservoirs often alters the water temperature regimes in downstream reaches. 
Water temperature, a key environmental factor, affects the reproduction, growth, and distribution of most 
riverine fishes. This study reveals water temperature variations in the Yichang reach of the middle 
Yangtze River during 1956−2014 and the potential effects on the reproductive timing of the four major 
Chinese carp and Chinese sturgeon, Acipenser sinensis. Our results indicate that: 1) water temperature 
increased significantly in winters in the past 59 years and declined during spring in this century; 2) 
construction and operation of the Three Gorges Reservoirs has significantly altered the water temperature 
regime, i.e., delayed suitable spawning temperature; 3) changes in the water temperature regime have 
significantly affected the reproduction season of the four major Chinese carps and Chinese sturgeon in the 
reach. This study will be beneficial for national and local agencies developing adaptive management 
strategies, including mitigation measures in the face of increased hydropower station growth in the 
Yangtze River. 
Keywords: river temperature regime, natural reproduction, Acipenser sinensis, four major Chinese 

carps, Yichang Hydrological Monitoring Station 

Introduction  

As a key environmental factor for most aquatic organisms, river water temperature 
plays an important role in the overall health and function of aquatic ecosystems 
(Caissie, 2006). It affects the growth, reproduction, and distribution of most species. 
All poikilothermic animals live and develop under the influence of fluctuating 
temperature, light, and oxygen levels, among other factors (Allan and Castillo, 2007). 
However, reproduction and development of any fish species only remains normal 
within a certain range of these fluctuating factors. For example, the four major 
Chinese carp (FMCC, black carp Mylopharyngodon piceus, grass carp 
Ctenopharyngodon idella, silver carp Hypophthalmichthys molitrix, and bighead carp 
Aristichthys nobilis) in the Yangtze River always begin to spawn when water 
temperatures exceed 18°C in spring (Yi et al., 1988). While the suitable water 



Zhang et al.: River temperature variations in a typical Yangtze River reach 
- 554 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 553-567. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_553567 
 2016, ALÖKI Kft., Budapest, Hungary 

temperature range for spawning of another endangered fish, Chinese sturgeon 
Acipenser sinensis, in the river is 17−21°C, almost all spawning activities of A. 

sinensis takes place within this range (YARSG, 1988; Yang et al., 2007a). 
The Yangtze River, the third largest river in the world, is very rich in both fish 

biodiversity and hydropower resources (Fu et al., 2003; Yang et al., 2007b). In the main 
stem of the river, approximately 30 dams have either been constructed or are planned, 
which will convert the natural river system into a man-made cascaded reservoir system. 
Huge impoundment by reservoirs and the strong regulating ability of high dams on river 
flow tend to significantly alter the thermal regime in downstream reaches. The 
Gezhouba Dam (GD), which is approximately 1678 km from the Yangtze Estuary, is 
the first and also the most downstream dam in the Yangtze main stem. Approximately 7 
km downstream of the dam, there is a hydrological monitoring station called Yichang 
hydrological station. This station is one of the oldest hydrological stations on the 
Yangtze River and was built over 110 years ago. The location of the station is also 
regarded as the boundary of the upper and middle Yangtze River reaches. Most 
hydrological studies on the Yangtze River have used data from this station; it is one of 
the most important and representative hydrological stations in the Yangtze River (Yu 
and Lu, 2005). 

Because the GD is lower than most dams in the Yangtze River main stem, it blocks 
many anadromous fish migration routes, such as the migratory fishes FMCC and 
Chinese sturgeon. Many brood fishes aggregate below the dam and usually end up 
spawning there. For instance, since the GD was closed in 1981, the only remaining 
Chinese sturgeon spawning area was immediately downstream area of the dam, a stretch 
of river approximately 7 km long (Zhang et al., 2011). Most adult Chinese sturgeon 
have to live below the dam for over 12 months before they spawn (Wang et al., 2012). 
The FMCC spawning area is also located approximately 5 km below the dam, this area 
produced 0.4 billion eggs and larvae in 2015 and occupied 37% of the Yangtze River 
(Duan et al., 2009, unpublished data). Therefore, the hydrological regime, including 
water temperature, below the GD is very important as it likely affects the gonadal 
development and spawning of brood fishes, which in turn affect fish population 
sustainability. 

In this study, water temperature at Yichang Hydrological Station during 1956−2014 
(59 years) was analyzed. Temperature variation trends and differences before and after 
the opening of GD and the Three Gorges Dam (TGD) were investigated. The IHA/RVA 
(indicators of hydrologic alteration/range of variability approach) method was also used 
to evaluate variations in water temperature after the TGD was opened. Furthermore, the 
potential influence of water temperature variation on the timing of FMCC and Chinese 
sturgeon spawning were tentatively explored. The aim of this study was to determine 
changes in the temperature regime and the potential effects of an altered temperature 
regime on fishes under heavy dam construction. The study has the potential to provide a 
reference for conservation not only for fish spawning but also for the whole life-history 
of fishes and possibly for the entire Yangtze River Basin aquatic ecosystem. 

Materials and Methods 

Study area 

The Yangtze River is approximately 6397 km in length with a drainage area of 1.8 
× 106 km2 (Fig. 1). The river has 437 tributaries, 22 of which are >10,000 km2, with a 
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watershed area > 1000 km2. Several large tributaries drain into the Yangtze River 
main stem, and from the upstream to the downstream section there are the Yalong, 
Minjiang, Tuojiang, Chishui, Jialing, Wujiang, and Hanjiang rivers. Several large 
lakes, such as Dongting, Poyang, Hongze, and Tai lakes, are connected with the 
middle and lower Yangtze River reaches (Yu and Lu, 2005). Humans use the river 
resources for a variety of functions, including various hydro-dam constructions, heavy 
ship navigation, and intensive sand and gravel extraction. Thus, water pollution 
originating from rapidly growing settlements and industries along the river has 
become problematic (Yang et al., 2007b). 

  

 
Figure 1. Location of Yichang Hydrological Monitoring Station (YHMS) in the Yangtze Basin 

 
 
The GD, which was closed in 1981 and is approximately 1678 km from the Yangtze 

Estuary, is the first and lowest dam in the Yangtze main stem. The water temperature 
data used in this study was collected at the Yichang Hydrological Monitoring Station, 
which is approximately 7 km downstream of the dam. The annual average flow 
discharge in Yichang reach is approximately 13,900 m3.s−1, and the sediment content in 
the water averaged 1.129 kg.m−3 and 0.138 kg.m−3 before and after the TGD opened in 
2002 (Zhang et al., 2012). The only known Chinese sturgeon spawning area is located 
in a 7-km reach immediately below the dam (Wei, 2003; Zhang et al., 2011), over the 
last 32 years (1981−2012) at least one spawning event has been observed there each 
year. This stretch is also an important spawning area for the FMCC. In 1981, this stretch 
produced 1−1.5 billion eggs and larvae (Yi et al., 1988). In 2015, this spawning area (5 
km below the dam) produced 0.4 billion eggs and larvae and required 37% of the total 
Yangtze River production (Duan et al., unpublished data). 

 
Water temperature measurement 

Water temperature was monitored by the Bureau of Hydrology, Changjiang 
(Yangtze) Water Resources Commission, which is the only official agency to observe 
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the hydrological elements in the Yangtze Basin. The water temperature was measured 
by mercury thermometer at 8:00 am each day, and this value was regarded as the daily 
baseline water temperature. 

 
Data analysis 

Trend test 

Mann–Kendall trend tests (two-tailed) were used to test whether there was a 
variation trend in the average monthly and yearly water temperatures in the period 
1956−2014 (59 years). The null hypothesis H0 for these tests is that there was no trend 
in the series. The three alternative hypotheses, that there is a negative, non-null, or 
positive trend were chosen. The Mann–Kendall tests are based on the calculation of 
Kendall’s tau measure of association between two samples, which is itself based on the 
ranks within the samples. In the particular case of the trend test, the first series is an 
increasing time indicator automatically generated for which ranks are obvious, this 
simplifies the calculations. The S statistic used for the test and its variance are given by: 

 

 
 

 
 
where, n is the number of observations and xi (i = 1n) are the independent 

observations. Sgn (xj−xi) is an indicator function that takes on the values 1, 0, or −1 
according to the sign of xj−xi. The calculation was implemented by a complete 
statistical add-in XLSTAT 2015 (Addinsoft SARL, Paris, France) for Microsoft 
Excel 2013. 

 
Homogeneity test 

Pettitt’s test (two-tailed) was used to test the homogeneity of monthly and yearly 
water temperature in the period 1956−2014 (59 years). Pettitt’s test is a nonparametric 
test that requires no assumption about the distribution of data. It is an adaptation of the 
tank-based Mann–Whitney test that identifies the time at which the shift occurs. The 
two alternative hypotheses are H0 and Ha. H0: The T variables follow one or more 
distributions that have the same location parameter. Ha: There exists a time τ from 
which the variables change location parameter (two-tailed test). The statistic used for 
the Pettitt’s test is computed as follows: 

 
Let Dij = −1 if (xi−xj)<0, Dij = 0 if (xi−xj)=0, Dij=1 if (xi−xj)>0 

 
Then define: 
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Pettitt’s statistic for the two alternative hypotheses is given by: 
 

, for the two-tailed case 

 
The p-value is then calculated and an interval around the p-value using the Monte 

Carlo method. The calculation was also implemented in XLSTAT 2015. 
 

IHA/RVA methods 

The indicators of hydrologic alteration (IHA) method was used to compare the 
variations in water temperature between two time periods: pre- (1983−2002) and post-
TGD (2003−2014). The IHA was developed by The Nature Conservancy (TNC) as an 
easy-to-use tool for calculating the characteristics of natural and altered hydrologic 
regimes. The method and software work on any type of daily hydrologic data, such as 
stream flow and river water temperatures. The power of the IHA method is that it can be 
used to summarize long periods of daily temperature data into a much more manageable 
series of ecologically relevant hydrologic parameters. The scientific basis behind the 
software and some sample applications are described in Richter et al. (1996, 1997, 
1998), which are available on the website (http://conserveonline.org/workspaces/iha). 

The IHA can calculate 67 statistical parameters. These parameters are subdivided 
into two groups, the 33 IHA parameters and the 34 environmental flow component 
(EFC) parameters. In this study, the 33 IHA parameters were included (Table 1): 1) 
Group 1: Magnitude of monthly water temperature conditions, subtotal of 12 
parameters, 2) Group 2: Magnitude and duration of annual extreme water temperature 
conditions, subtotal of 11 parameters (the indicator “Number of zero days” was 
excluded in this study), 3) Timing of annual extreme water temperature conditions, 
subtotal of two parameters, 4) Frequency and duration of high and low temperature 
pulses, subtotal of four parameters, 5) Rate and frequency of water temperature 
changes, subtotal of five parameters. The non-parametric statistics (median and 
percentile) method was used for the analysis. The temperature parameters produced by 
the IHA were calculated and organized in the output tables by water year. The water 
year used in this study was January 1st−December 31st. 

 
Table 1. Evaluation of water temperature alterations at Yichang reach pre and post the 

Three Gorges Dam (TGD) were impacted by the IHA/RVA (Indicators of Hydrologic 

Alteration/Range of Variability Approach) method issued by The Nature Conservancy 

 

Pre-TGD-impact period: 
1983−2002 (n=20) 

Post-TGD-impact period: 
2003−2014 (n=12) 

RVA 
boundaries 
(middle 
category) a 

Temperatur
e alteration 
factor 
(middle 
category) b 

Median ± 
Coeff. of 
dispersion 

Min Max 
Median ± 
Coeff. of 
dispersion 

Min Max Low High 

Parameters group #1          

January 10.20±0.105 8.50 11.90 13.50±0.183 10.80 15.00 9.68 10.40 −1.000 (H) 

February 10.05±0.114 7.80 11.95 11.60±0.115 9.40 12.40 10.00 10.77 −0.815 (H) 

March 12.65±0.121 10.60 15.80 11.80±0.078 10.60 13.60 12.19 13.11 −0.583 (M) 

April 16.98±0.075 14.65 19.90 14.50±0.125 12.80 18.00 16.68 17.21 −1.000 (H) 

May 21.50±0.072 19.60 23.00 19.40±0.144 16.60 22.10 20.99 22.11 −0.167 (L) 

June 23.68±0.044 22.60 24.65 23.25±0.059 21.40 23.95 23.19 24.00 0.296 (L) 

http://conserveonline.org/workspaces/iha
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July 24.50±0.052 23.30 26.40 24.90±0.072 23.20 26.80 24.20 24.82 −0.444 (M) 

August 26.00±0.071 24.00 29.00 25.60±0.037 24.60 28.20 24.97 26.21 0.875 (H) 

September 23.13±0.067 21.60 25.00 24.00±0.103 22.85 26.60 22.73 23.80 0.111(L) 

October 20.20±0.074 18.80 22.00 22.15±0.087 20.60 23.00 19.49 20.60 −0.630 (M) 

November 16.95±0.066 15.25 17.75 19.10±0.102 17.90 20.50 16.40 17.02 −1.000 (H) 

December 12.65±0.105 10.80 14.70 16.70±0.127 13.80 18.00 12.19 12.81 −1.000 (H) 

Parameters group #2          

1−day minimum 9.20±0.163 7.40 10.90 10.30±0.134 9.00 11.80 8.59 9.51 −0.792 (H) 

3−day minimum 9.22±0.174 7.53 10.97 10.45±0.128 9.00 11.87 8.63 9.58 −0.792 (H) 

7−day minimum 9.31±0.162 7.64 11.04 10.60±0.121 9.03 11.91 8.78 9.65 −0.792 (H) 

30−day minimum 9.63±0.134 7.88 11.55 10.96±0.102 9.44 12.08 9.38 9.95 −0.792 (H) 

90−day minimum 10.92±0.126 9.46 12.82 12.04±0.093 10.76 12.89 10.63 11.41 −0.375 (M) 

1−day maximum 27.00±0.060 25.80 29.70 27.00±0.033 25.80 29.20 26.60 27.81 0.482 (M) 

3−day maximum 26.87±0.068 25.57 29.50 26.92±0.032 25.77 29.20 26.58 27.50 0.667 (M) 

7−day maximum 26.72±0.071 25.29 29.34 26.71±0.034 25.73 29.07 26.43 27.26 0.667 (M) 

30−day maximum 26.11±0.054 24.56 28.82 26.04±0.031 25.30 28.44 25.64 26.38 0.458 (M) 

90−day maximum 24.84±0.028 24.07 26.76 24.87±0.041 23.94 27.18 24.54 25.10 0.458 (M) 

Base flow index 0.50±0.137 0.43 0.59 0.57±0.108 0.49 0.64 0.49 0.53 −0.583 (M) 

Parameters group #3          

Date of minimum 30±0.065 5 56 60±0.088 16 75 23.58 34.28 −0.583 (M) 

Date of maximum 223±0.057 177 243 235.5±0.060 204 257 212.9 228.1 −0.167 (L) 

Parameters group #4          

Low pulse count 2±0.875 1 4 2±1.000 1 3 1 2 −0.222 (L) 

Low pulse duration 54±1.280 1.5 114 31.75±2.260 1 81 41.29 85.14 0.042 (L) 

High pulse count 3.5±0.857 2 12 1.5±1.833 1 5 3 6 −0.359 (M) 

High pulse duration 12±2.250 2 58 59±1.610 3 121 5.43 21.42 −0.375 (M) 

Parameters group #5          

Rise rate 0.2±0.000 0.2 0.3 0.2±0.000 0.2 0.3 0.2 0.2 −0.167 (L) 

Fall rate −0.2±0.000 −0.3 −0.2 −0.2±0.000 −0.3 −0.2 −0.2 −0.2 −0.216 (L) 

Number of reversals 112±0.219 94 146 109.5±0.199 88 144 100.9 119.1 0.042 (L) 
a RVA boundaries (middle category) were defined as the range of the 34th to 67th percentiles of 

observed water temperature values. 
b Temperature alteration factor (TAF) = (observed frequency – expected frequency) / expected 

frequency. An absolute value of TAF larger than 0.67 was defined as high level alteration (H), between 
0.34 and 0.67 was medium alteration (M), and less than 0.34 was low alteration (L). 

 
 

The range of variability approach (RVA) described in Richter et al. (1997) was 
implemented to evaluate changes in temperature after the TGD opened. In the RVA 
analysis, the full range of pre-impact data (1983−2002) for each parameter was divided 
into three categories. The boundaries between categories were based on percentile 
values (for non-parametric analysis). In this study, the default in non-parametric RVA 
analysis, which places the category boundaries 17 percentiles from the median, was 
used. This yielded an automatic delineation of three categories of equal size: the lowest 
category contains all values ≤ the 33rd percentile; the middle category contains all 
values falling in the range of the 34th to 67th percentiles; and the highest category 
contains all values > 67th percentile. The temperature alteration factor (TAF) was then 
calculated by: 

 
TAF = (observed frequency – expected frequency) / expected frequency 
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The absolute TAF value > 0.67 was defined as high level alteration (H), between 
0.34 and 0.67 was medium alteration (M), < 0.33 was low alteration (L). 
 
Temperature suitability evaluation 

The temperature suitability index for the FMCC was imported from Wang et al. 
(2014). Based on previous studies (Yi et al., 1988), when the water temperature 
increased to 15°C (minimum temperature for adult carp gonad development), the 
suitability index was defined as 0.5. When the water temperature increased to 18°C 
(minimum temperature for spawning of these carp), the suitability index was defined as 
1 (Table 2). 
 

Table 2. Definition of temperature suitability index for gonad development and spawning of 

the four major Chinese carps, and spawning of Chinese sturgeon 

Fish 
Water temperature (T, 
°C) Reason Suitability index 

Four major 
Chinese 
carps 

15≤T<18 
Minimum temperature for adult gonad 
development 

0.5 

18≤T Minimum temperature for spawning 1 

Chinese 
sturgeon 

17<T≤18 Spawning frequency 6 0.6 
18<T≤19 Spawning frequency 10 1 
19<T≤20 Spawning frequency 10 1 
20<T≤21 Spawning frequency 4 0.4 

 
 
To develop a temperature suitability index for Chinese sturgeon spawning, 10 

temperatures during spawning in historic spawning areas (YARSG, 1988) and 20 
temperatures in recent spawning areas (Wei, 2003) were included in the analysis. As in 
many years only one spawning run was observed, and the first spawning run was 
commonly included in the main spawning activity with some events having more than 
one spawning run. Only the temperature in the first spawning run was included in the 
analysis. A frequency statistic was first conducted using a 1°C temperature scale. The 
temperature range with the highest frequency of runs was regarded as suitability index 
1, and thereafter an index of other temperature ranges was obtained by calculating the 
ratio of its frequency to the highest frequency. The suitability index for Chinese 
sturgeon spawning is shown in Table 2. 

Last, the suitability index of daily water temperature for FMCC gonad development 
and spawning, and Chinese sturgeon spawning in 2003−2014 was evaluated in Visual 
Basic for Applications in Microsoft Excel® 2013. 

Results 

Water temperature trend 

The water temperature profiles from 1956 to 2014 are shown in Fig. 2 and the trend 
analysis is given in Table 3. Water temperature decreased in spring, with a statistically 
significant decrease in Mar and Apr, approximately −0.216°C and −0.391°C, 
respectively. In summer (Jun, Jul, and Aug), water temperature was comparatively 
stable, no statistically significant trends were observed. In autumn (Sep, Oct, and 
Nov), significant increases were observed, approximately 0.245°C, 0.467°C, and 
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0.615°C, respectively. Significant increases were also observed in winter (Dec, Jan, 
and Feb), 0.650°C, 0.680°C, and 0.472°C per year, respectively. Increasing trends 
were also observed in the average yearly temperature, with an increase of roughly 
0.518°C per year. 
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Figure 2. Variations of month and year average water temperature at Yichang reach from 1956 

to 2014 

 
 

Table 3. Summary statistics and trend analysis on water temperature at Yichang reach 

during 1956−2014 (n=59) 

Season Month Min Max Mean ± SD Trend 
Kendall’s 
tau 

P-value 
(Two-
tailed) 

Sen’s slope [95 % 
Confidence interval] 

Spring Mar 10.59 15.30 12.73±1.00 Yes −0.216 0.016 −0.020 [−0.023, −0.015] 
 Apr 12.93 18.80 16.86±1.43 Yes −0.391 <0.0001 −0.048 [−0.053, −0.040] 
 May 17.21 22.73 20.91±1.11 No −0.160 0.075 −0.014 [−0.019, −0.009] 
Summer Jun 21.51 24.47 23.35±0.64 No −0.096 0.289 −0.005 [−0.008, −0.003] 
 Jul 23.31 26.74 24.89±0.89 No −0.072 0.425 −0.005 [−0.009, −0.002] 
 Aug 23.91 28.70 25.66±0.98 No 0.036 0.690 0.003 [−0.001, 0.006] 
Autumn Sep 21.47 26.69 23.36±1.06 Yes 0.245 0.006 0.022 [0.018, 0.027] 
 Oct 18.39 22.99 20.22±1.13 Yes 0.467 <0.0001 0.044 [0.040, 0.048] 
 Nov 14.47 20.79 16.88±1.42 Yes 0.615 <0.0001 0.063 [0.058, 0.067] 
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Winter Dec 8.42 18.02 12.93±2.05 Yes 0.650 <0.0001 0.094 [0.088, 0.101] 
 Jan 7.56 15.03 10.31±1.74 Yes 0.680 <0.0001 0.077 [0.071, 0.083] 
 Feb 7.69 12.76 10.26±1.17 Yes 0.472 <0.0001 0.046 [0.042, 0.050] 
Year 17.41 19.70 18.23±0.52 Yes 0.518 <0.0001 0.021 [0.019, 0.022] 
 
 
Homogeneity of water temperature 

Fig. 3 and Table 4 show the homogeneity results for water temperatures during two 
time periods according to the operation status of the dams: before the TGD opened 
(1956−2002) and after the GD closed (1981−2014). The average yearly temperature 
was nonhomogeneous during 1956−2002, the changes occurred in 1989, and the 
average water temperature before and after then were 17.92°C and 18.47°C, 
respectively. No statistical difference was found between the months Mar, Apr, May, 
Jun, Jul, Aug, and Sep, while Oct, Nov, Dec, Jan, and Feb were heterogeneous with the 
changes occurring from 1976 to 1990. During 1981−2014, the average yearly 
temperature was also heterogeneous, a change occurred in 1993, and the average 
temperature before and after then were 17.91°C and 18.77°C, respectively. 
Temperatures remained the same Jul and Aug, while changes occurred in other months 
from 1993 to 2003. 
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Figure 3. Homogeneity analysis of year average water temperature at Yichang reach, (a) 

during 1956−2002, before the Three Gorges Dam (TGD) began operation, (b) during 
1981−2014, after closure of the Gezhouba Dam (GD) 

 
 
Table 4. Homogeneity analysis on water temperature at Yichang reach during two periods 

(1956−2002 and 1981−2014) based on the operational status of dams 

Season Month 1956−2002 (Before TGD impoundment) 1981−2014 (After GD impoundment) 

  
Homogen
eity 

t a 
P-value 
(Two-
tailed) 

mu1 b mu2 b 
Homogen
eity 

t 
P-value 
(Two-
tailed) 

mu1 b mu2 b 

Spring Mar Yes 1981 0.467 12.97 12.97 No 2003 0.016 12.83 11.66 
 Apr Yes 1981 0.176 17.39 17.39 No 2003 <0.0001 17.21 14.47 
 May Yes 1964 0.145 21.25 21.25 No 2001 <0.0001 21.43 19.63 
Summer Jun Yes 1985 0.292 23.47 23.47 No 1998 0.026 23.65 22.98 
 Jul Yes 1979 0.293 24.88 24.88 Yes 1987 0.541 24.76 24.76 
 Aug Yes 1966 0.654 25.62 25.62 Yes 1993 0.849 25.72 25.72 
Autumn Sep Yes 1990 0.323 23.12 23.12 No 1993 0.002 22.83 24.06 
 Oct No 1990 0.006 19.56 20.43 No 1997 <0.0001 19.60 21.66 
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 Nov No 1981 0.002 15.93 16.72 No 2000 <0.0001 16.56 18.98 
Winter Dec No 1976 0.000 11.39 12.62 No 2001 <0.0001 12.54 16.12 
 Jan No 1986 <0.0001 9.17 10.43 No 1996 <0.0001 9.76 12.33 
 Feb No 1990 0.027 9.67 10.68 No 1996 <0.0001 9.89 11.40 
Year No 1989 0.001 17.92 18.47 No 1993 <0.0001 17.91 18.77 

a t is the year when the alterations can be detected, the P-value indicates whether they are 
homogeneous (P>0.05) or not (P<0.05). 

b mu1 and mu2 are the average values of the two distinct periods. 
 
 

Assessment of changes in temperature regime 

The changes in water temperature in Yichang reach before and after the TGP are 
given in Table 1. Thirty-two indicators were evaluated. For magnitude of monthly water 
temperature conditions (Group 1), six (50%) months had high alterations, three (25%) 
had medium, and three (25%) had low. For magnitude and duration of annual extreme 
water temperature (Group 2), four (36.4%) had high and seven (63.6%) had medium 
alterations. For timing of annual extreme water temperature (Group 3), one had a 
medium alteration and the other had low. For frequency and duration of high and low 
temperature pulses (Group 4), two had low and two had medium alterations. For rate 
and frequency of water temperature changes (Group 5), all three indicators had low 
alterations. 

The RVA analysis on water temperature (Table 5) indicated that in the middle RVA 
category (34–67th percentiles), 10 (31.3%) of 32 indicators had high alterations, in the 
high RVA category (< 67th percentile), 25 (78.1%) had high alterations, and in the low 
RVA category (≤ 33rd), 18 (56.3%) had high alterations, which implies that the 
temperature regime in Yichang reach has been altered obviously since the TGD opened 
in 2003. 

 
Table 5. Range of Variability Approach (RVA) analysis on water temperature at Yichang 

reach post the Three Gorges Dam (TGD) was impacted in 2003−2014 (n=12), using the 
water temperature during 1983−2002 (n=20) as non-impacted period (Table 1) 

 Middle RVA category 
(range of the 34th to 67th 
percentiles) 

High RVA category 
(greater than the 67th 
percentile) 

Low RVA category 
(less than or equal to the 
33rd) 

 Expect
ed 

Obser
ved 

TAF Expect
ed 

Obser
ved 

TAF Expect
ed 

Obser
ved 

TAF 

Parameters group #1          
January 5.4 0 −1.000 (H) 3.0 12 3.000 (H) 3.6 0 −1.000 (H) 
February 5.4 1 −0.815 (H) 3.6 10 1.778 (H) 3.0 1 −0.667 (M) 
March 4.8 2 −0.583 (M) 3.6 1 −0.722 (H) 3.6 9 1.500 (H) 
April 4.8 0 −1.000 (H) 3.6 1 −0.722 (H) 3.6 11 2.056 (H) 
May 4.8 4 −0.167 (L) 3.6 0 −1.000 (H) 3.6 8 1.222 (H) 
June 5.4 7 0.296 (L) 3.0 0 −1.000 (H) 3.6 5 0.389 (M) 
July 5.4 3 −0.444 (M) 3.6 6 0.667 (M) 3.0 3 0.000 (L) 
August 4.8 9 0.875 (H) 3.6 2 −0.444 (M) 3.6 1 −0.722 (M) 
September 5.4 6 0.111 (L) 3.0 6 1.000 (H) 3.6 0 −1.000 (H) 
October 5.4 2 −0.630 (M) 3.0 10 2.333 (H) 3.6 0 −1.000 (H) 
November 5.4 0 −1.000 (H) 3.6 12 2.333 (H) 3.0 0 −1.000 (H) 
December 4.8 0 −1.000 (H) 3.6 12 2.333 (H) 3.6 0 −1.000 (H) 
Parameters group #2          
1−day minimum 4.8 1 −0.792 (H) 3.6 11 2.056 (H) 3.6 0 −1.000 (H) 
3−day minimum 4.8 1 −0.792 (H) 3.6 11 2.056 (H) 3.6 0 −1.000 (H) 
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7−day minimum 4.8 1 −0.792 (H) 3.6 11 2.056 (H) 3.6 0 −1.000 (H) 
30−day minimum 4.8 1 −0.792 (H) 3.6 11 2.056 (H) 3.6 0 −1.000 (H) 
90−day minimum 4.8 3 −0.375 (M) 3.6 9 1.500 (H) 3.6 0 −1.000 (H) 
1−day maximum 5.4 8 0.482 (M) 3.6 1 −0.722 (H) 3.0 3 0.000 (L) 
3−day maximum 4.8 8 0.667 (M) 3.6 1 −0.722 (H) 3.6 3 −0.167 (L) 
7−day maximum 4.8 8 0.667 (M) 3.6 1 −0.722 (H) 3.6 3 −0.167 (L) 
30−day maximum 4.8 7 0.458 (M) 3.6 2 −0.444 (M) 3.6 3 −0.167 (L) 
90−day maximum 4.8 7 0.458 (M) 3.6 3 −0.167 (L) 3.6 2 −0.444 (M) 
Base flow index 4.8 2 −0.583 (M) 3.6 10 1.778 (H) 3.6 0 −1.000 (H) 
Parameters group #3          
Date of minimum 4.8 2 −0.583 (M) 3.6 9 1.500 (H) 3.6 1 −0.722 (H) 
Date of maximum 4.8 4 −0.167 (L) 3.6 7 0.944 (H) 3.6 1 −0.722 (H) 
Parameters group #4          
Low pulse count 9.0 7 −0.222 (L) 3.0 5 0.667 (M) 0.0 0  
Low pulse duration 4.8 5 0.042 (L) 3.6 0 −1.000 (H) 3.6 7 0.944 (H) 
High pulse count 7.8 5 −0.359 (M) 1.8 0 −1.000 (H) 2.4 7 1.917 (H) 
High pulse duration 4.8 3 −0.375 (M) 3.6 7 0.944 (H) 3.6 2 −0.444 (M) 
Parameters group #5          
Rise rate 9.6 8 −0.167 (L) 2.4 1 −0.583 (M) 0.0 3  
Fall rate 10.2 8 −0.216 (L) 0.6 3 4.000 (H) 1.2 1 −0.167 (L) 
Number of reversals 4.8 5 0.042 (L) 3.6 5 0.389 (M) 3.6 2 −0.444 (M) 

a RVA boundaries were delineated by three categories of equal size: the lowest category contains all 
values less than or equal to the 33rd percentile; the middle category contains all values falling in the range 
of the 34th to 67th percentiles; and the highest category contains all values greater than the 67th percentile. 

b Temperature alteration factor (TAF) = (observed frequency – expected frequency) / expected 
frequency. An absolute value of TAF larger than 0.67 was defined as high level alteration (H), between 
0.34 and 0.67 was medium alteration (M), and less than 0.34 was low alteration (L). 

 
 
Suitability of water temperature for fish spawning 

The suitability index of daily water temperature for FMCC gonad development and 
spawning, and Chinese sturgeon spawning in 2003−2014 is shown in Fig. 4. Note that 
the curves for the first half of the year from Jan 1st to Jun 30th are the FMCC data 
because they spawned in spring, the curve for the last half of the year from Jul 1st to Dec 
31st are Chinese sturgeon data because they spawned in autumn. Temperatures suitable 
for the commencement of FMCC gonad development and spawning activity shifted 
gradually during the period from 2003 to 2014. Overall, the Chinese sturgeon spawning 
window, which is 40−50 days, did not change during that period. However, the results 
also revealed that the spawning window gradually shifted from mid-October in 2003 to 
early November in 2014, it was delayed by approximately 20 days. 
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Figure 4. Suitability index of water temperature for gonad development and spawning of the 

four major Chinese carps (the first half year from Jan 1 to Jun 30), and Chinese sturgeon 

spawning (the last half year from Jul 1 to Dec 31) at Yichang reach, as identified during the 

Three Gorges Dam (TGD) construction phase (2003−2009) and thereafter (2010−2014) when 
the TGD became fully operational 

Discussion 

The temperature data used in this study was obtained over a long observation period 
from 1956 to 2014. In the mid-1900s, there was no strict standard on river temperature 
measurements available (first related standard issued in 1991 in China), and the 
commonly used thermometers may not always have been properly calibrated and, 
therefore, not sufficiently accurate to be fully comparable with present temperature 
readings. However, it is reasonable to assume that these potential errors will not 
seriously affect the results on the long-term trend changes. The temperature regimes at 
the Yichang Hydrological Monitoring Station were taken as the temperature reference 
points in the flow regimes that FMCC and Chinese sturgeon were exposed to. However, 
the fishes may have been some distance from the monitoring station (Yang et al., 2006; 
Wang et al., 2012), and, therefore, the temperature regime the fishes were actually 
exposed to may have differed somewhat from that measured at the station. The potential 
effect of very small differences has been ignored in this study because the water 
temperatures in that particular reach of the Yangtze main stem are usually very stable. 
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Many factors affected the water temperature in Yichang reach. 1) The main reason is 
the opening of the TGD in 2003, the total capacity of which can reach 39.3 km3, the 
IHA/RVA analysis on water temperature in this study partly supports this conclusion. 2) 
Many small reservoirs have been operating in the upstream area since 1970, the total 
combined capacity of which is 17.0 km3. These reservoirs impound water in summer and 
release it in winter. Water flow regulations tend to affect the water temperature regime (Li 
et al., 2007). 3) Global warming and subsequent variations in metrological and 
hydrological conditions (Singh, 2012). 4) The intrinsic variations in temperature regimes 
at various times under natural conditions (Guo et al., 2008). 5) Various of anthropogenic 
activities, such as deforestation, in the upper Yangtze Basin. Therefore, many factors can 
alter water temperature, and consequently, the variations are very complicated; the trend 
and homogeneity analysis results reflect this. At present, it is hard to say which factors, 
besides the TGD, are more important. However, it is undeniably clear that the water 
temperature regime in the Yichang reach has been altered. 

Water temperature is important for both fish gonad development and spawning. In 
the Yangtze River, gonad development commences in most fishes at 15°C (Zeng, 1990). 
Natural or artificial wintering (vernalization of 2−4 months at a lower temperature) is 
necessary for sturgeon to reach the final maturation stage required for successful 
spawning (Chebanov and Galich, 2013), the Chinese sturgeon is thought to be similar. 
The timing of the spawning events is thought to be related to the hatching of eggs, 
because the fish want to choose a favorable environment for this. At Yichang, the 
favorable temperature windows for FMCC and Chinese sturgeon spawning were 
delayed year by year (Fig. 4), which may have adversely effected the populations. Wu 
et al. (2015) reported that Chinese sturgeon spawning was interrupted in Yichang reach 
in 2013, where spawning has taken place for over 30 years. No spawning occurred in 
that area in 2014, however, the occurrence of juveniles in the Yangtze Estuary the 
following year suggested that spawning took place elsewhere in the river (Zhao et al., 
2015; Zhang et al., 2016). In 2015, no spawning was observed in Yichang reach, and no 
juveniles were observed in the estuary until the end of September 2016 (Wei et al., 
unpublished data). It is thought that the interruption in Chinese sturgeon spawning was 
mostly induced by changes in the water temperature regime. 

The temperature regime in Yichang reach (particularly the shifts in the annual 
profile) has been drastically altered. Under natural conditions, the temperature regime 
varies at different time scales (Guo et al., 2008). However, because of the hydro-dams 
and subsequent changes in retention times (flow disruptions) (Wang et al., 2016), 
further influenced by global warming, changes in the temperature regime have become 
much more obvious than in the periods prior to river fragmentation (e.g., the historic 
natural status). Twenty-seven dams will be constructed in the near future in the upper 
Yangtze reach (Yang et al., 2007b), and these will likely affect the temperature regime 
in downstream reaches. The temperature regime will be further altered along with the 
cascade hydropower development. These changes may not only affect FMCC and 
Chinese sturgeon reproductive modes, but they will influence the reproductive capacity 
of many other commercially and ecologically important Yangtze fish species (Zeng, 
1990). There may even be further effects on the entire aquatic ecosystem. 

Major mitigation measures to regulate the temperature regime during sensitive periods 
could use the stratified water temperature profile in the man-made reservoirs to feed the 
downstream stretches with waters from a selected reservoir depth that exhibits the 
required temperatures. This strategy has been widely used and proven useful elsewhere. 
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However, the situation in the Yangtze River is complicated; at that large a scale and with 
the many high volume cascades, specific research will be necessary to solve the 
management problems to address both the operational requirements for hydropower 
generation and the ecologically required river flow and temperature profile. Regulating 
the temperature regime should be of utmost importance for research and management to 
develop strategies that meet the ecological requirements for the entire river basin 
ecosystem and the effective use of this important water resource. In this context the 
FMCC and Chinese sturgeon can be considered model species to optimize water resource 
management in the Yangtze River (Wang et al., 2012; Wang et al., 2014). 
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Abstract. Allelopathic effects of  the four weed species viz., Sorghum halepense L., Trianthema 

portulacastrum L., Parthenium hysterophorus L. and Xanthium strumarium L. were examined on maize 
(Zea mays L.) cultivars (Azam and Jalal) under greenhouse experiment. The experiment was arranged in 
completely randomized design (CRD) with factorial arrangements with three replications. The results 
indicated that the extracts of all the tested weeds had significantly affected all the studied parameters in 
maize cultivars as compared to the control treatment. However, among the weed extracts T. 

portulacastrum proved more suppressive to maize cultivars by producing the minimum plant height. 
Though, the effects of S. halepense and P. hysterophorus were also statistically comparable in some 
parameters with the effects of T. portulacastrum. On the other hand the varietal response towards weed 
extracts was found to be non-significant for all the studied parameters. It is concluded that the studied 
weeds should be exploited for their possible allelopathic affects for weed control in maize. 
Keywords: weeds, allelopathy, maize cultivars, weeds extract, chemical ecology 

Introduction 

Maize (Zea mays L.) is one of the most important crop grown throughout the world 
both in rainfed and irrigated areas. It is used as food, fodder and also utilized as a raw 
material in industries. (Nazir et al., 1994). Weeds compete with crops through releasing 
toxic chemicals inhibit the growth of crop plant and interfere with them for available 
resources. The direct or indirect effect of one plant on another plant through release of 
chemicals is termed as “allelopathy” (Rice, 1984) or any process involving secondary 
metabolites produced by plants, algae, bacteria and fungi that influences the growth and 
development of agriculture and biological systems (International Allelopathy Society, 
IAS). The chemicals are referred as allelochemicals. Allelochemicals found in different 
plants are escaped into the environment through volatilization, leaching, exudation, and 
decomposition. Trianthema portulacastrum is one of the troublesome weed of maize 
crop in Pakistan (Saeed et al., 2011). This weed not only occupies space in maize field 
and share the available resources with maize but also release allelochemicals that reduce 
maize 34 plant height, leaf area, crop growth rate and crop biomass (Randhawa, 2009). 
T. portulacastrum also effect the growth of legumes due to the release of 
allelochemicals (Gricher, 2008). Mostly weeds are found to be harmful in different 
cultivated crops which cause losses in crops yield through  various ways like  
competition and allelopathy in maize and wheat (Bhatt et al., 1994). The production of 
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different crops greatly affected by the allelopathic effect of weeds and results in 
financial and yield losses (Alam, 1991). Among the grasses Sorghum halepense is 
famous for its high allelopathic potential. Different phenolic compounds are reported in 
different species of johnsongrass. (Duke et al., 2000). Parthenium hysterophorus is 
spreading rapidly throughout Pakistan and has become serious weed in many areas of 
Pakistan (Javaid and Anjam, 2006). P. hysterophorus inhibit the seed germination and 
seedling growth of many crops e.g. barley (Hordeum volgare L.) and maize (Rashid et 
al., 2008). It can reduce the carrying capacity of pastures by 90 % (Rezene et al., 2005) 
as well as reduce biodiversity of these pastures and suppress the native flora of many 
countries (Frew et al., 1996). Parthenium weed has also been reported to be decreased 
the native flora of Pakistan (Shabbir and Bajwa, 2006). P. hysterophorus was 
introduced to Pakistan about ten years ago in the capital. Initially it was spread across 
road sides and railways track. Now days this weed specific weed spice dominated the 
whole country and appear as an epidemic in various crops especially the vegetable. T. 

portulacastrum, S. halepense and X. stromarium are also the main problem in maize 
crop,  creating infestation  on various growth stages of the maize crops in Pakistan. It is 
evident that X. stromarium was introduced back in 1980s when the Afghan refugees 
entered to Peshawar- Pakistan after Russian encounter on Afghanistan. Peshawar is the 
closest entrance from Afghanistan to Pakistan. As X. stromarium seeds having stings 
and they attached with fur and wool of cattle. This was the main reason of the 
infestation of X. stromarium in Peshawar Pakistan. Keeping in view the importance of 
such studies a research trial was conducted to evaluate the allelopathic prospective of 
weeds on maize cultivars and to find out the capability of tolerance of maize cultivars 
against the allelopathic weeds extracts. 
 

Materials and Methods 

In summer, 2015 a pot experiment was conducted at the Weed Science Department, 
The University of Agriculture, Peshawar, Pakistan to find out the allelopathic potential 
of four common weeds of maize crop viz. Sorghum halepense, Trianthema 

portulacastrum, Parthenium hysterophorus and Xanthium strumarium were examined 
against two common and widely cultivated maize cultivars i.e. “Azam” and “Jalal”. 
The Peshawar is situated near the eastern end of the Khyber Pass and sits mainly on 
the Iranian plateau along with the rest of the Khyber-Pakhtunkhwa. Peshawar is literally 
a frontier city of South-Central Asia and was historically part of the Silk Road. Winter 
in Peshawar starts from mid-November to the end of March. Summer months are May 
to September. The mean maximum temperature in summer is over 40 °C (104 °F) and 
the mean minimum temperature is 25 °C (77 °F). The mean minimum temperature 
during winter is 4 °C (39 °F) and maximum is 18.35 °C (65.03 °F). 

Peshawar is not situated in the monsoon region, unlike the other northern parts 
of Pakistan. But occasionally monsoon currents make it as far as Peshawar causing 
downpours. This can be witnessed in the erratic monsoon of 2015 when the monsoon 
moisture was going well into eastern Afghanistan. The winter rainfall due to western 
disturbances shows a higher record during the months of February and April. The 
highest winter rainfall has been recorded in March, while the highest summer rainfall in 
the month of August. The average winter rainfall is higher than that of the summer. 
Based on a 30-year record, the average 30-year annual precipitation has been recorded 

https://en.wikipedia.org/wiki/Khyber_Pass
https://en.wikipedia.org/wiki/Iranian_plateau
https://en.wikipedia.org/wiki/Silk_Road
https://en.wikipedia.org/wiki/Monsoon
https://en.wikipedia.org/wiki/Pakistan
https://en.wikipedia.org/wiki/Afghanistan
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as 400 millimetres (16 in). The relative humidity varies from 46% in June to 76% in 
August (Wikipedia). 

 
 
Weeds Collection 

The above mentioned weeds were collected at mature stage from the New 
Developmental Farm, The University of Agriculture Peshawar, Pakistan and were 
identified in the herbarium of Weeds Science Department, The University of 
Agriculture, Peshawar, Pakistan.   
 

Extract Preparation 

The collected weed samples were washed and chopped into small pieces and packed 
in paper bags. Then samples were kept in the oven at 65 °C for 48 hours in order to 
remove the moisture content. The dried samples were then subjected to a mechanical 
grinder in order to receive fine powder for the water extract preparation. The samples 
were then soaked in distilled water at 120 g L-1 for 24 hours in separate containers to 
get aqueous extract from all the collected weed samples. The obtained extracts were 
filtered from muslin cloth to obtain aqueous allelopathic extracts solution.  
 

Experimental Design 

The experiment was arranged in Completely Randomized Design with factorial 
arrangement having three replications. Following are the two factors studied in the trial 
i.e. factor A (maize cultivars) viz. Azam and Jalal and factor B (weed extracts) viz. 
Sorghum halepense, Trianthema portulacastrum, Parthenium hysterophorus and 
Xanthium strumarium. 
Experimental Setup 

First of all the desired pots having the size of 12 x 15 cm were filled with weed seed 
free soil. Ten seeds of each maize variety were sown in assigned pots which mean 
thirty specimens were studied against each weed extracts. When the maize seeds were 
germinated the prepared weed extract were applied in a single dose (120g L-1) to each 
assigned pots. A separate treatment of distilled water was also kept for the comparison. 
The total duration of the instant trial was 40 days. Almost data were recorded when all 
the studied plants got seedling stage. Moreover, data were recorded on the following 
parameters with subsequent procedure. 

 
Plant height (cm) 

The plant height was measured with a ruler in cm, for all the plants in each 
individual pot treated with respective weed extracts and then averaged. 

 
Fresh shoot biomass (g) 

The fresh biomass of all maize plants collected from each pot was taken on an 
electric balance and the means plant-1 were calculated for each treatment. 

 
Dry shoot biomass (g) 

Already collected fresh plants were kept in oven for 24 hours at 65 °C after drying 
the data was recorded for dry biomass and averaged. 
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Leaf area (cm
2
) 

The leaf area of all the leaves in a single pot was measured through leaf area meter 
and the mean was recorded finally for calculating leaf area for a single leaf. 

 
Statistics 

The data recorded were analyzed statistically through MSTATC and least significant 
difference (LSD) were calculated by the procedure stated by Steel et al., 1997. 

Results  

Plant Height (cm) 

The results presented in (Table 1) revealed that both maize cultivars showed non-
significant response to the treatments (weed extracts). However, maximum plant height 
(37.94 cm) was observed for Jalal variety and the minimum plant height (36.29 cm) 
was noted for “Azam” variety. On the other hand, the treatments (weed extracts) 
revealed significant inhibitory effects on the plant height of maize cultivars. The 
maximum plant height (42.80 cm) was computed for the control treatment and the 
minimum plant height (33.85 cm) was recorded in Trianthema portulacastrum extract, 
followed by Parthenium hysterophorus extract (34.46 cm). The interaction among the 
treatments and maize cultivars also showed significant variation in data for plant 
height. The maximum plant height (44.53 cm) was recorded in control x “Jalal” 
variety, while the minimum plant height (33.10 cm) was recorded in P. hysterophorus 
extract x “Jalal” variety. (Khan et al., 2012) found that aqueous extracts of P. 

hysterophorus L. had significant inhibitory effects on the seedling elongation and 
germination. It is evident from the results that there were no statistically significant 
difference between the tested cultivar, while the weed extracts showed clear 
differences. So it is concluded that weed extracts having suppressive abilities should be 
exploited in future for the possible allelopathic compounds or secondary metabolites 
that should be used as a bioherbicides for weed control in maize.   
 

Table 1. Plant height (cm) of maize cultivars as effected by different weed extracts. 

 

Weed extracts 

Maize cultivars 
Means 

Azam Jalal 

Trianthema portulacastrum 33.36 d 34.33 cd 33.85 c 

Parthenium hysterophorus 35.83 bcd 33.10 d 34.46 c 

Xanthium strumarium 37.93 bcd 39.46 abc 38.70 b 

Sorghum halepense 33.25 d 38.26 bcd 35.76 bc 

Control 41.06 ab 44.53 a 42.80 a 

Cultivars Means 36.29  37.94   

Lsd (0.05) for weed extracts = 4.06 

Lsd (0.05 for maize cultivars= NS 

Lsd (0.05) for Interaction= 5.74 
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Fresh biomass (g) 

The (Table 2) showed non-significant results for cultivars means regarding the fresh 
biomass. However, numerically the outmost fresh biomass (27.18 g) was recorded for 
“Jalal” variety and the minimum fresh biomass (26.42 g) was noticed in “Azam” 
variety. Although the weed extracts mean showed significant results. The maximum 
fresh biomass (32.48 g) was recorded in the control treatment and the minimum fresh 
biomass (24.18 g) was observed under the application of Trianthema portulacastrum 
extract. The interaction of treatments and maize cultivars also showed significant 
results. The maximum fresh biomass (33.16 g) was recorded in control x “Jalal” 
variety, while the minimum fresh biomass (23.80 g) was recorded in T. portulacastrum 
extract x “Azam” variety.  
 

Table 2. Fresh biomass (g) of maize cultivars as affected by different weed extracts. 

 

Weed extracts 

Maize cultivars 
Means 

Azam Jalal 

Trianthema portulacastrum 23.80 c 24.56 bc 24.18 c 

 Parthenium hysterophorus 27.40 b 25.43 bc 26.41 b 

Xanthium strumarium 24.63bc 27.26 b 25.95 bc 

Sorghum halepense 24.46bc 25.46 bc 24.96 bc 

Control 31.80 a 33.16 a 32.48 a 

Cultivars Means 26.42  27.18   

Lsd (0.05) for weed extracts = 2.11 

Lsd (0.05 for maize cultivars= NS 

Lsd (0.05) for Interaction= 2.99 
 
 

Dry biomass (g) 

Like the fresh biomass the present parameters were also found non-significant for 
maize cultivars (Table 3). The numerical data for cultivars means indicated that 
maximum dry biomass (9.68 g) was observed for the “Azam” variety and the 
minimum dry biomass (9.53 g) was recorded for “Jalal” variety. However, all the 
treatment had showed significant inhibitory effects on the maize cultivars. The 
maximum dry biomass (10.35 g) was recorded in the control treatment and the 
minimum dry biomass (9.11 g) was noticed in Trianthema portulacastrum extract, 
although it was statistically comparable with Sorghum halepense, Parthenium 

hysterophorus and Xanthium strumarium. Khan et al. (2012) also reported that T. 

portulacastrum having allelopathic potential against the maize crop. The data shows 
that S. halepense, T. portulacastrum, P. hysterophorus and X. strumarium has strong 
allelopathc potential against the dry biomass of maize cultivars. The interaction 
among the treatments and maize cultivars are also significantly affected as shown in 
table-3. The maximum dry biomass (10.40 g) was recorded in control x “Jalal” 
variety, while the minimum dry biomass (8.63 g) was recorded in T. portulacastrum 
extract x “Azam” variety. 
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Table 3. Dry biomass (g) of maize cultivars as affected by different weed extracts. 

 

Weed extracts 

Maize cultivars 
Means 

Azam Jalal 

Trianthema portulacastrum 8.63 d 9.60 abcd 9.11 b 

Parthenium hysterophorus 9.93 abc 9.00 cd 9.46  b 

Xanthium strumarium 9.73 abc 9.40 abcd 9.56 b 

Sorghum halepense 9.80 abc 9.26 bcd 9.53 b 

Control 10.31 ab 10.40 a 10.35 a 

Cultivars Means 9.68  9.53   

Lsd (0.05) for weed extracts = 0.76 

Lsd (0.05 for maize cultivars= NS 

Lsd (0.05) for Interaction= 1.07 
 
 

Leaf Area (cm
2
) 

The statistical analysis of the data showed non-significant variation between the 
means of both maize cultivars for leaf area. Although numerically the maximum leaf 
area (25.42 cm2) was recorded for maize variety “Azam” and the minimum leaf area 
(24.66 cm-2) was recorded for “Jalal” variety (Table 4). Among the weed extracts the 
maximum leaf area (32.83 cm2) was noted for the control treatment, while minimum 
leaf area (21.55 cm2) was observed in Sorghum halepense treated pots that are 
statistically at par with other weed extracts like Trianthema portulacastrum, 

Parthenium hysterophorus and Xanthium strumarium. Furthermore, the interaction 
between the treatments (weed extracts) and cultivars in (Table 4) showed that the 
maximum leaf area (35.66 cm2) was noticed in control x “Jalal” variety and minimum 
leaf area (21.13 cm2) was recorded for S. halepense extract x “Jalal” variety. 
 

Table 4. Leaf area (cm
-2

) of maize cultivars as affected by different weed extracts. 

 

Weed extracts 

Maize cultivars 
Means 

Azam Jalal 

Trianthema portulacastrum 27.40 b 22.26 b 24.83b 

 Parthenium hysterophorus 24.96 b 22.36 b 23.66b 

Xanthium strumarium 22.76 b 21.86 b 22.31b 

Sorghum halepense 21.96 b 21.13 b 21.55b 

Control 30.00 ab 35.66 a 32.83a 
Cultivars Means 25.42 24.66  

Lsd (0.05) for weed extracts = 7.08 

Lsd (0.05 for maize cultivars= NS 

Lsd (0.05) for Interaction= 10.01 
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Discussions 

The data in (Table 1) shows that T. portulacastrum, P. hysterophorus, S. halepense 

and X. strumarium possess highly allelopathic chemicals which have the ability to 
reduce the plant height of maize cultivars. Hence, it is concluded that the 
allelochemicals found in S. halepense and P. Hysterophorus disturbed the normal 
functioning in maize plants that leads to the retardation of maize plant height. 
Similarly, Jabeen and Ahamd (2009) also found inhibitory effects of different weeds 
extract on plant height of maize cultivars. Kumar and Kumar (2010) also declared 
parthenium weed as the worst invasive weeds which effect the summer crops plant 
through its allelopathy and adversely affect the biodiversity.  

The results regarding (Table-2) shows the T. portulacastrum contains allele 
chemicals which retard the growth and reduce the fresh biomass of the maize crop. T. 

portulacastrum spread in the fields very effectively and has the quality of prolific seed 
production due to which it affects the crop normal functioning (Duke et al., 2000). 
Moreover, this weed contains several phenolic compounds responsible for growth 
retardation in maize crop (Saeed et al., 2010). 

The above results in (Table 3) are found similar with those of (Mubeen et al. 2011) 
who stated that T. portulacastrum contains allelochemicals which contribute to the 
reduction in the dry biomass of maize crop. (Khan et al., 2011) also found similar 
results in his experiment on examination the effect of S. halepense, T. portulacastrum, 

P. hysterophorus on the seed germination of wheat crop. 
Hence, it is concluded from the results in Table 3 that the allelochemicals found in 

S. halepense had significant inhibitory effects on the growth of maize cultivars as a 
result the leaf elongation in maize cultivars has disturbed. In other studies (Singh et al. 
2005) also noted the reduction in root and shoot lengths of 40-47 % over the control in 
other species on exposing to S. halepense extracts. 

Conclusion and Recommendations 

On the basis of this trail it may be concluded that the weeds: Trianthema 

portulacastrum and Sorghum halepense aqueous extract contain allelochemicals that 
negatively affected the growth of maize cultivars. Therefore, the proper control of 
these weeds is suggested in maize crop to avoid the losses. Moreover, the phytotoxic 
properties of these weeds can be utilized as a tool for controlling weed in summer 
crops after laboratory tests. 
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Abstract. Aiming at improving water quality by avoiding eutrophication in Baiyangdian Lake, excessive 
growth of CLP (Potamogeton crispus) was treated by partial harvesting in spring, by means of an 
enclosure experiment. CLP was harvested in different proportions and water quality was monitored 
weekly for 46 days. TN concentrations and total bacterial counts reached a maximum on day 24 post 
harvest, after which they declined sharply. TP concentrations decreased first and then increased gradually. 
The highest values appeared in water without any CLP and also in plots where the maximum biomass had 
not been removed. In contrast, plots in which 20% of the biomass had been retained resulted in lowest TN 
and TP values. COD concentrations increased in mid-to-late May and this correlated with an increase of 
biomass. TLI of each treatment peaked at the end of May, and reached highest values in mid-June. The 
highest TLI value appeared in water without any CLP. The water of plots retaining 20% of maximum 
biomass resulted in medium nutrition levels, while the other treatments reached TLI levels indicative of 
light eutrophication. The best harvest time for CLP is mid-May and the best harvest rate, as suggested by 
this study, is approximately 80% of maximum biomass. 
Keywords: CLP; total nitrogen; total phosphorus; COD; TLI 

Introduction  

Curly-leaf pondweed (Potamogeton crispus L., here abbreviated as CLP) is a 
submerged macrophyte commonly found in shallow lakes and a dominant plant in 
spring, displaying rapid growth and a high biomass production. It is common in many 
parts of the world including in China. The largest freshwater lake of China, Baiyangdian 
Lake (the name means “Pearl of North China”), contains areas that are seasonally 
covered for up to 95% by CLP. Although the plant can assist in natural purification of 
water, its excessive growth endangers local fishery industry. Moreover, nutrients 
released after death and decomposition of the plants cause secondary water pollution, 
and decaying plant parts result in a strong biological deposit-promoting effect that leads 
to rapid swamp formation. Especially the release of phosphorus is high per unit of plant 
mass (Tang et al., 2013), which is one of the key factors that causes eutrophication of 
lake water (Lu et al., 2011). Light intensity is one of the key factors in determining the 
fate of submerged macrophytes; thus, enhancement of water transparency can restore a 
healthy growth of submerged macrophytes in eutrophic lakes (Zhang et al., 2010; Xing 
et al., 2013). This can be achieved by timely harvesting of senescence CLP, in order to 
avoid a critical increase of nitrogen and phosphorus concentrations as a result of plant 
decay. Harvesting viable plants not only removes nutrients from the lake and limits 
nitrogen and phosphorus deposits in mud, but also controls CLP biomass and propagule 
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numbers (Yu et al., 2013; Jiang et al., 2012). Moreover, the harvested biomass can be 
utilized as feed for poultry, especially ducks. In most cases, the harvest of CLP begins 
when the submerged plants have reached maximum biomass.  

Research has been conducted to determine the effect of harvesting aquatic plants on 
nitrogen and phosphorus cycles in aquatic ecosystems, their growth and recovery status 
after harvest and the optimal timing of this practice (Wu et al., 2012). Studies have 
shown that the concentrations of nitrogen and phosphorus in various forms increased 
compared to areas where harvesting was omitted, while the practice of manual CLP 
removal increased species diversity and abundance, although the reported effects were 
not statistically significant (Wang et al., 2013). 

The work presented here aimed at improving the situation of eutrophication of 
Baiyangdian Lake as a result of excess CLP growth. An enclosure experiment was 
performed to study the effect of different quantities of CLP biomass removal on 
eutrophication levels. The analyses included determination of total nitrogen (TN), total 
phosphorus (TP), chemical oxygen demand (COD), chlorophyll a (Chl-a), total bacterial 
numbers and calculation of the comprehensive nutrition state index (TLI). The results 
identified the optimum CLP biomass for managers and policy makers and provided a 
theoretical basis for the treatment of eutrophic shallow lakes and the management of 
these environments. 

Materials and Methods 

Sampling site and enclosure experiment setup 

Samples were taken from Baiyangdian Lake in the north east of China (38.850°N, 
116.000°E). The proportion of water with worse quality than class Ⅲ in Baiyangdian 
Lake increased from 14.3% in 1973 to 83% in 2007, and the order of the comprehensive 
pollution index in the year 2006 was spring＞summer ＞winter＞autum(Zhang et al., 
2010). The eutrophic water of Baiyangdian Lake belongs to class five according to the 
standard limit values in "Environmental Quality Standard for Surface Water (GB3838-
2002)". An enclosure experiment was conducted close to Datianzhuang village. The 
location of the study was selected to meet the following conditions: strong CLP growth, 
evenly distributed biomass and a surface coverage of over 95%. During the study, 
which was conducted in April-May 2012 according to Table 1, the average height of 
CLP plants was 149 cm, most of which was in blossom during the investigation, and the 
average biomass of CLP was 6.33 kg/m2, with a water depth of 1.5~1.8 m. Water 
samples were also collected. 

 

Table 1. Development stages of P. crispus (Ren et al., 2012) 

Development stages Time Temperature(℃) Character 

Bud sprouting and 
growing period   

Mid-August to early 
December 

16.6-7.3 The breeding buds germinate and 
seedlings grow rapidly 

Overwintering 
period 

Early December to 
early March 

7.3-3.2 Seedling live through the winter 
under water or ice 

Recovering period Early March to late 
May 

3.2-11.5 CLP grows slowly and the 
leafage emerges 
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Exponential growth 
and flowering and 

fruiting period 

Early April to mid-
May 

11.5-15.2 Biomass grows exponentially 
and 

P. crispus blooms and 
yields seed 

Production of 
breeding bud 

Early May to early 
June 

15.2-20.8 The breeding buds. produce 

Death and rot 
period of plant 

Mid-June to late 
August 

20.8-25.6 Stems and leaves stop growing 
and die and rot. The breeding 

bud lives through summer 

 
 

The selected area was divided into 10 plots with impermeable canvas on April 23, 
2012, (Fig. 1A). Each plot had a volume of 5×10×2 m3 (length×breadth×depth) and the 
plots were separated by 2 m wide spaces. The canvas was covered by mud at the bottom 
to prevent translocation of fish. On April 27, CLP was harvested at various degrees, 
from 0% (no harvest, retaining 100%) in plot B1 to 80% removal of the content of the 
plot, resulting in 20% remaining CLP in B4. The other plots were harvested to maintain 
60% (B2) and 40% CLP (B3), respectively. Each treatment was performed in triplicate. 
Control water samples (CK) were taken from an area without CLP growth positioned 2 
m away from the enclosures. Every plot was divided into 5 parts (20% of the plot) to 
remove the required fraction of CLP, including the roots. (Fig. 1B). Water samples were 
taken in the middle of each plot at depths of 5, 15 and 25 cm. These samples were 
mixed and analysed for TN, TP, COD, Chl-a content and total bacterial counts on a 
weekly basis. At the same time, biomass of CLP in each plot was determined. 

  

 

Figure1. Photograph of the enclosure plots, showing CLP coverage to the left, and harvesting 

in action in the photo to the right. 

 

 

Water analyses 

TN concentrations, expressed in mg/L, were determined by alkaline potassium 
persulfate (K2S2O8) digestion followed by spectrophotometry (GB11894-89). The 
determination of TP concentrations (mg/L) was based on Mo–Sb spectrophotometry 
(GB1183-89) after potassium sulfate (K2SO4) digestion. COD content (mg/L) was 
determined by the potassium dichromate (K2Cr2O7) method, while the total number of 

B A 

A 
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viable bacteria (expressed as cfu×103/mL) was determined by plate colony-counting 
methods. Hot ethanol spectrophotometry was used to determine Chl-a content, 
expressed in µg/L (Zhang et al., 2008). The fraction of NH3-N was determined by 
Nessler’s reagent colorimetric method (GB7479-87). Acidity of the water was measured 
with a pH meter and the water temperature was also recorded. Finally, transparency of 
the water was determined by Secchi disc (Gu et al., 2000) and expressed in m. 
  
Sediment analyses 

TN concentrations were determined by the Kjeldahl method after Sulfuric acid 
(H2SO4) digestion. The Mo-Sb colorimetric method was used to determine TP 
concentration after by NaOH melting. The content of organic matter was determined by 
titration with potassium dichromate.  
  
Eutrophication assessment 

The level of eutrophication was assessed by a nutrition state index, calculated according 
to Wang et al. (2002). The input parameters were the concentrations of Chl-a, TP, TN and 
SD. The comprehensive nutrition state index TLI(∑) was calculated as follows:  

 

 TLI (∑) =
1

n

j

j

W
=

ĺ   ·TLI(j) (Eq.1) 

 
with Wj is the weight of the nutrition state index of j’s parameter. TLI(j) represents 

the nutrition state index of j’s parameter, calculated as follows: 
 
 TLI (Chl-a) =10(2.5 +1.086lnChl-a)  (Eq.2) 

 TLI (TP) =10(9.436 +1.624lnTP) (Eq.3) 
 TLI (TN) =10(5.453 +1.694lnTN) (Eq.4) 
 TLI (SD) =10(5.118 - 1.94lnSD) (Eq.5) 
 TLI (COD) =10(0.109 +2.661ln COD) (Eq.6) 

 
Data analysis 

All statistical analyses were conducted using the software SPSS 19.0, DPS 7.5 and 
Excel 2007 software.  

Results  

Effects of CLP biomass on TN 

The obtained values for TN, NH3-N, TP, COD, pH and temperature in water and 
sediment at the beginning of the experiment are listed in Table 2.  

 

Table 2. Indexes of water and sediment in the sampling sites 

Water Sediment 
NH3-N 
(mg/L) 

Total N 
(mg/L) 

Total P 
(mg/L) 

CODcr 
(mg/L) 

pH 
 

T 
(℃) 

Total N 
(g/kg) 

Total P 
(g/ kg) 

Organic matter 
(g/ kg) 

1.066 3.32 0.33 65.44 8.99 14.9 1.20 0.52 23.29 



Liu et al.: Effects of curly-leaf pondweed biomass on eutrophication 
- 581 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 577-587. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_577587 
 2016, ALÖKI Kft., Budapest, Hungary 

Fig.2A shows the concentration of TN in water from each of the plots over time from 
the day of harvest (day 0). During the experiment, the concentration of TN declined in 
all samples, ending at levels approximately 5 times lower than at the start (the average 
removal rate of TN concentration was 79.2% at the end of the experiment). As can be 
seen from the figure, TN concentrations slightly decreased during the first 10 days post 
harvest, to increase to levels at day 24 that were similar to day 0. A significant drop 
followed, which at day 31 resulted in TN concentrations less than 0.3mg/L, the critical 
concentration required for eutrophication as determined elsewhere (Xie et al., 2011). 
The exception were B1 plots (where all biomass had remained), which did not quite 
reach below this critical concentration. After this, TN stayed at low levels till day 46, by 
which time highest levels were recorded in B1 plots where no CLP had been removed. 
The order of TN at the end of the experiment was B1 > CK > B3, B2 > B4 (Fig. 2A). 
Thus, although the different treatments did not have a significant effect on TN 
concentrations, there was a tendency of stronger TN decrease when more CLP was 
harvested.  

 
Effects of CLP biomass on TP 

Fig.2B shows the concentration of TP over time during the experiment. There was 
more variation between the plots for this parameter compared to TN. The plots from 
which no CLP had been removed (B1) resulted in a slow but steady increase in TP. In 
the other plots TP decreased to a minimum at day 10, followed by a gradual increase to 
approximately original levels at day 24. This trend was seen for the plots from which 
various fractions of CLP biomass had been removed as well as for the control in which 
CLP was absent. The content of TP then decreased in the plots in which 20% or 40% of 
CLP had been retained, and remained stable in the CLP-free control, but continued to 
increase for the other two plots. By day 31, TP concentrations were higher in B1 (100% 
CLP retained) and B2 (60% retained) than in the other plots, while the lowest value was 
found in B4 (20% CLP retained). The results obtained at day 46 were highly different in 
all plots. With the exception of B4, which remained low, TP concentration in water was 
now higher than for all previous time points. In particular the CLP-free CK control 
reached high levels (3 times that of T=0), followed by B3, B1, and B2. The order of TP 
at the end of the experiment was Ck >> B3 > B1 > B2 >> B4. There was a significant 
difference between the concentrations of TP in the B4 treatment compared to the other 
treatments (P< 0.01).  

 
Effects of CLP biomass on COD 

The concentration of COD in the CLP-free CK plots changed little and was initially 
higher than that of the other plots. The trends over time are shown in Fig.2C. The values for 
COD increased with time in all treatment plots, though this increase was lowest for the 
CLP-free control, which ended with the one-but lowest concentration. On day 10 after 
harvest, COD concentration had significantly declined in B1 plots, after which it 
considerably increased again, in particular after day 24. On that day, the water of B4 had the 
lowest COD concentration of all samples, which can be taken as a sign for the best water 
quality, and it remained as such at day 46. All samples showed an increase in the COD 
concentration from day 24 to day 46, with the strongest increase in B1 where no CLP had 
been removed. At the end of the experiment, COD concentrations were highest in B1 
(nearly 4 times its original levels), followed by B2 > B3 > CK > B4. This indicated that the 
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more CLP biomass had remained present in the plot, the higher COD concentrations were 
produced at the end of the experiment, indicating poorest water quality.  

 
Effects of CLP biomass on Chl-a  

The content of Chl-a in the water remained relatively stable till day 31, as can be seen in 
Fig.2D. Only at day 46 were significant differences detected, with highest levels in CK (6 
times that of T=0), followed by B2 > B3 > B1 > B4. This indicates that the lowest biomass 
of phytoplankton was obtained in plots where 80% of CLP had been harvested. 

 

Figure 2. Changes of TN, TP, COD and chl-a concentration over time for plots. The same 

symbols were used in B, C, D as in A. 

 
 

Effects of CLP biomass on total bacteria content 

Total bacterial content in water was determined for each plot and shown in Table 3. 
The total bacterial numbers first increased and then decreased over time, while their 
numbers reached a maximum at day 24 in all samples. At the end of the experiment, the 
bacterial numbers were in the order of B3 > B2 > CK > B1> B4. The counts at day 24 
correlate with the order of total nitrogen content that had the highest value on that day 
after harvesting 60% CLP.  

 

Table 3. Arithmetical means ±SD of the bacterial counts after CLP harvest（cfu×103
mL） 

Days after harvest 10 17 24 31 46 

CK, no CLP present 14.0±0.71c 52.5±0.71c 564.0±5.09a 99.5±7.07b 16.1±2.71c 

B1, 100% retained biomass 4.8±0.14c 30.0±0.71c 225.0±1.41a 180.0±1.27b 11.3±2.12c 

B2, 60% retained biomass 8.5±0.14c 35.5±4.24c 392.0±8.49a 265.0±7.05b 31.5±0.71c 

B3, 40% retained biomass 16.1±0.49c 26.9±2.51c 680.0±5.66a 295.0±2.12b 69±3.17c 

B4, 20% retained biomass 24.0±0.34c 23.8±1.41c 212.8±6.12a 85.0±4.24b 7.6±0.55c 

Note: Different superscript letters in the same row indicates a significant difference among samples (p< 0.01) 

0

10

20

30

40

50

60

0 10 17 24 31 46

Time（d）

 C
OD
 c
on
ce
nt
ra
ti
on
（
mg
/l
）

0,00 

0,50 

1,00 

1,50 

2,00 

2,50 

0 10 17 24 31 46

T
N
 c
o
n
c
e
n
t
r
a
t
io
n
(m
g
/L
)

Time（d）

No CLP

100% biomass

60% biomass

40% biomass

20% biomass

0

5

10

15

20

25

30

0 10 17 24 31 46

Time（d）

  
Ch
l-
a 
co
nt
en
t（

ug
/L
）

0.00

0.05

0.10

0.15

0.20

0.25

0 10 17 24 31 46
Time（d）

T
P
 
c
o
n
c
e
n
t
r
a
t
i
o
n
(
m
g
/
L
)

 

D 

 
A 

 

B 

C 



Liu et al.: Effects of curly-leaf pondweed biomass on eutrophication 
- 583 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 577-587. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_577587 
 2016, ALÖKI Kft., Budapest, Hungary 

The significance of the CFU counts at the different time points was determined by 
DPS software. The results showed that the CFU numbers were highly significantly 
different (P < 0.01) on day 24 compared to the other time points, and significantly 
different (P< 0.05) between day 31 and the other time points. This applied to all 
treatments. Nutrients released by CLP were at a maximum 24-31 days post harvest and 
during this period, the bacterial content in water was also highest and the eutrophication 
degree was the largest. 

For those plots from which CLP was harvested, the maximum variation of total bacterial 
counts over time was observed in B3 plots, with standard deviation 300.71. The other plots 
showed less extensive variations, in the order of CK (SD 234.45) > B2 (172.39) > B1 
(104.14). The smallest standard deviation, of 87.85, was observed in B4 plots.  
 
Effects of CLP biomass on TLI 

According to the comprehensive eutrophication index, the trophic status of a lake can be 
divided in five degrees: TLI < 30 indicates a poor nutrition status; a value between 30 and 
50 indicates medium nutrition; between 50 and 60 is indicative of slight eutrophication; 60-
70 is a sign of moderate eutrophication, while a TLI> 70 is an indicator of severe 
eutrophication. The mean values of the calculated comprehensive eutrophication index of 
each treatment are listed in Table 4. The eutrophication degree varied between 47.9 and 
61.0 (slight to moderate eutrophication) and was highest for the periphery water (CK). The 
indices for B1, B2 and B3 treatment plots were very similar, at the slight eutrophication 
level. The lowest values of TLI were obtained in the plots remaining 20% CLP biomass, 
that were at medium nutrition levels. The comprehensive eutrophication indexes in water of 
all treatments reached a peak at days 24 and 46 after harvest. The reason may be that the 
CLP biomass in B4 plots was lowest but also the most suitable as a local carbon sources 
and carbon sink, which resulted in a balance. 

 

Table 4. Effect of CLP biomass on comprehensive nutrition state index (TLI) 

Days after harvest 0 10 17 24 31 46 Mean value±SD 

CK, no CLP present 56.5  54.1  58.4  58.9  55.2  65.5  58.1±4.1 

B1, 100% retained biomass 56.5  51.2  50.5  57.3  58.5  61.0  55.8±4.2 

B2, 60% retained biomass 51.5  53.0  56.0  57.4  56.4  60.1  55.7±3.1 

B3, 40% retained biomass 50.7  52.7  53.9  57.0  54.2  60.1  54.8±3.3 

B4, 20% retained biomass 49.5  47.9  50.0  52.3  48.3  50.7  49.8±1.6 

Discussion 

Effects of CLP biomass on main indexes of eutrophic water 

If CLP biomass is at the hypersaturated state, it will affect photosynthesis and water 
purification efficiency. When CLP is artificially harvested, the nitrogen and phosphorus 
accumulated in the plants is removed from the system, which initially reduces the TN 
and TP concentration. As a result of the decrease of barriers formed by the stems and 
leaves, the bottom of the shallow water is now susceptible to disturbance. As a result, 
the dissolution of NH3-N and other nutrients in sediments accelerate, resulting in a 
subsequent rise in TN concentrations. Owing to the fact that the DO content is low in 
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the period from April to June, phosphorus bounded to metal ions in the sediment such 
as iron and aluminum start to be released, which increases the P content in water 
(Harveya et al., 2008). In the described experiment, after mid-May (day 24), TN 
concentration decreased rapidly, probably because the release levels of nutrients in 
sediment decreased and the massive reproduction of phytoplankton and microorganisms 
in the water absorbed more nutrients (Dong J, et al., 2014). 

In June, CLP started to decline and decompose, with decomposing plant parts turning 
into a source of nitrogen and phosphorus from the original "sink" role that the plants 
had provided during their vigorous growth stage (Lu et al., 2006). The released TN 
content from a decaying plant is typically 0.064 mg/g, and less than that of TP (2.404 
mg/g) (Wang et al., 2013). These effects explain why phosphorus content first increased 
slowly and then, after day 31, rapidly.  

COD is a comprehensive indicator of the relative content of organic matter. At the 
beginning of the experiment, COD concentrations decreased because of CLP absorbing 
nutrients from the water. After mid May (day24) when CLP started to decline, the COD 
content gradually increased and reached the highest values in the plots containing 
maximum biomass. The determined COD content was higher here than for the other 
treatments by the end of the trial, while COD content was lowest in the plot retaining 
20% biomass.  

Chlorophyll occurs in all phytoplankton and is a reliable index to quantitate 
phytoplankton biomass. The content of chlorophyll can be used as an indicator of the 
degree of eutrophication. A positive correlation was observed between Chl-a content 
and the decay degree of CLP at locations with high water pollution (Wei et al., 2013). 
With a rise of temperature, the biomass of phytoplankton in the CLP-free water 
increased and the content of Chl-a was gradually rising. By the end of the experiment, it 
was higher in the CK plots than in the other treatments. At the end of May, the content 
of Chl-a increased with the increase of biomass in plots with CLP growth. The reason is 
that the decline and decay of CLP released more nutrients into the water, promoting 
phytoplankton growth. But in the plots from which no CLP was harvested, the plants 
provided shade that hindered the growth of plankton, therefore the concentration of Chl-
a in those plots was close to that of the plots from which 80% CLP was harvested. 

 
Some suggestions on CLP management 

Submerged hydrophyte species, distribution and biomass play a very important role 
in ecological restoration of eutrophic lakes (Ginn, 2011; Dong et al., 2014) but multiple 
processes with conflicting outcome occur simultaneously. As a result, in our experiment 
there were no significant differences in the contents of some of the determined variables 
between plots that had retained different amounts of biomass. Nevertheless, the contents 
of all determined indexes in those plots where 80% of CLP had been removed 
invariably reached minimum values. This conclusion is similar to that of Li and 
colleagues, who reported that the optimal biomass harvest rate of Hydrilla verticillata 
Royle was 75- 87.5% (Li et al., 2014). Likewise Xu et al. (2013) concluded that the 
biomass of submerged plants should be reduced to 140-180 g/m2. Therefore, we suggest 
that the most suitable biomass to be retained is 20% when the coverage of CLP reaches 
95% or higher in freshwater lakes. 
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Conclusions 

(1) TN concentrations and total bacterial counts rose to maximum values 24 days 
post CLP harvest conducted at the end of May, after which they declined sharply, while 
TP concentrations decreased first and then increased gradually. At the end of the 
experiment (mid-June), the changes of TN and TP concentrations in water were 
basically the same. The highest values appeared in plots without CLP and those where 
no biomass was removed; lowest values were recorded in plots that had retained 20% of 
the maximum biomass. The concentrations of TP displayed a significant difference 

between plots retaining 20% of biomass and the other treatments (p＜0.05). The total 
bacterial counts reached highest values at the end of May, and by day 24 produced a 
highly significant difference with the other time points (P < 0.01). COD concentration 
increased and this increase correlated with the increase of biomass. The contents of Chl-
a in plots retaining 20% biomass remained constant at levels before the harvest, while 
the levels increased in the other treatments. 

(2) The comprehensive nutrition state index (TLI) in each tested treatment peaked on 
day 24 post harvest (end of May) and again in mid-June (day 46) when it reached the 
highest values. The TLI value was highest in water without CLP and very similar TLI 
values were obtained in water containing maximum biomass, 60% and 40% of 
maximum CLP biomass treatments. The plot in which 20% of maximum biomass had 
remained resulted in water with medium nutrition levels, while the other treatments 
resulted in light eutrophication levels.  

(3) The best harvest time of CLP is mid-May and the best harvest rate is about 80% 
of maximum CLP biomass. 
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Abstract. Flood discharge capacity is used as input parameter for spillway design, and it is sensitive to 
climate change effects. One of the main aims of climate studies is seeing the result of the variability of 
climatic parameters on water structures. So, the observed maximum flow must be evaluated by the view 
of trend analysis of maximum flow data. At the same time, changing the risk levels of spillways must be 
evaluated by risk analysis using same data. Thus, the relationship between maximum data flow and flood 
risk can easily be understood. Based on the updated observation data, new or existing spillways can be 
designed or rehabilitated accurately. Ten selected dams in Turkey are studied for evaluating the aim, 
while Mann-Kendall and Spearman’s Rho tests are used for investigating trends. The MFOSM (Mean 
Value First Order Second Moment) and AFOSM (Advanced FOSM) methods are used for analyzing the 
risks. Using maximum flow parameters, the existence of trends and safety level of spillways are reported 
for selected dams. Results show us the process of observation of the updated maximum flow data, and its 
effect on risk levels for dam safety is crucial for prediction and prevention of the flood damages. 
Keywords: trend analysis, risk analysis, dam safety, flood, Turkey 

Introduction 

Dams are huge engineering structures constructed for different aims like power 
generation, irrigation, flood control, transportation, and so on. Dams control large 
amounts of water in their reservoir, so they are at risk all their lifetime. These risks can 
be classified as structural insufficiencies, earthquake risks, flood risks and other 
environmental risks (Cheng, 1993; Vischer and Hager, 1998; Cooper and Chapman, 
1993). Providing safety for dams under the influence of these types of risks is of vital 
importance when possible catastrophic results of dam failure are considered. 

Different researchers have compiled the several causes of dam failure, which are 
reported by ICOLD (International Commission on Large Dams), and they showed that 
two major causes of dam failure are: foundation problems and inadequate spillway 
(Kite, 1976; Uzel, 1991; Yenigun and Erkek, 2002). Additionally, inadequate spillway 
design has been held responsible for triggering the foundation problems, (ICOLD, 
2014). For this reason, spillways are very important parts of dams, and so their design, 
construction, operation and maintenance must be considered very carefully. The major 

mailto:kyenigun@hotmail.com
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design parameter of spillways is maximum flood discharge capacity; and determination 
of this parameter is generally hard because of stochastic properties of maximum flows, 
which is highly affected by climate change or other factors. 

Climate change is recently getting more and more popular because of its effects on 
the hydro system engineering systems. Climate change affects the primary input 
variable of hydro system engineering, which is weather event (particularly 
precipitation). Due to the effects climate change, floods and droughts take extreme 
values. In this context, Kang et al. (2007) have made some sensitivity analysis of the 
flood safety of Yongdam Dam, using different climate change models and have 
concluded that single-flood events are more critical in the long run. Zhang et al. (2008) 
have performed an analysis based on historical records of the Yangtze Delta, using 
power spectrum analysis and continuous wavelet transformation methods for detecting 
the changing characteristics of flood change. They have determined that climate change 
might increase the frequency of extreme weather events in the Yangtze Delta. Bouwer 
et al. (2010) have indicated that increasing trends of possible flood damages cause 
climate and socioeconomic changes through annual expected flood damages. 

Many studies related to hydrometeorological events or their effects on technical 
structure or social parameters can be found. Chang et al. (2011) studied torrential rains 
and their sediment volume which have caused severe damages to infrastructure and loss 
of life, by typhoon events in Taiwan. Fatti and Patel (2013) focused on this in their 
study on flood risk in South Africa, and how risk perceptions influence local 
government and residents’ disaster management methods. 

Lee and You (2013) developed a framework for the management of reservoir risk in 
Taiwan. Research in South Sumatra showed that the risk of extreme precipitation would 
increase and the sea level rise under climate uncertainty (Suroso et al., 2013). Similarly, 
a study in Korea explained that variation in precipitation is likely to increase flood and 
drought risk, and this could be a burden to river management and dam operation in 
Korea (Jung et al., 2011). 

Some other studies focused on flood risks and hazards in USA (Kalyanapu et al., 
2013; Condon et al., 2015), China (Shi et al., 2014; Cheng et al., 2016; Jun et al., 2016), 
UK (Jamie, 2015), Spain (Egueen, 2015), and Iran (Robert, 2016). Sowers et al. (2011) 
evaluated climate change and water resources by the social view. Some researchers are 
focused on impact of climate change on water structure design or risk (Yerramilli, 2013; 
Stratz and Hussein, 2014). 

In Turkey, Cicek and Duman (2015) studied seasonal and annual precipitation trends 
in Turkey. Demir and Kisi (2016) prepared a risk map for flood hazards under flood 
experiences in Samsun. 

Sen et al. (2012) have performed regional climate model simulation for Turkey using 
ICTOP-RegCM3 climate model and IPCC-A2 climate scenario, and they have indicated 
overall increasing temperatures and decreasing precipitation for Turkey during the 21st 
century. Yenigun and Ecer (2013) have carried out trend analysis of maximum flow 
values, using overlay mapping technique on the Euphrates basin and they have clearly 
seen the effects of climate change using the overlay mapping technique. Chernet et al. 
(2014) have investigated possible climate change effects on future safety of the Aurland 
hydropower dams during future floods using different future climate scenarios, and they 
have found that there was a change in the magnitude of the floods. These studies show 
hydro systems effects of climate change, uncertainties, and risk of hydro system effects 
are required to be taken into account. 
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One of the other major difficulties in hydro system engineering shows stochastic 
properties which cause increasing importance of risk and uncertainty analysis in water 
structures. In the last few decades, different risk analysis methods have been developed 
by researchers. Some of these methods can be categorized simply as Return Period, 
Safety Factor and Safety Margin, Monte Carlo Simulation, Integration and Second 
Moment Methods (Turkman, 1990; Yen and Tung, 1993; Yenigun, 2001). Each method 
has some advantages and disadvantages. Goodarzi et al. (2013) have created a 
chronological list of advances of major risk and uncertainty analysis in hydro system 
engineering. 

After reviewing the literature extensively, we have seen only several studies related 
to only the occurrence of climatic change, and some related to only the climatic change 
reasons and their near effect on water resources. And, some studies focused on only the 
safety level of the water structures or similar problems. In general, a few studies have 
made analyses of the effects of hydro-meteorological parameter changes on the risk 
level of the spillways for large dams. Very few researchers observe the real behavior of 
the spillways as a part of large water structures under climatic changes. This encouraged 
us to work on this subject comprehensively including all parameters. 

This study is principally aimed to determine whether there is a change on maximum 
flows and to observe the effect of that variation on spillway’s risk levels. So, it will be 
possible to observe the existing dam performance under the changing maximum flow 
parameters. To do this, it is intended the usage of trend analysis methods for maximum 
flows and applying risk analysis methods to ascertain whether there is a danger in the 
spillways of selected dams. Risk analyses that are performed in this study, are not based 
simply on previous time series maximum flow parameters. They are additionally based 
on the spillway characteristics, reservoir flood damping coefficient and the probability 
that some of spillway gates are out of service. This increases the reliability of the risk 
analysis results indicated in Serinaldi and Kilsby (2015). As a case study, first, several 
dams are selected from the different regions of Turkey, and then trend and risk analysis 
are done. Maximum flow observations are used for representing flood characteristics in 
this study. In order to increase the rate of success of study, some dams (4 of 10) are 
selected from the previous studies studied by authors for past period and limited data by 
the authors. 

Material and Method 

Study area 

The study area is Turkey, located at the intersection of Asia and Europe and located 
in 26° - 45° eastern longitudes and 36° - 42° northern latitudes. Turkey is located in the 
Mediterranean macroclimate region, but the geographical factors create some changes 
in climatic conditions (Ikiel, 2005). The hydrological characteristics of the country 
represent high spatial and temporal variability (Kahya et al., 2007). On the other hand, it 
can be indicated that Turkey is placed in the semi-arid climatic zone. In this study, 
different dams which symbolize the different regions of Turkey have been examined. 
These dams are represented in Figure 1. Stream flow gauging stations which flow 
observation data for investigated dams obtained from them are also shown in the same 
figure. Some properties about selected dams are tabulated in Table 1. Properties of 
streamflow gauging stations (Name and ID number) are given in Table 2. 
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Table 1. Properties of selected dams [from DSI, (2015)] 

 

 

Dam Province 

Purpose 

Type Year 

Reservoir 

Volume 

(10
6 
m

3
) 

Height 

(m) 

Spillway 

E
*
 I

*
 F

*
 

Spillway 

Type 

Number 

of Gates 

Discharge  

Capacity 

(m
3
/sn) 

Çatalan Adana x x x Earthfill 1997 14.50 82 Frontal, gated 6 10055 

Demirdöven Erzurum 
 

x 
 

Earthfill 1996 2.50 67 
Frontal, 
ungated 

- 198 

Manavgat Antalya x x x Earthfill 1987 1.20 29 Frontal, gated 3 4000 

Oymapınar Antalya x     Concrete Arch 1984 0.68 185 Frontal, gated 4 3600 

Almus Tokat x x x Earthfill 1966 3.41 95 Side channel - 2243 

Arpaçay Kars 
 

x 
 

Concrete 
Gravity 

1983 0.16 59,1 

Frontal, 
ungated  

+ 
uncontrolled 

shaft 

- 752 

Aslantaş Adana x x x Earthfill 1984 8.49 95 Frontal, gated 6 14280 

Çaygören Balıkesir x x x Earthfiil 1971 3.41 53,5 Frontal, gated 7 2850 

Kayaboğazı Kütahya 
 

x x Earth+Rockfill 1987 0.63 45 Frontal, gated 3 1998 

Kemer Aydın x x x 
Concrete 
Gravity 

1958 0.74 113,5 
Frontal, 
ungated 

- 5000 

(E*: Energy, I*: Irrigation, F*: Flood Control) 
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Table 2. Properties of streamflow gauging stations 

Dam Station ID Place Location 

Çatalan E18A018 Adana/Kozan 37:25:25N 35:27:17E 

Demirdöven D24A016 Erzurum/Pasinler 40:02:05N 41:44:07E 

Manavgat E09A901 Antalya/Akseki 36:56:51N 31:31:01E 

Oymapınar E09A901 Antalya/Akseki 36:56:51N 31:31:01E 

Almus E14A018 Tokat/Almus 40:18:42N 37:07:43E 

Arpaçay E24A018 Kars/Akyaka 40:44:08N 43:33:12E 

Aslantaş D20A046 Osmaniye/Kadirli 37:26:51N 36:15:16E 

Çaygören D03A034 Balıkesir/Sındırgı 39:15:31N 28:19:28E 

Kayaboğazı D03A020 
D03A083 

Kütahya/Tavşanlı 39:25:53N 29:36:34E 
39:19:39N 29:37:33E 

Kemer E07A004 Aydın/Nazilli 37:36:27N 28:28:49E 

  
 

 

Figure 1. Study area, selected dams, and streamflow gauging stations - adopted from DSI 

(2015) 
 
 

In this study, some dams are selected from the previous studies which are studied by 
the authors for past period and limited data to compare the variation of the risk levels 
between past and present times. These dams are Çatalan, Demirdöven, Manavgat and 
Oymapınar Dams (Yenigun and Erkek, 2002a, 2002b; Yenigun, 2001; Yenigun, 2007). 
 

Data 

Maximum flow values are used due to represent flood conditions in the risk analysis. 
Data used in the analysis are obtained from General Directorate of State Hydraulic 
Works (Turkish abbreviation “DSİ”). It is considered important that the data used in the 



Yenigun et al.: Investigation of the maximum flow trends and their impact on risk levels of spillways  
- 594 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 589-606. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_589606 
 2016, ALÖKI Kft., Budapest, Hungary 

study covers a long time and is continuous. Table 3 shows the general statistical 
parameters of data used in this study. 

 

Table 3. General statistical properties of used data 

Dam Station Name 
Elevation 

(m) 

Precipitation 

Area (km2) 

Statistics 

Mean (m3/s) 
Standard 

deviation 
Skewness 

Çatalan Seyhan N. (Üçtepe) 148 13740.6 1120.068 552.652 1.526 

Demirdöven 
Tımar Ç. (Demir D.) 1738 102.7 

10.906 5.248 1.403 
Tımar Ç. (Tımar) 1801 97.5 

Manavgat 
Manavgat (Homa) 25 928.4 

633.217 212.501 0.605 
Manavgat (S.Hoca) 245 625.6 

Oymapınar 
Manavgat (Homa) 25 928.4 

633.217 212.501 0.605 
Manavgat (S.Hoca) 245 625.6 

Almus Yeşilırmak N. (G.Önü) 820 1608 177.339 64.725 1.813 

Arpaçay Kars Ç. (Şahnalar) 1495 4890.8 186.990 133.584 2.401 

Aslantaş Keşiş S. (Sarı D.) 200 420 198.621 105.633 1.523 

Çaygören Simav Ç. (Osmanlar) 271 1253.9 167.515 89.243 0.691 

Kayaboğazı 
Kocadere (Akçay) 873 1082.7 

104.636 149.262 2.846 
Kocadere (Esatlar) 945 847 

Kemer Akçay (Amasya) 155 3138 202.653 231.583 2.079 

 

 

The selection of these stations is based on the record length, reliability and continuity 
of the data. The data used in study cover the same period. Long-term recorded daily 
meteorological data are employed in the study. In previous studies, Çatalan, Manavgat, 
Demirdöven and Oymapınar dams were studied between 1960 and 1990. In addition to 
the four dams, the up to 2012 period data implemented in trend and risk analysis for 10 
dams. Measurement devices and measurement techniques are reliable, so the probable 
errors in the measurements are not taken into account in the analysis. The analysis is 
based on the data given by DSİ measurements. The rivers with streamflow gauging 
stations are not regulated by large storage reservoirs and are not affected by 
urbanization; they have relatively natural flows. Therefore, in the analysis, it is 
considered that there are no potential anthropogenic effects on the catchment (Yenigun 
and Ecer, 2013). 

To observe the trends in maximum flow data and possible effects of these trends on 
risk values of selected dams’ spillways, trend and risk analysis within the scope of this 
study were performed. 

 
Trend detection tests 

In statistical terms, the purpose of trend analysis is to determine if a series of 
observations of a random variable is generally increasing or decreasing with time, or 
whether the probability distribution has changed with time. Several tests are available 
for the detection and quantification of trends, such as non-parametric, mixed and 
parametric (Helsel and Hirsch, 1992). Non-parametric tests are widely used in trend 
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analysis of climatic and hydrologic data, which are robust concerning missing and tied 
values, seasonality, non-normality, non-linearity, and serial dependency. In this study, 
non-parametric Mann-Kendal and Spearman’s Rho tests are used in trend detection. 

The Mann-Kendall method was primarily developed for detecting the trends in 
hydrological time series by Mann (1945) and Kendall (1975). The World 
Meteorological Organization-WMO- (1988), also suggested it. The Mann- Kendall test 
statistic (S) is given by 
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where n is number of data, x is data point at times i and j (j > i), and the sign function is 
given as 
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where ti is the number of ties of extent i and m is number of tied rank groups. For n 
larger than 10, the standard normal Z test statistic is computed as Mann- Kendall test 
statistic as follows:  
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The presence of a statistically significant trend is evaluated using the Z value. In a 

two-sided test for trend, the null hypothesis Ho should be accepted if lZl ≤ Zα/2 at the 
level of significance. A positive S value indicates an ‘upward trend,’ and a negative 
value indicates a ‘downward trend.’ 

The presence of serial correlation may lead to an erroneous rejection of the null 
hypothesis. So, the effect of a serial correlation problem should be taken into account in 
the Mann-Kendall test. The solution for removing the serial correlation from a dataset is 
pre-whitening (Burn and Elnur, 2002; Marengo et al., 1998; Yue et al., 2003). There are 
detailed information for pre-whitening in Burn and Elnur (2002), Birsan et al. (2005), 
Hamed and Rao (1998) and Yue et al. (2003). In this study, the pre-whitening procedure 
was applied to the dataset before executing the tests.  
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Rank-based non-parametric statistical Spearman’s Rho can also be used to detect 
monotonic trends in a time series. In this test, there is a significant trend only if the 
correlation between time steps and streamflow observations are found to be significant. 

Given a sample dataset {xi, i=1,2,…,n}, the null hypothesis Ho of the Spearman’s 
Rho test against trend tests is that all xi's are independent and identically distributed, 
whereas the alternative hypothesis is that xi increases or decreases with i, that is, there is 
a trend. The test statistic is given by Sneyers (1990): 
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where R (xi) is the rank of i-th observation xi in the sample of size n. The standard 
normal distribution is used, the test statistic of rs, z, is computed by  
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If lzl>zα at a significance level of α, then the null hypothesis of no trend (in other 

words, values of observations are identically distributed) is rejected. The details of these 
methods are given by Yenigun et al. (2008) and Yenigun and Ecer (2013). 
 
Risk Analysis Methods 

Risk analysis methods can be classified according to their capability, applicability, 
required computational power, and precision. At this point, MFOSM (Mean Value First 
Order Second Moment) and AFOSM (Advanced First Order Second Moment) methods 
offer an optimum point between precision and applicability. Generally, in engineering 
applications, capacity and load functions are not defined properly and only parameters 
of these variables are expected values and variances (Yenigun, 2001). Further, using 
Taylor series expansion in the MFOSM and AFOSM simplifies the difficulty in finding 
the probability density function of continuous and discrete variables (Goodarzi et al., 
2013). The only difference between MFOSM and AFOSM is using average or actual 
values of performance function variables in Taylor series expansion. These methods 
should be used when variables obey normal distribution. Conversely, transformation 
functions should be used when observation values show different distribution types 
besides the normal. In this study, risk analyses performed by evaluating different 
scenarios like some of spillway gates are broken, experiencing design flood or specified 
n-years flood. 

In MFOSM method, the first degree Taylor series expansion of performance function 

of z = g (xi), (i = 1, 2....m) can be is written in terms of averages, i

_

x , as 
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The first and second moments of z by ignoring terms higher than the second degree 

lead to the expected value E and the variance as: 



Yenigun et al.: Investigation of the maximum flow trends and their impact on risk levels of spillways  
- 597 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 589-606. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_589606 
 2016, ALÖKI Kft., Budapest, Hungary 

 

)xg(zE(z) i

__

 ; 



m

1i
i

2
i )Var(xCVar(z)  (8) 

 
and the standard deviation as 
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where z and i are the standard deviations of z and xi, respectively. In these 

expressions, the Ci values are partial derivations of 
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m .  These derivations are based on the assumption that variables 
are statistically independent of each other. On the other hand, risk of failure is defined 
in probability term as, Pf = P (z0). If z has normal distribution, then it can be expressed 
as 
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where () is obtained from the cumulative standard normal distribution tables. In the 
MFOSM method, the reliability index for  can be found as follows: 
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The risk calculated in this way is approximate, and if the xi variables fit normal 

distribution and the g (.) functions written as a linear combination of the base variables, 
the result will be complete and correct (Bayazıt and Oguz, 1985). 

The risk assessed by this method may be significantly different from the real risk 
because the probability distributions of variables of this type vary considerably and 
have skewness coefficients, and the correction done in the MFOSM method and the g 
(.) function is determined in terms of the average values (Turkman, 1990). 

AFOSM method shows how to calculate the performance function by linearizing the 
z function with the Taylor series expansion, not in the average values, but in terms of a 
point x* = (x1

*, x2
*, ..., xm

*) on the dam break surface (Ang and Tang, 1984). The Taylor 
series expansion for such a point on the dam break surface can be expressed as 
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Here, since z = 0 is on the break surface, the breakpoint will have the condition of 
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The expected value of z can be written as  
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and standard deviation is calculated with equation (9). 
Furthermore, the z variable’s standard deviation z can be expressed as follows: 
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After the determination of i coefficient, one can write 
 

 xi
* = x

_

i  - i i , (17) 
 
by placing the limit in the situation equation,  is calculated by trial and error. Hence, 
the x*’s on the collapsed surface are calculated, after the calculation of i’s and x*’s. If 
 does not change with trials, then the risk is calculated with equation (10), (Bulu, 
1989). 

To find the equivalent normal distribution value of a variable that does not fit normal 
distribution, the cumulative probabilities of the equivalent normal distribution and the 
probability density ordinates are considered to be equal to the non-normal distribution 
values (Ang and Tang, 1984). If one equals the cumulative probabilities at the xi

* 
breakpoint, then 
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and hence x xi
N, xi

N are the average and standard deviation of the xi variables of the 
normal distribution. The explanations of different terms are as follows: 

Fxi (xi
*) = the original cumulative probability calculated at the xi

* point. 
(.) = the cumulative probability of the standard normal variable. 
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fxi (xi
*) = the original probability density ordinate at the point xi

*, 
  (.)  = the standard normal variable probability density ordinate. 
 

From the above equations, one can deduce that 
 

 xi
N=    

 *
ixi xf

*1
ixi xF

  (20) 

 
The break surface coordinates are: 

 

 Xi
* = 

N

xix - ixi
N (21) 

 
and hence, i can be calculated. The remaining procedures are carried out as in 
MFOSM. The details of the methods are available in Yenigun and Erkek (2002b). 
 

Software Implementation 

The introduced trend analysis was performed using a computer code named TAFW 
(Trend Analysis for Windows), which was developed by Gumus (2006), and improved 
by Yenigun et al. (2008). Further, risk analysis was performed using a computer code 
named DamRisk. This computer code was developed by Yenigun (2001) using Java 
programming language. 

Results and Discussion 

Trend analysis results are summarized in Table 4. According to results, no trend 
found in maximum flow values represents Çatalan, Demirdöven, Aslantaş, Arpaçay and 
Çaygören Dams. Extreme characteristics of maximum flow values may be the cause of 
this situation. In addition, a downward trend noticed for Manavgat, Oymapınar, Kemer 
and Kayaboğazı Dams is compatible with studies in the literature (Kahya and Kalaycı, 
2004; Cıgızoglu et al., 2005; Sen et al., 2012). Only upward trend is obtained for Almus 
Dam. Regional watershed characteristics may be the cause of this situation. Due to the 
scope of this study, it is neglected. Moreover, compatible results are obtained from 
Mann Kendall and Spearman’s Rho test. This compliance makes the results more 
consistent and acceptable. Figure 2 shows the u(t) and u’(t) values versus year for each 
dam, which are important parameters in trend analysis. A trend can be seen for high 
values of u(t), and u’(t) can be obtained by the backward series of u(t). The intersection 
of u(t) and u’(t) curves denotes, approximately, the beginning of the trend. 

Overall results of risk analysis for 4 dams (Çatalan, Manavgat, Demirdöven and 
Oymapınar) from previous and present studies (1960-2012), are given in Table 5 and 
Table 6. In these tables, MFOMS and AFOSM risk values and the cases when the risks 
occur are given. For Çatalan, Manavgat and Oymapınar Dams, risk values are reduced 
when previous and present periods are considered. This situation is parallel to the 
downward trend of the maximum flows of these dams. For Demirdöven Dam, no risk is 
found in both studies. Although there is an upward trend for Almus Dam, no risk is 
found. Although it has no trend for maximum flows, a slightly increased risk is obtained 
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for Çaygören Dam. In that case, we can consider that the small value of trend changes 
cannot significantly affect the risk levels of the dams, in the short term. 
 

Çatalan Demirdöven 

  
Manavgat Oymapınar 

  

 

Almus 

 

Arpaçay 

  
Aslantaş Çaygören 

  
Kayaboğazı Kemer 

 
 

Figure 2. u(t) and u’(t) values versus year for each dam. 
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Table 4. The results of trend analysis 

Dam 

Mann-Kendall Test Results Spearman's Rho Test Results 

Kendall 
Correlation 
Coefficient 

Z Trend 
Rho Test 

Value 
Z Trend 

Çatalan -0.12 -1.11 - -0.17 -1.13 - 

Demirdöven -0.06 -0.50 - -0.08 -0.47 - 

Manavgat -0.20 -2.43 ▼ -0.34 -2.64 ▼ 

Oymapınar -0.20 -2.43 ▼ -0.34 -2.64 ▼ 

Almus 0.23 2.35 ▲ 0.34 2.38 ▲ 

Arpaçay -0.01 -0.11 - -0.02 -0.14 - 

Aslantaş -0.11 -0.99 - -0.20 -1.25 - 

Çaygören 0.01 0.13 - 0.04 0.28 - 

Kayaboğazı -0.43 -4.35 ▼ -0.64 -4.40 ▼ 

Kemer -0.30 -3.28 ▼ -0.47 -3.49 ▼ 

 
 

Table 5. Risk analysis results for 4 Dams from previous studies 

Dam 
Past Period 

Remarks Reference 
MFOSM AFOSM 

Çatalan 0.0409a 0.0000 a: MFOSM risk when m=5 gated closed (Yenigun and Erkek, 2002b) 

Demirdöven 0.0000 0.0000 
 

(Yenigun and Erkek, 2007) 

Manavgat 0.0003b 0.0002c 
b: MFOSM risk when m=2 gated closed 

(Yenigun and Erkek, 2002b) 
c: AFOSM risk when Q100 situation occur 

Oymapınar 0.3745d 0.001e 
d: MFOSM risk when m=3 gated closed 

(Yenigun, 2001) 
e: AFOSM risk when Q100 situation occur 

 
 

Table 6. Risk analysis results for 1960-2012 period. 

Dam 
Present Period 

Remarks 
MFOSM AFOSM 

Çatalan 0.0222a 0,0000 a: MFOSM risk when m=5 gated closed 

Demirdöven 0,0000 0,0000   

Manavgat 0.0001b 0.0002c 
b: MFOSM risk when m=2 gated closed 

c: AFOSM risk when Q100 situation ocur 

Oymapınar 0.2611d 0.001e 
d: MFOSM risk when m=3 gated closed 

e: AFOSM risk when Q100 situation ocur 

Almus 0,0000 0,0000   

Arpaçay 0,0000 0,0000 
 

Aslantaş 0,0000 0,0000   

Çaygören 0.0001f 0,0000 f: MFOSM risk when m=6 gated closed 

Kayaboğazı 0,0000 0,0000   

Kemer 0,0000 0,0000     
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The DAM_RISK computer program was developed by the first author of the study in 
order to determine the following factors of spillways, and dams, in the face of hydraulic 
and hydrological loads of overflows of various return intervals: 

 Performance 
 Risk values, and 
 Suitable dimension rehabilitation. 

 
In addition to the determination of distribution and alternative overflow 

parameterization based on the dimensions obtained, risk analysis is used to evaluate risk 
and reliability for all alternative dimensions. The program also has the following 
features: 

 The dams’ risks are determined by MFOSM and AFOSM using the projected 
discharge. In order to determine the risk with all its parameters, for a situation 
in which m gates of the spillway do not open, the risks that might have 
occurred are calculated (if dimensioning had been done based on this 
discharge), according to the overflow discharge for n years for which risk 
values have been determined (which may vary as desired), and the results of 
these calculations are entered in the fourth section of the program. If the 
spillway is gateless, then calculations are made based solely on the projected 
discharge and the overflow discharge for n years for which risk values have 
been determined. 

 In the dimension rehabilitation section, the effective spillway width (L) and 
spillway load (H), which make up the spillways’ dimensions, are considered in 
different stages. 
 

As a result of dimension rehabilitation carried out for these dams, risk values were 
found. The risk becomes zero if dimensioning is performed according to the data 
determined by the program. 

Nonetheless, even when the risk is numerically determined to be zero, the risk never 
completely disappears. This point must be carefully taken into consideration in every 
application. It must not be forgotten that the data used in the calculation are stochastic 
in nature, particularly hydrologic and meteorological data, and thus the observed values 
may change over time. 

The reservoir damping factor, which is a function of the reservoir volume at normal 
water level, versus the reservoir volume at maximum water level, is extremely 
important in both MFOSM and AFOSM for determination of risk value. This factor is 
important in obtaining preliminary information for use in future studies.  

For the same dam, a different graphic evaluation can easily be carried out for 
some of the risks obtained showing different dimensions that yield the same risks. 
Thus, it is clear that effective data can be obtained in cost analysis for any 
dimension rehabilitation project. 

It can be said that the derived risk is in consonance with trend analysis results, which 
may be affected by climate change or other reasons. On the other hand, climate change 
is a very complex fact, and such kind of inferences should be supported by further 
studies, Serinaldi and Kilsby (2015). 
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Conclusions 

In this study, the possible impact of climate change on maximum flow values, and 
the variation of spillway risk levels of selected dams under this possible impact are 
investigated. For this purpose, trend and risk analyses were performed within the scope 
of study. 

Downward or no trend is obtained for almost all of the maximum flow values of 
investigated dams. This situation can also be monitored when the spillway risks for 
previous and present periods are examined. The entire risk values reduced or remained 
stable as (0), except a slight increase for one dam. The main reason for this can be indicated 
as the effect of climate change on precipitation. Many pieces of research cited in the study 
supports this inference. The dams studied are evaluated as safe, when the present long-term 
maximum flow values are considered. Results show us the processes for obtaining the 
updated maximum flow data, and its effect on risk levels for dam safety; using effective 
methods are crucial for prediction and prevention of the flood damages. 

The DAM_RISK program will process the observed maximum flow statistically, 
using these to calculate the reliability performance and risk value of dams in the face of 
the overflow value that may occur; and determining suitable dimension rehabilitation 
that may be proposed in situations where risk occurs, thus rendering the rehabilitation 
ready for technical and financial analysis. 

This approach can be used as an important evaluation mechanism for dams still in 
the project phase, just as it can determine risk values for dams under construction and in 
operation, based on observed flow values. Thus a dam can undergo necessary revision, 
while still in the planning stage. 

Moreover, the fact that the rehabilitation is included in the same program provides 
rapidity and ease of use. The program not only determines the dam safety level but also 
indicates how the dam can be made safer. 

A diagram with the obtained dimensions shows safety evaluator as the numerically 
riskless region, which comprises the most suitable dimension values based on the 
characteristics of the location of the dam, and the technical and financial considerations 
of the precautions to be taken (Yenigun and Erkek, 2007). 

With developments such as distant perception techniques, which are currently 
gaining importance, the flow observations, being a fundamental part of real-time 
operations, can be directly monitored and evaluated by computer. And with the current 
risk values obtained in this way, as well as the early warning system, emergency 
intervention, risk and safety evaluation, it is possible to achieve a significant degree of 
personal safety and financial security. 

This study may be extended by investigating different dams’ future spillway risk 
performance through carrying out further predictive rainfall-runoff analysis (for 25 
years, 50 years), using different climate change scenarios. Risk analyses may be 
performed based on related dams’ reservoir volume instead of streamflow observations 
due to consider the complete effects on the catchment. 
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Abstract. Cultural and molecular approaches were used to examine the cyanobacterial composition of 
Eynal (Simav) hot spring in Kütahya. Water and mat samples were collected for isolation in culture, 
microscopic morphological examination, and molecular diversity analysis based on 16S–23S ITS region 
sequences. Obtained different cyanobacterial morphotypes were identified, the most abundant of which 
were the members of Leptolyngbya and Oscillatoria genera. Different from classical identification, 
molecular analyses were allowed the detection of additional genus corresponded to Synechococcus, 
Geitlerinema, Phormidium, and filamentous thermophilic cyanobacterium. Overall diversity and 
morphological/genetic variation of thermophilic cyanobacteria are not as high as described from other hot 
springs. The results showed a low cyanobacterial diversity of Eynal hot spring, with only 10 operational 
taxonomic units (OTUs) per sample obtained by a combination of strain isolations, clone libraries and 
DGGE (Denaturing Gradient Gel Electrophoresis) based on 16S rRNA genes. 
Keywords: thermophilic cyanobacteria, ARDRA (Amplified Ribosomal DNA Analysis), 16S rRNA, 

cloning, DGGE, diversity 

Introduction 

Cyanobacteria are capable of living in a wide range of ecosystems such as oceans, 
freshwater systems, and also in many extreme environments like hypersaline settings, 
hyperarid desert areas, UV and ionizing radiation-exposed settings and even rock 
interiors (Garcia-Pichel et al., 1998; Wierzchos et al., 2006; Warren-Rhodes et al., 2006; 
Gorbushina and Broughton, 2009; Ragon et al., 2011), and also in thermal springs and 
their associated microbial mats (Castenholz, 2001). Thermophilic cyanobacteria are 
known to be interesting organisms in studies for basic and applied researches. It is 
believed that the ancestors of these living microorganisms were the oldest primary 
producers common in the distant past, and they perhaps used thermal springs as refugia 
(Gold, 1999; Plescia et al., 2001; Adhikary, 2006; Izagiurre et al., 2006; Hındák, 2008). 
Thermophilic cyanobacteria from the Yellowstone National Park were the first, and 
possibly the most extensively studied type of these group (Dyer and Gafford, 1961; 
Castenholz 1969; Brock 1967; Ward et al., 1998). On the other hand, although 
cyanobacteria from other thermal areas have also been explored to some extent, many 
remain have still been unstudied. 

Hot springs are the exact model of habitats for taxa with ‘subcosmopolitan’ 
geographical distribution (Padisak, 2009). The geographical isolation of hot spring 
cyanobacteria resulted in evolutionary divergences on both global and local scales 
(Castenholz, 1996; Papke et al., 2003; Klatt et al., 2011). Phylogenetic relationships 
among cyanobacteria are not well understood yet. Molecular markers have potentially in 
the identification of field samples without culturing. So far, 16S rDNA has been widely 
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used to infer phylogenetic relationships between species and strains as a single marker 
or combined with traditional techniques (Ishida et al., 2001; Li et al., 2001; Premanandh 
et al., 2006).  

Turkey is one of the seven richest countries in the world with thermal sources. There 
are almost 1300 thermal springs throughout Anatolia. Kütahya is the richest area in 
Turkey with respect to geothermal waters in which eleven geothermal fields are above 
30°C. Simav is a region inside this area with geothermals characterized for their 
richness in chemical salts or minerals. This study presents the results of the 
cyanobacterial communities in Eynal (Simav) hot spring in Kütahya by using cultural 
and molecular diversity studies based on the amplification, cloning and sequencing of 
16S rRNA genes from enrichment cultures and natural samples.  

Materials and Methods 

Sampling sites and physico-chemical analysis 

Eynal (Simav) hot spring (39°07´32.46"N: 28°59´43.99"E; 805 m above sea level) in 
Kütahya was investigated (Figure 1). Sampling was carried out in May 2012. Thermal 
waters and mats for cyanobacterial cultures and molecular analysis were collected from 
two sampling sites in sterile glass vials and tubes and transported to the laboratory as 
soon as possible. Some physicochemical parameters such as water temperature, pH, 
total dissolved solids (TDS) and dissolved oxygen were measured in the field using a 
WTW multiparameter probe and WTW OxiTop IS6. Potassium (K+), Calcium (Ca2+), 
Sodium (Na+), Iron (Fe2+), Manganese (Mn), Magnesium (Mg2+), Ammonium (NH4

+), 
Fluorur (F-), Nitrate (NO3

-), Sulfate (SO4
2-), Nitrogen dioxide (NO2

-), Bicarbonate 
(HCO3

-), Total Cl2, and Free Cl2, were measured with Spectrocuant®test kits (Merc). 
Values are provided in Table 1.  
 

   

 

Figure 1. Eynal (Simav) hot spring 
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Morphological classification of cyanobacteria and enrichment cultures 

Morphological analysis of natural and cultivated cyanobacteria were performed 
based on observable characteristics under a light Olympos microscope BX51 equipped 
with digital microphoto-camera DP70. Morphotypes were identified to the genus level 
according to the identification systems proposed by Koma´rek and Anagnostidis, 1998, 
2005, and Castenholz, 2001. Cultivation and isolation processes were conducted in BG-
11 medium including cycloheximide (50 mg L-1) to avoid eukaryotic contaminants 
using incubation temperatures at 55°C for several weeks until a green active biomass 
became visible and purification process was then performed. Subsequent cultures were 
incubated in the BG11 solid medium at 55oC (Boutte et al., 2005; Taton et al., 2006b). 

 

DNA purification, PCR amplification, cloning  

DNA was purified from cell pellets of homogenized microbial mats and enrichment 
cultures using the DNeasy® Plant Mini Kit (Qiagen) following manufacturer’s 
instructions. Additionally, to obtain the total bacterial genomic DNA, firstly 500 ml 
water samples were filtered on 0.2 µm-pore-size filters (Millipore). Filters placed in 15 
ml sterile tubes containing 2 ml lysis buffer (40 mM EDTA, 400 mM NaCl, 0.75 M 
sucrose, 50 mM Tris HCl pH 8.3) (Giovannoni et al., 1990; Wilmotte et al., 2002). 
Enzymatic lysis and subsequent steps were carried out as described in Yilmaz and Arik, 
2016. 16 rRNA gene libraries were constructed for all positive amplifications using the 
TopoTA cloning kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s 
instructions. Plasmids were extracted and used to amplify the inserts with the 
cyanobacteria specific primers CYA359F and 23S30R as described above and subjected 
to ARDRA to screen the clone libraries. 
 

ARDRA (Amplified ribosomal DNA analysis)  

The 16S rRNA gene plus ITS amplicons obtained from the genomic DNA of the 
isolates and clones were used for ARDRA with two different restriction endonucleases, 
MspI and MboI (MBI Fermentas). All steps were performed as described previously 
(Scheldeman et al., 1999; Taton et al., 2003). The number of clones analyzed by 
ARDRA was 40, and 45 for two samples, respectively. The isolates and clones with a 
different restriction patterns were chosen for sequencing with the specific 
cyanobacterial reverse primers 23S30R (5'-CTTCGCCTCTGTGTGCCTAGGT-3'), 
1492R (5´-GTA CGG CTA CCT TGT TAC GAC-3´), and 1092R (GCG CTC GTT 
GCG GGA CTT) by Macrogen (Seoul, Korea) and then these sequences were 
assembled.  

 
DGGE (Denaturing gradient gel electrophoresis) analysis 

Two successive PCR reactions were run to produce 422-bp long fragments, as 
described in Taton et al., 2003, except that electrophoresis was performed for 22 h at 80 
V and 60°C. Two DGGEs (a and b) were performed for each sample. The PCR primers 
were used according to Nübel et al., (1997) to carry out DGGE (a) and (b) targeted 
filamentous and unicellular cyanobacteria, respectively. The excised DGGE bands were 
incubated in TE-4 buffer for 12 h at 4°C. Each solution was used as a template for PCR 
amplification as described above. The PCR products were then electrophoresed to 
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confirm the bands and sequenced with primer 16S784R (5´-GGA CTA CWG GGG 
TAT CTA ATC CC-3´).  

 
Sequence analysis 

16S rRNA gene sequences retrieved from samples were compared with sequences in 
the GenBank database (http://www.ncbi.nlm.nih.gov/) by BLAST search program at the 
National Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov). 
Obtained sequences were considered to belong to the same operational taxonomic unit 
(OTU) when they shared more than 97 % identity. We retrieved the closest sequences 
found in databases and included them in an alignment containing also sequences from 
the closest cultivated members and some representative sequences of major 
cyanobacterial taxa. Sequences were aligned using BioEdit v7.2.5 software. All 
sequences were checked for chimera formation using the DECIPHER (Wright et al., 
2012). CHECK-CHIMERA software developed by the Ribosomal Database Project and 
the phylogenetic affiliations of their 5´ and 3´ ends were compared. Phylogenetic trees 
were constructed using the maximum likelihood treeing algorithm and Nearest-
Neighbor-Interchange (NNI) method in the MEGA 6 (Tamura et al., 2007). The 
Distance Matrix was calculated using the Jukes-Cantor correction. Validity of the tree 
topology was checked using the bootstrap method (1000 replicates). Newly identified 
sequences were deposited in GenBank with accession numbers KU937325-KU937339, 
KU950335, KU950336. 

Results  

Physico-chemical parameters and mineral composition of hot spring waters 

The temperatures of Eynal spring thermal water was 97°C. The pH of the analyzed 
water sample was 8.66, slightly alkaline and its total dissolved solids was 2.15 g/l. The 
results for concentration of major and minor components were listed in Table 1.  
 

Table 1. Some properties of the water sample. 

Water sample Eynal (Simav) 

Temperature 97 

pH 8.68 

Dissolved oxygen (mg/l) 0.8 

TDS (g/l) 1.6 

Mg2+ (mg/l) 30.3 

K+ (mg/l) 86.94 

Ca2+ (mg/l) 80.99 

Na+ (mg/l) 242.87 

Fe2+ (mg/l) 0.21 

Mn (mg/l) 0.07 

NH4
+
 <0.5 

http://www.ncbi.nlm.nih.gov/
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F- (mg/l) 0.45 

NO3
- (mg/l) <0.5 

NO2
- (mg/l) 0.027 

SO4
2- (mg/l) 155.90 

HCO3
- (mg/l) 466.35 

Total Cl2 (mg/l) 0.16 

Free Cl2 (mg/l) 0.12 

 
 

Identification and enrichment of cyanobacterial morphospecies 

Morphological variability was studied in natural samples as well as in isolated strains. 
The filament variability was not extensive in natural samples. All strains produced single– 
trichome filaments with sheath and there was no false branching (Figure 2). 

Cyanobacterial isolates were obtained from the two samples using BG11 media 
belonging to the order Oscillatoriales. No heterocystous or unicellular cyanobacterial 
isolates were detected by culturing in this study, although they have been observed in 
microscopy, Synechococcus and coccoid colonial Gleocapsa sp., due to because of their 
possible rareness in the environmental samples. All the cultivation studies were 
conducted in the same culture medium (BG11) including cycloheximide. The most 
abundant morphotypes were observed as the filamentous cyanobacteria that the 
Leptolyngbya genus. 

 

  

                                      (a)                                                     (b) 

  

          (c)                                                     (d) 

Figure 2. Light microscopy images of trichome morphology of some filamentous colonies  

(a, b, c, d) in BG-11 medium (40X objective). 
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Diversity of cyanobacteria based on 16S rRNA gene sequences 

Cyanobacterial diversity was studied also by amplification, cloning, DGGE and 
sequencing 16S rRNA genes from the enrichment cultures as well as from filters 
obtained from hot spring waters.  

28 pure isolates with 3 different ARDRA profiles (Table 2) were obtained from the 
hot spring. In our ARDRA results, S3 cluster was found as dominant with 57.14% of 
the isolates. The regarding percentage of S1, and S2 are 25% and 17.85%, respectively. 
The similarities among the isolates with the closest relative sequences in GenBank can 
be seen in Table 2. The sequence of the isolate K5 shows similarity with the 
Oscillatoriales cyanobacterium (OTU 16SEY1) isolated from LaDuke Hot Spring, 
Great Yellowstone area (Unpublished, Acc. Number FJ788926) and K9 is similar to the 
genus Leptolyngbya sp. (OTU 16SEY2) isolated from geothermal springs of Costa Rica 
(Unpublished, Acc. Number EF545616). K11 and K16 isolates show similarity with the 
genus Oscillatoria sp. (OTU 16SEY3) isolated from Tuwa hot-water spring, 
Panchmahal, Gujarat (Unpublished, Acc. Number JN661705.1). This molecular analysis 
should serve a comparison to previous researches that identified morphospecies with 
16S rRNA gene-based operational taxonomic units (OTUs) and morphological studies.  

In addition, cloning and DGGE techniques were also applied to determine 
cyanobacterial diversity of Eynal hot spring as culture-independent methods. A total of 
113 clones containing inserts of the right size were obtained and 85 out of this were 
studied by ARDRA (16S plus ITS) and they differed in two restriction patterns that 
were C1, and C2 clusters. C2 cluster formed 57.64% of all the clones and was similar to 
Geitlerinema sp. (OTU 16SEY4) isolated from Afyonkarahisar hot spring (Yilmaz and 
Arik, 2016, Acc. Number KT715750.1). Similarly, C1 cluster was affiliated to same 
OTU as the C2 cluster although they had different ARDRA patterns.  

In the DGGE study, a total of 16 positive DGGE bands (Figure 3) were obtained 
however only 10 of them could be sequenced. The most sequences obtained from the 
bands (44.4%) yielded similarities to Geitlerinema sp. that was isolated from thermal 
waters in İzmir (Unpublished, Acc. Number HQ197683.1) with high percentages of 
similarity (99%-100%) and two bands, DGGECY2 and DGGECY3, were related to the 
Oscillatoria princeps isolated from Chao Phya, Thailand (Suda et al., 2002, Acc. 
Number AB045961), and Oscillatoria sp. isolated from hot spring of Thailand 
(Unpublished, Acc. Number EF452003.1). DGGECY10 and DGGECY11 bands were 
related to Phormidium sp. isolated from Euganean thermal springs, Padua, Italy (Berrini 
et al., 2004, Acc. Number AJ548503) and Baikal Rift Zone thermal spring, Russia 
(Unpublished, Acc. Number DQ408370), respectively. DGGECY4 and DGGECY6 
bands were affiliated with Synechococcus sp. isolated from high altitude lakes in the 
Atacama Desert, Bolivia (Unpublished, Acc. Number EU729047.1) and Leptolyngbya 

orientalis isolated from hot water springs of north-western Himalayas, India 
(Unpublished, Acc. Number KM376987.1), respectively (Table 2). 
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Table 2. Analysis of the 16S rRNA gene sequences obtained from Eynal hot spring  

 Selected sequence 

(Accession no)/ARDRA 

Cluster 

Closest BLAST strain hit Closest BLAST 

uncultured hit 

OTUs Origin of related 

sequences outside 

Kütahya 

is
o
la

te
s 

K5 (KU937325) 
(S1 Cluster) 

Oscillatoriales cyanobacterium JSC-
1 (FJ788926.1) (99%)  

Uncultured bacterium 
clone YB-91  
(JQ769717.1) (98%) 

16SEY1 Laduke Hot Spring, Great 
Yellowstone 

K9 (KU937326) 
(S2 Cluster) 

Leptolyngbya sp. CR_30M 
(EF545616.1) (99%) 

Uncultured bacterium 
clone YB-91  
(JQ769717.1) (98%) 

16SEY2 Geothermal Springs of 
Costa Rica 

K11 (KU937327) 
K16 (KU937328) 
(S3 Cluster) 

Oscillatoria sp. N9DM 
(JN661705.1) (99%) 

Uncultured bacterium 
clone B31_4  
(KC831425.1) (99%) 

16SEY3 Tuwa Hot-Water Spring, 
Panchmahal, Gujarat 

cl
o
n

es
 

Cl26 (KU937331) 
(C1 Cluster) 

Geitlerinema sp. CY20 
(KT715750.1) (99%) 

Uncultured 
cyanobacterium clone 15  
(KT793921.1) (99%) 

16SEY4 Afyonkarahisar Hot 
Spring 

Cl3 (KU937329) 
Cl5 (KU937330) 
(C2 Cluster) 

Geitlerinema sp. CY20  
(KT715750.1) (99%) 
 

Uncultured 
cyanobacterium clone 15  
(KT793921.1) (99%) 

16SEY4 Afyonkarahisar Hot 
Spring 

D
G

G
E

 b
a

n
d

s 

DGGECY1 (KU950335) Geitlerinema sp. Bal-2  
(HQ197683.1) (99%) 

Uncultured 
cyanobacterium clone 
13g08 (GQ480593.1) 
(99%) 

16SEY5 Thermal Waters In İzmir 

DGGECY5 (KU937334) Geitlerinema sp. Bal-2  
(HQ197683.1) (99%) 

Uncultured 
cyanobacterium clone 
13g08 (GQ480593.1) 
(99%) 

16SEY5 Thermal Waters in İzmir 
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DGGECY8 (KU937336) Geitlerinema sp. Bal-2  
(HQ197683.1) (99%) 

Uncultured 
cyanobacterium clone 
13g08 (GQ480593.1) 
(99%) 

16SEY5 Thermal Waters in İzmir 

DGGECY9 (KU937337) Geitlerinema sp. Bal-2  
(HQ197683.1) (100%) 

Uncultured 
cyanobacterium clone 
13g08 (GQ480593.1) 
(100%) 

16SEY5 Thermal Waters in İzmir 

DGGECY2 (KU950336) Oscillatoria princeps NIVA-CYA  
(AB045961.1) (98%) 

Uncultured bacterium 
clone CU50  
(KF247920.1) (98%) 

16SEY6 Chao Phya, Thailand 

DGGECY3 (KU937332) Oscillatoria sp. PL51-2  
(EF452003.1) (92%) 

Uncultured Leptolyngbya 
sp. clone Tsenher12otu4-
1 
(KT258783.1) (92%) 

16SEY7 Hot Spring of Thailand 

DGGECY10 (KU937338) Phormidium sp. 0417  
(AJ548503) (95%) 

Uncultured 
cyanobacterium clone 
SE56 
(EU7289381.1) (%97) 

16SEY8 Euganean Thermal 
Springs, Padua, Italy 

 DGGECY11 (KU937339)  Phormidium sp. 0417  
(DQ408370.1) (90%) 

Uncultured 
cyanobacterium clone 
H1w-77  
(EF633001.1) (%90) 

16SEY8 Baikal Rift Zone Thermal 
Spring, Russia 

 DGGECY4 (KU937333) Synechococcus sp. AECC1338  
(EU729047.1) (97%) 

Uncultured 
cyanobacterium clone 21  
(KT793924.1) (98%) 

16SEY9 High Altitude Lakes in 
The Atacama Desert, 
Bolivia 

 DGGECY6 (KU937335) Leptolyngbya orientalis PUPCCC 
112.18 
(KM376987.1) (98%) 

Uncultured Leptolyngbya 
sp. clone Tsenher12otu4-
1 (KT258783.1) 
(98%) 

16SEY10 Hot Water Springs of 
North-Western 
Himalayas, India 



Yilmaz Cankılıç: Determination of cyanobacterial composition of Eynal hot spring in Kütahya, Turkey  
- 615 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 607-622. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_607622 
 2016, ALÖKI Kft., Budapest, Hungary 

 

                                                  DGGE (a2)                                              DGGE (b2) 

Figure 3. DGGE gels (a2) and (b2) of the hot springs and some positive major bands. (1), (2), 

(5), (6) Eynal water sample, (3), (4), (7), (8) Eynal mat sample 

 
 

Phylogenetic analysis 

16S rRNA gene in gene libraries (Table 2), the phylogenetic position of isolates, 
clones and DGGE bands were demonstrated by the reconstruction of a phylogenetic tree 
(Figure 4, 5, 6). Aligned partial 16S rRNA gene sequences corresponding to E. coli 
sequence positions 498 to 1391 for the isolates, 465 to 1525 for the clones and 415 to 
717 for the DGGE bands were used but the indels were not taken into account. Scale bar 
represents expected number of substitutions per site. Bootstrap support values below 
50% were not included in the figures. 
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Figure 4. Phylogenetic inferences based on 16S rRNA gene sequences from isolates (indicated 

by green diamond).  

 

 

 
 

Figure 5. Phylogenetic inferences based on 16S rRNA gene sequences from clones (indicated 

by violet circle) belonging to the cyanobacteria.  
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Figure 6. Phylogenetic inferences based on 16S rRNA gene sequences from some DGGE bands 

(indicated by blue square) belonging to the cyanobacteria.  

Conclusions 

In this study, cyanobacterial composition in Eynal (Simav) hot spring was 
determined by using cultivation and molecular methods such as cloning and DGGE. 
16S rRNA sequences from hot springs on every side of the world have been intensively 
examined and studied using the mentioned methods above (Papke et al., 2003; Lau et 
al., 2005; Ward et al., 2006; McGregor and Rasmussen, 2008; Sompong et al., 2008; 
Oren et al., 2009; Ionescu et al., 2010). Hence it is possible to reveal the cyanobacterial 
diversity of the Eynal hot spring based on the 16S rRNA gene from molecular analysis. 
All the cultivation process were performed in the same culture medium (BG11) 
suggesting that, despite considerable differences in water and substrate chemistry, these 
cyanobacteria could fit to different environmental conditions (Yala et al., 2014). The 

http://femsec.oxfordjournals.org/content/85/2/389.long#ref-50
http://femsec.oxfordjournals.org/content/85/2/389.long#ref-36
http://femsec.oxfordjournals.org/content/85/2/389.long#ref-64
http://femsec.oxfordjournals.org/content/85/2/389.long#ref-39
http://femsec.oxfordjournals.org/content/85/2/389.long#ref-56
http://femsec.oxfordjournals.org/content/85/2/389.long#ref-47
http://femsec.oxfordjournals.org/content/85/2/389.long#ref-26
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filamentous cyanobacterial isolates obtained from Eynal hot spring waters and mat 
samples corresponded to Oscillatoriales members. In addition, cyanobacterial diversity 
was studied by amplification, cloning and sequencing 16S rRNA genes from the 
cultures as well as from environmental DNA of hot spring’s water samples. These 
culture-independent methods were enabled to compare previously identified 
morphospecies with 16S rRNA gene-based operational taxonomic units (OTUs). 10 
OTUs were identified with a combination of cultural and molecular methods. These 
OTUs affiliated to two order-level cyanobacterial clades, namely the Oscillatoriales that 
was dominant and Chroococcales. One of the dominant Eynal 16S rRNA gene 
sequences corresponded to the genus of filamentous cyanobacteria Leptolyngbya (e.g., 
Ionescu et al., 2010; Coman et al., 2013; Dadheech et al., 2013; Mackenzie et al., 2013; 
Yala et al., 2014) and Oscillatoria (e.g., Castenholz, 1967; Richardson and Castenholz, 
1987; Castenholz 2015) that has been detected in hot springs worldwide. These 
sequences were obtained from isolates that were largely dominant in this mat sample 
but not from clones.  

Geitlerinema, Phormidium, and Synechococcus sequences were determined with 
only molecular methods from water samples. This event has been previously reported 
(Taton et al., 2006a) and it is rightly due to the high sensitivity level of the molecular 
methods that could amplify DNA from rare morphotypes. Despite the fact that the 
DGGE was a less sensitive technique than clone libraries, several OTUs were retrieved 
by DGGE but not by clone library in this study. Indeed, only predominant populations 
can be detected by DGGE (Nikolausz et al., 2005), when their populations represent at 
least 1% of the total communities (Muyzer et al., 1993; Murray et al., 1996). 
Additionally, the ARDRA analyses used to screen the clone libraries could 
underestimate the diversity (Cho and Tiedje, 2000). In this study, there was not a clear 
correspondence between the isolates identified and the sequences retrieved. Casamatta 
et al., 2003 found various cyanobacteria like Pleurocapsa, Phormidium, Anabaena, 

Synechocystis, Oscillatoria, Microcoleus and Pseudanabaena with 16S rRNA gene 
sequences along with DGGE inhabiting Octopus hot spring. Similarly, Geitlerinema, 

Phormidium, Oscillatoria genus were also detected with DGGE in this study. One of 
the best-documented genera of thermophilic cyanobacteria was the genus 
Synechococcus (Dyer and Gafford, 1961; Castenholz, 1969; Ward et al., 1998; Miller 
and Castenholz, 2000; Ramsing et al., 2000; Papke et al., 2003; Ionescu et al., 2010). 
This sequence was not in the isolates, however it was detected only by DGGE. 
Consistent with cloning and DGGE, the 16S rRNA gene sequences from Eynal hot 
spring showed that Geitlerinema sequences were recovered and dominated from both 
methods. In contrast to our molecular results, Geitlerinema sp. was not obtained from 
culturing. Several authors have hypothesized that geographical isolation of hot springs 
leads to occurrence of indigenous thermophilic cyanobacteria (Castenholz, 1996; Papke 
et al., 2003; Miller et al., 2007; Finsinger et al., 2008). Our sequence analysis showed 
that Geitlerinema sp. sequences in Eynal (Simav) hot spring were phylogenetically 
distinct from those of the thermal/hot springs of other countries. Geitlerinema sp. 
sequences obtained in this study refer to the other sequences in GenBank that were 
obtained from Afyonkarahisar and İzmir hot springs in Turkey (Acc. Number 
KT715750.1 and HQ197683.1). Therefore, the observations confirm a speciation of 
Geitlerinema species inhabiting the hot springs in Turkey however it needs to be 
supported by further studies. Collectively, the diversity for hot spring water samples 
seems not to be compatible with findings of cultural and molecular analysis.  

http://femsec.oxfordjournals.org/content/85/2/389.long#ref-10
http://femsec.oxfordjournals.org/content/85/2/389.long#ref-50
http://femsec.oxfordjournals.org/content/85/2/389.long#ref-40
http://femsec.oxfordjournals.org/content/85/2/389.long#ref-20
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Thermal springs represent pools of new strains possessing attractive biochemical 
pathways and unusual metabolic products for biotechnological applications like anti-
microbial material, cancer drugs, ferredioxins, poly-b-hydroxybutyrate, and hydrogen 
production. (Fish and Codd, 1994; Javor, 1999; Mohamed, 2008; Miyake et al., 1996; 
Mitsui 1987). 

There are no other studies analyzing the cyanobacterial composition in Eynal 
(Simav) hot spring. Therefore, isolation and identification of some of these thermophilic 
cyanobacteria isolates shall lead to the studies of their biology for future studies.  
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Abstract. Stems of 14 species belonging to 10 genera of the family Chenopodiaceae were examined 
under scanning electron microscope (SEM). Micro-morphological characters such as sculpture of 
epicuticular wax, trichomes and surface relief were investigated. These characters were clumped into five 
groups. These groups do not coincide solely with the five tribes of the species studied. The study 
presented epicuticular wax sculptures and surface reliefs not previously reported for the family 
Chenopodiaceae. 
Keywords: scanning electron microscope, epicuticular wax sculpture, trichome, surface relief, semi-arid 

Introduction  

Epidermal characters as revealed by scanning electron microscopes (SEM) exhibit a 
variety of micro-morphological features (Barthlott, 1990), influenced by the 
environment (Sattler and Rutishauser, 1997; Koch and Ensikat, 2008), and act as a 
barrier against mechanical damages, insects, excessive light and loss of water (Bird and 
Gray, 2003; Rudall, 2007; Mauseth, 2008). These epidermal characters can reflect the 
relationships between habitat and phytogenetics of the plants (Liu, 2006). 

Chenopodiaceae Vent., commonly known as Goosefoot family, is cosmopolitan, 
especially diverse in arid, semi-arid, saline and hypersaline ecosystems (Kuhn et al., 
1993; Hedge et al., 1997). Members of the family Chenopodiaceae are represented in 
the flora of Saudi Arabia by 74 species belonging to 23 genera which grow in many 
regions (Chaudhary, 1999), with Qassim Region accommodating a considerable number 
(Al-Turki, 1997). 

Epidermal characters of leaves, flowers, fruits and seeds of  various species of the 
Chenopodiaceae were previously studied using (SEM) (Poompozhil and Kumarasamy, 
2014; Sukhorukov, 2012; Toderich et al., 2012; Fuente et al., 2011; Akhani et al., 2005; 
Karcz et al., 2005; Klopper and Van Wyk, 2001). However, epidermal studies on stems 
and branches of members of the Chenopodiaceae using SEM are scarce and hardly 
encountered.  

Stems and branches of the family might be jointed (articulated), succulent, grooved, 
striped, striated and often ridged or angled (Freitag et al., 2009; Keshavarzi and Zare, 
2006; Ke et al., 2003; Chaudhary, 1999). 

These Chenopodiaceous stem characters show a great plasticity and variability 
according to the environmental conditions, and exhibits distinct structural adaptations 
(Kuhn et al., 1993). The primary objective of the present study is to investigate 
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epidermal micro-morphological characters of stems of various members of the family 
Chenopodiaceae using SEM, in an attempt to understand their structural characteristics 
and to evaluate their taxonomic significance. 

Materials and methods 

Study area 

Qassim Region (Saudi Arabia), occupies the northern centre  f t e Ara  a  en nsu a. 
It  s s tuated  et een  at tude         -         north and longitude           –           east, 
and is bounded by Hail Region in the north and northwest, Al Madina Region in the 
west, and Riyadh Region in the south and east (map 1). The area is an exposed complex 
of Precambrian igneous and metamorphic rocks and part of the large belt of phanerozoic 
formations that overlap the northern and eastern edge of the Arabia shield which 
consists of escarpments composed of Paleozoic to Mesozoic sandstone and limestone 
(Al-Turki, 1997). The climate of the Qassim Region is characterized by very hot dry 
summers and mild to cool winters (Abd El-Rahman, 1986).  
 
Vegetation 

According to White and Leonard (1991), Qassim Region falls within the Saharo-
Arabian Region whereby the plant species are usually adapted to aridity and very high 
temperature. The vegetation cover is mainly concentrated in depressions, wadis and 
ravines where water usually accumulated, over stable sand dunes and short sheets (Al 
Nafie, 2008). 
 
Plant Material 

Stems from 14 species belonging to the family Chenopodiaceae were collected fresh 
from Qassim Region, Saudi Arabia. According to Kadereit et al. (2003, 2005), these 
species belong to 10 genera, 5 tribes and 3 subfamilies. These species are: 
Chenopodium ambrosioides L., C. murale L. (Tribe: Chenopodieae, Subfamily: 
Chenopodioideae), Atriplex leucoclada Boiss. (Tribe: Atripliceae, Subfamily: 
Chenopodioideae), Suaeda vermiculata Forssk. ex J.F. Gmelin (Tribe: Suaedeae, 
Subfamily: Suaedaoideae), Bassia muricata (L.) Asch. (Tribe: Camphorosmeae, 
Subfamily: Salsoloideae), Anabasis setifera Moq., Cornulaca monacantha Del., 
Halothamnus iraqensis Botsch., Haloxylon persicum Bunge ex Boiss., H.  salicornicum 

(Moq.) Bunge ex Boiss., Salsola arabica Botsch., S. drummondii Ulb., S. imbricata 
Forssk., Seidlitzia rosmarinus Bunge ex Boiss. (Tribe: Salsoleae, Subfamily: 
Salsoloideae). 

The fresh plant material collected, were air-dried at room temperature prior to 
analysis. For consistency, undamaged stem portions were selected from an area midway 
of lateral branches. 

 
Preparation of Plants for SEM 

Stem portions (approximately 5 mm long) were mounted on Aluminum stubs with 
double–coated carbon conductive tape, coated with Platinum by (JEOL  JFC – 1300) 
sputter, and observed with (JEOL  JSM 5500) scanning electron microscope (SEM). 
The herbarium specimens and photomicrographs were deposited at Al Rass College of 
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Science and Arts, College of Applied Medical Science, Qassim University, and King 
Saud University Herbarium (KSU), Saudi Arabia. The terminology of epicuticular wax 
follows Barthlott et al. (1998) and for trichomes it follows Toderich et al. (2010). 

 

Map 1. Location of Qassim Region, Saudi Arabia 

Results 

Stems from 14 species belonging to 10 genera of the family Chenopodiaceae were 
examined under scanning electron microscope (SEM). These stems showed a 
considerable variation with respect to epidermal micro-morphological structures. 
According to these epidermal structures, five main groups of species can be recognized 
within the species investigated, as shown in table (1) and figures (1-3). 
 

 
Table 1. Epidermal micro-morphological structures of stems of members from 

Chenopodiaceae 

Group 

number 

Epidermal character Species Tribe Subfamily 

Group I 

Stems with glandular 
trichomes: 

   

- with collapsed salt 
bladders  

Atriplex leucoclada (Fig. 1: 

A-B) 
Atripliceae Chenopodioideae 

- with papillae  
Salsola drummondii (Fig. 1: 

C) 
Salsoleae Salsoloideae 
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Group 

number 

Epidermal character Species Tribe Subfamily 

Group II 

Stems with non-
glandular trichomes: 

   

- with sparse short 
unbranched 
trichomes  

Salsola imbricata (Fig. 1: 

D) 
Salsoleae 

Salsoloideae - with dense 
unbranched 
elongated 
trichomes 

Bassia muricata (Fig. 1: E-

F) 
Camphorosmeae 

Cornulaca monacantha 

(Fig. 2: A-B) 
Salsoleae 

Salsola arabica (Fig. 2: C-

D)  

Group III 
Stems relief with 
rugulate crusts of 
epicuticular wax  

Haloxylon persicum (Fig. 3: 

A) 
Salsoleae Salsoloideae 

Group IV 
Stems relief striate with 
crusts of epicuticular 
wax  

Anabasis setifera (Fig. 3: D) 

Salsoleae Salsoloideae 

Halothamnus iraqensis (Fig. 

3: E) 

Haloxylon salicornicum 
(Fig. 3: B) 

Seidlitzia rosmarinus (Fig. 

3: F) 

Suaeda vermiculata (Fig. 3: 

C) 
Suaedeae Suaedaoideae 

Group V 

Stems with parallel 
longitudinal ridges and 
grooves 10 -    µm  n 
width  

Chenopodium ambrosioides 
(Fig. 2: E) 

Chenopodieae Chenopodioideae 

C. murale (Fig. 2: F) 
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Figure 1. Scanning electron micrographs of epidermal characters on stems: 

A-B: Atriplex leucoclada X 1000 & 500 respectively, with collapsed salt bladders. C: 

Salsola drummondii X 1000, with papillate trichomes. D: S. imbricata X 1000, with sparse 

short unbranched trichomes and reticulate surface relief. E-F: Bassia muricata X 1000 & 

100 respectively, with dense unbranched trichomes. Scale bar = 20 µ m. 
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Figure 2. Scanning electron micrographs of epidermal characters on stems: 

A-B: Cornulaca monacantha X 1000 and 500 respectively, with elongated unbranched 

trichomes and verrucate surface relief. C-D: Salsola arabica X 1000 and X500 respectively, 

with elongated unbrached trichomes. E: Chenopodium ambrosioides X 1000, and F: C. 

murale X 1000, with parallel longitudinal ridges. Scale bar = 20 µm. 
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Figure 3. Scanning electron micrographs of epidermal characters on stems: 

A: Haloxylon persicum X 1000, with rugulate crusts. B: H: salicornicum X 500, C: Suaeda 

vermiculata X 1000, D: Anabasis setifera X 1000, E: Halothamnus iraqensis X 500, F: 

Seidlitzia rosmarinus X 1000, with striate crusts. Scale bar = 20 µm. 

Discussion 

The results showed that group (II), (III) and (V), each is characteristic for a specific 
subfamily, while groups (I) and (IV), each is present in two subfamilies (table 1). The 
same findings apply to tribes, with the exception that the subfamily in group (II) is 
further divided into two tribes. Thus, these five groups do not coincide solely with the 
five tribes in the present study, however, it might coincide partly with the three 
subfamilies. 

The genus Salsola (represented by three species), is the most diverse, being 
represented in three groups, whereas the micro-morphological characteristics of the 
genera Chenopodium and Atriplex (both belonging to subfamily Chenopodioideae) are 
diagnostic for specific groups. Members of group (IV) possess succulent stems and are 
characterized by the presence of striate crusts of epicuticular wax. 
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Chenopods have evolved numerous morphological strategies for adaptation to grow 
under harsh conditions of aridity and salinity. 

Epidermal micro-morphological characteristics of the stems of 14 species belonging 
to 10 genera of the Chenopodiaceae as revealed by SEM, showed various adaptations to 
face the adverse environmental conditions present at the semi-arid Qassim Region, 
Saudi Arabia. These epidermal micro-morphological characteristics were clumped in 
the present study into five groups. These groups were mainly identified based on 
sculpture of epicuticular wax, presence of trichomes and the relief of the surface. These 
groups showed that various species responded differently to environmental stresses. 

Chenopodium  ambrosioides and C. murale were reported in the present study to 
exhibit distinctive surface relief represented by parallel longitudinal ridges and grooves. 
Karcz et al. (2005) reported reticulate, flatly tuberculate, and smooth and finely lineated 
topography on the surface of fruits and seeds of three Chenopodium species. Engel and 
Barthlott (1988) reported radial orientation of platelets on the leaves of C. giganteum, 
whereas Lu et al. (2012) reported the presence of salt bladders on the leaves of C. 

album. No previous detailed studies on the stems surface micro-morphological 
structures were encountered in the literature. 

Trichomes are appendages from the epidermis including glandular and non-glandular 
hairs, scales and papillae (Toderich et al., 2010). According to Werker (2000), 
appendages are considered trichomes when they include both cell wall and lumen, and 
their height reaches above a certain critical size, to distinguish them from other micro-
morphological characters. According to Toderich et al. (2010) terminology, four types 
of trichomes (two glandular and two non-glandular) were reported in the species 
examined. Members of the genus Salsola studied, constitute three out of these four 
glandular types of trichomes.  

This diversity in trichomes may be attributed to the extremely variable eco-
morphology of the genus Salsola (Akhani et al., 2007). These trichomes play a 
significant taxonomic importance in the current intra-familiar classification of the 
family Chenopodiaceae (Carolin, 1983). Atriplex leucoclada is the only species 
reported in this study to possess salt bladders. These salt bladders are also 
characteristic of Oxalidaceae and Mesembryanthemaceae (Shabala and Munns, 
2012; Agarie et al., 2007).  Within the Chenopodiaceae, salt bladders occur in all 
species of the genera Atriplex, Obione and Halimione, and in some species of the 
genera Salsola and Chenopodium (Batanouny, 2001). Salt glands, on the other hand, 
are anatomically distinct from salt bladders and occur in several families e.g. 
Plumbaginaceae, Aviceniaceae, Tamaricaceae, Frankeniceae, Poaceae etc. 
(Liphschschitz and Waisel, 1982; Tan et al., 2013; Balsamo and Thomson, 1993). 
Salt bladders secrete excess salt and contribute to salt balance (Agarie et al., 2007), 
reduce transpiration by increasing surface reflectance (Freitas and Breckle, 1992) 
and deter insect herbivores (LoPresti, 2013). 

According to Barthlott et al. (1998) terminology, epicuticular wax crusts with various 
ornamentations were encountered in the present study. However, Engel and Barthlott 
(1988) on their study on limited number of taxa in the Chenopodiaceae, observed 
platelets of various shapes and orientations on the leaves instead. The current study 
presented epicuticular wax sculpture on the stems not previously encountered as 
characteristic of the family Chenopodiaceae. Patterns and morphology of these plant 
waxes were used in plant systematics of various taxa (El Ghazali, 2008; Ditsch and 
Barthlott, 1997; Henning et al., 1994; Frohlich and Barthlott, 1988). 



El Ghazali et al.: epidermal micro-morphology of chenopodiaceae 
- 631 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 623-633. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_623633 
 2016, ALÖKI Kft., Budapest, Hungary 

Jetter and Riederer (1994) showed that under varying environmental conditions, the 
epicuticular wax can be deposited into different morphological shapes. The latter study 
suggested that more studies should be undertaken on the epicuticular wax deposits of 
the Chenopodiaceae in different habitats, parts of the plants organ (leaves, stems, fruits, 
etc.), seasons, and different stages of development, in an attempt to have the overall 
range of variations in the wax deposits of the family. 
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Abstract. This study aims to model the nonlinear relationship between the daily amount of extreme 
rainfall and significant predictor variables by the Generalized additive models for location, scale and 
shape parameters (GAMLSS). Statistical modelling of extreme rainfall is an essential means of assessing 
hydrological impacts of changing rainfall patterns resulting from climate variability. Extreme value 
theory states that only three types of distributions are needed to model the extreme events (Gumbel, 
Frećhet and Weibull) for large samples. However we identify the model that best characterizes the 
behaviour of the extreme rainfall data is the lognormal model with respect to Akaike Information Criteria 
(AIC). In the simulation study, we propose to approximate the location parameter for the Gumbel 
(maximum) and Lognormal distributions using cubic splines.  Results reveal that the approximated mean 
function by the GAMLSS modelling converges to the true mean function. Moreover, the bias is 
decreasing rapidly for the true fixed parameter. Although GAMLSS procedure utilizes extreme rainfall 
data, the same methodology can be applied to other variables in many areas. 
Keywords: generalized extreme value distribution, nonparametric regression, extreme, rainfall, smooth 

splines 

Introduction 

Fisher and Tippett (1928) introduced the asymptotic theory of extreme value 
distributions. Gnedenko (1943) provided that under certain conditions, three families of 
distributions (Gumbel, Frećhet, and Weibull) arise as limiting distributions of extreme 
values in random samples. Coles (2001) defined a general introduction to Extreme 
Value Theory (EVT). In the extreme value context, Davison and Ramesh (2000), 
Chavez-Demoulin and Davison (2005) and Yee and Stephenson (2007) have 
demonstrated the usefulness of the nonparametric regression.  

Extreme value distributions are widely used in risk management, finance, economics, 
hydrology and many other industries dealing with extreme events. Changes in extreme 
climate events are particularly thought important due to their impacts on human life. 
Hosking and Wallis (1997) examined the changes to the frequency and intensity of 
extreme rainfall events by peak-over-threshold analysis. Kharin and Zwiers (2000) 
highlighted possible future changes in extremes of daily temperature and their effects on 
extreme precipitation event. Katz et al. (2002) used EVT in water resource engineering 
and management studies to obtain probability distribution to fit minima or maxima of 
the data in random samples. Coles et al. (2003) and Sang and Gelfand (2009) studied 
extreme value analysis in environmental science. 

Floods are one of the most costly types of natural disasters in economic and human 
terms in all around the world. There is no question that extreme rainfalls have 
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tremendous effect on human activities, agricultural activities and water resources. 
Rainfall patterns have also recognized effect on erosion and water quality. Rainfall 
extremes were spatially modelled by Lehman et al. (2016) but there are not enough 
number of studies that focus on extreme rainfall modeling.  

In this study, the behavior of the extreme rainfall data is studied and the lognormal 
model gave the best results with respect to Akaike Information Criteria (AIC). In the 
simulation study, we propose to approximate the location parameter for the Gumbel 
(maximum) and Lognormal distributions using cubic splines. Results reveal that the 
approximated mean function by the GAMLSS modelling converges to the true mean 
function. 

Methods and Methodology 

The extreme value theory and Generalized Extreme Value (GEV) distribution 

The extreme value distribution is defined from the limit theorem of Fisher and 
Tippett (1928) on maxima in a sample data. The class of GEV distributions is very 

flexible with the shape parameter ( 1
 ). The Generalized Extreme Value distribution is 

given by: 
 

 -1/
+G( ; ) = exp -[1+ ]

 
 
 

ζx - μ
x μ,σ,ζ ζ( )

σ
 (Eq.1) 

 

Eq. (1) defined on  :1+ > 0 x ζ(x - )/ . Here we let + = max( ,0)x x  and μ,σ,ζ  are 

the location, scale, and shape parameters, respectively. The cases; 0ζ , 0ζ  and 

0ζ  correspond to the Frećhet (heavy-tailed), Weibull (short-tailed), and Gumbel 

(light-tailed) distributions, respectively (Yee and Stephenson, 2007). The distributions 
associated with 0ζ  include well known fat tailed distributions such as the Pareto, 

Cauchy, Student-t distributions. If 0ζ the GEV distribution is the Gumbel class and 
includes the normal, exponential, gamma and lognormal distributions where only the 
lognormal distribution has a moderately heavy tail. Finally, in the case where 0ζ , the 
distribution class is Weibull (Markose and Alentorn, 2005).  

 
Generalized additive models 

Friedman and Stuetzle (1981) represented regression surface as a sum of general 
smooth functions of linear combinations of the predictor variables iteratively in the 
projection pursuit regression. The Generalized Linear Models (GLM) with a linear 
predictor involving a sum of smooth functions of covariates is known Generalized 
Additive Models (GAM) and introduced by Hastie and Tibshirani (1987) . Diverse 
nonparametric regression models and their inference procedures were presented by 
Ruppert et al. (2003) and Yatchew (2003) . 

Let y be a response variable, and x=(x1, …, xk) be a set of k independent variables, 
GAM assumes that the mean of the response variable depends on additive independent 
variables through a nonlinear function. The additive model generalizes the linear model 
by modeling the expected value of y as 
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 1 k 0 1 1 k kE( | ) ( ,..., ) ( ) ... ( )    y x s x x s s x s x  (Eq.2) 

 

where i ( )s x  are arbitrary univariate smooth functions, i=1,…,k. Locally polynomial 

splines, kernel smoothers, and cubic splines are the most extensively studied in GAM. 
Unlike the general linear model, the additive component η  is not restricted to be linear 

but is the sum of smoothing functions as given in Eq. (3) 
 

 0 1 1 k k( ) ... ( )   η s s x s x  (Eq.3) 

 
GLM generalizes linear model via a link function g(.) and by allowing the magnitude 

of the variance of each measurement to be a function of its predicted value. 
 
 (E( | )) g y x η   (Eq.4) 

 
Generalized additive models for location, scale, and shape (GAMLSS) 

Rigby and Stasinopoulos (2001) introduced generalized additive models for location, 
scale, and shape (GAMLSS) to overcome some of the limitations with GAM.  

GAMLSS assumes independent observations iy , i=1,…, n  with the probability 

density function f( | )i0
i

y  where 
i2 i3( , , ) ( ) iθ i1 i i iθ θ θ μ ,σ ,ς  is  a vector of three 

distribution parameters, each of which can be a function of the explanatory variables. 

The distribution parameters are referred as ( )
i i i

μ ,σ ,ς . The first two distribution 

parameters are defined as location and scale parameters while the last distribution 
parameter is characterized as shape parameter. In GAMLSS the exponential family 
distribution assumption is relaxed and replaced by the general distribution family 
including highly skew distributions (Rigby and Stasinopoulos, 2001; Rigby and 

Stasinopoulos, 2005). Let 1 2 ny ( , ,..., )  y y y be the n length of vector of response 

variable.  
 

 
=1

( ) +  X Zθ η
k

k k

J

k k k k k j j

j

g β  (Eq.5) 

 

For k=1,2,3, let (.)
k

g be known monotonic link functions relating to the distribution 

parameters to explanatory variables by 
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where μ,σ,ζ  and ηk are vectors of length n, ( ,..., ) 
J '

k
k 1k 2k k

β β ,β β  is a parameter of 

vector of length J '

k
, X

k is a fixed known design matrix of order  ' J
k

n , Z
jk

 is a fixed 

known  
jk

n q  design matrix and  
jk

is a  
jk

q  dimensional random variable which is 

assumed to be distributed as , where -1G
jk

is the generalized inverse of a 


jk jk

q q  symmetric matrix ( )G G
jk jk jk

λ which may be depend on a vector of 

hyperparameters 
jk

λ . 

The model in Eq. (5) can be formulated in a semi-parametric way. Let nZ I
jk

where 

nI  is an n×n  identity matrix, and s (x )  s 
jk jk jk jk for all combinations of j and k in 

Eq. (5), then the semi-parametric additive model is given by 

=1

( ) + (x )  X
J

θ η
k

k k k k k jk jk

j

g β s  where to abbreviate the notation use θk for k=1,2,3 to 

represent the distribution parameter vectors μ,σ,ζ and where x
jk

for j=1,2,…,Jk are 

also vectors of length n. The function s
jk

is an unknown function of explanatory 

variable Xjk and s (x )s
jk jk jk

is the vector which evaluates the function s
jk

 at x
jk

. The 

parametric vectors k
β and the additive terms s

jk
 are estimated by maximizing a 

penalized likelihood function lp (Rigby and Stasinopoulos, 2001). A Newton-Raphson 
algorithm was used to maximize the penalized likelihood function. The additive terms 
in the model are fitted by using a backfitting algorithm. 

Model selection can be performed using Global Deviance (GD) or Akaike 

Information Criteria (AIC); GD= ˆ2 ( ) θ , ˆAIC 2 ( ) 2  θ q , and q is the total degrees 

of freedom used in all linear parametric and nonparametric terms in the model. The log-
likelihood function is given by 

 

 
n

i=1

= log ( | ) θ i

i
f y   (Eq.6) 

 
For each fitted GAMLSS model the (randomized) quantile residuals can be used to 

check to adequacy of the model. The randomized quantile residuals are given by  
 

 
-1

i i
ˆ ˆ= Φ ( )r u  (Eq.7)

 

 

where i
i i

ˆˆ = ( )θu F y  if iy  is continuous. Otherwise, it is a random value from a uniform 

distribution in the interval i i[ (( 1) ), ( )] θ θ
i i

F y F y  and -1Φ  is the inverse cumulative 

distribution function of a standard normal variable.  

Simulation study and results 

In this study, the location parameter is assumed to be smooth on an interval [a, b] in 
the X domain and the scale parameter is constant for both Gumbel and Lognormal 
distribution. 
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Markov Chain Monte Carlo (MCMC) simulation is conducted to examine the finite 
sample performance of the GAMLSS method. The response variable is considered as 
Gumbel and Lognormal distributed since they have been commonly used for 
quantifying risk associated with extreme rainfall data. 

The mean integrated squared error (MISE) is calculated as the performance of the 
estimated functions and given 

 

 MISE=
N

2
i i

i 1

1 ˆ(f (x ) f (x ))
N 

  (Eq.8) 

 
The simulation algorithm runs in the following order: 

1. A sample 1 n,...,x x  is generated from a uniform distribution on [0,1] with sample size 

n (n=20,50,75,100). 
2. The bump function (A.1), true function, is used to generate the location parameter 

i( )μ x , i=1,…,n  for  Gumbel distribution. 

3. The cyclic function (A.2), true function, is used to generate the location 

parameter i( )μ x , i=1,…,n for Lognormal distribution. 

4. The scale parameter is set to 1 and 4 both for Gumbel and Lognormal distributions 
(A.3). 

5. The response values, iy  are generated from both Gumbel distribution and Lognormal 

distribution with the parameters i( )μ x
 
for i=1,…,n , s =1and s =4  

6. Cubic splines are used to approximate the mean function of the location parameter 

and it is donated by f̂ .  

7. GAMLSSs are fitted to each sample (n =20,50,75,100) for 1000 repetitions. 
8. After the fit, MISE in Eq. (8) and ̂  are evaluated.  

 
Simulation study reveals that MISE decreases as the sample size increases for both 

the Gumbel and lognormal models. MISE is relatively large when the sample size is 
small (n=20) but decreases significantly when the sample size increases to 100. 
Furthermore, estimated functions of the location parameter converge to the true function 
with a very little bias when the sample size is 100.  

The results for the maximum likelihood estimation of the scale parameter ( σ ) and 
MISE scores were summarized in Table 1-4.  

 
Table 1. Gumbel Distribution with true σ =1 (1000 repetitions) 

 

 

 

 

 

 

 

n MISE ̂  AIC Deviance 

20 0.268 0.805 66.59 54.59 

50 0.094 0.921 161.88 149.88 

75 0.060 0.946 240.80 228.79 

100 0.043 0.964 320.66 308.66 
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Table 2. Gumbel Distribution with true σ =4 (1000 repetitions) 
 

 

 

 

 
 

 
Table 3. Lognormal Distribution with true σ =1 (1000 repetitions) 

 

 

 

 

 

 

 
 

Table 4. Lognormal Distribution with true σ =4 (1000 repetitions) 

 

 

 

 

 
 
 
As expected, the estimated scale parameter ̂  approaches to the fixed true values 

( σ =1 and σ =4) as the sample size increases. Overall the results indicate that cubic 
spline approximation of the mean of the location parameter by GAMLSS performs quite 
well. Indeed, GAMLSS provides efficient and consistent maximum likelihood estimator 
for the scale parameter. 

 

Analysis of extreme rainfall data 

Daily extreme rainfall (Y) was examined for each month between 1991-2010. Data 
were obtained from Turkish Institute of Meteorology for Trabzon, located in the black 
sea region in the northern part of Turkey. It is considered that humidity (X1), air 
pressure (X2), wind speed (X3), and temperature (X4) may have significant effect on 
extreme rainfall. The distribution of the extreme rainfall was plotted in Figure 1 and it 
has a long right tail. Since extreme rainfall data are positively skew, the standard 
multivariate regression modeling is not appropriate. Indeed, the value of R2

adj=0.047 
suggests that the rainfall data should be modeled in a nonlinear form with the predictor 
variables.  

n MISE ̂  AIC Deviance 

20 4.096 3.226 122.20 110.19 

50 1.486 3.699 300.83 288.83 

75 0.971 3.778 448.52 436.52 

100 0.682 3.849 597.41 585.41 

n MISE ̂  AIC Deviance 

20 0.212 0.833 101.270 89.277 

50 0.082 0.931 246.194 234.202 

75 0.054 0.956 366.786 354.794 

100 0.040 0.966 489.485 477.493 

n MISE ̂  AIC Deviance 

20 3.240 3.330 156.261 144.260 
50 1.331 3.715 385.855 373.839 

75 0.889 3.812 573.270 561.270 

100 0.644 3.879 765.970 754.000 
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Figure 1. Histogram of daily extreme rainfall data from 1991 to 2010 
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Figure 2. Scatter plots of rainfall versus predictor variables 

 
 
Since the histogram of extreme rainfall data follows a positive skewed distribution, 

Gumbel and Lognormal distributions were fitted to the rainfall data. In Figure 2 the 
scatter plots of rainfall versus predictor variables are presented. AIC is used to obtain 
the best model among the all possible others. The proposed model for the Gumbel 
distribution is given in Eq. (9); 

 

 E(rainfall) = 1 humidity+ 2  windspeed + f( temperature ) (Eq.9) 

 
where f is cubic spline approximation. The proposed model for the Lognormal 
distribution was given as below 

 

 E(log[rainfall]) = f1 (humidity) + 1 windspeed + f2 (temperature) (Eq.10) 
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Hence, the model structure in  (9) becomes a combination of linear component of 
wind speed and humidity and smooth functions of temperature. However model (Eq.10) 
consists of linear component of wind  speed and smooth functions of humidity and 
temperature. 

In Table 5, AIC value for the lognormal model was calculated as 1882 whereas the 
same value for the Gumbel model was 1889. Since Lognormal model provides lower 
AIC we would use Lognormal model (Eq.10) for the future predictions. 

 
Table 5. Model checking 

 Lognormal Model Gumbel Model 

GD 1860 1873 

AIC 1882 1889 

 
 
 

 

Figure 3. Summary plots of both model 

 
For the appropriate fit, the standardized quantile residuals should be close to the 

standard normal distribution. The quantile residuals of the lognormal model provide a 
closer distribution to the standard normal distribution than the Gumbel model in Figure 

3.a. Quantile residuals versus fitted values of both model evenly scattered around zero 
given in Figure 3.c-d. However the Gumbel model shows some departures from the 
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theoretical distribution as in Figure 3.e. Accordingly, Q-Q plot of lognormal model in 
Figure 3.f provides a better fit than the Gumbel model in Figure 3.e. AIC scores and the 
analysis of quantile residuals together suggest better fit for the lognormal model(10) 
than the Gumbel model. 

Discussion  

In this study, Lognormal model(10) and Gumbel model(9) are fitted to the extreme 
rainfall data. Although extreme value theory states that there are only three types of 
distributions are needed to model extreme events (Gumbel, Frechet and Weibull), we 
identify the model that best characterizes the behavior of the rainfall data is the 
lognormal model.  

Simulation results indicate that even for small sample approximated mean function 
by the GAMLSS converges to the true function. Moreover, the bias is decreasing 
rapidly for the true fixed parameter. Although our statistical modeling procedure utilizes 
rainfall data, the same methodology can be applied to the other environmental variables.  
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APPENDIX 

A.1. Bump function is defined as 
 

21
f (x) 8exp( 400(x 0.5) )

0.1 x
   


 for x [0,1] . 

 
 
A.2. The cyclic function is defined as 
 
f (x) cos(4 x) 2x    for x [0,1] . 

 
 
A.3. The probability density function of the Gumbel (maximum) distribution is defined 
as 
 

Y

1 y y
f (y , ) exp ( ) exp( )

           
 for y    ,      ,  0  . 

 
 
The probability density function of the Lognormal distribution is defined as 
 

2

Y 2

1 1 (log y )
f (y , ) exp

y 22

 
      

 for y 0  , 0  , 0  . 
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Abstract. Generating knowledge to explain the dynamics and physicochemical characteristics of 
groundwater is essential to ensure its availability for different uses. Therefore, in this article we propose 
an integrated methodology that may help to define the flow patterns governing the movement of 
groundwater in a semiarid region of Mexico. The methodology incorporates hydrogeochemical 
characterization with the application of flow systems theory, the behaviour of arsenic and fluoride as 
indicators of the quality for human consumption and a correlation matrix to identify potential areas of 
recharge-discharge; these variables are grouped in Geographic Information Systems (GIS). The results 
explain how the movement of groundwater was influenced by the dissolution of silicates with the 
geochemical evolution of arsenic under two natural conditions; however, in one of these conditions, the 
mobility was facilitated by the presence of mining activities, whereas fluoride exhibited two situations, 
one natural and the other anthropogenic. Four hydrogeochemical facies were manifested in three flow 
patterns, with a potential recharge zone in the west of the study area, a discharge zone in the east and a 
mixture flowing to the northwest. We concluded that the proposed methodology represents a tool for 
facilitating understanding of the movement of groundwater. 
Keywords: water quality, GIS, recharge-discharge area, groundwater dynamics  

Introduction 

In recent years, worldwide accessibility to groundwater has declined while pollution 
has increased in such a manner that ensuring sustainable management requires research 
on the processes that determine the quantity and quality of groundwater systems, as well 
as the potential impacts of its use (Garfias et al., 2010).  In Mexico, the demand for 
groundwater has grown considerably; it comprises almost 40 % of Mexico´s water 
consumption (CONAGUA 2012). In the Mexican state of Zacatecas, where semi-arid 
conditions prevail, groundwater is the only permanent water source; consequently 
groundwater flow delineation and precise mapping of different flow patterns is 
important for management and planning for different uses.  Groundwater follows a 
complex recharge-discharge system, and its analysis is often the cause of great 

mailto:hejunez@hotmail.com
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uncertainty due to the lack of data (Li et al., 2014), the behaviour of groundwater can be 
affected by multiple natural factors, such as chemical reactions between water and soil 
or sediments, biochemical reactions, the interaction between surface water and 
groundwater, as well as human activities (Zhang et al., 2014). In this context, 
hydrogeochemical studies were conceived as a tool to understand groundwater systems. 
Some of the most significant advances achieved in recent decades in this field are as 
follows: defining of mechanisms in chemical reactions through thermodynamic data 
evaluation; the improvement of analytical techniques for the measurement of a larger 
number of isotopes in small samples with low concentrations; and finally, the 
development of computational tools where numerical modelling techniques will 
undoubtedly provide better interpretations of systems and reactions in groundwater 
(Pierre and Plumer, 2012). Various of water-rock interactions mainly regulate the 
chemical composition of groundwater in aquifers. Examples of this include the 
following: ion exchanges, redox reactions, dissolution, carbonate precipitation and 
organic matter degradation (Vandernbohode and Lebbe, 2012). Groundwater chemical 
properties depend directly on different processes that occur in the subsoil (Kumar et al., 
2011). Furthermore, groundwater is influenced by anthropogenic activities developed 
within the watersheds overlying aquifers. Various hydrogeochemical studies have been 
performed to identify geochemical processes and their relationship to water quality in 
aquifers (Fehdi et al., 2009; Horst et al., 2011; Rasaouli and Seyed, 2011).   

The characterization of groundwater quality in regional groundwater bodies is 
necessary to determine the potential for groundwater development as well as to predict 
and control possible regional changes in groundwater quality due to groundwater 
abstraction or other external influences, such as large-scale irrigation or civil 
engineering work. Groundwater use may lead to conflicts of interests, such as from 
sewage and industrial waste products disposal, or agricultural needs which are capable 
of altering groundwater quality, and monitoring groundwater is an on-going need 
(Jousma, 2006; Gbadebo et al.; 2012). In this context, it is important to mention that the 
measurements of arsenic and fluoride become critical in the hydrochemical 
characterization of groundwater. The presence of total inorganic arsenic (As) and 
fluoride (F-) in groundwater has been observed frequently worldwide. A high 
concentration of As in water destine for human consumption usually causes health 
problems. Furthermore, the use of this water for irrigation could cause problems in crop 
production and in the food chain (Estrada-Capetillo et al., 2014). Although there are 
anthropogenic sources, such as the use of arsenical pesticides in agriculture and wood 
preservation, most large-scale groundwater occurrence have been documented as having 
geological origin. As from the reaction of oxidized of sulphide minerals in 
metasedimentary rocks, which have greater variability of arsenic, with averages and 
ranges somewhat higher than those of igneous and metamorphic rocks, mainly shale, 
with mean values of 28 ppm in alluvial basins quaternary results in high concentrations 
in large areas (Apelo and Heederik, 2006). In the specific case of F-, adverse effects on 
human health from high F- concentrations have been revised by different researchers 
(Gómez et al., 2009, Subba 2006; Husthesain et al., 2012). The F- concentration values 
that are generally associated with regional flow systems are proportionate to the degree 
of water-rock interaction with fluorite (CaF2) and with the residence times in aquifers 

(Sung, 2012) where the metamorphic rocks could have a fluorine concentration of 100 
ppm (regional metamorphism) to more than 5000 ppm (contact metamorphism) and 
where the original minerals are enriched with fluorine through metasomatic processes 
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(Brunt et al., 2004). Other source of F- may include soil contamination from fertilizer 
and pesticide phosphate reaching the groundwater (Daessle´ et al., 2009).  

Authors have primarily used the Piper diagram to classify water in facies. This 
method describes the main characteristics of groundwater flow in aquifers; through 
this analysis, it is possible to define the processes that control increases or decreases 
of major ions concentrations such as: sodium (Na+), potassium (K+), magnesium 
(Mg2+), calcium (Ca2+), bicarbonate (HCO3

-), sulphate (SO4
2-), carbonate (CO3

2-), and 
chloride (Cl-). These parameters permit characterization of the groundwater flow 
systems in aquifers, since discharge areas generally tend to exhibit higher 
concentrations than those in recharge areas due to the residence time and prolonged 
contact of water with the geologic structure of aquifers (Garfias et al., 2013; Andrade 
and Stigter, 2011; Atkinson 2011; Subba, 2011; Gibrilla et al., 2009). A Geographic 
Information System (GIS) can help in the hydrogeochemical characterization of water 
in aquifers. It facilitates, through mapping, the analysis of water resources and 
appropriate decision-making (Saidi 2011). A GIS is also a support tool in the 
definition of possible recharge areas and the quantification of surface water infiltration 
with the construction of thematic maps (Kumar et al., 2011; Tweed et al., 2007; 
Shomar et al., 2010; Ahmad et al., 2011). Furthermore, there are several geostatistical 
applications for estimating other environmental variables, with recent kriging 
applications used to evaluate the spatial distribution of groundwater quality 
parameters (Adhikary et al., 2012; Júnez-Ferreira and Herrera, 2013). Geostatistics 
have also been employed in the design of groundwater quality and hydraulic head 
monitoring networks (Herrera et al., 2004; Júnez-Ferreira et al., 2013).   

To evaluate the groundwater quality and soil chemistry with an analysis of major and 
minor ions, and trace metals, multivariate methods have been used to understand 
hydrological factors such as aquifer boundaries, groundwater flow patterns and 
hydrochemical components (Uddamer et al., 2014; Kolsi et al., 2013).  

In the specific case of principal component analysis (PCA), valuable information 
about the most significant parameters, which describe the whole data set, consisting of a 
large number of inter-related variables, are provided, thereby rendering data reduction 
with minimum loss of original information (Marghade et al., 2015). 

The specific objectives in this paper were to identify flow patterns with the definition 
of hydrochemical facies and with the use of statistical techniques, to evaluate the 
geochemical evolution of As and F-, to verify the quality according to the norms of the 
World Health Organization (WHO) and recognize the potential recharge zone with the 
use of GIS, which combines maps of physicochemical parameters concentrations 
(generated with the use of geostatistics). 

Materials and methods 

Study Area (SA) 

The National Water Commission (CONAGUA) took several factors into 
consideration (geopolitical boundaries, areas with high a volume of wells, and 
hydrological basins among others) to define 653 groundwater management units across 
the country, called Administrative Aquifer (AA). Thirty-four AA were proposed in the 
state of Zacatecas. Two of them are the Benito Juarez Aquifer (BJA) and the Calera 
Aquifer (CA), which are located in the central-southern region where crop irrigation and 
rain-fed agriculture are the main economic activities; they are only aquifer with a 
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hydrogeology setting. The SA is located in the Sierra Madre Occidental volcanic terrain, 
which is within the southern part of a regional graven structure that has its origin in the 
Calera endorheic basin, which is characterized by ephemeral streams that are dry most 
of the year. The Zacatecas Mountain Range includes the Pilas Complex (maximum 
elevation 2,700 m a.s.l.) and the Jerez Mountain Range includes the Chilitas Formation 
with a flat area (2010 m a.s.l.) in the south-central portion and another flat area (2100 m 
a.s.l.) in the north (Fig 1)  

 

 
Figure 1. Location of study area (SA) 

 
 
Additional significance includes the fact that 50 % of the total drinking water that is 

supplied to Calera, Morelos, and Zacatecas-Guadalupe metropolitan area comes from 
these two AAs. Although several groundwater quality studies have been performed in 
the last twenty years, the delineation of groundwater flow patterns remains unknown.  
Administrative regulation constrains additional water extraction to the actual total 
volume (23x106 m3/year) and water use change from irrigation to human consumption 
should be taken into consideration. 

This area is considered semiarid, and the annual rainfall average is less than the 
maximum potential annual evaporation. These regions are characterized by a scarcity of 
water, with highly erratic of rainfall distribution and a few torrential events. In this specific 
case, there is intensive agricultural activity, which depends on the extraction of 
groundwater. Commerce in the form of animal breeding is a complementary occupation in 
the Zacatecas-Guadalupe metropolitan area. On the other hand, in the last 30 years mining 
activity has gained strength and has begun to have an important influence on groundwater 
quality. With regards to industrial activity, there are only a few companies; however, two of 
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them employ heavy extraction of groundwater. The climate is semi-arid with a rainy season 
in the summer and an annual average air temperature of 15.7 °C. The rainfall average 
(2006-2015) ranges from 416 to 493 mm/year with potential evaporation of up to 1990 
mm/year, making irrigation essential for profitable agricultural activity. The climate data 
were obtained from three monitoring stations (U.A. Agronomia, CECAZ and Mesa de 
Fuentes) located within the SA (INIFAP 2015) (Fig 2). 

 

 
Figure 2. Habitats and surrounding 

 
 

The plant species that predominate include desert scrub microphyll, which is 
distributed from 2050 to 2540 meters, of predominately “mesquite” and “opuntia” 
(prickly pear), among others. In the Sierra de Zacatecas we also identified 
characteristics specific to these elevations such as the presence of chamomile and cedar, 
which species occupy very small areas, indicating that these species are about to 
disappear. Natural grassland occupies nearly of 38 % of the SA, dominated by a grass 
species called “zacaton” which is associated with thorn scrub. The agriculturally 
introduced vegetation (irrigated and rainfed) occupies approximately 50 % of the SA 
and includes crops such as beans, peppers, fodder and vegetables. 

The presence of different vegetative species is determined mainly by the type of 
climate, temperature and rainfall; these two factors cause a dry weather period during 
the initial months of the year and another that can be considered humid in the months of 
June, July, August and September, when the rainfed agriculture occurs; irrigated 
agriculture begins in the months of March-April and may not end until October 
(INIFAP 2015) (Fig 3). 
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Figure 3. Climate diagram 

 
 

Geology and hydrogeology 

In the basin, two types of aquifers are recognized; one of them consists of limestone, 
conglomerates, and piedmont deposits, which results in poor groundwater movement; 
the other aquifer consists of filling materials deposited in the valley, which is more 
extensive and possesses greater potential for production wells under good transitivity. 
The SA is heterogeneously contained in the Basin Fill Sediments and the Tertiary 
Fractured Volcanic sediments, it is hydraulically continuous between the ABJ and AC, 
groundwater flows takes place from south to north, and the depth of the water table is 
from 40 to 135 m below the surface. The central part is formed by permeable Basin Fill 
Sediments (hydraulic conductivity ranging from 10-4- 10-5 m/s); hydraulic properties 
for Tertiary Fractured Volcanic units are unknown. Groundwater is in unconfined 
conditions, and the wells (90-250 m deep) have been identified mainly tapping the 
Basin Fill Sediments; the use of groundwater for irrigation is 68 % and human 
consumption is 32 % of the total extraction. Metamorphic rocks covering this system 
form the oldest unit; there is a sequence of sedimentary rocks and volcanic rocks 
interbedded. The principal geological features are shown based on a Mexican 
Geological Survey –SGM- (Fig 4). 

The Calera horst-graven structure developed over a long stage during the Late 
Tertiary and Early Quaternary; the normal faults have three main trends: i) North-South; 
ii) Northwest-Southeast; and iii) Northeast-Southwest. They led the uplift of peripheral 
Tertiary volcanic mountains, central area settlements, and the deposition of basin fill 
sediments (alluvial material interbedded with tuffs) with a maximum thickness of 400 
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m, as indicated by geoelectric surveys. From the Late Tertiary, the mountains 
underwent a rapid uplift, the Tertiary Fractured Volcanic Unit is represented by the 
following: i) rhyolite lava flows with porphyritic texture with quartz, sanidine and 
plagioclase in a glassy matrix, biotite and clay as an accessory and secondary mineral; 
and ii) tuffs and ignimbrites with a felsic nature.  

 

 

Figure 4. Geological map and cross section 
 
 
Erosion from the mountains led to substantial transportation of clastic material 

into the basin, thick alluvial and Aeolian deposits led to Basin Fill Sediments, and 
the base layer is represented by a Chilitos Formation (Upper Jurassic, metabasaltic 
and metandesitic pillow lava flows, and volcano-sedimentary deposits), in the 
southwestern SA, the Zacatecas Formation (Upper Triassic, volcanoclastic low 
grade metamorphic rocks) in the southeastern SA, which is composed of 
feldspathic wacke, mudstone chert and discrete limestone lenses, accompanied by 
basaltic lava flows, rare dikes and hydrothermal vent-like structures, and in the Las 
Pilas Complex which is mainly composed of laccolithic intrusions and basaltic 
lava flows, interlayered with feldspathic and lithic wacke, mudstone chert and rare 
limestone; these units outcrop northeast of the SA, around Zacatecas City. In the 
case of the Las Pilas Complex, lava flows are comprised of plagioclase, 
clinopyroxene and rare quartz. Such as in the Zacatecas formation, the alteration 
developed chlorite, epidote, sericite and calcite, together with quartz and calcite 
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veinlets. In the west, there is the Francisco I. Madero massive sulphide deposits 
developed in an island arc setting with intense mining activities, which evolved 
into the Las Pilas Complex (Escalona-Alcázar et al., 2014).  
 
Methodology 

A groundwater sampling campaign was conducted in 91 wells (March 2013 to 
October 2015). Knowing that the distribution of these wells in the study area is not 
homogeneous, seventy-two groundwater samples were taken from Basin Fill 
Sediments, while the others were taken from different geology formations of 
Tertiary Fractured Volcanic Units. Sixty-seven are used in agricultural activities 
and 24 are used for human consumption. The monitoring time period was a season 
of the year when extraction occurs for agricultural use. This is a complete way to 
analyse the behaviour of groundwater because the field conditions created a 
homogeneous sampling of the total area extent. In field analyses temperature (T), 
electrical conductivity (EC) and pH were included using an isolation cell to 
prevent atmospheric interaction before measurements were taken and improve 
electrode stability was ensured. The samples were filtered (0.45 μm membrane 
filters) and acidified (1% v/v HNO3

-) in the field. Analytical determinations were 
carried out in the Environmental Engineering Laboratory of the Autonomous 
University of Zacatecas. The major ions Ca2+, Na+, K+ and Mg2+ were analysed 
with atomic absorption spectrophotometry (Thermo Scientific ICE AA 3300). 
Chloride was determined by titration using an AgNO3 and K2CrO4 indicator.  The 
other anions were determined using colorimetry, SO4

2- by precipitation of BaSO4, 
N-NO3

- with an automated cadmium reduction method, and F- by the reaction 
between fluoride and a zirconium-dye lake.  SiO2 was determined with the 
spectrophotometric method. Total alkalinity as HCO3

- was determined by titration 
using H2SO4, phenolphthalein and bromophenol blue indicators. Only trace 
elements were analysed at Geology Institute of Autonomous University of San 
Luis Potosi with the same controls. Calibrations for atomic absorption 
spectrophotometry and automated colorimeter were performed using an 
appropriate dilution standard and both laboratory and international reference 
material were used as checks of accuracy (4 sigma). Additional control includes 
the ionic balance; the balance lay below ± 6 %. All of the determinations were 
conducted under the guidelines described in APHA-SMWW 2006 and applicable 
Mexican regulations as of 2015.   
 

Data analysis 

In the present study, the water quality parameters were analysed using 
Statistica7. The Pearson correlation coefficients were obtained, which are very 
useful for understanding the main hydrogeochemical processes in a groundwater 
system. Additionally, a PCA was performed to reduce the number of variables in a 
data set to a smaller number without the loss of essential information. This is a 
powerful technique that tries to explain the variance of a large set of inter-
correlated variables and that transforms them into a smaller set of independent 
variables (uncorrelated). The number of components to retain in the PCA was 
determined by the Kaiser criterion for which only the components with 
Eigenvalues greater than one are retained (Li et al., 2013). The geostatistical 
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analysis was performed using kriging in the Geographic Information System 
ArcGIS 10.0; this may be considered an optimal geostatistical approach for 
interpolation at unsampled locations. It is flexible and it permits the investigation 
of spatial autocorrelation of the variables. One of the main advantages of kriging is 
that it presents a possibility to estimate the interpolation error of the values and the 
regionalised variable when there are not initial measurements (Adhikary et al., 
2010). This tool is a local estimation technique that provides the best linear 
unbiased estimator of a studied unknown characteristic. Data analysis was 
complemented with the software AquaChem2014, which is a program, designed by 
Waterloo Hydrogeologic and contains a data base that is fully editable with an 
important set of data analysis tools for water quality. Specific functions contained 
in this program are; among others, the following: unit conversions, ionic balances, 
comparison and classification of samples, trend analysis and comparison with 
international standards. The integration of these tools allows for definition of a 
methodology to identify patterns of groundwater flow. 

Results and discussions 

The basic statistic for the chemical analysis and field measurements are shown 
in Table 1. Some parameters such as skewness (approximately 0) and kurtosis (0-
3), and very similar results in the mean and median indicate a normal distribution 
for a sample population. These conditions, in the case of major ions suggest a 
normal distribution for HCO3

-, Ca2+ and K+; this was not true for the other ions and 
trace elements. The dispersion of data reflects the heterogeneity of the SA.  

 
Table 1. Basic statistic of sampling points 

Parameter Min Max Med Mean St Deviation Skewness Kurtosis 

Temperature (T) °C 18.7 34.1 25.5 25.65 2.74 0.07 0.99 

pH  6.5 8.79 7.5 7.5 0.432 -0.60 0.92 

EC 120.0 1480 439.9 475.6 205.7 2.47 4.05 

TDS 49.6 1064 379.6 398.6 131.2 2.65 4.74 

Alkalinity 108.8 297.6 154.8 157.4 29.97 1.14 1.89 

HCO3
- 132.7 363.1 189.2 192.4 36.54 1.11 1.88 

Cl - 5.9 148.9 15.36 20.83 26.9 3.99 5.68 

SO4
2- 2.0 360 20.35 33.64 56.5 4.77 8.43 

F - 0.4 2.2 0.868 0.949 0.411 1.03 1.05 

NO3
- 0.0 9.7 2.15 2.38 1.78 1.53 1.64 

Ca2+ 5.8 128.1 42 45.9 19.66 1.45 1.93 

Mg2+ 0.2 87.8 5.43 11.07 15.37 3.16 4.63 

Na+ 0.5 86.6 20.83 23.9 12.54 2.16 3.20 

K+ 1.4 17.95 6.38 7.06 2,905 0.50 1.10 

SiO2 19.0 111 63.1 66.8 21.04 -0.02 0.49 

TH(CaCO3) 55.9 689.8 144.1 161.5 99.4 3.36 5.20 

Sr 0.012 0.819 0.142 0.2024 0.168 1.30 1.06 

Li 0.003 0.604 0.03766 0.0501 0.0637 7.46 21.30 

As 0.001 0.071 0.01024 0.0128 0.0094 3.07 5.78 

EC=Electrical Conductivity, TDS=Total dissolved solids and TH=Total hardness, all parameters in mg/L (Except pH and T) 
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The mean value concentration (mg/L) of the representative dominant ions in the 
groundwater, in decreasing order, were as follows: HCO3

- (192.4), Ca2+ (45.9), 
SO4

2- (33.64), Na+ + K+ (30.96), Cl- (20.83), Mg2+ (11.07) and N-NO3
-(2.38). 

With the exception of fluoride (F-) and arsenic (As), the parameters analysed in 
this paper met the standard established by the WHO for human consumption. The 
As values ranged between 0.002 to 0.071 mg/L, with 48 of the samples exceeding 
the drinking water guideline value of 0.010 mg/L. Eleven of them are from wells 
that provide water for human consumption, there are not studies that provide 
information of the degree of damage to health from using this groundwater. 
Values above 0.010 mg/L in the east were mainly related to mining activities 
where the presence of sulphide was present; it can be commonly found in the 
form of arsenopyrite (AsFeS). However, other areas with high natural 
concentrations are associated with only the mineral components of the geological 
framework in the north, where the quaternary alluvial layer is present (Apelo, 
2006) (Fig 5).  

In the case of F-, the WHO established a maximum permissible value at 1.5 
mg/L. This value was exceeded in eight wells with a maximum of 2.20 mg/L. 
Two of these wells provide water for human consumption. While there is no 
evidence of health problems, there are specifically yellow spots in the teeth of the 
population using this water. Values above the permissible limit have occurred in 
the south, where there is intense agricultural activity and the use of phosphate 
pesticide is common practice; this situation has been occurring for the last three 
decades. The other zone is the northwestern area, where water with sodium 
characteristics exists, which is causing these values of  F-, as has been reported in 
scientific literature (Brunt et al., 2004; Carrillo-Rivera et al., 2002) (Fig 6).   

 

 
Figure 5. Contours map of Arsenic (As) 
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Figure 6. Contours map of Fluoride (F

-
) 

 
 
On the other hand, the Food and Agriculture Organization (FAO 2013) describes 

different characteristics to classify irrigation water. Basically, three criteria were 
considered: the salinity, sodicity and toxicity of specific ions. Two of the most 
important parameters to determine water quality for irrigation are the electrical 
conductivity (EC) and the Sodium Adsorption Ratio (SAR) index. With these a 
classification of water for irrigation following the norms of the U.S. was created at The 
Salinity Laboratory. The average value was 540 μS/cm for EC. Therefore, it is 
considered low in salts. The SAR can be related to the salinity levels (as EC) to evaluate 
possible problems of irrigation water. According to Figure 7, agricultural productivity 
in the SA is not affected by using water for irrigation (Rhodes et al., 1992). 

Another parameter that is useful for measure the quality of water for domestic, 
irrigation, and industrial uses is the total hardness. Public acceptability of the degree of 
water hardness may vary considerably from one community to another. The threshold 
for calcium ions is in the range of 100–300 mg/l, depending on the associated anion, 
and the taste threshold for magnesium is probably lower than that for calcium. Hardness 
levels between 80 and 100 mg/L (as CaCO3) are generally acceptable in drinking water 
and are considered tolerable by the consumer. In some instances, consumers tolerate 
water hardness in excess of 500 mg/l (Sappa et al., 2013). According to the US-
Environmental Protection Agency (EPA), water that contains 0-75 mg/L CaCO3 is 
classified as soft, 75-150 mg/L as moderately hard, 150-300 mg/L as hard and >300 
mg/L as very hard. For SA the values obtained manifests characteristic from soft to 
moderately hard, with a maximum value corresponding to a shallow extraction point (6 
m). This was localized in the Las Pilas Complex, which is in the east. These results 
indicate that the groundwater does not have problems of total hardness. 
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Figure 7. Classification of irrigation water of the SA 

 

 

Hydrogeochemical characterization 

In general, an increase in the concentrations of major ions with different patterns has 
been observed. In the particular case of Cl- (with mean of 15.36 mg/L) it may have two 
different origins. One from atmospheric inputs (rain has a Cl- concentration less than 5 
mg/L) in the southern region where the groundwater Cl- concentration is less than 8 
mg/L indicating a possible recharge zone (Veyna, 2014) The other was from an internal 
source derived from the movement of groundwater from south to northeast through the 
basin fill sediments. The higher value in the shallow extraction point (6 m) in the east 
(148.9 mg/L) could represent a discharge zone. The same singularities occurred for 
SO4

2- (ranges from 2 to 360 mg/L) with a higher value in the same zone of the SA. It is 
the result of the interaction of groundwater with sedimentary rocks and massive 
sulphide deposits present in the western part of the SA. It also reflects the movement of 
groundwater from west to east in the central part of the SA. For the ions, Ca2+ Mg2+ and 
K+ concentrations could be related to alterations of silicate. These alterations probably 
result from the disruption of biotite and the presence of pyroxenes originating from 
calcium with the release of HCO3

- during silica hydrolysis. The minimum values are 
found in the south and the west of the SA, and the maximum values are located in the 
central and northeast zones. Silica concentrations occur almost entirely from the 
alteration of plagioclase and from some of the feldspars, which are associated with a 
considerable volume of rhyolite rocks in this area. However, often the dissolved silica is 
expressed as SiO2, in most natural waters it appears as H4SiO4. The Na+, which has a 
highest value of 86.6 mg/L, comes from altering plagioclase, principally albite, which is 
located in the northwest of the SA and possibly belongs to a different flow system. 
These chemicals process are exemplified in the follows reactions: 

 
a) 2CaMgSi2O6 pyroxene + 4H+ + 2H2O  → 2Ca2+ +  2Mg2+ 

 + 2H4SiO4 
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b) 2KMg3(AlSi3O10) (OH)2 biotite + 14H+ + H2O  → 2K+ + 6Mg2+ + 4H4SiO4
 + Al2Si2O5(OH)4 Kaolinite  

c) 2NaAlSi3O8 albite + 9H2O + 2H2CO3 → 2Na+ + 2HCO3
- + Al2Si2O5(OH)4 Kaolinite + 4H4SiO4. 

The values of N-NO3
- concentration reflect the effects of agrochemicals used in 

irrigation activities; concentrations are under a maximum permissible level for human 
consumption (10 mg/L). The different major ions proportions (in meq/L) in the 
groundwater and their evolution in the different geology settings of the SA are 
described by the Piper diagram (Fig 8). Groundwater chemical composition is classified 
in four hydrochemical faces. In the south, it is mainly Ca2+-HCO3

-, the predominance of 
this face reflects infiltration of water in the fractured volcanic rocks that subsequently 
flows through the alluvial medium with interbedded limestone (granular 
undifferentiated); these results suggest low residence times. In the central part of the 
SA, there is an evolution from Mg2+-Ca2+-HCO3

- to Mg2+-Ca2+-SO4
2-; these phenomena 

are associated with the transition from acid rhyolite-tuff to andesitic; they may reflect 
the presence of a flow pattern with more residence times. In the northward direction, 
there are Ca2+-Na+-HCO3

-
 to Ca2+-Mg2+-HCO3

-
 and Na+-HCO3 – to Na+- Ca2+- HCO3

-
 

evolutions, indicating a Triassic conglomerate to alluvial transition. Apparently the last 
two evolutions are communicated in the northeastern part of the SA, suggesting a 
lengthy and deep flow circulation.  

 

 

Figure 8. Trilinear diagram of samples (Piper) 

 

 

Correlation of parameters 

The statistical relationship between two or more variables may represent a 
correlation matrix. This tool can help in analysing the primary reactions that have been 
carried out in the water chemistry analysis (Li et al., 2013). The Pearson’s correlation 
coefficients were calculated with the exclusion of temperature and alkalinity using 
Aquachem2014. The results are presented in Table 2.  
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Table 2. Correlation parameters 

 pH EC TDS Ca2+ Mg2+ Na+ K+ Cl- HCO3
- SO4

2- F- N-NO3
- As Li TH SiO2 Sr 

pH 1 -0.090 -0.161 -0.168 -0.344 0.036 0.125 -0.264 -0.136 -0.239 0.247 -0.007 -0.210 -0.132 -0.378 0.324 -0.581 

EC  1 0.824 0.765 0.657 0.203 0.069 0.717 0.438 0.770 0.025 0.314 -0.096 0.082 0.794 0.023 0.292 

TDS   1 0.742 0.706 0.309 0.114 0.739 0.548 0.802 -0.030 0.314 -0.046 0.153 0.775 0.017 0.352 

Ca2+    1 0.439 -0.105 -0.083 0.612 0.456 0.587 0.032 0.093 -0.163 -0.061 0.757 0.098 0.160 

Mg2+     1 0.115 -0.036 0.757 0.160 0.890 -0.341 0.474 -0.013 0.005 0.872 -0.363 0.603 

Na+      1 0.364 0.163 0.353 0.198 0.296 0.200 0.337 0.634 0.028 -0.115 0.217 

K+       1 0.046 0.086 0.019 0.186 0.203 0.262 0.153 -0.052 0.146 0.147 

Cl-        1 0.202 0.697 -0.205 0.375 0.044 0.041 0.795 -0.181 0.555 

HCO3
-         1 0.169 0.212 -0.096 -0.040 0.422 0.322 0.145 0.167 

SO4
2-          1.000 -0.182 0.493 -0.019 -0.006 0.871 -0.217 0.424 

F-           1 -0.005 0.057 0.307 -0.174 0.150 -0.297 

N-NO3
-            1 0.207 0.049 0.358 -0.098 0.215 

As             1 0.488 -0.054 -0.250 0.354 

Li              1 -0.017 -0.236 0.320 

TH               1 -0.224 0.529 

SiO2                1 -0.407 

Sr                 1 

Bold and underlined indicate correlation is significant at the 0.01 level (2-tailed), only bold indicate correlation is significant at the 0.05 level (2-tailed) 
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Some characteristics were observed: i) TDS were strongly correlated with all major 
ions (> 0.700), except HCO3

- (0.548) and Na+ (0.349), which indicate the constant 
accumulation of these ions in groundwater flow; ii) HCO3

- had correlation coefficients 
less than 0.500 with Ca2+ and Mg2+, which suggests low dissolution and/or precipitation 
of calcite and dolomite; it is reasonable to mention that these minerals are not the 
principal sources of these ion; iii) TH was not correlated with HCO3

- indicating 
permanent hardness; iv) the correlation coefficient of Na+

 - Li (0.643) was indicative of 
a possible separate flow pattern within the groundwater movement, and the low 
correlation coefficient Na+ - Cl- (0.163) revealed the poor influence of halite dissolution 
in the groundwater chemistry; v) the correlation coefficients of Cl- - Ca2+ (0.612) and Cl- 

- Mg 2+ (0.757) could be explained with cation exchange; vi) the correlation coefficients 
of SO4

2--Ca2+ (0.587) and SO4
2--Mg 2+ (0.890) could be interpreted as possible 

dissolution of gypsum and dolomite; therefore, silicates hydrolysis and cation exchange 
in the presence of sulphide deposit were the main chemical reactions in the groundwater 
of the SA; and vi) the case of F-, As and N-NO3

- indicated no correlation, denoting 
continuous motion in different stage within the SA.  

 
Principal Components Analysis (PCA) 

The results of the PCA are shown in Table 3. To reduce the similarity of the original 
variable; a varimax rotation was carried out. This is a way to understand the 
participation of the original variables more clearly (Elangbam et al., 2013). These 
results indicate that four principal components or variable factors (VF) had eigenvalues 
greater than 1 and represented 70.724 % of the total variance.  

 
Table 3. Principal Components Analysis (PCA) 

Variable Factor 1 Factor 2 Factor 3 Factor 4 
pH -0.150 0.017 0.777 -0.169 

Temperature °C -0.267 0.427 -0.248 -0.423 

EC (µS/cm) 0.823 0.093 0.089 0.406 
HCO3

- 0.159 0.392 -0.029 0.789 

Cl- 0.841 0.013 -0.199 0.155 
SO4

2- 0.913 0.022 -0.126 0.033 
N-NO3

- 0.640 0.169 0.154 -0.462 

F- -0.196 0.512 0.444 0.221 

Ca2+ 0.620 -0.163 0.051 0.631 

Mg2+ 0.875 -0.024 -0.352 -0.042 

Na+ 0.164 0.861 0.028 -0.011 
K+ 0.148 0.478 0.339 -0.164 

SiO2 -0.136 -0.160 0.658 0.313 
Sr 0.464 0.240 -0.669 -0.009 
Li -0.060 0.829 -0.265 0.180 

Eigenvalues 4.696 2.377 2.127 1.408 
% Total variance 31.309 15.850 14.178 9.388 
Cumulative % Variance 31.309 47.159 61.336 70.724 

Significant variable per each component (factorial loadings > 0.500) 

 
 
The VF1 explained 31.309 % of the variance; it was characterized by positive 

loading in EC, Cl-, SO4
2-, N-NO3

-
, Ca2+ and Mg2+, which represented the ion exchange 

and the weathering of silicates minerals across the basin fill sediments, as suggested by 
geochemical interpretation. It is important to mention that the influence of this factor in 
the groundwater chemistry occurs primarily in the SA.  
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In VF2, the identified parameters were F-, Na+ and Li, exhibiting 15.850 % of 
the variance; this factor was interpreted as an independent flow pattern, where the 
groundwater is in contact with rocks in the west of the SA with more relative 
movement time, probably, as part of a regional flow system towards the northeast 
that goes beyond the study area. Something important to mention about VF2 is the 
behaviour of the temperature correlation (0.427); although this parameter did not 
reach factorial loadings (0.500), it may be related to the possible regional flow 
mentioned above.  

VF3 contains 14.178 % of the variance; it includes the pH and SiO2, with a negative 
influence from Sr. In the case of VF4, only the HCO3

- is a parameter with influence, 
indicating the process of silicate hydrolysis.  

 

Determination of potential recharge-discharge areas 

The parameters in the SA were estimated by ordinary kriging. This allowed the 
estimation of values in positions of interest from a linear combination of the 
measured values represented by spatial autocorrelations and provided information 
about the spatial structure of a regionalized variable. For the development of 
ordinary kriging equations, a linear, unbiased and minimum variance-estimation 
was imposed. The maps of the spatial distribution of the analysed parameters were 
obtained for a regular grid formed by nodes, which were separated 50 m in both 
the North-South and East-West directions. Interpolation of water level data 
measured at some wells suggests a west-northeast preferential flow; however, 
through this type of analysis, it is not possible to distinguish some important 
features, such as separate flows that could be converging within the SA. It is 
known that groundwater geochemistry evolution is useful for identifying flow 
patterns and potential recharge zones. In this assessment, the results are discussed 
in relation to the Chebotarev sequence that describes the geochemistry of water 
evolution from recharge zones to discharge zones (HCO3

- - SO4
2 - - Cl-) 

(Chebotarev 1955). The Chebotarev sequence analysis suggests a south-northeast 
flow pattern, with relatively low residence time (sequence A), also a second flow 
pattern of west-east direction with a larger relative residence time (sequence B) 
where sulphate has substituted bicarbonate in the Chebotarev sequence. This 
analysis demonstrated additional evidence of a flows mixture with an 
interconnection to two different hydrochemical faces at the central part of the 
aquifer that converge in this zone with groundwater moving to the northeast 
(Sequence C) (Fig 9).  

The values of SO4
2- and Cl- in Sequence B are predominantly larger than for 

those for Sequence A and C, this helped to identify different flow patterns as 
proposed in the analysis of the geostatistical results (Fig 10). The conceptual flow 
patterns definition agrees with an increase of parameters concentrations from south 
to northeast and west to northeast, except for nitrate-nitrogen for which the highest 
values were found in the south, as explained above. It is clear that when 
considering only water level data, the definition of different flows converging in 
north within the SA could be missed. The information provided by the Chebotarev 
sequence analysis and the presence of geological faults suggest that an important 
local recharge may be occurring in the western piedmont and conditions of 
discharge in the east of the SA.  
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Figure 9. Differentiation of flow patterns (using the Chebotarev sequence) 

 
 

 
Figure 10. Contours maps a) Sulfate and b) Chloride 

Conclusions 

These results show the importance of combining different tools that permit us to 
understand the dynamics of groundwater. The analysis shows that at some sampled 
points the arsenic and fluoride concentrations were above the maximum permissible 
levels established by the WHO for human consumption. The origins for both parameters 
were defined as follows: 1) anthropogenic-, mining activities for arsenic and the use of 
phosphate pesticides, for fluoride 2) natural-, geological setting, such as the alluvial 
quaternary basin that facilitates the dissolution of minerals containing arsenic and where 
the presence of sodium-bicarbonate water is directly related to the presence of fluoride. 
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According to the classification by the US-Salinity Laboratory, most of the groundwater 
samples fell into the C2-S1 category; this indicates a medium salinity and low sodium 
content. A few points fell in the C1-S1 category, indicating low salinity and sodium 
content. However, there are four sampled points at which the results were classified in 
the C3-S1 category; these represents groundwater with high salinity that is not suitable 
for many crops. Another analysed parameter was the total hardness. The groundwater 
was classified from soft to moderately hard, indicating that the total hardness does not 
represent quality problems. The geochemical interpretation indicates that silicate 
dissolution, mainly pyroxene, biotite, and albite were the main chemical reactions, and 
were the source of Ca2+, Mg2+, Na+, K+

, HCO3
- and SiO2, whereas for N-NO3

-, the 
source was anthropogenic activities. The results indicate that groundwater is 
predominantly characterized by the presence of four hydrogeochemical faces: 1) Ca2+-
HCO3

-; 2) a mixture between Mg2+-Ca2+-HCO3
- and Mg2+-Ca2+-SO4

2-; 3) a mixture 
between Ca2+-Na+- HCO3

- and Ca2+-Mg2+- HCO3
-; and 4) a mixture between Na+- 

HCO3
- and Ca2+- Na+- HCO3

-. The distribution of major ions and the presence of the 
different faces, along with analysis of the Chebotarev sequence, allowed the 
identification of correlations coefficient, and PCA suggested that the composition and 
movement of groundwater were influenced by the interaction of water and the rocks in 
diverse geological conditions. 

Three groundwater flow patterns were identified. The first one moved from south to 
north, which was dissected by a second flow pattern crossing from west to east. There 
was a third flow pattern from the northwest to northeast that could be a regional flow 
system with movement beyond the SA. In future work, the use of analytic techniques, 
such as isotopic hydrology should be considered for identifying the origin of recharge in 
the different identified flow patterns.  
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Abstract. Monoterpenes (C10H16) are the products of metabolism found in many plants and are most 
notably emitted by conifers. Many abiotic and biotic factors are known to stimulate monoterpene 
emissions from conifers, including: temperature, wounding, herbivory, infestation, UV-radiation, O3 
exposure etc. Monoterpenes have been shown to contribute to aerosol and cloud formation, which have a 
net cooling effect on Earth’s radiative balance. Thus, there is a need to explore all the factors that 
influence monoterpene emissions from forests. One as yet largely unexplored process is the effect of 
nutrient availability on monoterpene emission. In this study we treated young Scots pine seedlings with 
fertilizer (NPK and urea) largely and observed a large increase in monoterpene emission compared with 
unfertilized controls. Measurements at 26°C suggests an emission increase of 0.8 ng g-1 DW min-1 per 
addition of 1 kg Ntot ha-1 year-1. These results are important for understanding future trends in 
monoterpene emission, since nitrogen deposition, as consequence of industrial emissions and agricultural 
sources, is increasing in the soils of boreal and high altitude temperate forests. 
Keywords: GC-MS; NPK; Pinus sylvestris; PTR-MS; VOC 

Introduction  

Plants emit a variety of volatile organic compounds (VOCs), of which isoprene and 
the monoterpenes are the most abundant (Arneth et al., 2008; Guenther et al., 2006; 
Räisänen et al., 2009).  The major source of monoterpene (C10H16) emissions into the 
atmosphere is conifer plants, predominantly growing in the boreal zone, but also 
growing extensively in temperate regions. The annual emission rate of monoterpenes 
from a boreal forest is estimated to be 0.71 t km-2 (Räisänen et al., 2009; Guenther et al., 
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1993). Monoterpenes are known to contribute to aerosol formation, via their oxidation 
by NOx, O3 and OH, producing numerous oxidation products, which serve as cloud 
nuclei in cloud formation (Hoffmann et al., 1997; Lee et al., 2006) which, in turn, in 
turn leads to a cooling effect of Earth (Peñuelas and Staudt, 2010).   

Many abiotic and biotic factors influence conifer monoterpene emission, but the 
most critical are the ambient temperature and the monoterpene pool in plant tissue 
(Räisänen et al., 2009; Tingey et al., 1980). Wounding, herbivore infestation, ozone 
concentrations and UV exposure have all been shown to stimulate monoterpene 
emission rates (Blande et al., 2009; Holopainen and Gershenzon, 2010; Loreto et al., 
2006; Räisänen et al., 2009; Yuan et al., 2009).  

However, one abiotic factor that, to date, has been largely overlooked in the context 
of plant VOC emission is the effect of changing the availability of nutrients within the 
soil. It has been shown that nutrient availability plays an important role in some VOC 
emissions, more so than other factors in multiple stress conditions (Peñuelas and Staudt, 
2010). Plants have a fast response to the introduction of nitrogen (N) based fertilizers, 
which stimulate both biomass production and photosynthesis in conifers (Brix, 1971). 
Furthermore, the introduction of a N-based fertiliser in boreal forests increases ultra-
structural changes in cells (sub-cellular and sub-organellar), especially those related to 
photosynthesis, such as thylakoids and grains of plastids (Soikkeli and Kärenlampi, 
1984).  

Terrestrial ecosystems are adapted to low soil fertility and low availability of N, thus 
anthropogenic N enrichment can have many effects on ecosystems, including a change 
in species composition, a change in tree physiology and a lowering of tree resilience to 
frost (Bobbink et al., 2010; Soikkeli and Kärenlampi, 1984; Soja et al., 2007). 

An increase in industrialization and modern agriculture has brought artificial 
fertilization of the soil in the form of N deposition. In the temporal zone, the N 
deposition rate has been estimated to be 1-100 kg N Ha-1 year-1, depending on the level 
of N emission in the area (Bobbink et al., 2010; Högberg et al., 2006; Soikkeli and 
Kärenlampi, 1984). In the boreal zone, the N deposition rate is generally considered to 
be lower than 6 kg N Ha-1 year-1, but with an increasing trend (Bobbink et al., 2010).  

In this paper both semi-quantitative and qualitative differences in monoterpene 
emissions are investigated as a consequence of fertilization treatments of young Scots 
pine trees.  

Materials and methods 

Experimental application of NPK fertilizer 

Growing conditions 

Two year old, 10-20 cm high Scots pine trees (Pinus silvestris L.) were obtained 
from a local tree nursery (Buckingham Nurseries and Garden Centre, Milton Keynes, 
UK) and potted in topsoil in the early spring (12 in total, 6 for each treatment). The 
trees were grown outside, watered equally and regularly (once per week). Half of the 
trees were treated twice (April and Jun) with a slow releasing fertiliser NPK 7-7-7 
(7% N, 7% P and 7% K), at a rate equal to 140 kg N tot ha-1 year-1, with the other half 
being untreated and used as control specimens. The base level of total nitrogen in the 
soil was measured by modified Kjeldahl analysis (British Standards Institute, 2001). 
This high level treatment has been chosen for this study in order to establish the 
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presence of a fertilizer effect on monoterpene emissions. The plants were divided into 
two groups of 6 plants (3 treatment and 3 controls in each group), and VOCs were 
analysed by Proton Transfer Reaction-Time of Flight-Mass Spectrometry (PTR-ToF-
MS) and Thermal Desorption-Gas Chromatography-Mass Spectrometry (TD-GC-MS) 
(Materić et al., 2015). 

 
Plant enclosure and PTR-ToF-MS measurement 

A ring of PTFE (Polytetrafluoroethylene) tape was wrapped around the plant branch 
in the location where sampling cuvettes were sited.  The end of the leaf cuvette was 
filled with a PTFE-coated sponge, to provide a gas tight seal without damaging the tree. 
Each day we measured the emission from two different plants (one fertilized and one 
control, chosen randomly), 6 plants in total were analysed in this experiment.  

A branch from each plant was enclosed overnight in a PTFE leaf cuvette with a 
quartz glass window (Figure 1) and flushed with purified air at a rate of 250 ml min-1. 
An artificial light source was installed above the plants to give 450 µmol photons m-2 s-1 
photosynthetically active radiation (PAR, 400-700 nm) during VOC measurements, in 
order to stimulate photosynthesis. Measurements were started with the lights off for 30 
minutes in order to see the difference in the emission when the temperature conditions 
changed. The temperature at the start of the experiment was on average 23.5°C. When 
the light was turned on, the temperature increased to a maximum of around 32 °C. 
Measurements were continued at 32 °C for 3 h. 

 

 

Figure 1. Leaf cuvette design and automated VOCs sampling set up, for simultaneous VOC 

measurement from 6 lines (five plants and a background) 
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Monoterpene emission rates were measured at m/z 137 using a PTR-ToF-MS, (Kore 
Technology Limited, UK). The mass range used was from m/z 15 to 334 and E/N (the 
ratio of the electric field strength E and the gas number density N; in effect it is a 
collision energy applied to the ion-molecules) was set to 140 Td (1 Td = 10-21 V m2). A 
four minute cycle was used for each measurement. The system was then flushed for one 
minute between the measurements, the sampling sequence being controlled using 
solenoid valves. The cuvettes were tested for any memory effect and blank tests were 
conducted on the pure air.  

 
Plant enclosure and TD-GC-MS measurement 

For TD-GC-MS measurements, each day 2 plants were enclosed as described above 
in the leaf cuvettes at 11:30 h, and pumped with purified air at an average flow rate of 
250 ml min-1. A different set of 6 plants (3 treatments and 3 controls) were used for the 
TD-GC-MS experiment. VOCs were removed from the inlet air using a hydrocarbon 
trap. Flow meters (Cole-Parmer, UK) were used to determine the flow rates; 
temperature and light conditions were measured and logged during the experiment. The 
enclosures were flushed with the clean air for 2 hours before starting the sample 
collection.  Samples were collected by passing the air across sorbent tubes packed with 
Tenax II/Sulficarb (Markes International Ltd, UK) for 2 hours, at the same flow rate. 
The tubes were stored at 4°C for no more than a week before the analysis.  

We used TD-GC-MS in order to determine the relative abundances of the individual 
monoterpenes. A 6890-5973 GC-MS (Agilent Technologies, Stockport, UK) fitted with a 
thermal desorption unit and an autosampler (Unity2 and Ultra 50:50, Markes International 
Ltd, UK) was used. TD tubes were desorbed for 3 minutes, at 260°C, onto a cold trap set 
at -7°C. The cold trap was then heated at a maximum rate (>40°C s-1) until 300°C was 
reached. The sample was separated on a Rxi-624SilMS (Thames Restek, UK), 60 m 
capilarry column (1.8 m film tickness) with  the following temperature ramp settings: 
35°C for 5 min, 11°C/min ramp up to 60°C, 20°C/min ramp up to 220°C. The 
temperature was kept at 220°C until the end of the run. We used helium as a carier gas 
and constant pressure 14.72 psi, resulting an initial flow of 2.4 ml/min. 

 
Data analysis 

PTR-ToF-MS spectra were analysed using a PeakCalc script 
(https://github.com/dusanac/PeakCalc), which utilizes normalization of background 
subtracted analyte (m/z 137) to one million primary ions (the sum of H3O

+, H2O.H3O
+, 

and (H2O)2.H3O
+). The concentrations were calculated by a Perl script (Script S1), 

which takes raw the measurement parameters and calculates the concentrations in ppbv, 
based on the work of (Cappellin et al., 2012). In order to determine the flux, the 
concentrations measured by PTR-ToF-MS were normalized to the leaf surface area of 
the plants and the flow rate. We used the instrument parameters, measurement 
conditions, and monoterpene k rate of 2.2 × 10-9 cm3 s-1 in order to calculate the 
concentration of monoterpenes as described earlier (Tani et al., 2003). Leaf areas were 
estimated using the program ImageJ (www.imagej.net), and the projected specific leaf 
area of 0.005 m2 g-1 (0.01 m2 g-1 total leaf are) was used to convert leaf area to mass 
(Aalto et al., 2014). We used the emission values after the temperature reached and 
stabilized at 32°C, and tested the logarithmic responses (log-transformed) of the 

http://www.imagej.net/
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emissions for statistical difference by t test in R. All the figures presented were 
generated using SigmaPlot software (v12.0).  

Monoterpenes were identified on the TD-GS-MS using the AMDIS 2.70 program, 
and their peak areas were integrated using ChemStation (Agilent Techologies, 
Stockport, UK). 

 
Experiments with nitrogen-based fertilizer  

Growing conditions 

One-year-old Scots pine (Pinus sylvestris L.) seedlings were potted in round pots 
(10.5 cm in diameter) in the early spring (at the beginning of April). The seedlings were 
randomly divided into 5 groups (5 plants per group), and each group treated with a 
different simulated deposition rate of urea (NH2CONH2) equivalent to 0, 10, 25, 50 and 
100 Kg Ha-1 year-1. The base value of total nitrogen in soil was measured by modified 
Kjeldahl analysis (British Standards Institute, 2001). The fertilizer was applied in six 
discrete treatments every second week until the end of June. The VOC measurements 
were carried out in August, allowing enough time for the plant to assimilate the nitrogen 
from the fertilizer.  

 
Automated sampling system design 

An automated sampling system, based on an Arduino Uno microcontroller, was 
developed allowing sampling from 6 lines in sequence (5 plants enclosed in leaf 
cuvettes and one background air line) (Figure 1). The microcontroller has been 
programmed to send the 5 V signal in the 5 minute time sequence (Script S2). An 
electronic board has been developed for each line in order to amplify the 5 V signal (the 
output voltage of Arduino Uno) into 24 V, this is used to control switching of the 
solenoid valves. In order to control the sampling each gas line required a solenoid valve 
and an electronic board. The detailed description of the electronic board and wiring can 
be found in Figure 1. The developed sampling system is robust and could be extended 
to control more than six sampling lines (up to 14 lines with Arduino Uno, and up to 54 
lines with Arduino Mega). A 5 minute sampling time was used for each line (one 
minute for flushing and 4 minutes for VOC sampling), thus each complete sequence (5 
plants and one background air) was 30 minutes long.  

 
Cuvette design 

PTFE leaf cuvettes have been designed and constructed for this and subsequent 
experiments (Figure 1). A cuvette was designed to have all internal surfaces made of 
PTFE (except the glass window). The upper and lower part of a cuvette connect via two 
PTFE coated silicon sponges which are inserted in the upper and lower part grids. This 
way a soft, gas-tight connection with the plant branch is achieved and the stress during 
the enclosure is minimised. 

 
Plant enclosure and PTR-ToF-MS measurements 

Plants were enclosed for one night prior to the PTR-MS analysis during which the 
system was flushed with the clean air at a rate of 0.5 L min-1. Clean air was provided by 
scrubbing air through a filter containing a hydrocarbon trap. The analysis was carried 
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out under artificial light conditions of 200 µmol m-2 s-1 (400-700 nm, PAR) and leaf 
temperature of 26° C (±1.5), which were measured by a PAR meter and thermocouples.  

PTR-ToF-MS measurements were carried out at 140 E/N with a hollow cathode 
pressure of 1.3 mBar, drift tube pressure of 1 mBar, drift tube temperature of 100° C, 
mass range 15-240 m/z, and time resolution of 4 minutes. Analysis was carried out for 
at least 2 hours (4 cycles) in order to obtain a good average signal for each plant and 
background.  

After VOC analysis the enclosed branches were harvested. Needles were dried for 20 
hours at 60° C, and the dry weight (DW) was measured. The foliar total nitrogen 
content was estimated by modified Kjeldahl analysis (British Standards Institute, 2001). 

 
Sampling and GC-MS measurement 

After PTR-MS analysis fresh needles were collected and cut into 5 mm long sections 
with clean sharp scissors. Then 0.5 g of cut needles were mixed with 0.5 mL of hexane 
and incubated at room temperature overnight in order to extract all monoterpenes, as 
previously suggested (Thoss et al., 2007). After the incubation the liquid solution was 
transferred to 1 mL GC vials and GC-MS was performed with Agilent 5973, using a 30 
m, HP-5 capillary column, 0.25 mm diameter, 0.25 µm film thickness (Agilent 19091S-
433). 1µl of the sample was loaded, the inlet temperature was set to 250° C, and a split 
ratio of 50:1 was used. The oven temperature set up was: 35° C initial temperature for 1 
min, increasing at rate 4° C/min until 140° C was reached, then 45° C/min until 200° C, 
holding at the final temperature for 5 minutes (Räisänen et al., 2009).  

The GC-MS instrument was calibrated using a standard dilution of α-pinene, 
camphene, 3-carene, and limonene (2, 5, 10 and 100 ng/µL). Quantification for β-
pinene and myrcene was performed using the average monoterpenes calibration line.  

 
Data analysis 

PTR-ToF-MS spectra were analysed by PeakExtract (Kore Technologies, UK).  In 
order to calculate the flux, the signal of m/z 81 and m/z 137 was normalised to one 
million reagent ions of H3O

+ (measured at isotope mass 21), and water hydronium water 
clusters H2O.H3O

+, and H2O.H2O.H3O
+(at m/z 39, and m/z 55). The instrument 

parameters, measurement conditions, and monoterpene k rate of 2.2 × 10-9 cm3 s-1 were 
used to calculate the concentration of monoterpenes as described earlier (section 2.2.3; 
Script 4, Appendix A) (Tani et al., 2003). The statistical significance of logarithmic 
responses of the emissions was tested by t-test in R, and the data were visualized using 
SigmaPlot 13.    

GC-MS peak integration was performed using ChemStation. Statistical differences 
were tested in R (t-test), and the data were visualized using SigmaPlot 13. 

Results 

Experimental application of NPK fertilizer 

At the beginning of the experiment there was 0.28 % of the total nitrogen in the soil. 
The emission rates of monoterpenes in the NPK treatment group were 13 times higher 
than those from the controls (p<0.01) (Figure 2 and 3). The data also showed that 
monoterpene emissions responded immediately to the increase of the temperature in the 
cuvettes (from 23 to 30°C; Figure 2) , which is in agreement with previous studies 
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(Guenther et al., 1993; Loreto and Schnitzler, 2010; Räisänen et al., 2009; Tingey et al., 
1980). High flux variations were observed between plants from each treatment group 
(Figure 3). No memory effects (carry over) of monoterpenes have been observed in our 
enclosure system.  

 

 

Figure 2. Monoterpene emission rates of fertilized (140 kg Ntot ha
-1 

year
-1

) and control group 

(measured by PTR-ToF-MS) and its relation to the temperature ramp. Note the logarithmic 

scale (x axes). Each treatment: n=3, error bars = SE 

 
 

 

Figure 3. Overall monoterpene flux between the treatment (NPK 140 kg Ntot ha
-1 

year
-1

) and 

control measured by PTR-ToF-MS. Each treatment: n=3, error bars = SE, fertilized mean = 

33.9, control mean = 2.6. The emissions are significantly different (t-test, p<0.01). 
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The light intensity during the laboratory experiment (450 µmol photons m-2 s-1 PAR) was 
lower than the average value measured at the growing site, where we observed fluctuations 
between 350 and 1600 µmol photons m-2 s-1 PAR (cloudy conditions to full sun).  

Analysis by TD-GC-MS reveal differences in the composition of monoterpenes 
emitted from fertilized and untreated plants (Figure 4). Fertilized plants were seen to 
emit much lower amounts limonene. On the other hand, NPK-treatment seem to induce 
higher abundances of camphene, myrcene and both pinenes, although the differences 
are not statistically significant.   

 

 

Figure 4. Difference in relative abundance of individual monoterpenes between treatments 

as measured by TD-GC-MS. Each treatment: n=3, error bars = SE. No significant difference 

was found between treatment and control. 

 
 

Experimental addition of nitrogen based fertilizer 

For this experiment the initial total nitrogen content in the soil (prior to treatment 
application) was 0.51 %. There was an increasing trend of total foliar nitrogen in respect 
to increased urea treatment (Figure 5), but there was no statistically significant 
difference between the groups.  

The change in monoterpene emissions as a consequence of N-fertilizer treatment is 
shown in (Figure 6). The emission linearly increased from 4 ng g-1 DW min-1 for the 
control, to 44 ng g-1 DW min-1 for the treatment of 50 Kg Ha-1 year-1, after which for the 
treatment of 100 Kg Ha-1 year-1 emission drops to 29 ng g-1 DW min-1. Analysis of 
variances with one-way ANOVA showed a statistically significant difference (p<0.01). 
It is notable that even the lowest fertilizer treatment of 10 Kg Ha-1 year-1 resulted in a 5-
fold increase of monoterpene emission.  
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Figure 5. Total nitrogen content in pine needles. Each treatment: n=4 (except 50 Kg/ha 

treatment, n =5), error bars = SE. There was no significant treatment effect. 

 
 

 
Figure 6. Monoterpene emissions from Scots pine as measured by PTR-ToF-MS. Each 

treatment: n=4 (except 50 Kg/ha treatment, n =5), error bars = SE. Tukey test shows that 

significant differences (p<0.05) lay between the control and each of the treatments except 10 

kg/ha (significance levels: 0.001  ‘**’  0.01 ‘*’ 0.05 ‘.’  0.1) 
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On the other hand, no significant change in the total amount of monoterpenes in leaf 
tissue was observed, as analysed by GC-MS (Figure 7). No significant changes in the 
relative content of individual monoterpenes were detected as a function of treatment 
(Figure 8).  

 
Figure 7. Total monoterpene content in Scots pine needles as measured by GC-MS. Each 

treatment: n=5 (except 100 Kg/ha treatment, n =4), error bars = SE. No significant difference 

found 

 
 

 
Figure 8. Relative concentration of individual monoterpenes in Scots pine needles treated 

with different levels of N measured by GC-MS. Each treatment: n=5 (except 100 Kg/ha 

treatment, n =4), error bars = SE. No significant difference was found between the different 

levels of N treatment. 
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Discussion 

It has been reported that treatment with N based fertilizer increases the 
photosynthesis rate and results in higher biomass production in conifers (Brix, 1971). 
Cell ultra-structural observations in Scots pines and Norway spruces have shown an 
increase in the proportion of tick grana and higher thylakoid index in fertilized plants 
(Soikkeli and Kärenlampi, 1984). However, this effect has not yet been studied with 
respect to VOC emissions.  

In both experiments reported here (treatment with NPK and treatment with N-based 
fertiliser) a statistically significant influence on monoterpene emissions between 
treatment groups was observed, which is in agreement with previous work on Pinus 

pinaster (Blanch et al., 2012). We have tentatively attributed this to the fertiliser 
treatment.  We were unable to measure photosynthesis parameters; however, we do not 
expect photosynthetic effects to significantly influence emissions reported here as the 
light conditions during the measuremtn have been constant. Also the pines are pool 
emitters and the monoterpene emission is more temperature then light dependent, 
although some enantiomes in certain cicrcumstances showed to have slight light 
dependance (Aalto et al., 2015; Peñuelas and Llusià, 2001; Räisänen et al., 2009; 
Yassaa and Williams, 2007).  The effect of nutrient addition on monoterpene emissions 
may be explained either as a consequence of a higher level of monoterpene synthesis in 
the plant tissue or as a result of high nutrient stress (not just with high inputs of 
nitrogen, but P and K as well). It has been reported that higher availability of 
phosphorus may also increase the emission of monoterpenes, which was shown for 
Pinus pinaster treated with different phosphorus levels when concentrations of N, K, 
Mg and Ca were kept at optimal levels (Blanch et al., 2012).  

The experiments with N-based fertilizer (urea) and more representative levels of 
treatment showed that even the lower amounts of N input, (10, 25, 50 Kg Ha-1 year-1) 
affected the monoterpene emission (by 5, 7, 10 – fold respectively). It is hypothesised 
that the higher emission rates of monoterpenes observed in these treatments might come 
as a consequence of higher rates of monoterpene synthesis due the presence of fertilizer, 
however this needs to be confirmed experimentally. 

PTR-ToF-MS data showed a linear increase in monoterpene emission with treatment 
up to 50 Kg Ha-1 year-1, after which a slight drop in emission was observed (Figure 6). 
The emission increases 0.8 ng g-1 DW min-1 per addition of 1 kg Ntot ha-1 year-1 
(measured at 26°C, R2=0.94). The drop in the emission when a high dosage of fertilizer 
is applied (>50 Kg Ha-1 year-1) suggests that there is a threshold at which over-
fertilization suppresses any further increase in monoterpene production and emission.  

Accordingly, an equation describing the effect of nitrogen addition on monoterpene 
emission (< 50 ng g-1 DW min-1, 26°C) may be written as: 

 
(Eq. 1) 

 
where EP is predicted monoterpene emission in ng g-1 DW min-1, NP is the predicted 

addition of nitrogen in kg Ntot ha-1 year-1, and NM is actual nitrogen added to the plant 
from which the emission is measured in kg Ntot ha-1 year-1, kN is an experimentally 
determined coefficient (a slope) describing how much change in monoterpene emission 
occurs when 1 kg Ntot ha-1 year-1 is added (0.8 ng g-1 DW min-1 kg-1 Ntot ha year at 
26°C), and EM is measured monoterpene emission in ng g-1 DW min-1. 
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Monoterpene emission is temperature dependent and the equation describing this is  
(Guenther et al., 1993):  

 
(Eq. 2) 

 
where EP is monoterpene emission rate at temperature TP (or emission on predicted 

temperature TP), EM is standard (measured) emission rate at TM, and β is an empirical 
coefficient estimated to be 0.09 ± 0.015 K-1 (Guenther et al., 1993). 

Thus, the equation describing the combined effect of nitrogen addition and 
temperature derived from Equations 1 and 2 is as follows:  

 
 

(Eq. 3) 
 
where EP is the predicted monoterpene emission in ng g-1 DW min-1, NP is the 

predicted addition of nitrogen in kg Ntot ha-1 year-1, and NM is the actual nitrogen added 
to the plant from which the emission is measured, kN is an experimentally determined, 
temperature dependent coefficient, and EM is the measured monoterpene emission in ng 
g-1 DW min-1.  

Equations 1 and 3 need to be further validated experimentally. The empirical 
coefficient kN is temperature and species dependent.  Equation 2 can be used to estimate 
monoterpene emissions at different temperatures, other than 26°C, for each nitrogen 
treatment. Using the kN values of different temperatures (obtained from Equation 2), a 
generic kN for young Scots pines may be described as: 

 
(Eq. 4) 

 
However, kN may be species specific and may also depend on phenology and the age 

of the tree, so further experiments are needed in order to provide corrections to the 
model. The equation also assumes that temperature and nitrogen addition have 
independent cumulative effects, and that β is constant for each fertiliser group, which 
also needs to be experimentally confirmed in future.   

The difference between the baseline emission of the controls from two experiments 
(NPK and urea) can be explained by differences in the initial nitrogen content in the 
growth medium. The first experiment had 0.28 %, and the second 0.51 % of total N, 
corresponding to 2.2 and 4.3 ng g-1 DW min-1, respectively. The large flux variations, as 
observed within the treatment groups (Figure 3, Figure 6), can be explained as a result 
of genetic variability or small variations in environmental factors during the growth 
(differences in soil bacteria, mycorrhizal association, etc.). 

Conifers are adapted to nutrient-poor soils, and the introduction of fertilizer leads to 
nutrient disbalance, affects mycorrhizal colonization, causes subcellular-level changes 
and makes virus infections more likely (Arnebrant and Söderström, 1992; Högberg et 
al., 2006; Soikkeli and Kärenlampi, 1984). Under certain circumstances these 
mechanisms may serve as additional stress factors that indirectly (as a consequence of 
nutrient addition) affect monoterpene emission, increasing the flux variation between 
and within the treatment groups. However, occurrence of these indirect factors and their 
influence on monoterpene emission should be confirmed experimentally.  
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In previous work, it has been suggested that the monoterpene blend is genetically 
controlled by only a few genes (possibly monogenetic), and that there is high 
polarization (chemotype differentiation) between trees predominantly emitting α-pinene 
or 3-carene (Bäck et al., 2012). Different monoterpenes have different secondary 
aerosol yields, which can affect the rate of cloud formation, thus any change in 
monoterpene composition in the troposphere might have a significant on our climate  
(Hoffmann et al., 1997; Lee et al., 2006).  However, both GC-MS and TD-GC-MS data 
showed no significant change in monoterpene composition (blend) either in tissue or 
emitted from plants that could be attributed to the treatment in these studies.  

GC-MS data also showed that fertilizer treatment did not affect monoterpene content 
in the pine needles (Figure 8). This may suggest that young Scots pines either emit 
freshly synthesised excess monoterpenes generated by high nutrient availability or the 
monoterpenes might be stored but not in the leaf tissue. However, this needs to be 
addressed in future research using isotope labelling.    

As the amount of fertilizer used here is equivalent to the annual amount of N 
deposition in many areas in Europe and the world, it can be concluded that one of the 
most important factors already affecting monoterpene emission globally might be due to 
nitrogen deposition. Furthermore, the emission rate of monoterpenes in the boreal and 
temperate zone may increase as a consequence of higher nitrogen deposition, which 
could affect our climate globally. Trees in urban areas (parks, river banks etc.), where 
more nitrogen deposition is expected may be affected the most. However, further 
research in this area is needed with a focus on more complete species specific 
measurements of VOC emissions, modelling and upscaling. 
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Abstract. The main sources of water supply in the Kerman province of Iran are groundwater resources. 
In recent years, the over-exploitation of groundwater has decreased the water table and created 
environmental externalities. The reduction of groundwater reserves, reduction of vegetation, loss of plant 
and animal diversity, soil erosion and an increase in the potential for flooding in the area are some of the 
adverse environmental externalities. The aim of this study is to evaluate the externalities caused by the 
excessive withdrawals of groundwater from the Orzooiyeh plain in the Kerman province in Iran. In order 
to do this, the preferences of the people in this area were studied and the values of the residents' 
willingness to pay to improve the environmental attributes of the Orzooiyeh plain was extracted using the 
choice experiment method and conditional logit model. The results showed that the mean figure of the 
total households' WTP for the restoration and protection of the groundwater resources in order for it to 
return to the situation before the onset of externality, was 148259.1 USD annually. The results provided 
an argument in the debate on the new policy recommendation for groundwater withdrawals and helped to 
promote the ecosystem services of groundwater resources. 
Keywords: CE approach; conditional logit; ecosystem; natural resources; Orzooiyeh plain 

Introduction  

The rapid growth of the world’s population and agricultural development in the past 
decades, as well as the inadequate levels of surface water for human needs, have led to 
increased pumping water; this has resulted in the decline of groundwater levels and the 
depletion of aquifers (Kaiser and Skiller, 2003). Currently, Iran is one of the most 
groundwater resource-rich countries in the world (Doll et al., 2014); however, it is estimated 
that Iranian beneficiaries have extracted most of the groundwater reserves. According to the 
reports from the Ministry of Energy, as well as case studies, the lack of groundwater has 
become critical in some parts of Iran (Izady et al., 2012). Due to the lack of adequate access to 
surface water, the agricultural sector consumes large quantities of groundwater. Today, 
groundwater satisfies 55% of the total water demand in Iran, while the agricultural sector 
consumes more than 90% of groundwater (Madani, 2014). It is difficult to estimate the 
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excessive extraction of groundwater, but a significant reduction in the level of groundwater 
table (up to 2 meters per year in some parts of the country) indicates the extent of the 
consumption of non-renewable areas of groundwater. Therefore, 277 of the 609 lowland 
plains in Iran are in a critical condition (Forootan et al., 2014; Joodaki et al., 2014). Excessive 
withdrawals of groundwater in Iran's agricultural sector will have economic and 
environmental externalities. Today, the depletion of groundwater reserves and its 
consequences, including increased costs of water exploitation, land subsidence and water 
quality decline, have become a global problem in many countries, including the US, Italy, 
Japan, Britain, China, Thailand, Taiwan and Mexico (Kaiser and Skiller, 2003). Groundwater 
is part of those renewable natural resources that, with reasonable and balanced exploitation, 
results in a sustainable use; however, not respecting their balanced exploitation leads to the 
destruction of these resources (Gayarti and Barbier, 2000). Excessive extraction of 
groundwater affects the quality, quantity and location of water; as a result, it affects the 
consumers and the environment (Lindgren, 1999) The results of these effects over time 
include rising costs of deep wells and water salinization due to the decrease in water levels 
(Lindgren, 1999). This causes an increase in the financial expenses involved in groundwater 
withdrawal, both in terms of investment, including the costs of drilling, tubing, pumping, and 
motor, as well as in terms of the operation, which requires more energy for pumping a certain 
volume of water (increase in variable costs of pumping water due to increased depth of wells). 
Therefore, it reduces the income from agriculture, decreases the price of agricultural land and 
increases the risk of salinity (Lindgren, 1999). Also, excessive withdrawal of groundwater 
resources reduces the quality of water resources as well as increases the risk of pollution of 
groundwater resources, both of which have an adverse effect on human health (Dibi, 2012). 
These externalities are more severe in countries like Iran, which is located in one of the most 
arid regions of the world and suffers from water scarcity and drought. In Iran, the Kerman 
province is the driest area and water resources are facing a serious crisis. In many studies, a 
reduction in the level of water in underground aquifers in the Kerman province has been 
mentioned. Due to the dry weather, drought, low annual rainfall and uncontrolled exploitation 
of aquifers, the reduction of water resources in the province has become a serious crisis. A 
reduction in the levels of aquifers is followed by many environmental problems, such as a 
reduction of water in wells, destruction of groundwater sources, loss of plant and animal 
diversity, water quality degradation, loss of vegetation and, consequently, soil erosion and an 
increase in the potential of flooding. Since a village economy is based on agriculture and 
agriculture, it is also dependent on water; therefore, this reduction in water quality and 
quantity, as well as the environmental consequences resulting from it, affect the welfare of 
farmers and all those people living within the region (TaghiZadeh and Soltani, 2013). 
Assessment of the environmental externalities to determine the external costs and 
environmental services caused by agriculture and excessive groundwater withdrawal is 
essential and provides the necessary information for decision-makers in order to manage it. 
There are many studies on environmental externalities and their assessment (Wei et al., 2010), 
most of which focus on the natural resources rather than agricultural systems. However, only 
a handful of studies have investigated the environmental externalities of agriculture 
(Environment Agency, 2007; EFTEC/IEEP, 2004; Lv et al., 2010; Wei et al., 2010). There 
are no frameworks or standard procedures for the evaluation, so that the results of the 
different studies cannot easily be compared with each other (Pretty et al., 2000). The role of 
individual preferences for ecosystem services of groundwater in residential areas and for 
farmers is infrequently discussed in the literature on the evaluation of the externalities of 
groundwater excessive extraction. To the best of the authors’ knowledge, this is the first 
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application of a choice experiment (CE) model to local choice modeling in the literature on 
the evaluation of externalities of groundwater excessive extraction. By applying CE method, 
this paper provides new evidence on the preferences of those people living in the area, as well 
as farmers, on the destruction of the ecosystem services (environmental externalities) due to 
groundwater excessive extraction by the local farmers. The aim of this study is to assess the 
environmental damages caused by excessive groundwater withdrawal of the Orzooiyeh plain, 
located in the Kerman province in Iran, and an estimation of the monetary value of the 
negative environmental externalities. 

Materials and methods 

Study area 

Orzooiyeh plain is located between 55˚48ʹ to 56˚59ʹ Eastern longitude and 28 ˚08ʹ to 
28˚59ʹ Northern latitude and at a distance of about 270 km from the center of Kerman 
province, in the South East of Iran. It is one of the major areas for producing crops, such 
as wheat, corn and vegetables due to its weather and soil conditions. Unfortunately, due 
to the growing exploitation of groundwater in the region, together with the continuing 
drought, its groundwater level has significantly declined. According to the information 
obtained in 1999, the balance of the Orzooiyeh plain was (-79) million cubic meters 
(KRWA, 2014). In addition, during the last 10 years, the balance of Orzooiyeh plain has 
always been negative and the water level decline in the plain saw an annual average of 
1.78 meters (KRWA, 2014). According to available statistics, more than 82 per cent of 
withdrawals of groundwater in the plain are related to agriculture and crop production 
(KRWA, 2014). Excessive extraction in the agricultural sector has led to a sharp drop in 
water levels, as well as an abundance of economic and environmental damages to the 
region. The geographical location of Orzooiyeh plain is shown in Figure 1. 
 

 
Figure 1. Geographical location of Orzooiyeh plain 
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Choice experiment approach 

According to neoclassical economic theory, market prices are usually an 
adequate reference for the value that society places on goods and services (Vega 
and Alpizar, 2011). However, for environmental goods and services, due to the 
market failures, prices do not exist and the value that people attach to them is not 
easily visible (Hanley et al., 1998). In this study, the CE method was used for the 
evaluation of non-market environmental externalities associated with the excessive 
withdrawal of groundwater from the Orzooiyeh plain of Kerman.  In this plan, it is 
assumed that the continuation of the current trend of excessive extraction of 
underground water resources will lead to a sharp decline in the water table level 
and, ultimately, dryness of the wells of the area. The lack of rainfall and the 
depletion of groundwater will have a number of consequences, including the 
destruction of vegetation and green space, areas of outstanding beauty and 
landscape, loss of plant and animal diversity, the destruction of natural 
ecosystems, reduction of the quality of water resources, soil erosion and an 
increased flooding potential of the region. In order to prevent or reduce these 
externalities, a set of actions should be taken by the people and government 
requiring an abundant capital. To do this, an experiment was designed to 
investigate the willingness to pay (WTP) for environmental services of the water 
resources in the region. The experiment consisted of three unique environmental 
attributes that benefitted from water resources: landscape and beauty (existence of 
lush and beautiful natural sceneries for the benefit of tourism and the preservation 
of vegetation), diversity of plant and fauna (plant and animal diversity) and the 
conservation of soil and water resources (preservation of water quality and 
quantity, prevention of soil erosion and flooding). These attributes were reviewed 
on the three levels of the current situation (base level), 50% restoration (relative 
improvement) and return to the situation before the externalities (good situation). 
The benefits constituted three attributes of the four attributes used to evaluate 
policy choices in CE. Monetary price, as the fifth attribute, to create an income 
from the benefits of the project, makes the reconstruction of the groundwater 
resources possible. 

In this study, each choice set included three alternatives, wherein one 
alternative reflected the status quo, while the two other alternatives were opposed 
to the available alternative that demonstrated an improvement in the environmental 
attributes. In this method, the respondents were not asked directly to evaluate the 
reconstruction efforts for the groundwater resources, but rather its consequences. 
In this project, eight choice sets were used and, with regard to the three 
alternatives, each respondent was faced with 24 alternatives. 

The respondents were asked to choose between the two alternatives in respect of 
the ground water resources reconstruction. They had the choice not to choose 
either of the two alternatives and thus maintain the status quo. The exchange was 
that the respondents would pay for the environmental benefits resulting from the 
reconstruction of underground water resources, on the top of the annual household 
water bill. If the respondents chose their current mode, they would then ignore the 
reconstruction interests and the increase in their water bill would be zero. A 
sample of the choice set, along with the attributes and their levels, are presented in 
Table 1. 
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Table 1. Example of a choice card 

Attribute Current situation Option A Option B 

Beauty and landscape 
Poor vegetation cover, 
deserts without plant 
and with pollution 

Similar to current 
situation 

Beautiful landscape 
and improving natural 

landscape, relative 
reduction of pollution 

 

Plant and animal 
diversity 

(biodiversity) 

Reduction of plant 
diversity and destruction 

of plant varieties, 
destruction of animals, 

reducing the diversity of 
wild animals 

Similar to current 
situation 

Increasing plant 
diversity 

Soil and water 
resources 

conservation 

Declining groundwater 
table, dry wells, 

destruction of vegetation 
and consequently soil 

erosion and rising flood 

relative improvement 
and degradation 

reduction 

Similar to current 
situation 

Price (Monthly 
increase in water bill 
for any household) 

0 Rials* 
(0 USD) 

10000 R 
(0.33 USD) 

20000 R 
(0.66 USD) 

I prefer:    

* - Original values were expressed in Rial. USD values have been established using the average exchange rate 
from the data collection period (October 2015–April 2016): 1 USD = 30132 Rials. 

 
 

Attributes and their levels in the CE experiment are presented in Table 2. 
 

Table 2. Attributes and attribute levels in the CE experiment 

Attributes Number of  Levels Description of Levels 

Beauty and landscape 3 

Current situation (bad) 
Situation of relative improvement (good) 

Situation of the before happening of externality 
(very good) 

Plant and animal 
diversity 

3 

Current situation (bad) 
Situation of relative improvement (good) 

Situation of the before happening of externality 
(very good) 

Soil and water 
resources 

conservation 
3 

Current situation (bad) 

Situation of relative improvement (good) 
Situation of the before happening of externality 

(very good) 

Price 4 0, 0.33, 0.5, 0.66 $ (USD) 

 
 

The final questionnaire consisted of three parts. The first part covered the 
respondents' attitude on the conservation of water resources and their impacts on the 
environment, the second part contained choice sets, while the third part included a 
number of questions on the demographic characteristics of the respondent. 
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Sample size 

Another important part of the study involved determining the study sample size. In 
the choice experiment method, the number of observations was much greater than the 
sample size. It is for this reason that there is no specific basis upon which to determine 
the sample size, and different equations have been developed in many studies (Jafari, 
2013). Uremia (1989) suggested the following equation (Eq. 1) to determine the 
minimum sample size in the choice experiment studies (Jafari, 2013): 

 

 
repalt

lev

NN

N
N


 500  (Eq.1) 

 

In the above equation, levN  is the highest number of levels in attribute, altN  is the 

number of choices in each choice set, and repN  is the number of choice sets. According 

to the presented formula for determining the sample size, 83 samples were determined. 
However, with the aim of increasing the efficiency, 178 people were interviewed. Due 
to the lack of responding or incorrect responses, 66 questionnaires were eliminated and 
eventually 112 questionnaires were used for the analysis. 

 
Model 

The choice experiment (CE) approach has been used in many economic researches, 
such as transport and marketing researches, and is now becoming increasingly popular 
for the evaluation of environmental goods and services. The theoretical basis of the CE 
method is based on the random utility model (Giergiczny and Kronenberg, 2014). The 
application of this method is theoretically based on Lancaster’s characteristics theory of 
value and it is combined with the random utility theory (Manski, 1977). This method 
establishes a strong correlation between the random utility approach and environmental 
and the recreational services demand modeling (Bockstael et al., 1991). The foundation 
of the model is the indirect utility function. 

The assumptions of choice approach are based on the rational behaviors of the 
individuals, so that their choice is to maximize the utility regarding the limitations of 
their expenses. The utility of individual i is the function of alternative j choice from 
choice set Cj, which is shown in Equation 2 (Hanley et al., 1998): 

 
  iijijij SZVU ,   (Eq.2) 

 
Choice j is selected in comparison to choice k, whereas ikij UU   is for all j ≠ k. 

Here, Z is the environment attribute and the utility of each choice is its function. 
Individuals’ opinions about these attributes may be different; as a result, their socio-
economic characteristics (S) will impact the utility as well. However, as mentioned 
before, another part of the theoretical basis of choice experiment is the random utility 
theory. The random utility function of each individual will be as follows (Eq. 3) (Dias 
and Belcher, 2015; Hanley et al., 1998): 

 
    iijijiijijij SZSZVU ,,    (Eq.3) 
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Now, the probability of choosing choice j to choice k by individual i would be (Eq.4) 
(Dias and Belcher, 2015): 

 

      ijikikijikikijijji eeVVeVeVCj  PrPrPr , all cj  (Eq.4) 

 
To estimate the above equation, some assumptions need to be determined for error 

terms. The common assumption in this case is that the error terms are Independent and 
Identically Distributed (IID) and have Weibull distribution (34). This indicates that the 
probability of choice j selection by i is as (Eq. 5) (Hanley et al., 1998): 

 

    
  


iCk ik

ij

ji
V

V
Cj




exp

exp
Pr   (Eq.5) 

 
Here, parameter μ is the scale and, since not directly detectable, it is usually assumed 

to be equal to 1, which refers to the constant variance error. As μ→∞, the model moves 
toward becoming deterministic (Hanley et al., 1998). The above model can be estimated 
in the form of the conditional logit model developed by McFadden (1974), provided 
that the selections are compatible with the characteristics of the Independence of 
Irrelevant Alternatives (IIA). The CE dataset can be tested for the feature IIA using the 
Hausman-McFadden Test. If it is determined that the IIA has been violated, more 
complex models, such as the nested logit model, should be used. 

If (.)V  is as a linear function  nXV  , where X is an observable vector of the 

attributes and β is an estimated parameters vector, given two choice alternatives of j and 
k, the model will be as (Eq. 6) (Hanley et al., 1998): 

 

  
 
 ikij

ikij

xx

xx

ji
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1
Pr   (Eq. 6) 

 
The log likelihood function will be as follows (Eq. 7): 
 

      N

i

N

j jiij CjYL
1 1

)(Prln.ln   (Eq.7) 

 
In this function, if respondent i selects alternative j, ijY  will be equal to 1, otherwise 

it will be zero. This function can be estimated using Maximum Likelihood. The 
conditional logit model provides the statistical frameworks of how fluctuation and 
change in environmental attributes affect the likelihood of choice (Han et al., 2008). 

Finally, marginal WTP for each attribute is obtained by dividing the coefficient of 
each attribute on the price attribute coefficient (Price et al., 2016): 

 

 
k

iMWTP 
   (Eq.8) 

 
Where βi is the desired attribute coefficient and βk is the price attribute coefficient. 

Changes in economic welfare, consistent with the demand theory, can be calculated. 



Baniasadi et al.: Assessing the environmental externalities of excessive groundwater withdrawals  
- 690 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(4): 683-696. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1404_683696 
 2016, ALÖKI Kft., Budapest, Hungary 

Hicksian compensating variation, which is called compensating surplus, or economic 
surplus, is calculated for the case under the study as follows (Kolstad, 2011): 

 

     10 explnexpln
1

ijij

y

xx
b

ESCS     (Eq.9) 

 

In the above equation, 0
ijx  indicates the initial status utility and 1

ijx  represents an 

alternative status utility, or the situation after change. Coefficient yb  was estimated as 

the marginal utility of money and price attribute coefficient in the equation. In the 
conditional logit models, socio-economic variables such as age, sex, educational level, 
being indigenous, agricultural employment and income were used in addition to the 
environmental factors. 

Results  

As already stated, the number of observations is much larger than the sample size in 
the choice experiment method; therefore, the estimation has a high efficiency. Given 
that each questionnaire has eight choice sets and each choice set has three alternatives, 
each questionnaire has 24 observations which, if multiplied by the sample size (112), 
the number of observations of this study will be 2,688. Finally, to estimate the model, 
these observations were analyzed using Stata 14 software. 

To specify the conditional logit model, the alternatives within a choice set should 
follow the independence characteristic of irrelevant alternatives. The Hausman test 
results show that, by eliminating the status quo, alternative 1 and alternative 2, the null 
hypothesis for the existence of the independence of the irrelevant alternatives is not 
rejected. Therefore, in this study, the conditional logit model was used to estimate the 
model. The results of the conditional logit model estimation are presented in Table 3. 

 
Table 3. Results of conditional logit model 

Variables Coefficients Z statistics 
Significance 

level 
Marginal 

effect 
Symbol 

Beauty and 
landscape 

0.15641 2.10 0.036 0.0340 BL 

Plant and animal 
diversity 

0.55873 7.55 0.000 0.1216 Diver 

Soil and water 
resources 

conservation 
0.14562 1.86 0.062 0.0317 Con 

Price -0.000252 -2.36 0.018 -0.00005 Pr 
Sex -0.32014 -1.86 0.062 -0.0692 s 

Indigenous -0.77626 -3.90 0.000 -0.1681 Ind 
Education 0.14840 3.80 0.000 0.0323 edu 

Agricultural 
employment 

(dummy variable) 
1.01742 3.64 0.000 0.2430 fa 

Income -0.158×10-6 -2.07 0.039 -0.34×10-7 In 

LR chi2:   107.58 Prob:  0.000 
Log 

likelihood: -
912.870 

McFadden pseudo R2: 0.06 
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The first step in specifying econometric models and their estimation is noting that the 
sign of estimated coefficients is consistent with economic theory, or that it follows a 
rational logic. Thereafter, other statistics for the investigation of goodness of fit and 
other features should be referred to. The coefficients represent the effect of attributes on 
the probability of choosing the desired alternative. Here, all the coefficients (except the 
variables, being indigenous and income) had the expected signs. Environmental 
attributes had a positive sign, which indicates that an improvement in the quality of the 
environment increased the probability of paying, which itself represents an increase in 
the individual utility due to the improvement of the environment quality. Price attribute 
also had a negative sign in accordance with the economic theories. However, the 
remarkable thing was that, in the studied sample, non-indigenous people were more 
willing to pay, a fact that is also shown in the model. The reason why this issue is so 
import is that immigrants came to the region with the aim of generating income and 
investing here; however, in the event of a water and environment crisis, their 
investment, particularly in the field of agriculture and related jobs, would be at risk. 
Another point is that the income coefficient was negative, i.e. those earning less were 
more willing to pay to preserve water resources and the environment, which was 
contrary to the theory in appearance. Had this questionnaire been completed simply in 
tourist places, then it would have been expected that the environment, as a normal or 
even luxury good, would have had a positive sign. However, the majority of the people 
in the Orzooiyeh plain are lower than middle class and their main occupation is 
agriculture, which relies on natural resources and the environment. It seems natural that 
the reduction of the groundwater levels and dryness of wells and, consequently, the 
damage to the natural resources and the environment, are causing more concern for 
these people. In fact, the local people view the natural resources and the environment 
not as a luxurious commodity, but as capital goods in order to generate income; 
therefore, the less income they generate, the more this risk is felt and the higher is the 
WTP to preserve it. Other signs were consistent with the theory. Age variable was not 
significant, showing that there was little difference in terms of WTP between younger 
and older individuals. 

Given the impossibility of direct interpretation of coefficients in these patterns, 
marginal rates of substitution were calculated between non-market and monetary 
attributes. The results of these calculations can be interpreted as ratios of average 
marginal WTP for a change in each feature, or implicit prices, of each characteristic. 
These results are shown in Table 4. Based on the results, the highest marginal WTP is 
for plant and animal diversity, followed by the beauty and landscape, water and soil 
conservation attributes. As a result of the hot weather and frequent droughts, plant and 
animal diversity faces more of a risk and it seems natural that the people who live in the 
region are more concerned about these matters. 

 
Table 4. Marginal WTP of the people in Orzooiyeh (Orzooiyeh plain) for the protection of 

groundwater and consequently the environment of the area 

Attribute 

Monthly WTP 
Monthly WTP for total 

population of region 
annual WTP for total 
population of region 

(Rials) 
USD 

equivalent 
($) 

(Million 
Rials) 

USD 
equivalent 

($) 

(Million 
Rials) 

USD 
equivalent 

($) 
Beauty and 
landscape 

6206.75 0.21 67.65 2245.03 811.77 26940.41 
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Plant and animal 
diversity 

22171.82 0.74 241.65 8019.73 2899.81 96236.82 

Soil and water 
resources 

conservation 
5778.57 0.19 62.98 2090.16 755.77 25081.89 

Total WTP for 
three attribute 

34157.14 1.14 372.28 12354.93 4467.34 148259.13 

 
 

According to the General Census of Population and Housing in 2011, the number of 
Orzooiyeh residents totaled 41,979 people, while the number of households was 10,899 
(Statistical Center of Iran, 2015). If the households' WTP (for each environmental 
attribute, which was damaged) is multiplied by the number of households in the 
Orzooiyeh, the total monthly amount of money for WTP for each property is obtained, 
which is presented in the above table. The sum of WTP of all three environmental 
attributes was equal to 12,354.9 USD per month; if this number is multiplied by the 
months of the year, the total annual WTP in the Orzooiyeh region is equal to 148,259.1 
USD. According to the results, this figure indicates that, from the perspective of the 
Orzooiyeh people, environmental attributes of the area have a high monetary value and 
provide valuable services; however, because of the externalities caused by the excessive 
withdrawal of groundwater, the region's environment has been damaged. From the 
perspective of the Orzooiyeh people, their WTP to restore the environment and return it 
to the state before externalities would be equivalent to 148,259.1 USD. 

Discussion  

Although the choice experiment method (from the stated preference methods) is 
presented as particularly beneficial for valuing non-market goods and services, it is not 
problem-free. The main problem of the CE method lies in the difficulty it has to connect 
to different intricate choices or rankings between sets with many attributes and levels. 
Experimental economists and psychologists have discovered much evidence that there 
is a restriction to how much information respondents can significantly handle while 
making a decision (Hanley et al., 2001). Moreover, since respondents are typically 
presented with a large number of choice sets, both learning and fatigue effects can 
occur, resulting in obviously illogical choices. Another problem of the CE method, as 
well as all stated preference techniques, is that the welfare estimates obtained from the 
CE method are sensitive to experimental design. For example, the choice of attributes, 
the levels chosen for them, and the method in which choices are relayed to respondents 
(e.g. use of photographs versus text descriptions) are not neutral and may affect the 
values of the estimates of consumers’ surplus and marginal utilities (Hanley et al., 
2001). In fact, the problem is the CE method’s dependency on information quality and 
information interpretation by researchers and respondents.   

A special advantage of using a stated preference method in the Orzooiyeh plain was 
that it solves problems when accessing spatially explicit environmental data. In fact, 
data availability is one of the crucial factors that influence the selection of a valuation 
method (Larson and Perrings, 2013); Therefore, using the CE method is recommended. 
Another priority of choice experiments is that the approaches avoid direct questions 
regarding the WTP of respondents, which is often the case in standard contingent 
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valuation and is more likely to lead to biased answers (Giergiczny and Kronenberg, 
2014). Therefore, in the current study, the CE approach is used. 

The WTP for the restoration of groundwater resources in the Orzooiyeh plain of 
Kerman province increases with the improvement of the situation of groundwater 
ecosystem services. The respondents’ preferences for having restored groundwater 
resources in the Orzooiyeh plain are heterogeneous due to differences in personal 
characteristics, such as income, education, agricultural employment, being indigenous 
and the general views of the local people to natural recourses and the environment. 
Moreover, three environmental attributes that are dependent on groundwater resources 
(beauty and landscape, plant and animal diversity, and soil and water resources 
conservation) have significant WTP. Therefore, this shows that residents can benefit 
from the environmental attributes of groundwater resources, but have now been 
deprived from the ecosystem services due to externalities of degradation of water 
resources. In our study, we requested respondents to make trade-offs between the 
current situation (with negative externalities), where the water table has fallen 
dramatically, and two alternatives of the groundwater resources reconstruction by 
government. This is obviously cognitively demanding a better situation, since the 
welfare estimates in our study correspond relatively well to the previous results in the 
other study about environmental attributes of water resources in Iran. The WTP results 
of the current study and the other study are compared in Table 5.  

 
Table 5. Results comparison of the WTP for ecosystem services 

Attributes 

Monthly WTP (USD) 

Current study 
(study of ground water 

resources) 

Jafari (2013) 
(study of surface water 

resources and 
damming) 

Beauty and landscape 0.21 0.38 
Plant and animal diversity 0.74 0.46 
Soil and water resources 

conservation 
0.19 0.56 

Total WTP for three attribute 1.14 1.3 

 
 

Due to differences between countries, the results of studies in other countries cannot 
easily be compared with each other. We believe that the respondents were able to make 
these hypothetical choices. However, future studies should investigate more explicitly 
the respondents’ considerations and other externalities of excessive extraction 
groundwater, such as water quality, increasing water nitration, salinity, reduction of 
cultivation area, plant cover and green spaces, reduction of groundwater level, 
increasing economical cost of agricultural production and social costs, such as 
migration and unemployment by using other evaluation approaches. The results of the 
study are not only relevant for increasing the welfare of the existing inhabitants who are 
affected by optimal groundwater-exploitation planning in agricultural sectors; however, 
they do contribute by reducing migration and maintaining the economic viability of the 
region. This information is often an important objective for regional policymakers. 
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Conclusion 

The Orzooiyeh plain in Kerman province is a major area for crop production and 
supplies food staples such as wheat. Agriculture is the main economic activity in this 
area and most of the local people make a living, either directly or indirectly, from the 
agricultural sector. Unfortunately, in recent years, due to the excessive withdrawal of 
groundwater, frequent droughts and lack of groundwater table nutrition, the balance of 
the plain has been negative and the groundwater level in the region has declined sharply 
over the last 10 years. The water level decline has brought about a number of economic 
and environmental externalities. The aim of this study was to investigate the economic 
and environmental externalities caused by excessive groundwater withdrawal from the 
Orzooiyeh plain. Given that environmental goods and services have no market in which 
to be presented, the value of their services should be estimated using non-market 
methods, such as the choice experiment method. For this purpose, a number of 
attributes that are currently being severely damaged were examined and evaluated. The 
Orzooiyeh people's WTP with regard to the improvement of water resources and the 
environment indicates that improvement of the condition will lead to an increased well-
being of the citizens. According to the model results, the Orzooiyeh people are willing 
to pay 148,259.1 USD annually in order to improve and return the environment to how 
it was before in terms of beauty and landscape, plant and animal diversity, and soil and 
water resources. In fact, this figure is the price of the externalities or the amount of 
damages to the environment and natural resources that have reduced the welfare of the 
people. Based on the results, the Orzooiyeh people view the natural resources and the 
environment as a capital rather than a commodity; therefore, they are willing to protect 
their own assets. Most of the people in the region doubted there would be an 
improvement in the conditions; they believed that the farmers damaged the environment 
the most and that compensation should be taken from them as a fine for their economic 
activities. On the other hand, according to the participants of the study, they would have 
WTP if their payments to revitalize the area are fully invested. Since the value of 
households' WTP shows their preferences for the improvement of the environment and 
groundwater resources, it is recommended to receive these amounts by adding them to 
the monthly water bill of households; this revenue would be used for reforming and 
restoring the environment and water resources. The amounts collected from the 
household’s WTP could be spent on reforming the irrigation infrastructures or on new 
water-saving technologies to control, to some extent, the side effects resulting from the 
excessive withdrawals of groundwater. 
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