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Abstract. The Pantanal is a large and diverse wetland whose main attribute is the flood pulse that alters 
soil nutrients and contributes to spread an invasive tree (Vochysia divergens Pohl) for more than four 
decades forming monospecific stands (locally known as Cambarazal). Our goal was to investigate soil 
nutrients and vegetation structure in a seasonal flooded forest dominated by Vochysia divergens Pohl in 
the Northern Brazilian Pantanal. There was an increasing of H+Al, H, OM, S, P, Al and CEC 
concentration after flooding, but only Fe showed a significant increasing. There was a decreasing of pH, 
Cu, Zn, Mg, Ca+Mg and sand values after flooding, but only values of Mn, clay and silt showed a 
significant decreasing. There was no variation in concentration of B and K after flooding. We found 14 
species distributed in 13 families. V. divergens had the highest abundance followed by L. parvifolia and 
M. elliptica. The mean diameter was 28.36 cm, density was 839.98 individuals.ha-1, and average basal 
area was 66.16 m2.ha-1.The plant community had a negative diameter distribution while V. divergens 
population had a Gaussian distribution. The diversity was higher with less V. divergens dominance. Thus, 
flooding affected soil nutrients and dominance of invasive species affected species distribution and 
diversity in a Neotropical seasonal wetland. 
Keywords: nutrient storage; Cambará; invasive species; self-thinning rule; diameter distribution. 

Introduction  

Wetlands are a complex aquatic-terrestrial transition zones along the periodically 
floodplains (Junk et al., 1989). These areas can strongly influence local and regional 
climates through their dynamic interactions with the atmosphere (Ehhalt et al., 2001). 
Pantanal is the largest seasonally flooded plain of the world, located in the center of 
South America (Junk et al., 2006; Zeilhofer, 2006), occupying a surface area of 
approximately 150,000 km2 which spans Brazil, Paraguay, and Bolivia (Haase, 1999). 
The main attribute is the flood pulse (water level variation) that regulates its ecological 
processes (Junk et al., 1989). 

Flooding causes physical, chemical and biological changes in soils (Pezeshki and 
Delaune, 2012), suffering several cycles of alternating aerobic and anaerobic conditions 
(Reddy and Patrick, 1975), and affecting processes in the soil such as reduction in soil 
redox potential, pH, iron, manganese and sulfate, and nitrification (Ponnamperuma, 
1972; Reddy and Patrick, 1975; Kirk 2004; Pezeshki and Delaune, 2012). These 
changes can interfere in the nutrient availability and production of toxic substances 
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(Ponnamperuma, 1972; Kirk, 2004). In general, the nutrient concentration shows an 
initial increase followed by a decrease, and a subsequent stabilization, which is affected 
by flooding duration (Ponnamperuma, 1972; Souza, 2001; Lima et al., 2005). 

The Pantanal is considered to be extremely diverse, with approximately 144 families 
of higher plants and more than 1,000 plant species (Junk and Nunes da Cunha, 2005). 
The topographical variations and differences in local flooding (intensity and duration) 
model the landscape and distribution of vegetation types (Neiff 1990, 2001; Nunes da 
Cunha et al., 2007), once engaged in the distribution and abundance of plants (Nunes da 
Cunha and Junk, 2001; Zeilhofer and Schessl, 2000; Rebellato and Nunes da Cunha, 
2005; Damasceno-Jr et al., 2005; Arieira and Nunes da Cunha, 2006). Plants face 
conditions of extreme water stress either by the lack of or the excess of water (Junk and 
da Silva, 1999). These conditions favor the persistence of large numbers of pioneer 
species in the Pantanal, keeping their populations at high densities (Pott and Pott, 1994; 
Silva et al., 2000), forming monospecific stands such as Vochysia divergens Pohl, 
Tabebuia aurea Benth. & Hook.f. ex Moore, and Copernicia alba Morong, (Nunes da 
Cunha et al., 2007). Only 5% of tree species live exclusively in prolonged flooding 
areas, 30% are restricted to areas rarely flooded and 65% are widely distributed in the 
flooding gradient in the Pantanal (Nunes da Cunha and Junk, 1999). 

However, this biodiversity is vulnerable because of land use practices, changes in 
hydrology and climate, and invasive species (Junk et al., 2006). In terms of invasive 
species, the spread of Vochysia divergens Pohl (commonly known as Cambará) in the 
Pantanal is a well-documented example (Vourlitis et al., 2011). By the other hand, the 
reason for the invasion is still poorly understood; however, interactions between 
flooding, soil properties, and fire appear to be critical for invasion success (Zeilhofer 
and Schessl, 1999; Nunes da Cunha and Junk, 2004). This species is a native tree of the 
Brazilian savanna (Cerrado) and riparian forest (Lorenzi, 2002), and is a flood-adapted 
pioneer species that has been vigorously spreading into seasonally flooded native 
grassland for more than four decades (Nunes da Cunha and Junk, 2004). V. divergens 
can grow to heights of 28 to 30 m and has a dense leafy crown that effectively shades-
out grasses, forbs, and trees, forming dense, species-poor stands known as Cambarazal 
(Nunes da Cunha and Junk, 2004). 

Given the potential effects of flooding on soil properties, and the rapid and extensive 
spread of Cambará, our goal was to investigate soil nutrients and vegetation structure in 
a seasonal flooded forest dominated by Vochysia divergens Pohl in the Northern 
Brazilian Pantanal. 

Material and Methods 

Study area  

The study was conducted in a flooded forest at Parque Baía das Pedras (16°43’51”S: 
56°04’17”W) of the Estância Ecológica SESC Pantanal in the Northern Brazilian 
Pantanal, which is located 130 km SSW from Cuiabá, Mato Grosso, Brazil. (Figure 1). 
The regional climate according to Köeppen classification is Aw, which represents a hot 
and wet climate with rainfall in the summer and drought in the winter. Annual rainfall is 
on average 1400 mm with a pronounced dry season from May through September 
(Nunes da Cunha and Junk, 2001). The annual average of air temperature oscillates 
between a maximum from 29 to 32°C and a minimum from 17 to 20°C (Brasil 1997; 
Biudes et al., 2013). The topography is virtually flat, causing extensive flooding during 
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the wet season (Fantim-Cruz et al., 2010). The soils are from sedimentary origin, 
occurring in clayey and sandy phases alternately and discontinuously with the 
dominance of hydromorphic soils (Amaral Filho, 1984). 

 

 
Figure 1. Location of study area in the Northern Brazilian Pantanal. 

 
Field Measurements  

Five transects of 50 meters each one were established in study area with sampling 
points at intervals of 5 m in the study area. Micrometeorological variables were 
collected over one year (January-December 2012). The water level was measured by a 
graduated tape in 55 sampling points, once a month during the flooding period in 2012. 
The soil water content was measured at the 0-12 cm layer using a portable TDR sensor 
(Hidrossense II Mod CS620, Campbell Sci., USA). Soil was sampled from each point 
from the upper 10 cm soil layer using a hammer core in December 2011 (before 
flooding) and July 2012 (after flooding). 

Species were sampled in transects using the point-quarter method (Goldsmith and 
Harrison, 1976). Briefly, each measurement point was divided into four quadrants, and 
within each quadrant, the distance to the nearest tree and its circumference greater than 
20 cm at breast height (1.3 m aboveground) were measured. All sampled trees were 
identified and marked with plastic numbered plates for purposes of long-term 
monitoring. In case of trees with multiple stems, each one was separately measured, and 
the sum of their areas was considered the basal area of the tree. 

 
Micrometeorological variables  

One micrometeorological station (model WXT520, Vaisala Inc., Helsinki, Finland) 
was installed at 2 km south of study area. The collected variables were: air temperature 
(˚C), relative humidity (%) and precipitation (mm). The data were stored at intervals of 
30 minutes in a datalogger (model CR1000, Campbell Scientific, Logan, Utah, USA), 
connected in a battery with solar panel. 

The vapor pressure deficit (VPD) in kPa was calculated by: 
 

 (Eq.1) 
 
where es is the saturation vapor pressure, and ea is the actual vapor pressure (kPa). 
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The es was calculated by: 
 

 
(Eq.2) 

 
where Ta is the air temperature (°C). 

The ea was calculated by: 
 

 

(Eq.3) 

 
where RH is the relative humidity (%). 

 
Soil nutrient analysis  

Soil samples were analyzed for pH, phosphorus (P), cation (K+, Ca2+, Mg2+, Al3+, H+, 
Zn2+, Cu2+, Fe3+, Mn2+, and B3+), and anion (S2-) content, organic matter (SOM) and 
granulometry content using a commercial soil analysis laboratory (Plante Certo, Inc., 
Várzea Grande, Mato Grosso, Brazil). Briefly, soil pH was analyzed in distilled water 
extracts from 1:2.5 soil/extract proportions using a standard pH meter (TEC – 3MP, 
TECNAL, Piracicaba, Brazil). The P was analyzed calorimetrically from Mehlich (HCl 
0,05N + H2SO4 0,0125N) extracts using colorimeter (600s, FEMTO, São Paulo, Brazil) 
and a flame photometer (B262, Micronal, São Paulo, Brazil), respectively. Soil Ca2+, 
Mg2+, Zn2+, Cu2+, Fe3+ e Mn2+ were analyzed from 1 M KCl extracts using a flame-
Atomic Absorption spectrometer (AA1475, Intralab, São Paulo, Brazil). Soil Al3+ and 
H+ were extracted by 0.025 mol/L of calcium acetate. The potential acidity was 
quantified by a manual burette (Vidrolabor, São Paulo, Brazil), using NaOH 0.025 
mol/L as a titration. Soil organic matter was analyzed calorimetrically using the 
Walkley–Black method (Nelson and Sommers 1996). Soil CEC was calculated as the 
sum of all measured cations (Robertson et al. 1999). The particle size distribution was 
performed by granulometry analysis. 

 
Vegetation structure  

Vegetation structure was characterized at each transect using density calculated as a 
function of the mean distance and the basal area calculated by converting the 
circumference into trunk area (m2.individual-1) and multiplying by the density 
(individuals.m-2) which expresses the dominance (Goldsmith and Harrison, 1976). The 
index of relative importance (IRI) for each species per transect was calculated as the 
sum of relative density, dominance, and frequency which was calculated by counting 
the number of sampling points per transect that a given tree species was observed 
(Goldsmith and Harrison, 1976). Relative estimates of parameters per transect were 
calculated for each tree species by dividing the absolute estimates by their respective 
totals. 

Tree species richness within transect was calculated as the number of species 
encountered per transect, and tree species diversity was calculated using the Shannon-
Weiner (H’) Index (Magurran, 1998). IRI for each species per transect was used to 
calculate H’, and confidence intervals (±95%) of H’ were calculated by bootstrapping 
estimates over 1000 iterations for random sampling with replacement (Efron and 
Tibshirani, 1993). 
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Statistical analyses  

Differences in nutrient concentrations before and after flooding were assessed by 
comparing mean ±95% confidence intervals calculated by bootstrapping estimates over 
1000 iterations for random sampling with replacement (Efron and Tibshirani, 1993). 
Simple linear regression was used to test if: (i) the stem diameter affected the tree 
density, and (ii) V. divergens dominance affected diversity (H’). All statistical analyzes 
were performed in R program version 2.15.0 (R Core Team 2012). 

Results 

Microclimate and flooding  

Lower values of rainfall were in the dry season with no precipitation in July and 
August (Figure 2a).  
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Figure 2. Monthly mean precipitation and temperature (a), water level and water soil content 

(b), and relative humidity and vapor pressure deficit (c) in a seasonal flooded forest with 

dominance of Vochysia divergens in the Northern Brazilian Pantanal. Bars represent ±95 % 
confidence interval. 
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The annual precipitation was 1637.91 mm with 84% of total amount in the wet season. 
The annual air temperature was 24.4°C, with a minimum in July (19.9°C) and a 
maximum in December (26.7°C). The flooding period occurred from January to June 
and December (Figure 2b). Soil water content followed the seasonal trend in rainfall 
with the lowest value in September and higher values near the flooding period. Seasonal 
variation in VPD followed the inverse of seasonal trend in rainfall (Figure 2c). The 
peak of VPD was in September when was lower values of relative humidity and soil 
water content. 

 
Seasonal changes in soil properties  

The soil had sandy-clay texture (Figure 3). The concentration of H+Al, H, OM, S, P, 
Al and CEC increased after flooding, but only Fe showed a significant increasing after 
flooding (Table 1). There was no variation in concentration of B and K after flooding. 
The values of pH, Cu, Zn, Mg, Ca+Mg, and sand decreased after flooding, but only 
values of Mn, clay and silt showed a significant decreasing after flooding. 
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Figure 3. Soil texture in a seasonal flooded forest with dominance of Vochysia divergens in the 

Northern Brazilian Pantanal. 

 
Table 1. Mean (±95% CI) of nutrient concentration and soil texture before (December/2011) 

and after (July/2012) flooding and its variation in a seasonal flooded forest with dominance 

of Vochysia divergens in the Northern Brazilian Pantanal. Values within a row with different 

uppercase letters are significantly different according to the CI. 

Variables Before flooding After flooding Seasonal variation (%) 

Fe (mg/kg) 165.6±4.7a 184.3±6.5b 18.7 

H+Al (meq/kg) 45.7±2.6a 50.8±2.7a 5.1 

H (meq/kg) 44.7±2.7a 49.2±2.4a 4.5 

OM (g/kg) 31.7±2.3a 35.9±2.3a 4.2 

S (mg/kg) 17.4±1.3a 18.9±1.3a 1.5 

P (mg/kg) 19.3±2.8a 20.7±3.0a 1.4 

Al (meq/kg) 1.0±0.4a 1.5±0.4a 0.5 

CEC (meq/kg) 115.3±5.6a 115.7±4.9a 0.4 

B (mg/kg) 0.3±0.0a 0.3±0.0a 0.0 

K (mg/kg) 0.1±0.0a 0.1±0.0a 0.0 

pH 5.3 – 6.0 5.1 – 5.9 -0.1 
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Cu (mg/kg) 2.1±0.1a 2.0±0.1a -0.1 

Zn (mg/kg) 5.2±0.4a 4.9±0.3a -0.3 

Mg (meq/kg) 19.9±1.1a 18.5±1.1a -1.4 

Ca (meq/kg) 46.8±2.9a 43.7±2.5a -3.1 

Ca+Mg (meq/kg) 66.5±4.2a 62.1±3.7a -4.4 

Mn (mg/kg) 29.3±2.5a 24.0±1.7b -5.3 

Sand (g/kg) 427.9±11.3a 409.4±8.2a -18.5 

Clay (g/kg) 428.4±10.9a 409.3±7.8b -19.1 

Silt (g/kg) 297.6±9.4a 266.7±15.1b -30.9 

 
Species composition and vegetation structure  

We found 14 species distributed in 13 families (Table 2). The species with the 
highest abundance was V. divergens followed by L. parvifolia and M. elliptica. The 
mean diameter was 28.36 cm, density was 839.98 individuals.ha-1, and average basal 
area was 66.16 m2.ha-1 (Table 3). 

 
Table 2. Plant species and their abundances in a seasonal flooded forest with dominance of 

Vochysia divergens in the Northern Brazilian Pantanal. 

Species Family 
Absolute 

abundance 

Relative 

abundance (%) 

Vochysia divergens Pohl Vochysiaceae 73 33.18 

Licania parvifolia Huber. Chrysobalanaceae 39 17.73 

Mouriri elliptica Mart. Melastomataceae 34 15.45 

Alchornea discolor Poepp. & Endl. Euphorbiaceae 28 12.73 

Ocotea suaveolens Benth. & Hook.f. ex Hieron. Lauraceae 20 9.09 

Coccoloba ochreolata Wedd. Polygonaceae 10 4.55 

Duroia longiflora Ducke Rubiaceae 5 2.27 

Brosimum lactescens (S. Moore) C.C.Berg Moraceae 3 1.36 

Licania minutiflora Fritsch Crysobalanaceae 2 0.91 

Psidium guineense Sw. Myrtaceae 2 0.91 

Banara arguta Briq. Flacourtiaceae 1 0.45 

Erythroxylum anguifugum Mart. Erythroxylaceae 1 0.45 

Tabebuia serratifolia G. Nicholson Bignoniaceae 1 0.45 

Trichilia catigua A.Juss. Meliaceae 1 0.45 

 
 
Table 3. Summary of structural characteristics for transects in a seasonal flooded forest 

with dominance of Vochysia divergens in the Northern Brazilian Pantanal. All data are 

mean values except species diversity which is a mean calculated by bootstrap resampling 

(95% CI). 

Transect Diameter (cm) Density (#/ha) Basal area (m
2
/ha) Richness H’ 

A 23.85 1026.53 51.88 6 1.24 

B 29.81 635.85 61.46 6 1.35 

C 33.01 741.66 67.26 8 1.54 

D 23.79 1043.74 70.33 9 1.73 

E 31.35 752.11 79.87 9 1.84 
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The plant community had a negative diameter distribution (Figure 4a), while the 
population of V. divergens had a Gaussian distribution (Figure 4b). 
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Figure 4. Frequency distribution of stem diameter of plant community (a) and V. divergens 

population (b) in a seasonal flooded forest with dominance of Vochysia divergens in the 

Northern Brazilian Pantanal. 

 
 
The wide distributed species were V. divergens, L. parvifolia, and M. elliptica (Table 

4). V. divergens had higher values of IRD and IRI in transects A, B, and C. V. divergens 
and A. discolor had higher values of IRD in the transect D, but A. discolor had higher 
IRI in the transect D. L. parvifolia had higher values of IRD and IRI in the transect E. 

 
Table 4. Plant species and their Index of Relative Density (IRD) and Index of Relative Cover 

(IRC) along transects in a seasonal flooded forest with dominance of Vochysia divergens in 

the Northern Brazilian Pantanal. 

Species 
IRD (%) IRI (%) 

A B C D E A B C D E 

A. discolor 6.8  4.7 27.3 25.0 21.0 
 

11.9 118.0 71.1 

B. arguta     2.3 
    

6.0 

B. lactescens    2.3 4.5 
   

5.9 12.4 

C. ochreolata  13.6 7.0 2.3  
 

40.8 14.0 6.0 
 D. ducke 2.3 2.3 2.3 4.5  6.0 5.7 5.7 11.9 
 E. anguifugum   2.3   

  
5.7 

  L. minutiflora     4.5 
    

13.4 

L. parvifolia 9.1 9.1 27.9 11.4 29.5 22.3 25.4 80.5 34.7 97.4 

M. elliptica 29.5 31.8 2.3 9.1 4.5 91.3 102.3 6.3 21.9 12.8 

O. suaveolens  2.3 18.6 13.6 11.4 
 

5.7 59.8 33.9 33.7 

P. guineense     4.5 
    

12.2 

T. serratifolia    2.3  
   

5.9 
 T. catigua 2.3     6.1 

    V. divergens 50.0 40.9 34.9 27.3 13.6 153.3 120.1 116.1 61.8 41.0 
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The forest density and diversity decreased with increasing in tree diameter and IRC 
of V. divergens, respectively (Figure 5a,b). 
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Figure 5. Simple linear regression between density and stems diameter (a), and Diversity Index 

(H’) and IRCvd (b) in a seasonal flooded forest with dominance of Vochysia divergens in the 

Northern Brazilian Pantanal. 

Discussion 

Hydrometeorological pattern  

The seasonal trend of rainfall was consistent with the climatology for the region. The 
wet season is from October to March which can represent more than 80% of the amount 
of total annual precipitation while low rainfall was recorded during June to September 
which is consistent with the 4-5-month duration of the dry season (Vourlitis et al., 2008; 
Biudes et al., 2012; Biudes et al., 2013). Seasonal variation in soil water content (SWC) 
followed the seasonal trend in rainfall whose soil become saturated in the flooding 
period from January to June with a peak in March. 

The flooding is caused by local rainfall due to the predominant clay texture of the 
soil and little topographic variation (Penha et al., 1999; Arieira and Nunes da Cunha, 
2006). Thus, the flooding period in the Pantanal is a function of rainfall intensity and it 
can be between 2-8 months (Biudes et al., 2009; Biudes et al., 2013; Arieira et al., 
2011). In general, the flooding presents a monomodal pattern with small amplitude 
(Hamilton et al., 1996). 

The air temperature exhibited consistent seasonal trends with lowest values in the dry 
season when cold air transported by fronts out of the south (friagens) can persist for 
several days (Grace et al., 1996; Rocha et al., 2009; Biudes et al., 2012). Seasonal 
variation in vapor pressure deficit (VPD) followed the inverse of seasonal trend in 
rainfall, air relative humidity and SWC, with higher values in the dry season which is 
consistent with a variety of tropical forest of Amazon Basin (da Rocha et al., 2004) and 
Pantanal (Biudes et al., 2013). 

 
Hydrometeorological pattern  

The soil chemical properties varied after flooding as found by Vourlitis et al. (2011) 
in the Northern Pantanal and Lima et al. (2005) with a lowland soil in an Amazon 
Forest. The decreasing in concentration of magnesium and calcium was confirmed by 
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Vourlitis et al. (2011) and Lima et al. (2005), while increasing of phosphorus and iron 
was corroborated by Lima et al. (2005), and the pH reduction by Vourlitis et al. (2011). 

Vourlitis et al. (2011) observed variations in soil chemical properties in a forest with 
dominance of Vochysia divergens, transitional forest, and natural grassland as 
vegetation types in the Pantanal after flooding, but they pointed out the variations 
between areas were due to the types of vegetation . However, they recognized that 
significant space x time interactions could indicate the spatial dependence of the 
differences over time. Differences in soil properties between this study and performed 
by Vourlitis et al. (2011) could be too explained by differences in experimental data 
collection. While soil samples were collected before and after flooding in this study, 
Vourlitis et al. (2011) collected soil samples after one year. Thus, their sampled soil 
suffered the effects of different conditions, such as rain with flooding, drought and rain 
with no flooding. 

Lima et al. (2005) showed in acid soils that phosphates of iron and aluminum are 
prevalent forms which release phosphorus when the soil pH increases with flooding. 
They also pointed out pH reduction increases with soil by flooding compounds, as they 
increase the levels of iron and manganese in solution. Moreover, the calcium, 
magnesium, potassium and sodium were directly influenced by their exchangeable 
levels as well as by the kinetics of iron and manganese (Lima et al., 2005). 

Flooding provokes nutrient transformations which accompany changes in redox 
potential of soil (Ponnamperuma, 1972; Reddy and Patrick, 1975; Reddy and Patrick, 
1976; Buresh et al., 2008; Pezeshki and Delaune, 2012). This happens due to diffusion 
restriction of atmospheric air to ground, and then oxygen is quickly depleted by 
breathing of roots and microorganisms, increasing carbon dioxide accumulation 
(Pezeshki and Delaune, 2012; Reddy and Patrick, 1975; Ponnamperuma, 1972). This 
accumulation decreases the pH of alkaline soils, and increases the pH of acidic soils, 
resulting in the convergence of the soil pH between 6.5 and 7 (Kirk, 2004; 
Ponnamperuma, 1972). The pH of acidic soils increases because the consumption of 
hydrogen ions in the reduction processes (Kirk, 2004). However, there are some factors 
that decrease the pH in acidic soils, such as: (i) acid soils poor in organic matter reach a 
pH below 6.5, (ii) soils rich in sulfides and poor in iron cannot achieve a pH above 5, 
and (iii) low temperature and nitrate retard the increase of pH (Ponnamperuma, 1972). 

In general, the organic matter decomposition under anaerobic conditions is slower 
than under aerobic conditions (Kirk, 2004; Reddy and Patrick, 1975), because the free 
energy is lower for the reactions involved (Kirk, 2004; Mclatchey and Reddy, 1998). 
First of all, decomposition involves formation of acids (acetic, propionic and butyric 
acid), followed by a conversion of the organic acid gases, such as methane (Kirk, 2004). 
The large amount of clay in the soil reduces the rate of organic matter decomposition in 
the soil, causing an increase in the amount of soil organic matter (Chapin et al., 2002). 
Therefore, increasing the organic matter content is a result of the decreased amount of 
activity of microbial enzymes caused by gradual decrease of microbial biomass due to 
reduced energy captured by the microorganisms to use an alternative acceptor in their 
respiration (Mcatchey and Reddy, 1998). 

Studies have showed that longer flooding and higher water depth did not follow 
directly the topographic elevation (Poole et al., 2002; Girard et al., 2010; Fantin-Cruz et 
al., 2010) probably because it must be related to the transport and deposition of 
sediments. Longer periods of flooding result in anaerobic conditions for longer (Kirk, 
2004) which can result in total loss of more mobile elements, or their precipitation and 
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deposition in another part of the profile, in a translocation process, directly influencing 
pedogenesis of some soils (Lima et al., 2005). Furthermore, it can certainly lead to 
changes in the absorption of elements by plants, especially those adapted to 
environments subject to flooding. 

 
Vegetation gradient with dominance of Vochysia Divergens  

All species except Mouriri elliptica, Brosimum lactescens, and Psidium guineense 
were found by Arieira and Nunes da Cunha (2006) in another sesasonal forest with 
dominance of Vochysia divergens in the Northern Pantanal. Moreover, Martins et al. 
(2008) also found the species Vochysia divergens, Erythroxilum anguifugum, and 
Tabebuia serratifolia in another flooded forest in Brazil. Damasceno-Jr et al. (2005) 
found V. divergens and Alchornea discolor in another flooded forest in Northern 
Brazilian Pantanal. Nascimento and Nunes da Cunha (1989) found V. divergens and P. 

guineense in another flooded forest in Northern Brazilian Pantanal. The number of 
individuals and species in this study area was smaller than those found by Arieira and 
Nunes da Cunha (2006), Martins et al. (2008), Damasceno-Jr et al. (2005), and 
Nascimento and Nunes da Cunha (1989), probably because of the inclusion criteria and 
sampled method. However, Keogh et al. (1999) pointed out that the area doesn’t seem 
to have a strong effect on species richness in forested wetlands. 

The V. divergens and L. parvifolia create monospecific stands in flooded areas with 
intermediate depths in the Northern Brazilian Pantanal (Nunes da Cunha et al., 2007), 
which may explain the greater abundance of these species in our study area. Both 
species spread rapidly in moist multi-year periods, invading pastures (Nunes da Cunha 
et al., 2007; Pott and Pott, 1994). However, the expansion of V. divergens is controlled 
by wildfires in drier years (Nunes da Cunha et al., 2007). 

The diameter in the study area was greater than found Brito et al. (2008) in a 
Brazilian seasonal forests, but close to the value found in Everson and Boucher (1998) 
in an area along Potomac River (USA) and lower than the values found by Baker et al. 
(2002) in a tropical forest of Ghana, and Pinto-Júnior et al. (2009) in a transitional forest 
in Brazil. The basal area of the study area was higher than the values found by 
Campbell et al. (1992) in Brazilian seasonal forests, Klinge et al. (1996) in the Amazon 
Forest, Pinto-Júnior et al. (2009), Ferreira and Prance (1998) in the Amazon Forest, 
Ratter et al. (1988) in a semi-deciduous forest of Brazil, and Shanmughavel et al. (2001) 
in a tropical seasonal forest in China. 

The average density of the study area was higher than the values found by Campbell 
et al. (1992), Ferreira and Prance (1998) in the Amazon Forest, Ratter et al. (1988), 
Damasceno-Jr. et al. (2005) in a riparian forest in Brazil, Nascimento and Nunes da 
Cunha (1989) and Arieira and Nunes da Cunha (2006) in monodominant forests in the 
Northern Brazlian Pantanal, and Shanmughavel et al. (2001) in a seasonal tropical forest 
in China, but was lower than the values found by Klinge et al. (1996), and Nascimento 
and Saddi (1992) in a riparian forest in Brazil. Although, the study area has intermediate 
density compared to other areas, this area showed poorest species composition. The 
diversity index of Shannon-Wiener in the study area was lower than the values found by 
Nascimento and Saddi (1992), Campbell et al. (1992), Damasceno-Jr. et al. (2005), and 
Moreno et al. (2003) in other places. 

The forest development is influenced by the self-thinning rule, relating the survival 
of plants with density dependent mortality in which is the decline of density as the 
biomass increases with time (Mohler et al., 1978; White, 1981). Therefore, trees with 
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smaller diameters are young and with larger are more mature. As a tree grows in a 
forest, trees begin to compete for light, water and nutrients, causing the death of some 
trees with intensifying competition (Tang et al., 1994). The frequency distribution of 
diameters describes the forest development, then the negative distribution indicates 
young forests and Gaussian-shaped distribution indicates mature forests. Thus, the plant 
community in the study area is young, while the population of V. divergens is 
transitioning from young trees to mature. Furthermore, the decrease in density with 
increasing diameter may also be explained by the rule of self-thinning. 

The high importance value of a species is influenced by high densities and 
dominance as showed by V. divergens. Arieira and Nunes da Cunha (2006) also found 
the highest importance values for species V. divergens, A. discolor and L. Parvifolia, 
and the lowest values of importance to L. minutiflora and T. Serratifolia in a seasonally 
flooded forest in the Pantanal. Damasceno-Jr et al. (2005) also found V. divergens with 
one of the highest importance value, but the species A. discolor had one of the lowest 
values of importance. The flooding influences species distribution, working as a stressor 
for plant communities, or as promoter diversity of habitats and species (Arieira and 
Nunes da Cunha, 2006), thus being an important factor in the vegetation dynamics in 
the Northern Brazilian Pantanal. Fantin-Cruz et al. (2010) noted that the distribution of 
vegetation types was more strongly influenced by flooding aspects and not by the 
topography. Arieira and Nunes da Cunha (2006) found a positive relationship between 
V. divergens dominance and water level. To better understand these relations is needed 
to develop studies on the mortality rate, revealing if V. divergens as the dominant 
species is persistent. 

The dominance (density or coverage value) for forest stands is determined when a 
single species compound more than 50% of the canopy (Connell and Lowman, 1989; 
Hart et al. 1989). The dominant species was V. divergens, and diversity decreased as its 
dominance increased. Monospecific forests are less diverse than those in which the 
canopy has no dominance (Connell and Lowman, 1989). The mechanisms that control 
monodominance are not yet fully known, but may be related to the assumptions based 
on space or time (Read et al., 2006). 

In Central Africa, Torti et al. (2001) proposed that the nutrient return in forests of 
monospecific Gilbertiodendron dewevrei is retarded by the low decomposition rate of 
litter preventing the establishment of species with small seeds. Moreover, Peh et al. 
(2011) argued that the mechanism proposed by Torti et al. (2001) to explain 
monodominance is not consistent, since their empirical data suggest that soils or soil-
vegetation interactions are not the cause of the difference in vegetation between mixed 
and monodominante forest. Arieira and Nunes da Cunha (2006) proposed the flood 
pulse as a factor affecting the structure and composition of vegetation in a 
monodominante forest of Vochysia divergens in Northern Pantanal, favoring or limiting 
the establishment and development of species. Seasonal variations of flooding levels are 
considered disorders that affect the successional development, allowing pioneer species 
maintain high densities in the Pantanal (Pott and Pott, 1994; Silva et al., 2000). 

 
Conclusions and Future Research  

These results indicate that (i) flooding affected soil nutrients concentration, and (ii) 
dominance of Cambará affected species distribution and diversity in the study area. 
Future research should investigate (i) production, transport and deposition of sediment 
to understand better the soil nutrient storage in Neotropical seasonal wetlands, and (ii) 
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mortality rates of dominant species, revealing if they are persistent which allow a better 
understanding about the development and establishment of plant species in Neotropical 
seasonal wetlands. 
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Abstract. Habitat fragmentation is considered a threat to biodiversity conservation. Uluguru forest block, 
a section of the Eastern Arc Mountains in Tanzania remains highly vulnerable to fragmentation. 
However, to date, fragmentation effects on species abundance and diversity have not been investigated. 
This study aimed at investigating effects of fragmentation on species abundance and diversity in Uluguru 
forest block, Morogoro region, Tanzania. A RapidEye satellite image was analyzed using the maximum 
likelihood classifier (MLC) to map the fragmented forest. Remotely sensed variables with data on species 
diversity were modelled using the Generic Algorithm for Rule-Set Prediction (GARP) algorithm while 
fragmentation parameters were extracted using Fragstats software, which were then linked to species and 
edaphic factors. Results showed that species diversity was predicted better with customized 
environmental variables which recorded an Area Under Curve (AUC) of 0.89. The Poisson regression 
results showed that individual tree species responded differently to patch area dynamics, habitat status 
and soil nitrogen. Generally, the abundance of dominant species like Mytenus undata Thunb (p < 0.001), 
Zenkerella capparidacea (Taub.) J. Leon (p < 0.001) and Oxyanthus specious DC. (p = 0.023) decreased 
with a reduction in patch area. The present study suggests the need to integrate comprehensive plans and 
other intervention measures into long-term intervention initiatives. 
Keywords: RapidEye, habitat fragmentation, soil, species abundance  

Introduction  

Species abundance and richness are important measures of biodiversity (Gould, 
2000). They vary from one spatial range to another, which is a function of habitat 
heterogeneity (Kerr et al., 2001) fragmentation (Murcia, 1995; Benítez‐Malvido and 
Martínez‐Ramos, 2003; Echeverría et al., 2007; Hobbs et al., 2008) and modification 
(Osborne et al., 2001). Habitat modification interferes with ecosystem configuration 
(Stoms and Estes, 1993), species distribution and numbers (Griffiths and Lee, 2000), 
structural complexity of ecosystems and their functioning (Debinski et al., 1999), patch 
and landscape ecosystem processes (Didham, 2001) and alters the biological trait of 
individual species (Helm et al., 2006). It also interacts synergistically with 
anthropogenic threats (Laurance, 2007) interrupting species occurrence, composition 
and density (Stoms and Estes, 1993). Literature shows that habitat fragmentation also 
condenses habitat area coverage enhancing the species extinction debt (Bogich et al., 
2012). By reducing the total habitat area requirements of species (Murcia, 1995; Fahrig, 
2003; Echeverría et al., 2007), the rate of species extinction and endemism is enhanced 
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(Burgess et al.; Burgess et al., 2001; Burgess et al., 2002; Adams et al., 2003; 
TØTTRUP et al., 2004). In low montane ecosystems, fragmentation is known to affect 
species loss due to deforestation (Hall et al., 2009). Various studies indicate significant 
variability in the abundance of alien invasive plant species, due to fragmentation. For 
instance, Mumbi et al. (2008b) showed that fragmentation affects the abundance of 
coprophilous fungi and algal blooms as a result reduction in the population of 
Podocarpus and Psychotria tree species.  

The intensity of fragmentation is dependent on different factors (Benítez‐Malvido 
and Martínez‐Ramos, 2003; Fahrig, 2003; Echeverría et al., 2007). For instance, 
dynamics in land use and elevation has an effect on individual species (Murcia, 1995; 
Benítez‐Malvido and Martínez‐Ramos, 2003; Fahrig, 2003; Burgess et al., 2007b; 
Echeverría et al., 2007). It may also be a function of varying patch sizes (Echeverría et 
al., 2007) and structural complexity (Murcia, 1995; Benítez‐Malvido and 
Martínez‐Ramos, 2003; Fahrig, 2003; Fischer and B. Lindenmayer, 2006; Burgess et 
al., 2007b; Echeverría et al., 2007). However, the effect of fragmentation on tree species 
at local scales is not widely explored (Ylhäisi, 2004; Zotz and Bader, 2009). Whereas a 
series of studies have used bioclimatic variables to ecologically model species diversity 
(Pearson and Dawson, 2003; Martínez‐Meyer et al., 2004; Thuiller et al., 2006), the 
validity of this approach, particularly at local scales, remains unresolved (Araújo and 
Luoto, 2007).  

As aforementioned, habitat fragmentation is a threat to biodiversity and conservation 
(Achard et al., 2002; DeFries et al., 2002; Benítez‐Malvido and Martínez‐Ramos, 2003; 
Fahrig, 2003; Fischer and B. Lindenmayer, 2006; Burgess et al., 2007b; Echeverría et 
al., 2007; Hobbs et al., 2008). This is the case for the Eastern Arc Mountains in 
Tanzania, a highly ranked global biodiversity hotspot (Olson and Dinerstein, 1998), 
Hall, 2009). They host approximately 100 endemic vertebrates (10 mammals, 20 birds, 
38 amphibians, 29 reptiles) and approximately 1500 plant species including, 68 tree 
endemics (Burgess et al., 2007b). Despite their global importance, the region remains 
highly vulnerable to anthropogenic influence (Burgess et al.; Erik Bjørndalen, 1992; 
Burgess et al., 2002). The extent of habitat loss and fragmentation has been deleterious 
(Newmark, 1998; Fjeldså, 1999; Hall et al., 2009; Swetnam et al., 2011). Key threats 
include settlements, logging, farming and urban sprawl (Burgess et al., 2007b), 
consequently, approximately 80% of forest cover has been lost in recent years (Hall et 
al., 2009). A substantial area and the highest number of extinct species were recorded in 
lowland montane forest  between 1975 and 2000 (Hall et al., 2009).  

A shift in an ecosystem’s stability transforms it to an undesired state, compromising 
its capacity to support normal functions and increasing the rate of endemism and 
extinction (Şekercioğlu et al., 2004). Although species vary in their geographic 
occurrence, distribution and response to dynamic environmental conditions (Fischer et 
al., 2004), modelling their diversity is a prerequisite in conservation monitoring, 
planning and management (Carlson et al., 2007). This forms a basis for knowledge 
generation, specifically on species-habitat relationships in space, time and future risk 
management (Olson et al., 2014). To date, this subject remains unexplored in natural 
fragmenting ecosystems in Morogoro region, Tanzania (Hall et al., 2009).  

In this context therefore, this study aimed at investigating how forest fragmentation 
affects species abundance and diversity in a heterogeneous landscape in the Uluguru 
forest block. Edaphic factors such as NPK, Ph and C were used as indicators to soil 
health (Solomon et al., 2000; Fageria, 2010).  
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Materials and methods 

Study area 

Uluguru tropical forest is located at (7o2´ - 7o 16´S) and (38o 0´ - 38o 12´E) in 
Tanzania (Figure 1) and forms part of the Eastern Arc Mountains blocks, which is a 
series of crystalline mountains in Kenya and Tanzania (Burgess et al., 1998; Olson and 
Dinerstein, 1998). The mountains range from lowland rain forests to elfin montane 
forests and are separated by lowlands whose origin is said to have been caused by 
faulting (Munishi et al., 2007). The area experiences bimodal rainfall in April and 
November, ranging from 2900-4000 mm on windward slopes and 1200-4000 mm on the 
leeward (Munishi et al., 2007). The Uluguru forest block (Figure 1) hosts 
approximately 135 plant species (Fjeldså, 1999; Burgess et al., 2007b), however, the 
forest cover has declined from 300 km2 in 1955 to 220 km2 2000 from. Consequently, 
Uluguru montane forest ecosystem is regarded to be highly vulnerable to fragmentation, 
negatively affecting species abundance and increasing risk of extinction of rare species 
like the Uluguru Bush Shrike (Burgess et al.; Bjorndalen, 1992; Erik Bjørndalen, 1992; 
Burgess et al., 2001; Burgess et al., 2002; Fuchs et al., 2005).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 1. Location of Uluguru forest: delineation based on Landsat MSS captured in 1975 
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Field data collection 

Tree measurements were collected randomly within10 m × 10 m plots in August 
2012, in the same month of image acquisition. Data was collected from 80 plots located 
in the field  using a Global Positiong System (GPS) of submeter accuracy. Major tree 
species with  more than five centimeters diameter at breast height (dbh) were sampled. 
Data on species names, genera, families, density, basal height, and canopy cover were 
recorded. Additionally, elevation for each plot was taken. Soil data (C, N, P, pH and K) 
was collected within the 0-15cm depth. The status of the habitat in Uluguru forest 
blocks was categorised into two classes; fragmmented and intact (82 data ground data 
points were used).  

 
Image acquisition and pre-processing  

RapidEye satellite imagery for the Uluguru forest block was acquired on 23/10/2012. 
RapidEye has a spatial resolution of 5 metre and 5 bands centered Blue: 440-510 nm, 
Green: 520-590 nm, Red: 630-685 nm, Red Edge: 690-730 nm and NIR: 760-850 nm. 
The image was first geometrically corrected (Universal Transverse Mercator: UTM, 
zone 37 South projection) using 30 identifiable ground control points (GCPs) 
distributed across the image. The GCPs were recorded on 1:50000 topographic maps of 
various years. A nearest-neighbour algorithm and first order polynomial transformation 
were applied to resample the image to its original pixel size. The root mean square error 
of less than half a pixel was obtained, indicating a reliabe geometric correction. The 
imagery was then atmospherically corrected using ATCOR module built in Earth 
Resources Data Analysis System software (Erdas Imagine 2013) and digital number 
values converted to surface reflectance.  

 
Soil chemical analysis 

A total of 80 samples of soil taken at 0-15 cm depth were collected from 10 m by 10 
m plots. Samples were air dried and sieved using a 2mm sieve prior to analysis. 
Scanning of soil samples was conducted using atomic absorption spectrometer to get 
soil reflectance values. The spectrometer was then used to extract reflectance values for 
each of the elements (N, P, K, Ph, C) which were then taken for wet chemistry analysis. 
The contents of nutrient elements were used to correlate bands with actual mineral 
values. These were then used to estimate for the rest of the samples. 

 
Data analysis  

Image classification 

Maximum Likelihood (ML) supervised classifier, one of the most commonly used 
methods for classifying remotely-sensed data (Strahler, 1980; Conese and Maselli, 
1992; Foody et al., 1992; Wei and Mendel, 2000; Bruzzone and Prieto, 2001; Seto and 
Liu, 2003) was used to delineate the fragmented and intact forest classes. Based on the 
developed class signatures, a thematic map was produced and smoothed using the 
majority filter rule.  A total of 82 ground truth points were used to generate a confusion 
matrix to determine the overall (OA), producer’s (PA) and user’s (UA) accuracies.  

 

http://www.blackbridge.com/rapideye/rededge.html
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Modelling fragmentation 

Fragmentation in the Uluguru forest block was modelled using Fragstats metrics. 
Fragstats is a spatial statistics program useful in computing metrics at patch, class and 
landscape level (McGarigal and Marks, 1995). It is distinct in nature and has the 
capacity to estimate landscape behavior characteristics (Millington et al., 2003; Saikia et 
al., 2013). In this study, the classified RapidEye image was converted to ASCII format 
and analyzed to get different patch parameters. According to Didham (2001) patch 
metrics are valuable in characterizing fragmentation, consequently,  patch metrics were 
combined with species data for further analysis. 

 
Statistical analyses   

Poisson regression was used to investigate significant differences in species 
abundance between fragmented and intact habitats. Student t-tests were used to 
determine differences between intact and fragmented habitats in relation to elevation, 
patch area and soil nitrogen content. Relationships between patch area and soil nitrogen 
content and patch area and elevation were investigated. Elevation and patch area are 
considered important estimators of habitat heterogeneity and fragmenting landscape 
respectively (Kerr et al., 2001). 

 
Calculation of species diversity   

Species diversity was calculated from field measurements using the Shannon-Weaver 
diversity index. The analyses were performed in R version 2.10.0 (R Development Core 
Team, 2009) for field data collected from the Ulugurus. Shannon-Weaver diversity 
index is a measure of the diversity index of a species community and combines richness 
and evenness. It is a non-parametric statistical parameter based on the proportion of 
species relative (qi) to the total number of species (Q) (Chao and Shen, 2003). Species 
diversity was calculated, taking into account the number of species per family present in 
the forest ecosystem and was computed using the equation:  

 

 
H′ =  −    qi

Q
 S

i=1

 log  qi

Q
             

  (Eq.1) 
 
 

Where: H' is the Shannon-Weaver diversity index, qi is the fraction of individuals 
belonging to the i species, Q is the total number of individual species in the sample, and 
S is the species richness (Shannon and Weaver, 1963).  Species diversity was then 
categorized in two groups: low and high values, which were converted to readable text 
file format with geographic co-ordinates for processing in GARP. 

 
Species niche modelling Using GARP Algorithm 

GARP is a genetic algorithm that creates ecological niche models for species. The 
models describe environmental conditions under which the species are able to maintain 
populations. For input, GARP uses a set of point localities where the species is known 
to occur and a set of geographic layers representing the environmental parameters that 
might limit the species' capabilities to survive. The algorithm applies the best subsets 
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procedure using the new open modeller implementation in each GARP run. Remote 
sensing variables were extracted based on the high resolution RapidEye satellite data 
and measurements linked to species habitat requirements. Kriging was applied to the 
rest of variables i.e. N, P, K, C then converted into ASCII format, a format accepted by 
GARP model. An Aster Digital Elevation Model (DEM) was also converted to the 
ASCII format. This was used to establish relationships between species diversity and 
other environmental variables including N, P, K, C, pH, DEM, and RapidEye satellite 
data. All variables used in the model were screened to test for highly correlated 
variables using the Pearson correlation tests. With values r<0.7 shows no correlation 
(Olson et al., 2014). A Pearson correlation test was employed to assess relationships 
between Shannon wiener index and each of the environmental parameters.  

Jack Knife Tests  

Jack Knife tests were used to assess the importance of the variables used in running 
the model (Saatchi et al., 2008). This test is in-built in the GARP model which is 
important in testing the significance of each of the environmental variables used. It 
generates a model that estimates the accuracy for the entire layer set. Then for each 
layer, a new model is generated without that particular layer and the accuracy 
determined. All models were trained with similar points randomly selected from given 
occurrence points, and the accuracy calculated with the rest of the test points using 75% 
of the data. The area under curve (AUC) was used in assessing the level of significance 
of the curve. According to Bell, (1999) values less than 0.5 are regarded as 
uninformative, between 0.7 and 0.8 as acceptable and above 0.8 signify a good fit. 

Further model validation 

The model was further validated using the partial receiver operating curve (ROC). 
We integrated species presence data and area dependent suitability file generated as an 
ASCII file in GARP. This was then converted as a grid format and points extracted in 
ArcGIS 10.2. The two data sets were run in partial roc setup and run with a proportion 
of points set at 50. 

Results 

Figure 2 shows a thematic map obtained using ML classifier. An overall 
classification accuracy of 84% was obtained with individual accuracies for both classes 
more than 80%, except the producer’s accuracy for intact forest (Table 1).  The 
classifications show that North Uluguru has relatively more intact forest than south 
Uluguru (Figure 2). 

Table 1. Classification accuracy measures for the thematic map 

Class name Correctly classified Misclassified Total PA (%) UA (%) 

Fragmented  
forest 

54 2 56 96.43 83.08 

Intact forest 15 11 26 57.69 100.00 

OA (%) 84.15 
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Abundance of tree species 

A total of 1,394 trees, comprising 55 different species categories were found in 
Uluguru forest block. The species discovery curve (Figure 3) shows relations between 
discovered and sampled species.  

The Syzygium cordatum Hochst.ex C.Krauss was the most dominant tree species, 
constituting 18% of the total trees measured (Figure 4). On average, elevation for 
Uluguru forest was 1,951.63 m. There was no significant difference (p ≥ 0.05) in 
elevation status between intact (1901 m) and fragmented (2056 m) habitats in Uluguru 
forest (t = -1.515, p = 0.134).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Fragmented and intact forests in the study area 

Impacts of forest fragmentation on patch area and soil health 

The mean patch area was 41,108 m2, which varied significantly (t = 2.781, p = 0.007) 
between intact (52,665m2) and fragmented (17,106m2) habitats. There was no 
significant difference in nitrogen content between intact and fragmented forests 
(p=0.242). The average soil nitrogen level for Uluguru was 0.50 mg/g, which was 
relatively similar in intact (0.53) and fragmented (0.45) habitats.   

 
Impacts of forest fragmentation on species abundance and soil health 

Individual species responded differently to changes in patch area, habitat status and 
soil nitrogen content (Table 2). The abundance of some species increased (a positive 
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estimate value) with an increase in patch area while others decreased (a negative 
estimate value). For instance, the abundance of Syzygium cordatum Hochst.ex C.Krauss 
(p < 0.001), Allanblackia uluguruensis Engl (p < 0.001), and Maesa lanceolata Forssk 
(p < 0.001) increased significantly with an increase in patch area. While the abundance 
of Mytenus undata Thunb (p < 0.001), Zenkerella capparidacea (Taub.) J.Leon (p < 
0.001) and Oxyanthus specious DC. (p = 0.023) decreased significantly. Some tree 
species were more abundant in intact areas than in fragmented areas, after adjusting for 
the effect of patch area and nitrogen level and vice versa. Syzygium cordatum Hochst.ex 

C.Krauss (p < 0.0001), Allanblackia uluguruensis Engl (p = 0.003), and Maesa 

lanceolata Forssk (p = 0.047) were more abundant in fragmented habitats, while 
Mytenus undata Thunb (p < 0.001), Zenkerella capparidacea (Taub.) J.Leon (p < 
0.001), and Oxyanthus specious DC. (p = 0.008) were more abundant in intact areas 
(Table 2). Results also showed that soil nitrogen content varied with a change in habitat 
status which also influenced the abundance of species in both fragmented and non-
fragmented areas. For instance, adjusting the effect of patch area and habitat status, the 
abundance of species intensified in some dominant tree species, while others decreased 
with higher levels of nitrogen (Table 2). Species populations also correlated inversely 
with changes in nitrogen. For instance, the abundance of Zenkerella capparidacea 
(Taub.) J.Leon (p<0.001) and Psychotria goetzei (K.Schum.) E.M.A was lowest under 
low nitrogen conditions (p = 0.049).   
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Figure 3. Species discovery curve (accumulation curve) 

GARP model AUC KAPPA results 

The model was run producing a high total area under curve (AUC) accuracy of 0.89, 
which signifies a good fit of the model. In further validation of the model in Partial Roc, 
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a value of 1.27 was generated. This is within the 1-1.5 range which is an indicator of a 
very good model prediction.  The Jackknife test results generated an overall internal test 
accuracy of 72.31% and a Roc score of 0.89 while the external test accuracy was 
81.82% and a Roc score of 0.94. The total area under curve (AUC) was 0.89. 
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Figure 4. Rank-abundance curve for dominant tree species 

 

Species diversity  

A total of 1,394 trees, comprising 55 species, were recorded. There was higher 
species diversity in Uluguru South than Uluguru North (p-value: 6.026e-05). No 
variables used in the model were highly correlated i.e. r< 0.7. Pearson correlations 
between the Shannon wiener index and each of the environmental variables showed a 
positive correlation between most of the variables (C: r=0.26, N: r=0.25, P: r=0.22, 
DEM: r=0.37) except K: r= -0.25. DEM, C, N, Ph, P had a significant influence on the 
model. The DEM had the greatest effect on the model.   

High species diversity was dominant in intact areas located in the central region of 
the Uluguru forest (Figure 5A) while low species diversity was widespread in 
fragmented areas (Figure 5B). Areas characterized by zero values are not well placed to 
support high species diversity due to the extent of fragmentation beyond the threshold. 

Discussion 

This study provides important findings on effects of fragmentation on species 
abundance in the Uluguru forest area based on field measurements and remotely sensed 
data. The relatively high overall accuracy (see Table 1) of mapping fragmented and 
intact forest in the study area provided an important basis for investigating the impact of 
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Table 2. Poisson regression model results for the relationship between abundance of tree species and mean patch area (ha), habitat status and soil 

nitrogen content for the dominant species in Uluguru forest area  

 
Patch  area (ha)   Habitat Status 

 
Nitrogen level (g kg-1) 

Species Estimate±se P value   Estimate±se P value 
 

Estimate±se P value 

Syzygium cordatum Hochst.ex C.Krauss. 0.00001±0.000001 <0.001 
 

1.17±0.14 <0.001 
 

0.58±0.16 <0.001 

Mytenus undata Thunb. -0.00004±0.000007 <0.001 
 

-2.40±0.33 <0.001 
 

0.76±0.33 0.020 

Zenkerella capparidacea (Taub.) J.Leon. -0.00002±0.000006 <0.001 
 

-0.81±0.21 <0.001 
 

-1.91±0.53 <0.001 

Allanblackia uluguruensis Engl. 0.00001±0.000002 <0.001 
 

0.75±0.25 0.003 
 

0.71±0.27 0.008 

Oxyanthus specious DC. -0.00003±0.000015 0.023 
 

-2.74±1.03 0.008 
 

0.28±0.95 0.769 

Sorindeia madagascariensis Baill. -0.00004±0.000013 0.001 
 

-0.92±0.30 0.002 
 

0.74±0.43 0.086 

Maesa lanceolata Forssk. 0.00001±0.000003 <0.001 
 

0.61±0.31 0.047 
 

0.79±0.29 0.007 

Lasianthus pendicularis Jack. -0.00004±0.000013 <0.001 
 

-1.89±0.48 <0.001 
 

-0.39±0.69 0.578 

Olea eoropea (Wall ex G. Don) Cif. 0.00001±0.000003 0.008 
 

1.22±0.31 <0.001 
 

0.003±0.44 0.995 

Garcinia buchananii Bak 0.00001±0.000003 <0.001 
 

2.14±0.37 <0.001 
 

1.16±0.36 0.001 

Podocarpus uluguruensis 0.00004±0.000003 0.244 
 

1.84±0.37 <0.001 
 

0.38±0.43 0.382 

Aphloia theiformis (Vahl) Benn 0.00011±0.000003 0.002 
 

0.43±0.41 0.301 
 

-0.29±0.61 0.634 

Psychotria goetzei (K.Schum.) E.M.A. -0.00001±0.000007 0.17 
 

0.35±0.38 0.362 
 

-2.08±1.06 0.049 

Cussonia spicata Thunb 0.00003±0.000006 <0.001 
 

1.53±0.53 0.004 
 

2.08±0.36 <0.001 

Tabernaemontana pachysiphon Stapf. -0.00001±0.000011 0.235 
 

-1.91±0.74 0.010 
 

-4.48±1.91 0.019 

Macaranga kilimandscharica Pax. 0.000018±0.00001 0.066 
 

-2.32±0.76 0.002 
 

-19.21±3.94 <0.001 

Dracaena mannii Baker. 0.00002±0.000006 0.003 
 

-0.002±0.69 0.998 
 

-1.02±1.12 0.363 

Cussonia sp -0.00004±0.000033 0.217 
 

0.264±0.46 0.570 
 

-1.562±1.19 0.190 

Cyanthea manniana Hook 0.00002±0.000011 0.840 
 

-1.815±0.76 0.017 
 

-10.395±3.07 0.001 
Olea sp -0.000003±0.00002 0.170   -1.667±0.75 0.027   -2.724±1.77 0.123 
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habitat fragmentation on species abundance and diversity. Results show that 
fragmentation is intensive on the outskirts of the Uluguru forest (see Figure 3). The 
results are discussed in the context of how fragmentation affects species abundance and 
diversity and related conservation implications. 
 

 

Figure 5. Probability for high (A) and low (B) species diversity 

 

 

Fragmentation impacts on species abundance under dynamic soil health conditions 

Individual species responded differently to changes in patch area. Species abundance 
of some tree species declined with an increase in patch area, while others decreased. For 
instance, the abundance of Syzygium cordatum Hochst.ex C.Krauss, Allanblackia 

uluguruensis Engl, and Maesa lanceolata Forssk increased in disturbed areas compared 
to intact areas. These species prefer abundant light associated with forest fragmentation  
(Cunningham, 2001). Other species such as Mytenus undata Thunb, Zenkerella 

capparidacea (Taub.) J.Leon, and Oxyanthus specious DC were more abundant in intact 
habitats than fragmented areas. This suggested that such species are prone to forest 
disturbance and therefore need to be prioritized for conservation.  

More tree species were scattered with a low similarity along study plots with 
frequent occurrence of tree stumps where field assessments were conducted. A negative 
correlation was established on the abundance of species like Oxyanthus specious which 
decreased with an increase in patch area while Mytenus undata Thunb, Zenkerella 
capparidacea (Taub.) J.Leon and Oxyanthus specious DC significantly decreased. A 
decrease in patch area provides an indication that a habitat undergoing fragmentation 
(McGarigal and Cushman, 2002; Wu et al., 2002; McGarigal, 2006). It opens up other 
avenues for increasing edge effects caused by human settlements and tree logging 
which in turn interferes with the habitat configuration of species through increased 
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exposure to soil erosion and drying up of soil moisture and erosion of nutrients (Gould, 
2000; Burgess et al., 2007b). The findings are consistent with the study by Echeverría et 
al., (2007) which established fragmentation effects on vegetation species in southern 
Chile. Fragmentation also escalates the degree of patchiness of a habitat which has an 
effect on an ecosystem’s configuration and biophysical processes  (Lovett et al., 2006; 
Maeda et al., 2010). 

Furthermore, species abundance varied significantly, which could be attributed to 
changes in soil in both intact and fragmented areas. The threat posed to soil is an aspect 
that suggests progressive fragmentation could intensify the susceptibility of important 
ecosystem soil elements to attrition. The level of soil nitrogen in fragmented areas was 
less compared to that in less fragmented areas. Typically, a fragmenting habitat is 
characterized by low nitrogen content (Billings and Gaydess, 2008). Changing land use 
play a role as they influence soil health properties (Davidson et al., 2004; Amazonas et 
al., 2011). Frequent disturbances opens up intact habitats to soil erosion, loss of organic 
matter and other necessary elements useful for vegetation growth (Guggenberger et al., 
1994; Foley et al., 2005). 

 
Impacts of fragmentation on species diversity 

Applying remote sensing variables such as the fragmentation index map, DEM and 
edaphic factors were useful in species diversity prediction. In this study, species 
diversity was better predicted using customized variables with an AUC of 0.86 when 
the model was tested using partial ROC value of 1.27. High species diversity was 
associated with less fragmented land use type, high terrain and good soil conditions not 
exposed to harsh environmental conditions and heat. This was reflected in jackknife 
analysis that showed variables with the highest effect on the model. The soil variables 
and DEM influenced the model by 72%. The GARP model result produced an AUC of 
0.89. GARP model has the advantage of predicting entire species diversity distribution 
as opposed to Maxent which only predicts the distribution of input occurrence data 
(Townsend Peterson et al., 2007). It has also been successfully used in other studies 
targeting regional or local scale predictions (Woodward and Beerling, 1997). 

High species diversity was evident in intact non-fragmented areas. Areas 
characterized by zero values were not well placed to support high species diversity due 
to the wide extent of fragmentation. Low species diversity was prevalent in fragmented 
areas associated with low values of nitrogen, carbon, potassium and phosphorus in the 
Uluguru North. This is attributed to increased anthropogenic activities in the area 
(Shirima et al., 2011). This further confirms a similar study finding which associated 
high species diversity with intact areas attributed to less human disturbances (Rashid et 
al., 2013). Other related studies established less species in sites exposed to predation 
(Olson et al., 2014).   

Based on the GARP algorithm, generally, Uluguru forest block has a high potential 
for high species diversity. It is possible to restore the entire region into a high species 
diversity site despite the increasing rate of external perturbations from anthropogenic 
activities. Ecologists support the argument that disturbed ecosystems with a high 
diversity response have a better chance of restoration after disturbance, as opposed to 
ecosystems with low diversity (Folke et al., 2004). If the habitat is conserved, most 
likely endemic and vulnerable species will be protected from more exposure to harsh 
environmental conditions (Armenteras et al., 2003; Burgess et al., 2007b; Buermann et 
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al., 2008; Burgess et al., 2013) and other ecological risks (Folke et al., 2004). This could 
significantly contribute to low endemism and extinction rates (Şekercioğlu et al., 2004).  

 
Conservation Implications 

Anthropogenic activity affects species occurrences and survival rates (Tilman and 
Lehman, 2001; Pineda and Halffter, 2004; MacDougall et al., 2013). The site portrays a 
strong probability of high species diversity with a great ecological resilience capacity. 
Conservation organizations and decision makers need to encourage good conservation 
practices that will counteract loss of vegetation in the area. One of the challenges facing 
management of fragile ecosystems is development of socio-ecological resilience that 
can in principle contain dynamic landscapes (Daily, 2000; Fischer et al., 2004; Folke et 
al., 2004; Foley et al., 2005). The need for example, to support development of 
appropriate scenarios with the capacity to support sustainable livelihoods while 
conserving the habitat need to be strengthened. The other factor which may account for 
species losses is poor institutional frameworks. A previous finding indicated that 
institutions, which are lacking in Uluguru region, play a critical role in fostering 
community response to sustainable use of natural resources. Based on field 
observations, most communities are not motivated into sustainable forest conservation 
activities. Therefore, pursuing sustainable forest management while integrating local 
institutional frameworks can be a sound and a better step in strengthening governance 
frameworks in biodiversity conservation (Lopa et al., 2012).  

Based on findings of this study, habitat fragmentation can be considered to be a 
major threat to conservation in the region. Findings showed that in areas of high terrain, 
the intensity of fragmentation was relatively high. This could be associated with rich 
biodiversity resources in high terrain areas in the Ulugurus (Swetnam et al., 2011). 
Though the abundance of species varied with changes in habitat status, it emerged that 
most dominant species were affected. It will be appropriate if decision makers and 
conservation biologists could support conservation efforts in the region as it still 
remains susceptible to increased endemism and extinction. This is due to the increasing 
population leading to clearing of the Uluguru slopes in search of greener pastures 
(Burgess et al., 2007b). Furthermore, expansion of the urban set-ups at Morogoro town 
and surrounding smaller towns facilitate easy accessibility to markets in Morogoro 
region which drive forest loss in Uluguru.  

Generally, the Eastern Arc mountains have a very conducive and reliable climate 
(Mumbi et al., 2008). This is useful in establishment of agricultural systems and 
therefore attractive to subsistence farmers in Tanzania (Burgess et al., 2007a). 
Intensification of agricultural systems and settlements presents a key threat to species 
abundance and survival in the Ulugurus (Burgess et al., 2007b). Although population 
density is projected to intensify in the coming decades, the worst case scenario is 
expected (Fjeldså, 1999; Hall et al., 2009; Swetnam et al., 2011). Most likely species 
existence might become irreplaceable in the long-term if the trend persists (Rondinini et 
al., 2006).  

Conclusions 

The present study has yielded valuable insights regarding the ecological importance 
of forest fragmentation on the abundance and diversity of fundamental species in 
Tanzania. Overall, fragmentation presents a great challenge to species abundance and 
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diversity in the Uluguru forest block. We make important observations from the study: 
1) Fragmentation is having an impact on species abundance under changing soil 
conditions, and 2) The use of Genetic Algorithm for Rule-Set Prediction (GARP model) 
and remote sensing variables are useful in discerning impacts of fragmentation on 
species diversity in the Uluguru forest block. Our study results suggest the need to 
accord priority to habitat restoration and conservation efforts in the long term plans for 
the fragmenting habitat.  

Acknowledgements. RapidEye satellite imagery was provided by DLR-German Aerospace Centre. 
Financial support was provided by UNESCO L’Oreal Foundation for Women in Scientific Research and 
the IDRC Graduate Research Grant, Ontario, Canada. H. Seki and G. Bulenga from Sokoine University 
of Agriculture, forestry department and the staff of Wami/Ruvu Basin office in Tanzania supported 
fieldwork implementation. The contribution by G. Mosomtai is appreciated. Sincere appreciation is 
extended to government forestry departments and leaders in Morogoro region for their support and co-
operation at all stages of fieldwork.  

REFERENCES 

[1] Achard, F., Eva, H.D., Stibig, H.-J., Mayaux, P., Gallego, J., Richards, T., Malingreau, J.-
P. (2002): Determination of Deforestation Rates of the World's Humid Tropical Forests.‒ 
Science 297:999-1002. 

[2] Adams, M., Cooper, J., Collar, N. (2003): Extinct and endangered (EandE') birds: a 
proposed list for collection catalogues. ‒ Bulletin-British Ornithologists Club 123:338-
354. 

[3] Amazonas, N.T., Martinelli, L.A., Piccolo, M.d.C., Rodrigues, R.R. (2011): Nitrogen 
dynamics during ecosystem development in tropical forest restoration. ‒ Forest Ecology 
and Management 262:1551-1557. 

[4] Araújo, M.B., Luoto, M. (2007): The importance of biotic interactions for modelling 
species distributions under climate change. ‒ Global Ecology and Biogeography 16:743-
753. 

[5] Armenteras, D., Gast, F., Villareal, H.(2003): Andean forest fragmentation and the 
representativeness of protected natural areas in the eastern Andes, Colombia. ‒ Biological 
Conservation 113:245-256. 

[6] Benítez‐Malvido, J., Martínez‐Ramos, M.(2003): Impact of forest fragmentation on 
understory plant species richness in Amazonia. ‒ Conservation Biology 17:389-400. 

[7] Billings, S.A., Gaydess, E.A. (2008): Soil nitrogen and carbon dynamics in a fragmented 
landscape experiencing forest succession. ‒Landscape Ecol 23:581-593. 

[8] Bjorndalen, J.E. (1992): Tanzania’s vanishing rain forests—assessment of nature 
conservation values, biodiversity and. ‒ Biotic Diversity in Agroecosystems, 313. 

[9] Bogich, T.L., Barker, G.M., Mahlfeld, K., Climo, F., Green, R., Balmford, A. (2012): 
Fragmentation, grazing and the species–area relationship. ‒Ecography 35:224-231. 

[10] Bruzzone, L., Prieto, D.F. (2001): Unsupervised retraining of a maximum likelihood 
classifier for the analysis of multitemporal remote sensing images. Geoscience and 
Remote Sensing, IEEE Transactions on 39:456-460. 

[11] Buermann, W., Saatchi, S., Smith, T.B., Zutta, B.R., Chaves, J.A., Milá, B., Graham, 
C.H. (2008): Predicting species distributions across the Amazonian and Andean regions 
using remote sensing data. ‒ Journal of Biogeography 35:1160-1176. 

[12] Burgess, N., Doggart, N., Lovett, J.C. (2002): The Uluguru Mountains of eastern 
Tanzania: the effect of forest loss on biodiversity. ‒ Oryx 36:140-152. 



Ojoyi et al.:The effect of forest fragmentation on tree species abundance and diversity  
- 321 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(2): 307-324. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: 10.15666/aeer/1302_307324 

 2015, ALÖKI Kft., Budapest, Hungary 

[13] Burgess, N., Romdal, T.S., Rahner, M. (2001): Forest loss on the Ulugurus, Tanzania and 
the status of the Uluguru Bush Shrike Malconotus alius. ‒ Bulletin of the African Bird 
Club 8:89-90. 

[14] Burgess, N.D., Balmford, A., Cordeiro, N.J., Fjeldså, J., Küper, W., Rahbek, C., 
Sanderson, E.W., Scharlemann, J.P.W., Sommer, J.H., Williams, P.H. (2007a): 
Correlations among species distributions, human density and human infrastructure across 
the high biodiversity tropical mountains of Africa. ‒ Biological Conservation 134:164-
177. 

[15] Burgess, N.D., Butynski, T.M., Cordeiro, N.J., Doggart, N.H., Fjeldså, J., Howell, K.M., 
Kilahama, F.B., Loader, S.P., Lovett, J.C., Mbilinyi, B., Menegon, M., Moyer, D.C., 
Nashanda, E., Perkin, A., Rovero, F., Stanley, W.T., Stuart, S.N. (2007b): The biological 
importance of the Eastern Arc Mountains of Tanzania and Kenya. ‒ Biological 
Conservation 134:209-231. 

[16] Burgess, N.D., Fjeldså, J., Botterweg, R. (1998): Faunal Importance of the Eastern Arc 
Mountains of Kenya and Tanzania. ‒ Journal of East African Natural History 87:37-58. 

[17] Burgess, N.D., Mwakalila, S., Munishi, P., Pfeifer, M., Willcock, S., Shirima, D., 
Hamidu, S., Bulenga, G.B., Rubens, J., Machano, H., Marchant, R. (2013): REDD 
herrings or REDD menace: Response to Beymer-Farris and Bassett. ‒ Global 
Environmental Change 23:1349-1354. 

[18] Carlson, K., Asner, G., Hughes, R.F., Ostertag, R., Martin, R. (2007): Hyperspectral 
Remote Sensing of Canopy Biodiversity in Hawaiian Lowland Rainforests. ‒ Ecosystems 
10:536-549. 

[19] Chao, A., Shen, T.-J. (2003): Nonparametric estimation of Shannon’s index of diversity 
when there are unseen species in sample. ‒ Environmental and Ecological Statistics 10: 
429-443. 

[20] Conese, C., Maselli, F. (1992): Use of error matrices to improve area estimates with 
maximum likelihood classification procedures. ‒ Remote sensing of Environment 40: 
113-124. 

[21] Cunningham, A. (2001): Applied Ethnobotany:" People, Wild Plant Use and 
Conservation". Earthscan. 

[22] Daily, G.C. (2000): Management objectives for the protection of ecosystem services. ‒ 
Environmental Science and Policy 3:333-339. 

[23] Davidson, E.A., Reis de Carvalho, C.J., Vieira, I.C., Figueiredo, R.d.O., Moutinho, P., 
Yoko Ishida, F., Primo dos Santos, M.T., Benito Guerrero, J., Kalif, K., Tuma Sabá, R. 
(2004): Nitrogen and phosphorus limitation of biomass growth in a tropical secondary 
forest. ‒ Ecological Applications 14:150-163. 

[24] Debinski, D.M., Kindscher, K., Jakubauskas, M.E. (1999): A remote sensing and GIS-
based model of habitats and biodiversity in the Greater Yellowstone Ecosystem. ‒ 
International Journal of Remote Sensing 20:3281-3291. 

[25] DeFries, R.S., Houghton, R.A., Hansen, M.C., Field, C.B., Skole, D., Townshend, J. 
(2002): Carbon emissions from tropical deforestation and regrowth based on satellite 
observations for the 1980s and 1990s. ‒ Proceedings of the National Academy of 
Sciences 99:14256-14261. 

[26] Didham, R.K. (2001): Ecological Consequences of Habitat Fragmentation. eLS. John 
Wiley and Sons, Ltd. 

[27] Echeverría, C., Newton, A.C., Lara, A., Benayas, J.M.R., Coomes, D.A. (2007): Impacts 
of forest fragmentation on species composition and forest structure in the temperate 
landscape of southern Chile. ‒ Global Ecology and Biogeography 16:426-439. 

[28] Erik Bjørndalen, J. (1992): Tanzania's vanishing rain forests—assessment of nature 
conservation values, biodiversity and importance for water catchment. ‒ Agriculture, 
Ecosystems and Environment 40:313-334. 

[29] Fageria, N.K. (2010): The use of nutrients in crop plants. ‒ CRC Press. 



Ojoyi et al.:The effect of forest fragmentation on tree species abundance and diversity  
- 322 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(2): 307-324. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: 10.15666/aeer/1302_307324 

 2015, ALÖKI Kft., Budapest, Hungary 

[30] Fahrig, L., (2003): Effects of habitat fragmentation on biodiversity. ‒ Annual review of 
ecology, evolution, and systematics 34:487-515. 

[31] Fischer, J., B. Lindenmayer, D. (2006): Beyond fragmentation: the continuum model for 
fauna research and conservation in human-modified landscapes. ‒ Oikos 112:473-480. 

[32] Fischer, J., Lindenmayer, D.B., Fazey, I. (2004): Appreciating Ecological Complexity: 
Habitat Contours as a Conceptual Landscape Model Valorando la Complejidad 
Ecológica: Contornos de Hábitat como un Modelo Conceptual del Paisaje. ‒ 
Conservation Biology 18:1245-1253. 

[33] Fjeldså, J. (1999): The impact of human forest disturbance on the endemic avifauna of the 
Udzungwa Mountains, Tanzania. ‒ Bird Conservation International 9:47-62. 

[34] Foley, J.A., DeFries, R., Asner, G.P., Barford, C., Bonan, G., Carpenter, S.R., Chapin, 
F.S., Coe, M.T., Daily, G.C., Gibbs, H.K., Helkowski, J.H., Holloway, T., Howard, E.A., 
Kucharik, C.J., Monfreda, C., Patz, J.A., Prentice, I.C., Ramankutty, N., Snyder, P.K. 
(2005): Global Consequences of Land Use. ‒ Science 309:570-574. 

[35] Folke, C., Carpenter, S., Walker, B., Scheffer, M., Elmqvist, T., Gunderson, L., Holling, 
C.S. (2004): Regime shifts, resilience, and biodiversity in ecosystem management. ‒ 
Annual Review of Ecology, Evolution, and Systematics 35:557-581. 

[36] Foody, G.M., Campbell, N., Trodd, N., Wood, T. (1992): Derivation and applications of 
probabilistic measures of class membership from the maximum-likelihood classification. 
‒ Photogrammetric Engineering and Remote Sensing 58:1335-1341. 

[37] Fuchs, J., Fjeldså, J., Pasquet, E. (2005): The use of mitochondrial and nuclear sequence 
data in assessing the taxonomic status of the endangered Uluguru Bush Shrike 
Malaconotus alius. ‒ Ibis 147:717-724. 

[38] Gould, W. (2000): Remote sensing of vegetation, plant species richness, and regional 
biodiversity hotspots. ‒ Ecological Applications 10:1861-1870. 

[39] Griffiths, G.H., Lee, J. (2000): Landscape pattern and species richness; regional scale 
analysis from remote sensing. ‒ International Journal of Remote Sensing 21:2685-2704. 

[40] Guggenberger, G., Christensen, B.T., Zech, W. (1994): Land-use effects on the 
composition of organic matter in particle-size separates of soil: I. Lignin and 
carbohydrate signature. ‒ European Journal of Soil Science 45:449-458. 

[41] Hall, J., Burgess, N.D., Lovett, J., Mbilinyi, B., Gereau, R.E. (2009): Conservation 
implications of deforestation across an elevational gradient in the Eastern Arc Mountains, 
Tanzania. ‒ Biological Conservation 142:2510-2521. 

[42] Helm, A., Hanski, I., Pärtel, M. (2006): Slow response of plant species richness to habitat 
loss and fragmentation. ‒ Ecology Letters 9:72-77. 

[43] Hobbs, N.T., Galvin, K.A., Stokes, C.J., Lackett, J.M., Ash, A.J., Boone, R.B., Reid, 
R.S., Thornton, P.K. (2008): Fragmentation of rangelands: Implications for humans, 
animals, and landscapes. ‒ Global Environmental Change 18:776-785. 

[44] Kerr, J.T., Southwood, T.R.E., Cihlar, J. (2001): Remotely sensed habitat diversity 
predicts butterfly species richness and community similarity in Canada. ‒ Proceedings of 
the National Academy of Sciences 98:11365-11370. 

[45] Laurance, W. (2007): Ecosystem decay of Amazonian forest fragments: implications for 
conservation. ‒ In: Tscharntke, T., Leuschner, C., Zeller, M., Guhardja, E., Bidin, A. 
(Eds.) Stability of Tropical Rainforest Margins., Springer Berlin Heidelberg, pp. 9-35. 

[46] Lopa, D., Mwanyoka, I., Jambiya, G., Massoud, T., Harrison, P., Ellis-Jones, M., 
Blomley, T., Leimona, B., van Noordwijk, M., Burgess, N.D. (2012): Towards 
operational payments for water ecosystem services in Tanzania: a case study from the 
Uluguru Mountains. ‒ Oryx 46:34-44. 

[47] Lovett, J.C., Marshall, A.R., Carr, J. (2006): Changes in tropical forest vegetation along 
an altitudinal gradient in the Udzungwa Mountains National Park, Tanzania. ‒ African 
Journal of Ecology 44:478-490. 



Ojoyi et al.:The effect of forest fragmentation on tree species abundance and diversity  
- 323 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(2): 307-324. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: 10.15666/aeer/1302_307324 

 2015, ALÖKI Kft., Budapest, Hungary 

[48] MacDougall, A.S., McCann, K.S., Gellner, G., Turkington, R.(2013): Diversity loss with 
persistent human disturbance increases vulnerability to ecosystem collapse. ‒ Nature 494: 
86-89. 

[49] Maeda, E.E., Pellikka, P.K., Siljander, M., Clark, B.J.(2010): Potential impacts of 
agricultural expansion and climate change on soil erosion in the Eastern Arc Mountains 
of Kenya. ‒ Geomorphology 123:279-289. 

[50] Martínez‐Meyer, E., Townsend Peterson, A., Hargrove, W.W. (2004): Ecological niches 
as stable distributional constraints on mammal species, with implications for Pleistocene 
extinctions and climate change projections for biodiversity. ‒ Global Ecology and 
Biogeography 13:305-314. 

[51] McGarigal, K. (2006): Landscape Pattern Metrics. Encyclopedia of Environmetrics.‒ 
John Wiley and Sons, Ltd. 

[52] McGarigal, K., Cushman, S.A., (2002): Comparative Evaluation of Experimental 
Approaches to the study of habitat fragmentation effects. ‒ Ecological Applications 12: 
335-345. 

[53] Millington, A.C., Velez-Liendo, X.M., Bradley, A.V. (2003): Scale dependence in 
multitemporal mapping of forest fragmentation in Bolivia: implications for explaining 
temporal trends in landscape ecology and applications to biodiversity conservation. ‒ 
ISPRS Journal of Photogrammetry and Remote Sensing 57:289-299. 

[54] Mumbi, C., Marchant, R., Hooghiemstra, H., Wooller, M. (2008): Late Quaternary 
vegetation reconstruction from the Eastern Arc Mountains, Tanzania. ‒ Quaternary 
Research 69:326-341. 

[55] Murcia, C. (1995): Edge effects in fragmented forests: implications for conservation. ‒ 
Trends in Ecology and Evolution 10:58-62. 

[56] Newmark, W.D. (1998): Forest Area, Fragmentation, and Loss in the Eastern Arc 
Mountains: Implications For the Conservation of Biological Diversity. ‒ Journal of East 
African Natural History 87:29-36. 

[57] Olson, D.M., Dinerstein, E. (1998): The Global 200: A Representation Approach to 
Conserving the Earth’s Most Biologically Valuable Ecoregions. ‒ Conservation Biology 
12:502-515. 

[58] Olson, L.E., Sauder, J.D., Albrecht, N.M., Vinkey, R.S., Cushman, S.A., Schwartz, M.K. 
(2014): Modeling the effects of dispersal and patch size on predicted fisher (Pekania 
[Martes] pennanti) distribution in the U.S. Rocky Mountains. ‒ Biological Conservation 
169:89-98. 

[59] Osborne, P.E., Alonso, J.C., Bryant, R.G. (2001): Modelling landscape-scale habitat use 
using GIS and remote sensing: a case study with great bustards. ‒ Journal of Applied 
Ecology 38:458-471. 

[60] Pearson, R.G., Dawson, T.P. (2003): Predicting the impacts of climate change on the 
distribution of species: are bioclimate envelope models useful?‒ Global ecology and 
biogeography 12:361-371. 

[61] Pineda, E., Halffter, G. (2004): Species diversity and habitat fragmentation: frogs in a 
tropical montane landscape in Mexico. ‒ Biological Conservation 117:499-508. 

[62] Rashid, I., Romshoo, S., Vijayalakshmi, T. (2013): Geospatial modelling approach for 
identifying disturbance regimes and biodiversity rich areas in North Western Himalayas, 
India. ‒ Biodivers Conserv, 1-30. 

[63] Rondinini, C., Chiozza, F., Boitani, L. (2006): High human density in the irreplaceable 
sites for African vertebrates conservation. ‒ Biological Conservation 133:358-363. 

[64] Saatchi, S., Buermann, W., ter Steege, H., Mori, S., Smith, T.B. (2008): Modeling 
distribution of Amazonian tree species and diversity using remote sensing measurements. 
‒ Remote Sensing of Environment 112:2000-2017. 

[65] Saikia, A., Hazarika, R., Sahariah, D. (2013): Land-use/land-cover change and 
fragmentation in the Nameri Tiger Reserve, India. Geografisk Tidsskrift-Danish Journal 
of Geography 113:1-10. 



Ojoyi et al.:The effect of forest fragmentation on tree species abundance and diversity  
- 324 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(2): 307-324. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: 10.15666/aeer/1302_307324 

 2015, ALÖKI Kft., Budapest, Hungary 

[66] Şekercioğlu, Ç.H., Daily, G.C., Ehrlich, P.R. (2004): Ecosystem consequences of bird 
declines. ‒ Proceedings of the National Academy of Sciences 101:18042-18047. 

[67] Seto, K.C., Liu, W. (2003): Comparing ARTMAP neural network with the maximum-
likelihood classifier for detecting urban change. ‒ Photogrammetric Engineering and 
Remote Sensing 69:981-990. 

[68] Shirima, D.D., Munishi, P.K.T., Lewis, S.L., Burgess, N.D., Marshall, A.R., Balmford, 
A., Swetnam, R.D., Zahabu, E.M. (2011): Carbon storage, structure and composition of 
miombo woodlands in Tanzania’s Eastern Arc Mountains. ‒ African Journal of Ecology 
49:332-342. 

[69] Solomon, D., Lehmann, J., Zech, W.(2000): Land use effects on soil organic matter 
properties of chromic luvisols in semi-arid northern Tanzania: carbon, nitrogen, lignin 
and carbohydrates. ‒ Agriculture, Ecosystems and Environment 78:203-213. 

[70] Stoms, D.M., Estes, J.E. (1993): A remote sensing research agenda for mapping and 
monitoring biodiversity. ‒ International Journal of Remote Sensing 14:1839-1860. 

[71] Strahler, A.H. (1980): The use of prior probabilities in maximum likelihood classification 
of remotely sensed data. ‒ Remote Sensing of Environment 10:135-163. 

[72] Swetnam, R.D., Fisher, B., Mbilinyi, B.P., Munishi, P.K.T., Willcock, S., Ricketts, T., 
Mwakalila, S., Balmford, A., Burgess, N.D., Marshall, A.R., Lewis, S.L. (2011): 
Mapping socio-economic scenarios of land cover change: A GIS method to enable 
ecosystem service modelling. ‒ Journal of Environmental Management 92:563-574. 

[73] Thuiller, W., Lavorel, S., Sykes, M.T., Araújo, M.B. (2006): Using niche‐based 
modelling to assess the impact of climate change on tree functional diversity in Europe. ‒ 
Diversity and Distributions 12:49-60. 

[74] Tilman, D., Lehman, C. (2001): Human-caused environmental change: Impacts on plant 
diversity and evolution. ‒ Proceedings of the National Academy of Sciences 98:5433-
5440. 

[75] TØTTRUP, A.P., Larsen, J.L., Burgess, N.D. (2004): A first estimate of the population 
size of Loveridge's Sunbird Nectarinia loveridgei, endemic to the Uluguru Mountains, 
Tanzania. ‒ Bird Conservation International 14:25-32. 

[76] Townsend Peterson, A., Papeş, M., Eaton, M. (2007): Transferability and model 
evaluation in ecological niche modeling: a comparison of GARP and Maxent. ‒ 
Ecography 30:550-560. 

[77] Wei, W., Mendel, J.M. (2000): Maximum-likelihood classification for digital amplitude-
phase modulations. Communications, IEEE Transactions on 48:189-193. 

[78] Woodward, F.I., Beerling, D.J. (1997): The dynamics of vegetation change: health 
warnings for equilibrium'dodo'models. ‒ Global Ecology and Biogeography Letters, 413-
418. 

[79] Wu, J., Shen, W., Sun, W., Tueller, P. (2002): Empirical patterns of the effects of 
changing scale on landscape metrics. ‒ Landscape Ecol 17:761-782. 

[80] Ylhäisi, J. (2004): Indigenous forests fragmentation and the signifi cance of ethnic forests 
for conservation in the North Pare, the Eastern Arc Mountains, Tanzania. Fennia-
International Journal of Geography 182:109-132. 

[81] Zotz, G., Bader, M.Y.(2009): Epiphytic Plants in a Changing World-Global: Change 
Effects on Vascular and Non-Vascular Epiphytes. In: Lüttge, U., Beyschlag, W., Büdel, 
B., Francis, D. (Eds.), Progress in Botany. Springer Berlin Heidelberg, pp. 147-170. 

 



Haulik et al.: Comparative ecotoxicity of the nano Ag, TiO2 and ZnO to aquatic species assemblages  
- 325 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(2): 325-338. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: 10.15666/aeer/1302_325338 

 2015, ALÖKI Kft., Budapest, Hungary 

COMPARATIVE ECOTOXICITY OF THE NANO Ag, TiO2 AND 

ZnO TO AQUATIC SPECIES ASSEMBLAGES  

HAULIK, B.1,4
 – BALLA, S.2 – PÁLFI, O.1 – SZEKERES, L.2 – JURÍKOVÁ, T.2 – SÁLY, P.1,3

 – 

BAKONYI, G.1* 

1Szent István University, Department of Zoology and Animal Ecology, Szent István University, 
Department of Zoology and Animal Ecology, 2100 Gödöllő, Páter K. u. 1. 

2
Constantine the Philosopher University in Nitra, Institute of Natural and Informatics Sciences 

3
Balaton Limnological Institute, Centre for Ecological Research, Hungarian Academy of 

Sciences 

4
Ministry of Rural Development, Biodiversity and Gene Conservation Unit, 1055 Budapest, 

Kossuth L. tér 11. 

*Corresponding author 

e-mail: bakonyi.gabor@mkk.szie.hu 

(Received 2nd Sept 2013; accepted 2nd Aug 2014) 

Abstract. Ecotoxicological testing of engineered nanoparticles (ENPs) began some years ago, but 
satisfactory knowledge of their environmental effects is still far from acceptable. In this study, the effects 
of three ENPs, i.e. nano silver (nAg), nano titanium-dioxide (nTiO2) and nano zinc-oxide (nZnO) on 
surface waters were examined using Species Sensitivity Distributions (SSD) models. Ecotoxicity data 
(acute EC50/LC50/IC50) from 44 scientific publications were evaluated. The nAg proved to be the most 
toxic among the three examined ENPs, followed by nZnO and nTiO2 with HC5 values of 0.00015, 0.275, 
and 3.246 (mg/L), respectively. Risk Quotient (RQ) values of nAg, nTiO2 and nZnO showed irrelevant 
risk (RQ<0.001) for surface waters in Europe and the USA. However, the risk is expected to increase in 
the future. No clear relationship was found between toxicity and taxonomical position of the tested 
species. Some cladoceran species seem to be more sensitive to nAg and nTiO2 than other tested 
organisms, such as microorganism, plant and animal species. Investigation of the published test results of 
nAg for Daphnia magna, showed that the filtration of the stock solution before testing has statistically 
significant effect on the toxicity. Our results clearly show that current methods used for ecotoxicological 
testing of the nano Ag, TiO2 and ZnO are not yet suitable for standardisation.  
Keywords: nano silver, nano titanium-dioxide, nano zinc-oxide, aquatic animal, species sensitivity 

distribution 

Introduction 

The number of nano-scale applications and the amount of nano-products are rapidly 
growing. Maynard (2006) estimated the production of the engineered nanomaterials to 
be as much as 58,000 tons in 2011-2020. The market of the nanoproducts is expected to 
grow to 1 trillion US$ by 2015 (Aitken et al., 2006). As a consequence, investigation of 
the effects of nanomaterial exposure on aquatic ecosystem is of great importance, since 
it ultimately receives run-off and wastewater from domestic, industrial and agricultural 
sources in particular (Battin et al., 2009; Moore, 2006). In spite of the fact that there is 
an urgent need for standard guide-lines to test ENPs, including nano metals and metal-
oxides, there is not any guide-line available yet (Hansen and Baun, 2012). 

Common stressors of aquatic ecosystems are in the focus of several scientific 
programs as e.g. EULAKES (Kováts, 2012). In the last years, the biotic effects of 
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several ENPs have been examined and their ecotoxicology testing has begun, but we are 
still far from satisfactory knowledge of their environmental effects (Nowack and 
Bucheli, 2007; Peralta-Videa et al., 2011). In aquatic ecotoxicology, most attention was 
devoted to fullerenes, nano silver (nAg), nano titanium-dioxide (nTiO2) and nano zinc-
oxide (nZnO) (Baun et al., 2009). However, our understanding on behaviour and 
toxicity of these nano particles in aquatic environment is still sparse (Krysanov et al., 
2010). Numerous ecotoxicological studies were carried out in aquatic environment with 
nAg and nTiO2. Fabrega et al. (2011) reviewed effects of silver nanoparticles on algae, 
invertebrate and fish species. It was pointed out that already as low concentration as 
some ng/L of nAg can be harmful to various aquatic species. Results of 
ecotoxicological studies on nTiO2 in aquatic environment were also formerly published. 
A review of the published papers shows that the results are not conclusive because of 
the remarkable differences in the products tested, the experimental setups and the lack 
of standardized bioassays (Clemente et al., 2012). There are certain studies reporting the 
toxicity of nZnO on algae (Aruoja et al., 2009), crustaceans (Heinlaan et al., 2008), and 
zebrafish embryo number, larvae survival, hatching rate and malformation (Zhu et al., 
2008).  

In spite of the fact that several studies proved harmful effects of nano metals and 
metal-oxides, little is known about their comparative toxicity at assemblage level. That 
is why effects of nAg, nTiO2 and nZnO on surface aquatic ecosystems were examined 
in this study using Species Sensitivity Distribution (SSD) models (Posthuma et al., 
2002). SSDs are increasingly used in ecological risk assessment (den Besten et al., 
2003). The aim of this analysis was to estimate the nAg, nTiO2 and nZnO concentration 
protective for 95% of the aquatic species (HC5 values) in order to give reliable estimate 
for Predicted No-Effect Concentration (PNEC). Besides, some methodological 
problems related to the applied testing methods and species used in ecotoxicological 
tests with nano metals and metal-oxides are also discussed.  

Methods 

Ecotoxicity data (acute EC50/LC50/IC50) were collected from 44 scientific 
publications (Table 1). Papers were carefully selected and only peer reviewed papers 
were regarded. Collection of the data was closed on 31.01.2013. 

Species of the living organisms respond differently to various chemicals. Description 
of this variation with any statistical distribution model results the SSD curve. The 
sensitivities of a set of species (ideally from an actual community) are usually described 
by parametric distribution function (such as log-normal, logistic or log-logistic). The 
species set can be composed from specific taxa, selected species assemblage or a natural 
community. The true distribution of toxicity endpoints is unknown, so the SSD is 
estimated from sample toxicity data and shown as a cumulative distribution function. 
SSDs are used to calculate concentrations expected to be safe for 95% of the species 
(PC95, HC5) which can be used in environmental risk assessments. Although HC5 can 
underestimate field data (Smetanová et al. 2014) it is suitable for the comparative 
analysis used in this study. General description of the SSD methodology is described in 
detail in Posthuma et al. (2002). 

The amount of data used is highly important for the derivation and conclusions based 
on them. Wheeler et al. (2002) suggested that a minimum of 10 species is required for 
SSDs used for aquatic risk assessments. Following this suggestions, we calculated HC5 
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from data of 10 or more different species. EFSA recommends (EFSA 2009) the using of 
ECx instead of NOEC or LOEC data in relation to all environmental areas. In this study 
we used EC50/LC50/IC50 toxicity data. 

The effect of data quality was highlighted by Wheeler et al. (2002). Following their 
data classification methods, criteria were applied as follows: 

 data published in peer reviewed scientific papers were used. 

 standard methods were applied 

 suitable control was included 

 concentrations were measured or no loss would be expected 

 if more EC50/LC50/IC50 values were found for a species the geometric 
average of the data was applied 

SSD analyses were made with the ETX 2.0 software (van Vlaardingen et al. 2004). 
Risk quotient (RQ) was calculated according to the equation: 
 
 RQ = PEC / PNEC  (Eq.1) 
 
 
where PNEC is the Predicted No Observable Effect concentration and PEC is the 

Predicted Environmental Concentration.  
PNEC data are given according to the results of the present SSD analyses. PEC data 

are compiled from Gottschalk et al. (2009). 
The cladoceran, D. magna is frequently used in nanoecotoxicological tests. That is 

why relatively numerous results were found where nAg effect was tested with this 
species. Results of 39 experiments from 7 studies (Allen et al., 2010, Li et al., 2010, 
Kim et al., 2011, Zhao and Wang, 2012, Blinova et al., 2012, Jo et al., 2012, Poyton et 
al., 2012) conducted with D. magna and nAg were compiled and further analysed.  

As a first step, the methodology (endpoint, duration of the test, filtration, sonication 
and water type) was specified in the case of all 39 experiments with binary numbers as 
follows (Table 1.). Thereafter, a table was constructed, where toxicity data were 
registered in decreasing order in the first column and 0 or 1 numbers in the next five 
ones according to the Table 1 (e.g. 0, 0, 0, 0, 0 respectively, if LC50 was the endpoint in 
a 24 hour long test, without filtration and sonication in natural water). This table was 
analysed with Non-Metric Multidimensional Scaling (NMDS) (SynTax2000 statistical 
program package, Podani, 2000). 

 
Table 1. Standardisation of the methodological procedures for NMDS calculations. Any step 

of the method applied was designated by the number either 0 or 1.  

Endpoint Duration of the 
test 

Filtration Sonication Water 

LC50: 0 24 hours: 0 No: 0 No: 0 Natural: 0 

EC50: 1 48 hours: 1 Yes: 1 Yes: 1 Artificial: 1  

 

Wilcoxon-Mann-Whitney tests were performed with Free Statistics Software 
(v1.1.23-r7) (Holliday, 2012) in order to see significant effects of filtration, sonication 
or water quality on toxicity.  
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Results and discussion 

The nAg proved to be the most toxic among the three examined nano-metals and 
metal-oxides, followed by nZnO and nTiO2 (Table 2.). HC5 values based on the 
minimum concentration values indicate the worst-case situation (0.004 mg/L, 0.82 
mg/L, 0.084 mg/L for nAg, nTiO2 and nZnO, respectively). Toxicity calculated with the 
geometric means of the concentrations is lower (0.013 mg/L, 2.78 mg/L, 0.158 mg/L for 
nAg, nTiO2 and nZnO, respectively). Differences between results of the two 
calculations are by factors of 3.25, 3.4 and 1.9 for nAg, nTiO2 and nZnO, respectively. 
Gottschalk et al. (2013) calculated as low values as 0.00001, 0.062 and 0.001 mg/L for 
nAg, nTiO2 and nZnO, respectively. This great difference comparing to our results may 
be a consequence of the model and/or reference data used by Gottschalk et al. (2013). 
The relative toxicity of the three nano metals examined here is similar to that of found 
by Kahru and Dubourgier (2010), and Gottschalk et al. (2013) or for toxicity of nTiO2 
and nZnO on zebrafish (Danio rerio) (Zhu et al., 2008). 

 
Table 2. Estimation of the HC5 values with SSD curves for nano-Ag, nano- TiO2 and nano-

ZnO. Calculations were made based on minimum and geometric average concentration 

values. Median (lower; upper) estimate of the HC5 are presented.   

  Ag (mg/L) TiO2  (mg/L) ZnO (mg/L) 

Minimum values 0.004 (0.0002; 0.022) 0.82 (0.11; 2.7) 0.084 (0.014; 0.228) 

Geometric averages 0.013 (0.001; 0.058) 2.78 (0.56; 7.1) 0.158 (0.028; 0.419) 

 
 

 
 
Shapes of the SSD curves show clear differences in toxicity distribution of the three 

nano metals (Figure 1.). The slope of the nAg curve is smooth comparing to nTiO2. The 
steepest SSD curve was found in the case of nZnO showing relatively small variation in 
toxicity according to the species examined.   

 

 

Figure 1. SSD curves calculated with the geometric means of the EC50/LC50/IC concentrations 

for the different species 
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The calculated RQ values show irrelevant risk (RQ < 0.001) for both European and 
US surface waters, respectively (Table 3.). The calculated irrelevant risk does not mean 
that the rapidly growing nano heavy metal exposure will not cause environmental 
problems in the future. PEC data applied for the calculation originated from the year 
2009. However, currently the nano metal and metal-oxide emission is increasing, and 
this growth will intensify in the next decades (Aitken et al., 2006.). Furthermore, PEC 
values show high spatio-temporal variation (Gottschalk et al., 2011). Consequently, 
present RQ estimations must be handled with caution. 

 
Table 3. Calculated RQ values for Europe and the USA. PNEC data are given according to 

the results of the present SSD analyses. PEC data are compiled from Gottschalk et al. 

(2009). 

RQ (Europe) RQ (USA) 

0.000005 0.0000007 

0.00006 0.000006 

0.00006 0.000009 

 
 
If species’ sensitivity according to their taxonomic position is in focus, no clear 

pattern can be seen (Table 4.). As a tendency, Cladoceran species as Daphnia magna, 
D. pulex and Ceriodaphnia spp. seem to be more sensitive to nAg and nTiO2 than to 
nZnO. There are only three species (Pseudokirchneriella subcapitata, Daphnia magna, 

Danio rerio), which were tested for all three nanometals and metal-oxides. The alga P. 

subcapitata was most sensitive to nZnO but not to nTiO2. nAg and nTiO2 exerted high 
toxicity to the cladoceran D. magna but nZnO did not. Both two previous findings are 
supported by Bondarenko et al. (2013). The zebrafish (D. rerio) is not particularly 
susceptible to any nano metal investigated in this study. No other pattern was observed. 
Currently, it is not clear if there is really no pattern or the number of available data is 
modest.  

Presently, no official guide-line is available for nano metal or metal-oxide testing. 
Methods are still under development. Current protocols need to be modified (Handy et 
al., 2012), at the same time the development / introduction of new methods is necessary. 
At present, very different methodologies are used in the laboratories. That is why 
interlaboratory ecotoxicity data for nano metals are comparable with difficulty. In order 
to study methodological effects on test results, data presented in four papers were 
analysed. In these cases all other methods were the same except filtration (Jo et al., 
2012), sonication (Allen et al., 2010) or water media (artificial or natural) (Blinova et 
al., 2012). Results show (Table 5.) that neither sonication nor water quality (in the case 
of D. magna as well as T. platyurus) has any significant effect on the results. However, 
filtration of the test solution has statistically significant effect on the toxicity. Filtered 
nAg solution is about two orders of magnitude as toxic as unfiltered one (filtered: 
0.01±0.003 mg/L; unfiltered 1.3±0.5 mg/L, average±SD). This is a consequence of the 
aggregation of ENPs (Buffle et al., 1998). 
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Table 4. Geometric averages of the EC50/LC50/IC50 values for nano-Ag, nano- TiO2 and 

nano-ZnO of the species involved in the study. Species are ranked according their 

EC50/LC50/IC50 value. Increasing order.   

 
 
 
Table 5. Effects of different preparation methods for nano-Ag toxicity. Filtration: tested 

solution was filtrated or not, Sonication: tested solution was sonicated or not, Water: 

standard medium or filtered natural water was applied. p: significance level of the two tailed 

Wilcoxon-Mann-Whitney test. Data for calculation were applied from papers indicated in 

last column. 

Effect Species p Author 

Filtration Daphnia magna 0.01 Jo et al. 2012 

Sonication Daphnia magna 0.31 Allen et al. 2010 

Water Daphnia magna 0.91 Blinova et al. 2012 

Water Thamnocephalus platyurus 0.57 Blinova et al. 2012 
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According to the results of the NMDS analysis (Figure 2), two clear groups could be 
separated. The difference between the groups originated from the duration of the tests 
(24 or 48 hours) as commonly practiced. This is a well-known phenomenon (Persoone 
at al., 2009). No other apparent relationship between toxicity and the applied 
methodology was detected. This result shows clear evidence to current methods being 
not suitable for standardisation.  
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Figure 2. Result of the NMDS analysis. Bold: EC – effective concentration, LC – lethal 

concentration, 24- test duration was 24 hours, 48 - test duration was 24 hours, s – 

sonicated, us – unsonicated, f – filtrated, uf – unfiltrated, n – natural water, a – 

artificial water.  Normal letter: rank order of the toxicity data. Number 1 is the highest, 

39 the lowest toxicity data. 

Conclusions 

The relative toxicity of nAg, nZnO and nTiO2 analysed with SSD models showed 
decreasing effect, respectively. This finding confirms previous results. An estimation of 
the RQ does not indicate any danger of the nano metals for aquatic communities at the 
moment, but an increase of the RQ is expected in the future with the increasing 
quantities of exposure. Filtration of the test solution before applying to the test vessels 
seems to be an important factor in ecotoxicological experiments with nano metals and 
metalloids. However, currently no guide-lines are available for the assessment of toxic 
effects caused by these materials. There is an urgent need for widely applicable standard 
test methods in aquatic nanoecotoxicology. 
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Abstract. Nitrous oxide (N2O) emissions from Shimajiri-maji (calcaric dark red soil) from Okinawa, 
Japan, were measured in the laboratory by a closed-chamber incubation method after applying two 
different chemical fertilizers (normal fertilizer, NF; controlled-release fertilizer, CF). The total nitrogen 
content was 45% in both NF and CF. At higher temperatures (30°C) CF had better potential to reduce 
N2O emissions than at lower temperatures (20°C), with total N2O emissions, from highest to lowest, 
following the pattern of NF at 30°C > CF at 30°C > CF at 20°C > NF at 20°C. Under alternately saturated 
and drained conditions, the highest peaks of N2O fluxes tended to occur soon after drainage with both CF 
and NF, and nitrification was the primary source of N2O emissions. Conversely, only slight N2O 
emissions were detected during prolonged saturated conditions, and it was assumed that denitrification 
was the secondary source of N2O. This suggests that replacing types of nitrogen fertilizers (replacing NF 
with CF) does not necessarily result in a direct reduction in N2O emissions as some earlier studies have 
reported. It is therefore important to continuously monitor temperature and soil moisture content during 
fertilization and modify the fertilizer accordingly to achieve effective reduction of N2O emissions and 
minimize environmental impacts. 
Keywords: nitrous oxide, global warming, nitrification, denitrification. 

Introduction 

Nitrous oxide (N2O) is an aggressive greenhouse gas that is associated with global 
warming and also contributes to the destruction of the stratospheric ozone layer (IPCC, 
2006; Forster et al., 2007). Globally, agricultural soils constitute the major source of 
anthropogenic N2O emissions (Bouwman, 1996; Akiyama, et al., 2000; Smith et al., 
2002; Forster et al., 2007). N2O is produced in soils through the microbial processes of 
nitrification and denitrification (Davidson, 1992; Murray et al., 2005). Nitrification is 
the aerobic microbial oxidation of ammonium (NH4

+) to nitrate (NO3
+); and 

denitrification is the anaerobic microbial reduction of nitrate (NO3
+) to N2O (EPA, 

2013). N2O is an intermediate gas that results from the denitrification process and leaks 
from microbial cells into the soil and then into the atmosphere (Akiyama et al., 2000). 

The global warming potential of N2O is about 300 times that of carbon dioxide (CO2) 
(Reilly et al., 2003), and N2O contributes 6.24% of the overall effect of greenhouse 
gases on radiative forcing (Butterbach-Bahl et al., 2013). Several studies have 
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confirmed that N2O production in soils increases with nitrogen fertilizer application by 
stimulating microbes in the soil to convert nitrogen to N2O (Pathak and Nedwell, 2001; 
Sanders, 2012). So far it is known that the amount of N2O emission depends on the 
amount of fertilizer used, which suggests that more restrained use of fertilizers needs to 
be considered in order to reduce N2O emissions (Crutzen et al., 2008). 

During the 1990’s, global nitrogen fertilizer application rose by 6%–7%, and 
application was expected to gradually increase due to the permanently increasing 
demand for food (Hou et al., 2000). However, restraining the use of fertilizers is not 
only associated with reducing N2O emissions but is being considered to address many 
other aspects of agricultural sustainability. Akiyama (2006) argues that N2O emissions 
from agricultural soils are influenced by climate, soil type, and the type of fertilizer.  

Modern fertilizer management techniques aim to manage the duration and extent of 
nitrogen accumulation in soils and thereby influence the magnitude of N2O emissions 
from fertilizer sources (Clayton et al., 1997; Forster et al., 2007). Improvements in 
nitrogen (N) fertilizer efficiency are oriented towards the use of slow-release products 
to minimize N2O emissions and consequently reduce global warming effects (Hou et al., 
2000; Akiyama et al., 2010). Controlled-release fertilizer (CF), also known as slow-
release fertilizer, is a granulated coated fertilizer that releases nutrients gradually into 
the soil in order to optimize nutrient uptake efficiency (Minami et al., 1994; Mayer, 
2010; Zebarth et al., 2012).  

Cumulative temperature has been identified as a factor influencing the release of N 
from CF in soils; therefore, temperature would determine the effectiveness of using CF 
to reduce N2O emissions (Engelsjord et al., 1997; Akiyama, 2006). On the other hand, 
Zebarth et al. (2012) suggest the use of CF both to reduce N2O emissions, as its main 
propose, and to reduce nitrate (NO3

−) leaching into groundwater. According to Akiyama 
(2006), CF can reduce nitrogen losses by delaying the initial supply of nitrogen and 
providing it steadily to the crop; and use of CF is recommended in environmentally 
vulnerable areas or fields with high susceptibility to nitrogen losses (Zekri and Koo, 
1991). Gillman et al. (2008) emphasizes the environmental risks when soil nitrate 
(NO3

−) concentrations are increased. Likewise, closely monitoring nitrogen inputs in 
soils so that they do not exceed crop nitrogen requirements will be also important in 
reducing nitrogen leaching losses (IPNI, 2013). 

In Japan, the reduction of N2O emissions and nitrogen leaching during the growing 
season has become a major concern for sustainable agriculture (NGGI, 2014). Split 
applications of nitrogen fertilizer and use of CFs are under discussion since they reduce 
leaching of nitrogen, at least temporarily, and therefore reduce the availability of N 
leading to N2O emissions during the processes of nitrification and denitrification 
(Akiyama et al., 2006; NGGI, 2014). 

The aim of our study was to measure N2O emissions from Shimajiri-maji (calcaric 
dark red soil) from Okinawa, Japan, following application of two different types of 
chemical fertilizers—controlled-release fertilizer (CF) and normal fertilizer (NF)—in a 
laboratory experiment. Our specific objectives were (i) to study the influence of 
temperature using the same fertilization conditions, and (ii) to evaluate the influence of 
different fertilizers under the same temperature conditions. This information on N2O 
emissions from Shimajiri-maji soil will be useful because Okinawa’s climate and soils 
differ from those in other parts of Japan, and data on N2O emissions induced by 
nitrogen fertilizers under specific temperature conditions are not currently available for 
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Okinawan soils. Finally, our results are intended to contribute to informed decision-
making by farmers who use chemical fertilizers. 

Materials and Methods 

A laboratory experiment was performed at the Faculty of Agriculture of the 
University of Ryukyus (26°14′N, 127°45′E) in 2013. We used Shimajiri-maji soil 

(pH 8; C/N ratio, 8.4; particle density, 2.8 g cm−3; clay content, 73%) gathered from a 
non-irrigated field at the university. Four PVC cylinders (50 cm high, 14-cm inner 
diameter) were filled with Shimajiri-maji soil (3 kg tightly packed) previously passed 
through a 7-mm sieve, making sure that no aggregates were retained on the sieve. To 
control the temperature inside the cylinders of soil, the cylinders were placed in a water 
bath fitted with a thermostatically controlled heater and cooler (Fig. 1). Temperature 
and fertilizer conditions used are shown in Table 1. Nitrogen fertilization consisted of 
(a) normal fertilizer (NF), which was ammonium sulphate (NH4)2SO4, and (b) 
controlled-release fertiliser (CF), which was LP-SS100 (JCAM AGRI.co., LTD., Tokyo, 
Japan) in which release of nitrogen is controlled by the thickness of a sulphur coating 
(sigmoidal release pattern: rate of release over 100 days, 25°C, 80% release). Two 
replicates of each cylinder were prepared with the top 20 cm consisting of a band of 
their respective fertilizer doses mixed beforehand with 200 g of soil (Table 1). 

 
 

 

Figure 1. Schematic diagram of the closed chamber system. 
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Table 1. Fertilizer and temperature conditions 

Cylinder Fertilizer Treatment Temp. 

# type g-N cm
−3 °C 

1 NFa 0.75 20 

2 CFb 0.38 20 

3 NFa 0.75 30 

4 CFb 0.38 30 
a Normal fertilizer (NF) treatment calculated based on 40% of nitrogen content 
b Controlled-release fertilizer (CF) treatment calculated based on 40% of nitrogen content 

 
 

Fluxes of N2O were measured by using a closed-chamber method (Fig. 1). The lids 
of the four cylinders described above were closed to isolate the air inside from the 
atmosphere, and the airflow was controlled by solenoid valves operating at defined time 
intervals (Table 1 and Fig. 1). 

Emissions of N2O were measured by a Thermo Scientific Model 46i Nitrous Oxide 
Analyzer (Thermo Fisher Scientific, Waltham, MA, USA) that utilizes non-dispersive 
infrared spectrometry to measure ambient nitrous oxide concentrations (Fig.2). 

 

 
 

Figure 2. Closed chamber system installed 

a) Upper right, the Thermo Scientific Analyzer 46i; installed cylinders in the foreground;  

b) Installation of soil moisture sensor (EC-5) and temperature sensor (5TE);  

c) Solenoid valves attached to inflows and outflows of each cylinder. 

 
 
Water treatment used in the experiment consisted of allowing water to enter the 

cylinders from the bottom until the soil was saturated to the upper surface of the 
cylinder and then allowing the water to drain (this cycle was repeated several times). 
Sensors to measure soil moisture were installed in cylinders 1 and 3 (EC-5; Decagon, 
Pullman, WA, USA), and sensors to measure soil moisture and temperature were 
installed in cylinders 2 and 4 (5TE; Decagon). Every 80 minutes, N2O emissions were 
measured for 15 min followed by 5 min of ventilation to the atmosphere; this procedure 
was repeated for each cylinder in sequence. N2O fluxes were calculated from the change 
in concentration and expressed in mol min−1 using the ideal gas law: 

 
 

N2O = P · (V · C) / (RT) (Eq. 1) 
 
 

b ) c ) a ) 
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where P is the pressure (101325 Pa), V is the total volume (L) of the chamber system; C 
is the change in greenhouse gas concentration over time (slope in ppm min−1), R is the 
gas constant (Pa L mol−1 K−1), and T is the soil temperature inside the cylinders. 

Results and Discussion 

N2O emissions and soil moisture were measured for two trials with different 
flooding/draining regimens (Fig. 3 and Fig. 4). Cumulative fluxes of N2O in the second 
trial together with soil moisture content are presented in Figure 5. Under all of the 
conditions tested, the N2O measurements were consistent in that the same emission 
trends occurred soon after the start of drainage: at the start of drainage high peaks in 
N2O flux were observed, and the peaks tended to decrease rapidly (Fig. 3 and Fig. 4). 
Our results agree with those of a field study on N2O emissions over humid tropical soils 
in Costa Rica, which found that N2O emissions increased only after rainfall had 
increased the soil moisture content (Weitz et al., 2001). 

 

 

Figure 3. First trial: N2O fluxes (black lines) for two N fertilizer treatments—normal fertilizer 

(NF) and controlled-release fertilizer (CF)—under different temperature conditions: a) NF at 

20°C; b) CF at 20°C; c) NF at 30°C; d) CF at 30°C. Volumetric water content (blue lines) is 

included for each observation. Red segments represent missing data. 

 
 
By looking at N2O emissions and their correlation with temperature and fertilizer 

type, we observed that the peak N2O emissions flux, from highest to lowest, had the 
following pattern in the first trial: NF30 > NF20 > CF30 > CF20 (Fig. 3). On the other 
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hand, we obtained a different pattern in the second trial: NF30 > CF30 > CF20 > NF20 
(Fig. 4). Akiyama et al. (2010) argues that the timing of nitrogen release from chemical 
fertilizers might depend on temperature conditions, moisture, and soil properties. N2O 
emissions from NF were higher than those from CF because the release of nitrogen 
from NF was faster than from CF, and the higher temperature also caused higher 
emissions in the same fertilizer application. In this sense, it was difficult to establish 
whether N2O emissions were larger from NF or from CF when the temperature 
conditions were clearly different.  

 

 

Figure 4. Second trial: N2O fluxes (black lines) for two N fertilizer treatments—normal 

fertilizer (NF) and controlled-release fertilizer (CF)—under different temperature conditions: 

a) NF at 20°C; b) CF at 20°C; c) NF at 30°C; d) CF at 30°C. Volumetric water content (blue 
lines) is included for each observation 

 
 
Several studies of fertilized systems have shown that the magnitude of N2O 

emissions increases with increasing water-filled pore space (WFPS) (Dobbie and Smith, 
2001; Akiyama et al., 2000; Abbasi and Adams, 2000). Bateman and Baggs (2005) 
reported that denitrification occurs when WFPS is between 60% and 70%, which is a 
range covering the 65% WFPS during the irrigation periods in our experiments. 
However, in the first trial (Fig. 3), we could not confirm N2O emissions during the 
irrigation period, even when the soil moisture was at near saturation. Therefore, we 
assumed that nitrification was the main biological process of N2O emission under the 
conditions of the first trial and that the duration of the high soil moisture conditions 
might have been too short for denitrification. A study about denitrification in suburban 

Prolonged saturated condition 

Prolonged saturated condition Prolonged saturated condition 

Prolonged saturated condition 
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lawn soils reported that denitrification rates were the highest in saturated and fertilized 
soils in comparison with all of the other conditions tested (Raciti et al., 2011). Therefore, 
in order to find out the characteristics of N2O emissions during denitrification, the 
duration of the near-saturated conditions over the third cycle in the second trial was 
intentionally prolonged (Fig. 4). We observed that the slope of the cumulative N2O 
fluxes started to become steeper in second half of the third cycle (Fig. 5). We assume 
that the duration of the saturated conditions was long enough to identify denitrification 
as the source of N2O emissions.  

 

 

Figure 5. Cumulative N2O fluxes (black lines) and volumetric water content (blue lines) in the 

second trial with different chemical fertilizers (NF and CF) under different temperature 

conditions: a) NF at 20°C; b) CF at 20°C; c) NF at 30°C; d) CF at 30°C. 
 
 
According to Signor (2013), the highest N2O emissions are clearly emitted during the 

first and second week after application of nitrogen fertilizer to the soil. Our observations 
do not include the entire duration of nitrogen release until its completion, because in the 
first and second trials we emphasized identifying the trend of N2O emissions (Fig. 3 and 

Fig. 4). Nevertheless, from the relationship between soil moisture conditions and the 
cumulative N2O emissions we could deduce that N2O emissions tend to become smaller 
after drainage. We can say that after each drainage condition N2O emissions showed a 
certain period of stabilization that tended to gradually increase over time (Fig. 5). When 
comparing emissions in terms of temperature, the cumulative emissions of NF30 at day 
13 were 19.1 times that of NF20, while cumulative emissions of CF30 were 5.8 times 
that of CF20. When comparing emissions in terms of fertilizer type, cumulative 
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emissions from NF20 were 1.7 times that of CF20, while cumulative emissions from 
NF30 were 0.52 times that of CF30. 

Our results showed that N2O emissions were lower when using CF than when using 
NF over the same number of days. Previous studies on CF products commonly report 
benefits in terms of N2O reduction or NO3

− leaching losses (Wilson, 2009). Total 
amount of N2O emissions was the largest in NF30. Although N2O emissions were 
strongly related to fertiliser exposure, the slope of the relationship varied depending on 
the temperature. This suggests that even under high temperatures CF has a greater 
potential to reduce N2O emissions that does NF. A study on the effects of slow-release 
fertilizers in Andosols reported a 20% reduction in N2O emissions by using CF (Minami 
et al., 1994). In contrast, in our experiment, the total reduction of N2O emissions by 
using CF as compared to using NF was 48%. 

Conclusions 

We confirmed that conditions of temperature and fertilization had significant 
influences on N2O emissions. The trend of N2O emissions was associated primarily with 
the water treatment applied within the experiment (from saturated conditions to drained 
conditions). Under conditions of high soil moisture over short periods, we assumed that 
nitrification was the main source of N2O emissions. In upland fields, the same 
conditions can be observed soon after rainfall. On the other hand, we considered that 
denitrification could be observed when the duration of high soil moisture was prolonged 
over the second trial. By comparing ranges of N2O emitted under NF and CF, we 
confirmed that emissions from CF were smaller than those from NF under both 
temperature conditions. Thus, we conclude that N2O emissions may be reduced by 
using CF for crops such as sugarcane that are widely cultivated on Shimajiri-maji soil in 
Okinawa. Finally, we recommend using the same experimental setup over cultivated 
fields under natural environmental conditions to validate the main findings of this 
research. 
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Abstract. We studied the impact of water level changes on the dynamic of small mammal communities 
in the Kis-Balaton wetland area of Hungary between 2005-2008. Reconstruction in wetland areas is often 
associated with flooding of the wetlands. These processes cause enormous changes for small mammals 
living there. During this period the maximum water level change was 60 cm. At high water the study area 
was totally flooded; whereas dry areas occur during lower water levels. We noted that Neomys fodiens 
and Arvicola amphibius live only in areas with deep water; whereas Sorex species and other small rodents 
require dry areas while Neomys anomalus lives in both types of areas. Only subadult shrews appeared in 
the recolonized territories. These results suggest that after flooding, the species composition and the 
abundance of species in the community change quickly and profoundly. 
Keywords: flooding; rodents; shrews; community structure; wetland reconstruction 

Introduction  

Riparian areas have more small mammal species (shrews, mice, voles) than adjacent 
uplands (Doyle, 1990). These areas provide superior habitat for small animals because 
of greater availability of water, plant forage, and invertebrates (Doyle, 1990). The more 
dense herbaceous vegetation of the floodplain may also provide better protection from 
predation (Blem and Blem, 1975), therefore small mammals prefer grassy riparian areas 
to deciduous floodplain forests or upland forests (Geier and Best, 1980). 

Floods greatly affect the small mammal populations (Jacob, 2002). The species show 
different responses to inundation but they tend to remain in the original home range 
until „forced” to leave (Andersen et al., 2000). Terrestrial species are capable of using 
arboreal refugees (Ellis et al., 1997, Andersen et al., 2000). Although bottomland 
flooding do not inhibit their movements, mice utilize peripherical portions of flooded 
areas more (Ruffer, 1961). After flooding event the recolonisation is a slow process, 
resulting in a heterogeneous distribution of small mammals in the floodplains 
(Wijnhoven et al., 2006). Most floodplain residents disappear over the flood period and 
they do not come back (Andersen et al., 2000).  

Depending on the author quoted and the area of study, the result of density studies of 
shrew populations is highly variable. Lardet (1988) found that a Neomys fodiens 
(Pennant, 1771) specimen occupies 207 ± 93 m2 in summer and 106 ± 45 m2 in winter. 

mailto:david.czaban@gmail.com
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According to Van Bemmel and Voesnek (1984) an individual lives within 190 m2. 
Sorex araneus (Linnaeus, 1758) uses 373 m2 (Crowcroft, 1957) but Khylap (1980) 
suggested much larger home ranges of this species (S. araneus: 1600-2300 m2). When 
Rychlik et al. (2004) tracked shrews in a large outdoor enclosure 2500 m2, home ranges 
averaged 429 m2

 in N. fodiens, 303 m2 in  Neomys anomalus (Cabrera, 1907), and 790 
m2 in S. araneus, whereas 2626 m2 in  N. fodiens and  2190 m2 in S. araneus when they 
were tracked as free ranging in a river valley. However, free ranging shrews were 
tracked under much drier conditions than enclosure shrews (Rychlik et al., 2004). Thus, 
population density is highly variable and depends on the species, habitat quality, climate 
as well as the presence of other species (Mohammadi, 2010). 

Most shrews are essentially annuals (Churchfield, 1990). In central and eastern 
Europe Soricinae shrews are only capable of reproduction in the second year of their 
life (Gliwicz and Jancewicz, 2001). Only 50% of shrews survive the first two months of 
life but over 80% of survivers overwinter. Twenty to thirty percent of shrews survive to 
breed (Churchfield, 1980). During and after the summer breeding season, population 
density is highest, and so is the rate of dispersal (Churchfield, 1984). During this time 
shrews can be found in many different habitats, even those that are less suitable 
(Dehnel, 1950). In winter the population density decreases, but the populations are more 
stable and shrews are more likely to inhabit optimal sites (Churchfield et al., 2000). The 
small mammals use some microhabitats more frequently than others, suggesting that 
they perceive the differences in habitat quality (Simonetti, 1989). 

In this study, we investigated: (1) the species richness of wetlands with different 
water cover; (2) the microhabitat selection and (3) the impact of water level changes in 
small mammals. 

Materials and methods 

This study was carried out in the Kis-Balaton wetland area (147,5 km2, Natural Park, 
Ramsar site, Natura 2000 site, IBA) of Hungary. Two lakes belong to this area, each 
surrounded by dikes. Herbaceous wet marshes can be found outside the dams of the 
second basin where three study plots were appointed in three different localities 
according to gradient of wetness along the dam. Plot 1-2 and 2-3 were 3.2 and 3.8 km 
from each other, respectively. Therefore the animals could not moved between the plots. 
Each plot was covered with 49 plastic box live-traps (Polish type) in a grid of 10 m x 10 
m (7 rows of 7 traps each). The first row of each plot was laid 10 m from a canal and 
paralell to it. Between 2005 and 2008, 11 4-nights trapping sessions were performed in 
two months from March until November. Traps were baited with minced meat. Traps 
were opened shortly before sundown, and were checked every 4 hours and closed 
around sunrise. Animals were marked individually by toe tattooing. The age (subadult-
adult) and gender (male-female) of shrews was also noted. Shrews are considered 
subadults in the first year of their life and adults when their gonads become visible.  

During the study period the maximum water level change was 60 cm in the plot 1. 
(Fig. 1). The area of water cover varied between 2% and 100%. Four types of 
microhabitats were distinguished in the area characterised by their dominant plant 
species as Bidens tripartitus, Glyceria maxima, Phragmites australis, and Carex 
acutiformis, respectively. A willow bush (Salix sp.) grew in the plot, and the bank of a 
small pond also bordered on the plot 1 (Fig. 1). Plot 2 was homogenously covered by 
Solidago sp. There were no trappings in this plot between June and October of 2007. 
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This area was never covered by water. Plot 3 was covered by a young alder forest 
(Alnus glutinosa), where the trees were 2-3 m tall. Two types of microhabitats were 
noted each distinguished by the characteristic herbaceous plants: Carex acutiformis – C. 

riparia mixed with Solidago sp., and Phragmites australis. The water cover was always 
less than 1%. 

 

 

Figure 1. Microhabitat map of Plot 1. The black dots mark the location of traps. The upper 

(western) row of traps was slipped because of deep water. 

 
 
The water level varied seriously only in the plot 1 where the 11 trapping periods 

were grouped according to the water levels. Eighty percent or more of the trapping 
locations were dry at low water level (4 periods). Water covered 50-60% of the area 
during medium water level (4 periods). The area was totally flooded during high water 
level (3 periods). The 4 periods of medium water level were separated into two groups 
(2005-2006 and 2007-2008) because of a change in vegetation type between 2005-2006 
and 2007-2008.  

The patch preference value of small mammals was calculated using Ivlev’s index and 
its significance was checked by Bonferroni’s z-test. Statistica 8.0 (StatSoft Inc.) was 
used for analysing the impact of water-level changes using variance component analysis 
(VCA). Values of Shannon-Wiener diversity and evenness were calculated for each 
trapping period. Bonferroni’s z-test and seasonal differences in community diversity 
were analysed by the inter-diversity t-test and by diversity ordering, using the NuCoSa 
1.5 and DivOrd 1.9 programs (Tóthmérész, 1996, 1997). 

Results 

Eleven small mammal species were recorded in the plots during the entire sampling 
period: 5 species of shrews: Miller’s water shrew (Neomys anomalus), eurasian water 
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shrew (Neomys fodiens), common shrew (Sorex araneus), pygmy shrew (Sorex minutus 

Linnaeus, 1766), bicolored white-toothed shrew (Crocidura leucodon Hermann, 1780) 
and 6 species of rodents: striped field mouse (Apodemus agrarius Pallas, 1771), yellow-
necked mouse (Apodemus flavicollis Melchior, 1834), harvest mouse (Micromys 

minutus Pallas, 1771), european water vole (Arvicola amphibius Linnaeus, 1758), field 
vole (Microtus agrestis Linnaeus, 1761), and bank vole (Myodes glareolus Schreber, 
1780). The Shannon-Wiener index did not support significant differences in species 
versus season.  

For the five shrew species captured in the studied plots during the entire sampling 
program (Table 1) the numbers of recaptured individuals were small, less than 10 %: 8 
of 97 in N. anomalus, 0 of 12 in N. fodiens, 19 of 266 in S. araneus, 2 of 30 in S. 

minutus, and 0 of 7 in C. leucodon. In order to estimate population size more recaptures 
would be required; therefore, the population sizes were not calculated. 

 
Table 1. Number of trapped shrews in the plots 1, 2, and 3 set in the Kis-Balaton area of 

Hungary. 

  N. anomalus N. fodiens S. araneus S. minutus C. leucodon 

Plot 1 65 9 85 4 0 

Plot 2 5 0 59 3 6 

Plot 3 27 3 122 23 1 

Total 97 12 266 30 7 
 
 
Only in Sorex araneus the number of captures was high enough to calculate periods 

of peak density of adults as well as proportion of sexes. The proportion of adult shrews 
was highest between May and June (see Table 2 and Fig. 2). The proportion of females 
to males varied but there were always more females than males of S. araneus 
(female:male ratio was 3:1 in plot 1, 1:1 in plot 2, and 9:1 in plot 3). 

 
Table 2. The proportion of Sorex araneus adults (%) in the sampling periods by month and 

year in the plots 1, 2, and 3. No trappings were performed in the sampling periods marked 

with black background. 
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Plot 1 0 0 25 6.25 0 0 0 0 0 0 0 

Plot 2 14.3 0 25 15.8 15.4 0 33.3       0 

Plot 3 23.8 0 18.8 0 0 8.33 7.14 11.8 0 0   
 

 
Four microhabitats, depending on floral type were established in the plot 1. At all 

water levels, Neomys anomalus and Sorex araneus preferred only a dense foliage of 
Carex acutiformis microhabitat type (Figs. 3 and 5). N. fodiens showed variable 
microhabitat preference: at high water level it lived in the patch with Glyceria maxima, 

wheras at medium water levels it preferred the open microhabitat of Bidens tripartitus 
type (Fig. 4). 
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Figure 2. Percentage distibution of species of small mammal communities in the plots 1, 2, and 

3 for various months in the years 2005-2008. NAN= Neomys anomalus, NFO= Neomys fodiens, 
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SAR= Sorex araneus, SMI= Sorex minutus, CLE= Crocidura leucodon, AAG= Apodemus 

agrarius, AFL= Apodemus flavicollis, MMI= Micromys minutus, MAG= Microtus agrestis, 

MGL= Myodes glareolus.   * = no animals    ** = no data 

 
 
Only four pygmy shrews were captured and moved within the plot 1. Their preference 
was comparable at medium water level only. This species preferred the microhabitat of 
Carex acutiformis type, with dense plant cover (Fig. 6). 
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Figure 3. Microhabitat preferences of Neomys anomalus. Values with * are statistically 

significant (p<0.05). Numbers 1-4 mean the different microhabitat types: Bidens tripartitus type 

(1), Glyceria maxima type (2), Phragmites australis type (3), Carex acutiformis type (4). 
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Figure 4. Microhabitat preferences of Neomys fodiens. Values with * are statistically 

significant (p<0.05). Numbers 1-4 mean the different microhabitat types: Bidens tripartitus type 

(1), Glyceria maxima type (2), Phragmites australis type (3), Carex acutiformis type (4). 
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Figure 5. Microhabitat preferences,of  Sorex araneus. Values with * are statistically significant 

(p<0.05). Numbers 1-4 mean the different microhabitat types: Bidens tripartitus type (1), 

Glyceria maxima type (2), Phragmites australis type (3), Carex acutiformis type (4). 
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Figure 6. Microhabitat preferences of Sorex minutus. Values with * are statistically significant 

(p<0.05). Numbers 1-4 mean the different microhabitat types: Bidens tripartitus type (1), 

Glyceria maxima type (2), Phragmites australis type (3), Carex acutiformis type (4). 

 
 
Bidens tripartitus vegetation covering a part of the plot 1 in 2005-2006 (during low 

and medium water levels) was replaced by rather open Carex vegetation in 2007-2008 
(during high and medium water levels). This microhabitat was completely dry at low 
water level and then Neomys anomalus and Sorex araneus occupied it. No small 
mammal species occupied this microhabitat when it was completely under water. 
During this period Carex plants grew above the water only in summer months. At this 
time this microhabitat was inhabited by N. fodiens. The structure of vegetation in the 
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Glyceria maxima microhabitat changed from season to season: it was very dense in 
summer, but in spring and autumn the plants tend to flatten. N. fodiens preferred this 
microhabitat in spring when it was still relatively open. In the Phragmites australis 

microhabitat, vegetation was dense and with the exception of N. anomalus during high 
water levels, all species avoided it. Even though the calculated results not always were 
significant, the Carex acutiformis microhabitat was preferred by every shrew species 
except N. fodiens.  

The water level in particular habitat affected the species composition in a well 
defined manner. Two percent of the plot 1 was covered by water during low water level. 
At this time 3 shrew species (Neomys anomalus, Sorex araneus, and S. minutus) as well 
as 5 rodent species (Apodemus agrarius, A. flavicollis, Micromys minutus, Microtus 
agrestis, and Myodes glareolus) inhabited this plot. During spring flood (water cover = 
100%), all small mammals left the area. In June, however, N. anomalus returned and N. 
fodiens and Arvicola amphibius appeared. After the water level decreased to 66% of 
maximum in the middle of summer, the original species composition „reappeared”: N. 

fodiens and Arvicola amphibius disappeared, and Sorex and rodent species immigrated 
back (Figs. 7 and 8). Neomys fodiens and Arvicola amphibius preferred high water 
levels while Sorex species, Apodemus agrarius and Myodes glareolus avoided them. 
Only a few Apodemus flavicollis specimen were trapped, not enough for statistical 
analysis.  
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Figure 7.  Number of shrew species trapped in the plot 1 during certain months of years 2005-

2008. 

 
 
The appearence of the small mammal species is highly dependent on season with the 

highest number recorded in summer. The traps were open from sundown until sunrise. 
During these hours there was little or no difference between the trapability of the 
animals. (Table 3). 
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Figure 8.  Number of rodent species trapped in the plot 1 during certain months of years 2005-

2008. 

 
 
Table 3. The results of variance component analysis (VCA). NAN= Neomys anomalus, 

NFO= Neomys fodiens, SAR= Sorex araneus, SMI= Sorex minutus, AAG= Apodemus 

agrarius, AFL= Apodemus flavicollis, MMI= Micromys minutus, AAM= Arvicola 

amphibius, MAG= Microtus agrestis, MGL= Myodes glareolus.   ns = non significant * = 

p<0.05    ** = p<0.01    *** = p<0.001 

  NAN NFO SAR SMI AAG AFL MMI AAM MGL MAG 

water cover ns ** *** * *** ns ns * * ns 

season *** *** ns ns *** ns *** *** ns ns 

year *** ns ns ns * ns *** ns ns ns 

month *** ** *** ns *** ns ns * * ** 

day ns ns ns ns ns ns ns ns ns ns 

controll ns ns ns ns ns ns ns ns ns ns 
 

preference   avoidance   

Discussion 

Five of the seven Hungarian shrew species were caught in the study area. Among the 
Sorex species, common shrews and pygmy shrews coexist in many terrestrial habitats in 
Europe (Churchfield, 1990). The common shrew is the numerically dominant shrew 
species in central and eastern Europe (Hanski, 1992), as well as one of the most 
common shrew species in Hungary (Horváth, 2007). Pygmy shrews are subdominant 
usually; therefore its population size is much lower than that of the common shrew 
(Aulak, 1970). Members of the Crocidura genus prefer dry, warm habitats (Saarikko, 
1989) and therefore, their appearence in our study plots was unexpected. A small 
number of C. leucodon was trapped only in the driest microhabitats. Subadult shrews 
explore new areas during dispersal, hence they can appear in habitats that are normally 
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not preferred by the species (Dehnel, 1950). In these cases the subadult individuals are 
simply curious or are migrating to other habitats. (Churchfield, 1984, Churchfield et al., 
2000). Shrew numbers can quickly decline for reasons not fully understood. In our 
studies the recapture rate during a 3-4 nights period was commonly high for rodents, but 
for shrews it was usually less than 10% despite the preferable bait for them. One reason 
for this is that shrews, in their first year of their life, tend to explore new areas and begin 
to take and defend their own territory only in autumn (Rychlik, 1998). Over 90% of the 
shrews captured in this study represented first capture. This suggests that most captured 
individuals in the studied territory spent there short time only.  

Only 20-30% of shrews survive to breed (Churchfield, 1980). This percentage agrees 
with our results in the Kis-Balaton region where 67-100% of the captured shrews were 
subadults. The overwintered shrews become mature and start to breed in spring 
(Rychlik, 1998). In accordance to this, adult shrews in all the studied plots were clearly 
most frequent in May-June. There was also a peak in the population of adult shrews in 
the plot 3 in 2007, when the plot 1 was colonized only by subadults in June because of a 
high water level. These facts demonstrate that subadults can colonize new territories, 
and that adults tend not to leave their terriories. In a newly colonized area adult shrews 
only appear in the second year.  

More than half of the trapped shrews were females. The sex ratio at birth in natural 
populations varies and differences are significant only in June (in favour of males) and 
August (in favour of females) (Pucek, 1959). This suggest that females tend to remain 
in their established territories probably due to attend to their offspring. In contrast, 
males are more active, roam over larger areas searching for receptive females, and are 
exposed to greater predation rates than females (Cantoni, 1993; Rychlik, 1998).  

The plot 1 contained various microhabitats. The structure and flora of these 
microhabitats differ from each other and change from season to season. Within a 
particular microhabitat the water level also changes due to changes in weather and/or 
human activity. Hence, the microhabitats are constantly changing and differ in quality 
as a function of season and water level. The Bidens tripartitus type is the most open 
microhabitat. The soil surface of this microhabitat is free of flora at the beginning of 
spring. By May it is covered by new plants. The small mammals, however, are not able 
to climb up to these plants; they can only move on the soil surface. The  Phragmites 

australis usually mixed with Carex spp. This flora is dense but not tufted. The plants are 
able to reach above the water surface at high water level but the animals can hardly 
colonize them. The thick Carex vegetation represents the most compact microhabitat. 
The dry leaves form a tufted cover 1-1,5 m tall where the small mammals can move 
vertically. This area is usually full of small mammal tracks. It is the easiest microhabitat 
for shrews and small rodents to colonize during high water levels.  

The larger species of shrews are often more abundant than the smaller species in the 
most productive habitats (Hanski, 1992). We found this to be true in the Kis-Balaton 
areas: the common shrew and the two water shrew species were the most abundant. The 
pygmy shrew lived there also but in small numbers.  

All the trapped shrew species preferred different patches of vegetation 
(microhabitats). Neomys fodiens preferred open patches of Glyceria maxima with deep 
water. Neomys anomalus prefers an environment with dense plant cover and shallow 
water. Changes in water level do not appear to affect this species; we trapped it during 
all water levels. Its tolerance for changes in water levels apparently is wider than N. 

fodiens or Sorex araneus. Patches of Carex were preferred almost always by N. 
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anomalus. These findings correspond to the low tolerance of this species to stress of 
open field and the clear preference to remain in hiding-places (Krushinska and Rychlik, 
1993). The common shrew has the widest habitat tolerance among the Hungarian shrew 
species. In our study they disappeared during floods and returned after the water level 
decreased. Our findings indicate that common shrews prefer a microhabitat with patches 
of Carex but this species also uses the other patches more frequently than N. anomalus.  

We observed that the impact of water level changes was strong. During the winter of 
2007, the plot 1 was completely flooded. Hence, we found no small mammals during 
spring in that area, only in summer. We assume that small mammals are not able to find 
enough food to maintain themselves in a flooded territory in winter, and they are forced 
to leave. Because individuals are always exploring new areas, colonizable territories 
tend to be immediately inhabited. 
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Abstract. The Morisita index is widely used to evaluate the spatial distribution patterns of species in a 
native forest. Thus, by analysing the spatial behaviour of individuals in some special cases, this study 
obtained and then discussed the critical values for the application of the Morisita index. In the aggregate 
classification, importance was given to the way the equation was used and on the meaning of the 
maximum index value. For the uniform distribution, the behaviour of species was presented with one and 
more than one individual per plot. Additionally, we discussed the values that generated indetermination in 
the index results, and, in this situation, we suggested the use of the ratio variance/mean as an alternative 
index for the spatial classification of species distribution. A table was also organized with examples to 
elucidate the analyses and to lead to a discussion of the reported situations. 
Keywords: spatial pattern; Morisita index; phytosociological evaluation. 

Introduction 

Individuals of the same species in a given geographic area have different spatial 
patterns of uniformity. The scientific process to generate these patterns is not always 
simple, but it is important to know and understand the behaviour of the individuals, the 
population dynamics, the interactions between their peers and the community 
composition (Ripley, 1981; Diggle, 1983; Bailey and Gatrell, 1995; Haase, 1995; 
Cressie, 1993; Silva et al., 2008; Rode et al., 2010). 

Pielou (1975) has defined diversity as the number of species present in the sample 
units and has elaborated on the methods to evaluate the variable of each species in a 
community. He also has stated that diversity depends on the uniformity with which 
individuals are distributed in the sampling units. 

To evaluate the forest diversity, the sample area consisted of 25 permanent plots with 
an area of 1 ha (100 m x 100 m) each. We used the quadrat method in the experimental 
area, and we sought authors who had studied the counting process by the quadrat 
method. According to Nagai et al. (1985), who studied the quadrat method and defined 
the number and size per area to be sampled, indicated that 100 quadrats of 0.25 x 0.25 

mailto:amaral@utfpr.edu.br
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m or 40 quadrats of 0.50 x 0.50 m were ideal to obtain a determined degree of accuracy 
in their application.  

Reis and Assunção (1998) conducted a study to compare three techniques of 
sampling the spatial configuration of species and found that the best estimator of 
performance was the method of counting quadrats because it minimised the variance. In 
research on spatial patterns, the indices of aggregation or dispersion are determined, and 
their application is essential for ecological studies or comparisons of sampling methods 
(Green, 1996). 

Morisita (1959 and 1962) proposed an index for an individual’s dispersion in a 
population and described the methodologies to analyse the distribution patterns. Many 
researchers have applied this index to quantify the degree of spatial dispersion of a 
species. Morisita’s index is characterised as being independent of the population 
density, but the index is affected by the sample size (Krebs, 1999). 

Smith-Gill (1975) proposed an improvement (standardisation) of the index, i.e., he 
reorganised the calculations such that they could be reported in an absolute scale 
between -1 to +1. However, to incorporate this change, a previous calculation of the 
Morisita index was required. 

Additionally, other indices exist that characterise the spatial distribution pattern of 
individuals, but they will not be discussed in this paper because they will be analysed 
and reported in other studies. 

Moreover, Rossi and Higuchi (1998) evaluated several indexes for detecting the 
spatial pattern of tree species in the rainforest in Amazonas state and concluded that the 
ratio variance/mean and the Morisita index were very similar and therefore, adequate 
for this forest typology. 

The ratio variance/mean is simple to calculate and provides for ease of interpretation 
and evaluation of the statistical significance for the values obtained in relation to the 
value set for a random pattern. Thus, if the need occurs to use another index in this 
analysis, the ratio variance/mean will be applied to solve the problems and achieve the 
desired results. 

The application of the index of spatial dispersion to a data set identifies the 
classification standard of the individual as having an aggregated, random chance or 
uniform distribution (Ludwig and Reynolds, 1988; Barbosa, 1992; Krebs, 1999; Hay et 
al., 2000; Silva et al., 2004). 

Researchers have defined each one of these patterns with probability and the 
individual distribution in the sampled area. Thus for the three patterns: 

 “The distribution of a given population is said to be random when any of its 
members have the same probability, at a given time, of occupying any place in 
space, and when the existence of one or more individuals in a given location 
does not influence the distribution of the others.” (Laroca, 1995, p.109) 

 “The regular or uniform dispersion occurs when competition between 
individuals is strong or when there is positive antagonism that promotes 
uniform spacing; of course that is also a common pattern in forests and 
monoculture plantations.” (Odum, 2008, p.258) 

 “The aggregated dispersion (also called grouped, clumped, contagious or sub-
dispersion) occurs when individuals tend to be attracted (or can survive longer) 
for particular locations of the environment or when the presence of an 
individual attracts (or gives rise to) other .“(Begon, et al., 2007, p.165-166) 
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Durigan (2012) affirms that the Morisita index suffers from the influences of the size 
and distribution of the sample units, i.e., a population can present an aggregated 
distribution at one scale and a random or uniform distribution at another scale. Given 
this context, this paper aims to analyse the results of the Morisita index by evaluating 
them with the spatial distribution of individuals in an Araucaria forest fragment. Our 
objective was to propose a procedure that makes it possible to analyse concomitantly 
the variations in the outcome of Morisita’s index and the format of the spatial 
distribution of the species. 

Material and Methods 

Location and description of the area 

The study area is located on the Parana's second plateau in the municipalities of 
Teixeira Soares and Fernandes Pinheiro, Paraná state (25° 21' S and 50° 35' W). 
According to the Köppen classification, the regional climate is humid subtropical 
mesothermal (Cfb), characterised by cool summers, frequent and severe frosts and no 
dry season. 

The area belongs to the geological formations of the Palaeozoic groups related to 
Quaternary deposits, Guatá and Passa Dois. The soil class in the study area is a typical 
oxisol, alic (Disperati, 2002a; Mazza, 2006). 

The experiment encompasses 25 ha divided into 25 blocks of 1 ha each. These were 
subdivided into four plots of 0.25 ha and additionally crossed by five parallel control 
strips of 10 m x 50 m (0.05 ha), to facilitate the spatial mapping of individuals (Figure 1). 

 

 

Figure 1. Layout of the blocks (1 ha) and the plots (0.25 ha) 

 
 
The mapping in 2008 resulted in the location of 14,178 individuals belonging to 118 

species of trees and distributed in 43 plant families. The local coordinates ( ) of each 
tree species were obtained using the quadrat method. 

 
Analysis of the Spatial Distribution of the Tree Species 

The Morisita index equation has two variables, the total number of plots and the 
number of individuals per plot (Equation 1). The pattern of spatial arrangement of the 
tree species is classified by Silveira Neto et al., (1976) as: random, when the Morisita 
index is equal to one (          ); aggregate, when the index is greater than one (          ), 
and uniform or regular and when it is less than one (           ). 
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  (Eq.1) 
 
 
 

where: 
 the Morisita index that reveals the dispersion pattern, 

 total number of plots, 

 = sum of the species in each plot, and 

 = sum of the squares of the number of species in each plot. 

The discussion and analysis of the particular cases of the spatial patterns of the 
species is presented below. 

First, the values larger and smaller than one were analysed for the patterns of 
aggregate and uniform distribution, respectively. According to the classification 
process, a graph was elaborated to represent them in decreasing order. A species with an 
aggregate distribution was selected at random to show the calculation of the Morisita 
index based on a frequency distribution table. 

We then investigated the results for the species classified with a random distribution 
with the Morisita index equal to one. Among the calculated indices, an index value 
equal to one was not calculated, only those less than or greater to one, except for cases 
that were indeterminate. Based on these results, all of the cases were analysed, and a 
Morisita index of one only occurred with species that had zero or one individual in the 
plot. 

The index of the ratio variance/media (Equation 2) solved this problem, as cited by 
Perry and Mead (1979). The addition of this index was examined, and the index is 
appropriate, with results similar to the process of classification provided by the Morisita 
index. 

The index of the ratio variance/mean is given by: 
 
 

   (Eq.2) 
 
 
 

where: 

 = index of the ratio variance/mean, 

 = sample mean, and 

 = sample variance. 
This index is used to measure the deviation of the random arrangements where 

values equal to unity indicate a random spatial distribution, values less than unity 
indicate a uniform distribution and values greater than one indicate an aggregated 
distribution (Rabinovich, 1980). 

The index was used to analyse and discuss the situations with species that had one, 
two or more individuals present in a single plot of the larger experiment. 

Finally, a table was constructed with examples of the discussed situations to guide 
researchers about possible questionable results in the application of Morisita’s index. 
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Results and Discussion 

The Morisita index was applied to 118 species in the experiment, of which 76 were 
classified with an aggregate distribution, 24) with a uniform distribution, and 18 with 
problems in the results were classified as indeterminate. One hundred species were 
classified with aggregated and uniform distributions, of which ten (five species for each 
type of distribution) species were randomly selected to represent their type of spatial 
pattern (Figure 2). 
 

 

Figure 2. Species with clumped and uniform distributions. 

 
 
The horizontal axis connects with the coordinate axis at the point ( ), whereas the 

ordinate axis represents the Morisita index set by the separation criteria (Figure 2). 
Among all species classified in the uniform group, only three resulted in values 

within the range zero to one because the great majority of the sampling units had only 
one individual per plot and only a few had species with two or more individuals per plot 
(Figure 2). 

The behaviour of the species with a Morisita index equal to zero, i.e., with a uniform 
pattern of distribution, indicated that only a single individual was present inside of each 
experimental plot. For example, the spatial dispersion of Maytenus grandiflora Reissek 
is presented in Figure 3. 

 

 
Figure. 3. Location of individuals of the species Maytenus grandiflora Reissek. 
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To continue the evaluation of the Morisita indices, Morisita (1959 and 1962) 
provided a calculation that can explain the meaning of the value (3.22) of the Psidium 
sp. presented in Figure 2. 

When the information is arranged in frequency tables, the calculation replaces 
individual values with grouped data, as is shown in Table 1. 
 

Table 1. The frequency distribution of Psidium sp. 

Number of 

individuals  

Frequency of subplots with 

individuals     

0 82 0 0 0 

1 8 8 1 8 

2 8 16 4 32 

3 2 6 9 18 

4 0 0 16 0 

5 0 0 25 0 

6 or more 0 0 36 0 

Total  
 

 
 

Source: The author (2013). 

 

 

The sample calculation is presented in three steps as follows: 
 
 

  (Eq. 3) 
 
 

 

and 
 
 
  (Eq.4) 
 
 
 
and thus, 

 
  (Eq.5) 

 
 

 
In the calculation of the Morisita index, 18 species in the sampling area presented 

indeterminacy. For such cases, an equation is presented that is valid for any species that 
is indeterminate. 
As: 
 
  (Eq.6) 
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And 
 
  (Eq.7) 

 

 

 
Then, equation (1) resulted in indeterminacy: 
 
 
  (Eq.8) 

 

 

 
Because of such a situation, the questions were under what other circumstances could 

this equation generate indeterminacy and what was the proposed solution for a similar 
occurrence. 

First, the possibilities that could lead to indeterminacy in equation (1) were carefully 
analysed. It was verified that this occurs in only two situations, for zero and one, i.e., 
zero or only one individual in all of the sample plots of the experiment. 
This validation was made by prospecting for all possible values applicable in equation 
(1), i.e., results equal to zero for both the numerator and denominator of the ratio, as 
presented in the equations (9) and (10). 
 
 
  (Eq.9) 

 

 
 

and 
 
 
  (Eq.10) 

 

 

 

Consequently, 
 
 
  (Eq.11) 

 

 

 
and 
 
 

 (Eq.12) 
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Therefore, the only values that satisfy these equalities are zero and one, and the 

Morisita index is not able to calculate these two particular cases. 
Considering the importance of reporting the classification of all identified species in 

the experiment, it was decided to apply another index that could express appropriately a 
measure of spatial dispersion. The index ratio variance/mean was selected because of its 
frequent use by researchers in phytosociological studies. This index has served to 
compare and validate the results obtained by the application of the Morisita index. The 
index provided equity when comparing the results of the two indices for all species of 
the experiment classified with uniform and aggregate distribution patterns. However, 
for the third group, the index ratio variance/mean presented no indetermination in the 
results, i.e., the species had a random dispersion pattern. Benício et al. (2010) stated that 
in this type of distribution individuals are randomly dispersed in a homogeneous  
environment. Another situation occurred for the species with two or more individuals in 
a single plot (quadrat) of the experiment. In these cases, the Morisita index will always 
be equal to the sum of the number of sample plots ( ), regardless of the number of 
individuals in the plots. 

This situation is confirmed if we use equal values in the numerator and denominator 
in Equation 1. 
Thus: 
 
 
  (Eq.13) 
 
 
 
Consequently, 
 
 
  (Eq.14) 
 
 
 

Therefore, this equality is satisfied for  individuals distributed in only 
one plot of the experiment, as is the case for the species Symplocos tetrandra Mart.,  
with a value of 100.00 for the Morisita index (Figure 4).  

It is also clear for this particular case that the result of the Morisita index is equal to 
one, which classifies the species as belonging to the random pattern. 

This can be demonstrated by substitutions of the equalities in equation (1), thus: 
 

  (Eq.15) 
 
 
and 
 
 
  (Eq.16) 
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Consequently, the result of Equation 17 is: 
 
 
  (Eq.17) 
 

 
 
 

 

Figure. 4. Location of individuals of the species Symplocos tetrandra Mart. 

 

 
The limitation of Morisita index is that the index is overly influenced by the amount 

of quadrats (q) (Bianco, 1984), and it is necessary that for the proper use of the index 
that the number of quadrats is equal in all areas to be compared (Mesina, 1986). The 
index is little influenced by the size of the plots and therefore is an excellent indicator of 
the degree of dispersion (Barros; Machado, 1984). 

According to Kanieski et al., (2009), the knowledge of the spatial distribution of a 
species within the community is an important characteristic for the planning and the 
management of measures for the conservation of forest formations. Anjos et al., (2004) 
also confirmed that knowledge about the spatial distribution patterns can provide 
information on the ecology, support the definition of strategies for management and/or 
conservation, assist in sampling procedures or simply clarify the spatial structure of a 
species. Therefore, given the previous results and discussion, Table 2 was constructed 
with examples that could represent schematically the context of special situations by the 
application of the Morisita index, excluding the last analysis because it differs with the 
specified conditions in the area of the experiment, i.e., its division into quadrats. 

 
Table 2. Summary of the results of the Morisita index. 

Classification Description Condition Examples 

Aggregate 

Two or more 
individuals in a 

single plot 
 

 

Groups of 
individuals 

concentrated in 
plots 
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Indeterminacy 

None or one 
individual in 

the plots 
 

 

Uniform 

Individuals 
equally 

distributed in 
plots 

 

 

One individual 
per plots  

 
Source: The author (2013). 

Conclusions 

The spatial dispersion obtained by implementing the Morisita index resulted in 
values greater and smaller than one for classifying aggregated and uniforms patterns, 
respectively. 

In the case of uniform distribution, one may have two conditions. The first occurs 
when only one individual is in each parcel, and, in this case, the Morisita index is equal 
to zero. In the second, when the index is greater than zero and less than one, many 
quadrats have only one individual and in the remaining ones there is more than one, but 
they do not present an aggregated dispersion. 

According to the Morisita index and spatial behaviour, the individuals classified with 
an aggregated distribution pattern are distinguished in three ways. The Morisita index is 
greater than one, when some subplots feature individuals grouped together in the 
sampling area. The result is equal to the total number of subplots of the sampling area, 
when two or more individuals occur in a single subplot. When the number of plots 
(sampling units) is restricted to one, the Morisita index will be equal to one. 

The Morisita index presented indetermination in two cases, when none or only one 
individual occurred in the experiment. In these situations, its application was 
inappropriate. In this circumstance, the index ratio variance/mean was selected as an 
alternative methodology for the classification of the species spatial distribution, which 
was efficient for detecting this dispersion pattern. 
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Abstract. Changes in quality of host plants under elevated CO2 (eCO2) conditions likely in future can 
affect the survival, growth and development, and population dynamics of insect herbivores. The present 
study aimed to examine the effects of eCO2 on leaf quality of peanut (Arachis hypogaea L.) and 
consequent effects on growth characteristics of leaf feeding tobacco caterpillar, Spodoptera litura 
(Fabricius) over four successive generations. The feeding trials were conducted using peanut foliage 
grown in open top chambers (OTCs) under two eCO2 (550 ppm and 700 ppm) concentrations and one 
ambient CO2 concentration. Significantly lower leaf nitrogen, higher carbon, higher relative proportion of 
carbon to nitrogen (C: N) and higher polyphenols content were observed in eCO2 foliage. Larvae fed with 
eCO2 foliage exhibited longer larval duration, higher larval weights and increased consumption in all four 
generations. Increased Approximate Digestibility (AD) (about 9%) and Relative Consumption Rate 
(RCR) (7%), decreased levels of efficiency of conversion of ingested food (ECI) (13%), efficiency of 
conversion of digested food (ECD) (19%), and relative growth rate (RGR) (9%) were noticed in larvae 
fed eCO2 foliage. Significant and cumulative effect of CO2 on S.litura was observed over four successive 
generations.   
Keywords: consumption, insect performance indices, successive generations, Spodoptera litura 

Introduction 

Climate change, especially rise in temperature and atmospheric carbon dioxide 
(CO2) concentration, is a major concern today. The concentration of CO2 in the 
atmosphere may rise to 550 ppm by as early as 2035 (Stern, 2007). Changes in climate 
are expected to have significant impacts on crop yields through temperature and 
carbon dioxide (CO2) induced changes which in turn are likely to influence insect-
plant interactions in several ways. The effects of climate change on insect pests can be 
both direct and indirect. Temperature, which impacts the development time, longevity 
and fecundity of insects has a direct effect while elevated CO2 (eCO2) has an indirect 
host- mediated effect on growth and development of insect pests (Hunter, 2001 and 
Yadugiri, 2010). It is well known that eCO2 conditions generally result in increased 
photosynthesis, increased plant growth and greater biomass. Reduced nitrogen content 
and increased C: N ratio were observed in the plants grown under eCO2 conditions 
(Lindroth et al., 1995) indicating reduced nutritional quality of plants leading to 
changes in feeding pattern of insect herbivores (Hunter, 2001). Most published studies 
on response of insect herbivores to feeding on plants grown under eCO2 have been 
short term experiments, quantifying the consumption and developmental rates of 
larvae of a single generation (Bezemer and Jones, 1998). Experiments conducted over 
multiple generations (egg to egg) can reveal the differences in responses between 
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generations and also the impact of growth of the host plant on insects (Brooks and 
Whittaker, 1998). A few studies - Gastrophysa viridae on Rumex obtusifolius and 

Neophilaenus lineatus on Juncus squarrosus (Brooks and Whittaker, 1999); 
Helicoverpa armigera on wheat (Wu et al., 2006), on transgenic cotton (Chen et al., 
2007) and on maize (Yin et al., 2010) - have addressed the impact of elevated CO2 on 
multiple generations of herbivore insects. 

Peanut (Arachis hypogaea L.) is one of the world’s most important edible oilseed 
crops. Globally, peanut cultivation occupies about 23.95 million ha with an annual 
production of 36.46 million metric tons and an average productivity of 1522 kg/ha (http: 
//eands.dacnet.nc.in/). In India, the crop occupied an area of 5.48 m ha with a 
production of 5.43 m tons and an average productivity of 900.0 kg/ha in 2009 (GOI, 
2011). The crop is attacked by many species of insects which cause damage ranging 
from incidental feeding to near total plant destruction and yield loss (Wightman, 1994). 
In India, tobacco caterpillar Spodoptera litura has been reported as an important pest 
during the rainy season causing heavy yield losses (35-55 %). Larvae feed gregariously 
on leaves causing severe defoliation, leaving only midrib veins. The present studies 
aimed to understand the effect of eCO2 on leaf quality of peanut and the cumulative 
effect on growth characteristics of successive generations of S. litura fed with eCO2 
grown peanut foliage. 

Materials and Methods 

Open Top Chambers (OTC) 

Three square type open top chambers (OTC) of 4x4x4 m dimensions, were 
constructed at the Central Research Institute for Dryland Agriculture (CRIDA), 

Hyderabad (17.38°N; 78.47°E), for maintaining two elevated CO2 (eCO2) levels,  550  

25 ppm (550 CO2 -Elevated I) and 700  25 ppm (700 CO2 - Elevated II), and an 

ambient CO2 level (380  25 ppm). Carbon dioxide gas was supplied to the chambers 
and maintained at set levels using manifold gas regulators, pressure pipelines, solenoid 
valves, rotameters, sampler, pump, CO2 analyzer, PC linked Program Logic Control 
(PLC) and Supervisory Control and Data Acquisition (SCADA). The system 
continuously monitors the concentration of CO2, temperature and relative humidity 
inside the OTCs. The equipment is monitored and controlling the CO2 in OTCs is fully 
automatic and the desired CO2 level can be maintained throughout the experimental 
period in the independent OTCs (Vanaja et al., 2006).  
 

Peanut crop and growth conditions 

Peanut was grown in the monsoon season of 2010. Seeds of variety JL 24 were 
sown in all three OTCs on 29th June in 6 rows at spacing of 30 cm between rows and 
10 cm between plants within a row. Plants were maintained for the entire crop 
duration till 28th November.  

 
Biochemical analysis of foliage 

Each chamber consisted of six 4-m rows of plants. Leaf material from the same 
location and angle of the plant was collected simultaneously for both feeding and 
biochemical analysis and samples were obtained from the third or fourth leaf down 
from a branch apex of peanut plants in each CO2 condition. Foliage from each plant 



Srinivasa Rao et al.: Response of tobacco caterpillar Spodoptera litura Fab, feeding on peanut, to elevated CO2  
- 375 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(2): 373-386. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: 10.15666/aeer/1302_373386 

 2015, ALÖKI Kft., Budapest, Hungary 

thus collected in parallel was analyzed for carbon, nitrogen and polyphenols. To 
determine carbon and nitrogen concentrations, samples were dried at 80ᵒC and 
subsequently ground to powder. Leaf carbon and nitrogen were estimated using a 
CHN analyzer (Jackson, 1973). Total soluble polyphenols (hydrolysable tannins, 
condensed tannins and non tannin polyphenols) were determined by the Folin-Denis 
method (Anderson and Ingram, 1993). For this, leaf samples were dried at 40°C for 48 
hrs and ground to powder. Phenolics were extracted with methyl alcohol. The 
concentration of polyphenols in the extract was determined spectrophotometrically 
using tannic acid as the standard, and the results were expressed as percentage tannic 
acid equivalents (TAE). 
 

Insect stocks 

An insect colony was established using eggs obtained from insect culture maintained 
in the laboratory. Stock cultures of S. litura were maintained on leaves of peanut plants. 
The cultures were maintained in a controlled chamber maintained at 25°C with a 14-h 
day/10-h night cycle. Light intensity inside the chamber during the 14 h day period was 

maintained at 550 mol m-2 s-1. Relative humidity was maintained at 60% (day) and 
70% (night). 
 

Feeding trials 

First generation experiments were initiated on 30th July (30 days after sowing). At 
10 am on the day of initiating the feeding trial, freshly hatched neonates obtained 
from insect culture maintained in the lab were placed in petridishes of 110 mm 
diameter and 10 mm height. Ten neonates were kept in each petridish, forming one 
replication. Five such replications were kept for each of the three CO2 conditions. 
The feeding trials were continued up to four generations and trials were conducted 
as per the procedure given by Srinivasa Rao et al., 2009 & 2012. Feeding trials with 
first to fourth generation larvae were conducted maintaining the treatment 
associations, i.e., all four generations received foliage from the same respective CO2 
growing condition. A weighed quantity of leaf was offered to the larvae. The 
petridishes were then placed in a controlled chamber maintained at 20 °C. After 24 
hours, at 10 am the next day, the petridishes were opened, the weight of the ten 
larvae together was recorded and the larvae were replaced in the petridish after 
preparing it in the same manner as described earlier, with a new leaf of known 
weight. The leaf remaining after feeding and fecal matter excreted by the ten larvae 
were dried to constant weight at 40oC in an oven and dry weights were recorded. 
Although individual larvae were weighed, the weights of the ten larvae derived from 
each petridish (one replication) were aggregated and the mean was calculated. Mean 
leaf weight consumed and fecal matter per larva were also calculated similarly. 
Larval life span was calculated as the period from hatching to pupation. Pupal 
weight was measured about 24 hrs after pupation was observed. Pupation rate and 
pupal duration were recorded.  Emergence of adults was recorded treatment wise. 
Adults were sexed and the ratio of females to males was recorded. Newly emerged 
adults were released in a wooden cage of size (30cm X 30cm X 30cm) for two days 
and then paired 1:1 (Male: Female) and released in plastic jars (15x15x15 cm) 
closed with a muslin cloth. Adults started laying eggs within 48 hrs of release and 
eggs were counted daily. The muslin cloth cover was replaced daily. The hatching 



Srinivasa Rao et al.: Response of tobacco caterpillar Spodoptera litura Fab, feeding on peanut, to elevated CO2  
- 376 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(2): 373-386. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: 10.15666/aeer/1302_373386 

 2015, ALÖKI Kft., Budapest, Hungary 

percentage of eggs per female was recorded daily and further the first instar larvae 
of S. litura obtained from each generation were reared individually and separately 
with six replications as per CO2 treatment wise. The life history parameters of 
successive (consecutive) second, third and fourth generations of S. litura were 
measured as in the first generation described earlier.   
 

Insect performance indices 

Using the data relating to larval weight, leaf weight consumed, and fecal matter 
excreted, various insect performance indices (Waldbauer, 1968; Srinivasa Rao et al., 
2009) viz.,  relative growth rate (RGR, larval weight gain per day as a fraction of body 
weight), relative consumption rate (RCR, weight of leaf ingested per day as a fraction of 
larval body weight), efficiency of conversion of ingested food (ECI, larval weight gain 
per unit weight of leaf ingested expressed as %), efficiency of conversion of digested 
food (ECD, larval weight gain per unit weight of leaf digested expressed as %) and 
approximate digestibility (AD, ratio of weight of leaf digested and  weight of leaf 
ingested expressed as %) were computed. Weight of leaf digested was obtained by 
subtracting weight of frass from weight of leaf ingested. 
 
Plant parameters 

The data on plant parameters viz., weight shoot biomass (g/ plant) and leaf area (sq. 
cm/ plant) were recorded at regular intervals (10, 20, 30, 45, 60, 75, 90 & 105 DAS). 
Nodule numbers per plant, nodule dry weight (mg) were observed from 25 to 75 DAS at 
10 days interval.  
 
Data analysis 

The effects of CO2 conditions on larval parameters were analyzed using one-way 
ANOVA. Treatment means were compared and separated using least significant 
difference (LSD) at p<0.05. The data on biochemical and plant parameters were 
analyzed using ANOVA. The data on weight of foliage ingested, larval weight, weight 
of faecal matter, larval life span and pupal weight were analyzed using ANOVA with 
CO2 and generations as sources of variability where CO2 level was main factor and S. 

litura generation as sub factor deployed in a split plot design. Analysis of covariance 
(ANCOVA) was adopted to analyze the ratio based nutritional indices (Raubenheimer 
and Simpson, 1992). ANCOVA tests whether certain factors have an effect on the 
outcome variable after removing the variance for which quantitative predictors 
(covariates) account. The inclusion of covariates can increase statistical power 
(significance) because it accounts for some of the variability. ANCOVA adjusts scores 
on dependent variable for initial differences on other variables. Hence the data on 
insect performance indices (ratio based) were analyzed using ANCOVA with initial 
weight as a covariate for RCR and RGR. Food consumption was taken as a covariate 
for ECI to correct for the effect of variation in growth and food assimilated on intake 
and growth (Raubenheimer and Simpson, 1992). Food assimilated was used as a 
covariate to analyze ECD (Hagele and Martin, 1999). All statistical analyses were 
done using SPSS version 16.0.  

 
 
 

http://en.wikipedia.org/wiki/Covariate
http://en.wikipedia.org/wiki/Statistical_power
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Results  

Biochemical analysis of foliage 

Significantly lower leaf nitrogen content (P =<0.01), higher carbon (P =<0.01), 
higher relative proportion of carbon to nitrogen (C:N) (P =<0.01) and higher 
polyphenols content (P =<0.01) were observed in peanut foliage grown under both the 
eCO2 levels compared to the ambient CO2 level (Table 1).  

 
Table 1. Effect of elevated CO2 on bio chemical constituents of peanut foliage grown under 

elevated and ambient CO2 

 
 

 

Plant parameters 

The shoot biomass of peanut crop increased considerably (F5, 10 = 4.48, P =<0.05) at 
both eCO2 levels over ambient. Increased leaf area (F5, 10 = 16.99, P =<0.01), higher 
nodule number (F2, 4= 17.23, P =<0.05) and greater nodule weight (F2, 4 = 9.60, P 
=<0.05) were recorded in peanut plants grown at both eCO2 conditions over aCO2 
(Table 2).  

 
Table 2. Impact of elevated CO2 on plant parameters of peanut 
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Insect primary parameters  

The variation in insect primary parameters with CO2 conditions over generations is 
depicted in Figures 1-5. Larvae consumed more of elevated CO2 grown foliage than 
ambient CO2 grown (F2, 10 = 70.94, P =<0.01). The quantity of foliage consumed 
increased over generations (F3, 45 =92.31, P =<0.01) (Fig. 1). The weight of larvae that 
consumed elevated CO2 grown foliage was higher (F2, 10 = 26.48, P =<0.01). Larval 
weight varied with generations too (F3, 45= 24.63, P =<0.01) (Fig. 2). Faecal matter 
released by S. litura larvae fed with elevated CO2 grown foliage was significantly 
higher (F2, 10 = 13.91, P =<0.01) and this parameter varied significantly with generations 
(F3, 45 = 72.15, P =<0.01) (Fig. 3). Significantly longer larval life span for third and 
fourth generations (F3, 45 = 18.26, P=<0.01) was observed under eCO2 levels (F 2, 10= 
51.90, P =<0.01) compared to ambient (Fig. 4). The weight of pupae did not vary 
among CO2 conditions (F 2, 10= 2.17, P =>0.01) but differed with generations (F3, 45 = 
5.67, P =<0.01) (Fig. 5). Interactions of CO2 levels and generations were significant for 
with larval consumption and pupal weight parameters and not significant for other 
parameters.   
 

 

Figure 1. Weight of foliage consumed by S. litura in four successive generations on peanut 

under eCO2 conditions (lower and upper case letters indicate CO2 levels and generations) 
 
 

Insect performance indices 

The results on insect performance indices are presented in Table 3. Approximate 
digestibility (AD) of peanut foliage for S. litura differed with CO2 conditions (F2, 10 = 
13.15, P = <0.01) but not with generations (F3, 45 = 1.01, P = >0.05). The RCR of larvae 
was higher with both the eCO2 levels (F2, 10 = 6.947, P =<0.05) and differed with 
generations also (F3, 45=11.56, P = <0.01).  
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Figure 2. Larval weight of S. litura in four successive generations on peanut under eCO2 

conditions 

 

 

  

Figure 3. Fecal matter of S. litura in four successive generations on peanut under eCO2 

conditions 
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Figure 4. Larval duration of S. litura in four successive generations on peanut under eCO2 

conditions 

 
 

 

Figure 5. Pupal weight of S. litura in four successive generations on peanut under eCO2 

conditions 
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Conversion of ingested food (ECI) was lower in larvae fed with eCO2 foliage (F2, 10 = 
2.56, P = >0.01). ECI differed with generations (F3, 45 =2.04, P = >0.05). The 
conversion of digested food (ECD) by larvae was varied with CO2 (F2, 10 = 3.42, P 
=<0.05) and generations (F3, 45=3.33, P = <0.05). Growth rates of S. litura fed with 
eCO2 foliage were lower (F2, 10 = 13.733, P =<0.01). Growth rates did not vary with 
generations (F3, 45 =9.75, P = >0.01). For most of the indices, the interactions 
between CO2 and generations were not significant (Table 3).   
 
Table 3. Insect performance indices of four successive generations of S. litura fed on peanut 

grown under ambient and elevated CO2 concentration 

 
   ** and * indicate significance at 1 and 5 per cent respectively 

Discussion 

Elevated CO2 levels increase photosynthesis, growth, yield and C:N ratios in most 
plant species, particularly C3 plants (Pritchard et al., 1999) like peanut, Arachis hypogaea. 
Changes in plant N concentration and C: N ratio affects the quality and quantity of food 
available to insect herbivores (Chen et al., 2007). The impact of eCO2 on phytochemistry 
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of plants is well documented (Hunter, 2001; Coviella et al., 2002). In the present study, 
nitrogen concentration in peanut leaves decreased by about 7-8 per cent and carbon 
concentration increased by 2.5 - 6% in plants grown under eCO2 conditions. Leaf C: N 
ratio increased by 11-15% of and concentration of polyphenols increased by 2-14%. 
These results are in agreement with the findings of Hughes and Bazzaz (1997) and Saxon 
et al. (2004) who reported decrease in leaf nitrogen & leaf water; and increase in C: N 
ratio & total phenolics in plants grown under elevated CO2. Since nitrogen is the chief 
constituent of proteins, plants grown under eCO2 conditions have lower protein in their 
tissues. Polyphenols, non-structural carbon compounds that constitute one of the defense 
mechanisms of plants and offer antefeedence to herbivores are also known to increase to a 
greater extent in leaves under eCO2 conditions (Bezemer and Jones, 1998) which in turn 
influence the growth and development of insect herbivores.   

Elevated CO2 significantly increased the growth and biomass of the peanut plants by 
11% over ambient. This trend is well documented for many species of plants (Prasad, 
2005). Our results showed increased nodule number (124%) weight (101%) under eCO2 
conditions. Similar findings have been reported in most of the leguminous plants 
(Fischinger et al., 2010. Legumes capable of N fixation are less likely to suffer 
reduction in N under elevated CO2 but may exhibit lower leaf N during early growth 
stages as observed by Rogers et al. (2006) in soybean. Cong et al. (2009) reported a 
44% decrease in leaf nitrogen at mid vegetative growth stage of peanut under elevated 
CO2. In our study, biochemical analysis of foliage was done on samples collected at 
vegetative stage. It is possible that N fixation was not fully operational by that time.  

Consumption tends to increase in response to lower levels of nitrogen and higher C: N 
ratios, as species try to compensate the reduced nutritional quality of host tissue (Wu et 
al., 2006). Our results show higher consumption by S. litura larvae, of leaf material of 
peanut grown under eCO2. Further, the consumption increased by 29-35% over the four 
generations. It was noted that leaf nitrogen content was reduced considerably (13- 21 %) 
under eCO2 condition with an average of 13 per cent (Wang et al., 2008) Consumption 
and growth of larvae are influenced by nitrogen content of the foliage. As nitrogen is an 
important limiting factor for phytophagous insects, a reduction in nitrogen content has 
profound influence on insect performance. Insects increase their consumption and 
assimilation rates when fed with nitrogen-poor foliage. Larvae of S. litura were able to 
fully compensate for reduction in plant quality by enhanced feeding. Higher consumption 
of foliage of Vigna radiata by S. litura (Srivastava et al., 2002) and reduced pupal 
weights (Percy et al., 2002) of lepidopteran pests were reported under eCO2.  

Our study showed increased developmental times and reduced pupal weights of S. 

litura larvae fed with eCO2 foliage. Larval duration of S. litura increased by 6-8% 
across the four generations under eCO2 compared with ambient CO2. Larval life span 
was up to 10% higher in the fourth generation compared to the first generation.  

Insect performance indices of larvae of all four generations of S. litura varied with the 
CO2 condition under which the plants were grown. An increase of 9% in AD and 7% in 
RCR was observed in all four generations under eCO2 than ambient. Decrease of ECI 
(13%), ECD (19%) and RGR (9%) was observed in all four generations under eCO2 over 
ambient. Larvae consumed more of peanut foliage grown under eCO2 and assimilated 
better (higher values of RCR and AD) but grew slower (lower RGR) and took longer time 
(one day more than ambient) to pupation. It was reported that the efficiency of conversion 
of food into biomass was reduced, resulting in lower growth rate of insect larvae 
(Lindroth et al., 1993). A reduction in nitrogen content may be accompanied by decreased 
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efficiency of conversion to body mass resulting in reduced growth rate (Masters et al., 
1998). Some insects increase their consumption rate under eCO2, but still exhibit 
significant reduction in growth rate and prolonged development time due to incomplete 
compensation feeding and poor food processing efficiencies, particularly efficiency 
conversion of digested food (ECD) (Watt et al., 1995; Agrell et al., 2000).  

Reduced RGR of Gypsy moth larvae (Hattenschwiler and Schafellenr, 2004; Saxon 
et al., 2004), and S. litura on castor (Srinivasa Rao et al., 2009) under eCO2 have been 
reported earlier. Poor food processing efficiencies are likely the consequence of 
decreased nitrogen and/ or increased concentrations of allelochemicals (Lindroth, 1996). 
Higher approximate digestibility (AD) under eCO2 has been attributed to accumulation 
of starch content (Lindroth et al., 1993) and lower N content (Wang et al., 2008). 
Increased AD observed in our study might be due to increased C: N ratio. Our findings 
indicated that the digestive efficiency (AD) increased and conversion efficiency (ECD) 
decreased for larvae fed on elevated-grown foliage and similar observations were 
reported earlier (Lindroth, 1996; Agrell et al., 2000).  

The purpose of conducting present multi-generation study was to capture the 
cumulative effect of eCO2 on various insect parameters. The weight of the foliage 
consumed and weight gain by the larvae was significantly higher in fourth generation 
than preceding three generations under all three CO2 conditions. Higher consumption in 
the fourth generation might be due to accrued effect of CO2 over generations indicating 
that larvae consume more amount of foliage and gain greater weight as they feed on 
eCO2 foliage for longer period. Fecal matter released also increasing over generations 
and was in tune with consumption.  As mentioned earlier, most of the feeding trials with 
eCO2 plant material are confined to a single generation, and there are no studies with S. 

litura on peanut over multiple generations. Understanding the ‘adaptation’ of species 
over generations is helpful to study the response over generations (Lindroth et al., 
1995). Further multi generational studies are needed to understand the cumulative 
effects of eCO2 levels at the individual and population level to develop realistic 
predictions of long-term population dynamics (Williams et al., 1997). 

Conclusion 

Studies on effect of peanut growing CO2 conditions on S. litura over four successive 
generations showed a significant variation in growth and development of insect with 
both CO2 conditions and generations. Nitrogen concentration in peanut leaves decreased 
significantly resulting in an increase of C: N ratio. In all generations, increased AD and 
RCR were observed under elevated CO2 conditions over ambient. Decreased levels of 
efficiency of conversion of ingested food (ECI), efficiency of conversion of digested 
food (ECD) and relative growth rate (RGR) were noticed with elevated CO2. The data 
on insect development and food utilization efficiencies for multiple generations will 
give a better picture of effects of eCO2 and can help in understanding the population 
dynamics of pests in the future climate change scenarios.  
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Abstract. Inter-specific difference in seed size is one of the main factors influencing regeneration 
strategies in plant species. The classical trade-off theory postulates that the species with larger seeds 
produce smaller amounts of offspring that colonize fewer microsites, although a large amount of reserves 
permits seeds to germinate and survive in a broader range of conditions. Contrarily, the species with 
smaller seeds are assumed to widely disseminate their seeds, attaining lower rates of seedling 
establishment and survival. We tested this hypothesis by analysing regeneration traits in Pinus pinea L. 
(large-seeded species, average seed weight: 700 mg, SD: ±200 mg) and Pinus sylvestrais L. (small-seeded 
species: average seed weight: 13 mg, SD: ±4.2 mg). We used data from regeneration trials in inland Spain 
to analyse five different attributes: 1) seed production and masting habit, 2) seed shadow, 3) annual 
pattern of emergence and seed success, 4) spatial pattern of seedling emergence, and 5) seedling survival. 
Our results show that those attributes defining the spatial pattern of regeneration in both species match the 
assumptions related to their seed size. However, when these species grow under limiting environments, 
the annual pattern of emergence and seedling survival does not follow the expected trade-off theory. 
Keywords: trade-off theory, masting habit, seed dispersal, seed shadow, seedling survival 

Introduction 

The different reproductive strategies in plant species are defined by a wide array of 
plant features. Among these specific characteristics, seed size has been defined as the 
most selective trait, conditioning the spatial and temporal pattern of recruitment of the 
species (Harper et al., 1970; Moles and Westoby, 2006; Muller-Landau, 2010). Seed 
size, expressed as weight, may vary between species over a range of ten magnitude 
orders, between 10-6 g in some orchid species to more than 25000 g in coconut palm 
(Harper et al., 1970; Westoby et al., 1992). There are various adaptive hypotheses for 
seed size differences between species, all based on the theoretical trade-off hypothesis 
by Smith and Fretwell (1974), which postulates that the mother plant’s resources for 
producing seeds are limited. The allocation of available resources to seeds is partitioned 
between number and size; thus, the number of seeds borne is determined by the size of 
the annual assimilated income, the proportion of income allocated to seeds and some 
specific traits, such as the size of the seed (Harper et al., 1970; Smith and Fretwell, 
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1974; Moles and Westoby, 2006). Accordingly, a species with smaller seeds will 
produce a larger number of propagules, which will reach a greater number of sites, in 
comparison to a species with larger seeds (Westoby et al., 1992; Muller-Landau, 2010). 
On the other hand, the greater amount of metabolic reserves in larger seeds results in a 
wider range of conditions for germination (Aizen and Paterson, 1990; Westoby et al., 
1992) as well as greater initial seedling growth and survival (Baker, 1972), especially in 
stressing environments (Pardos et al., 2005; Muller-Landau, 2010). Furthermore, large-
seeded species are expected to show other evolutionary strategies, such as masting habit 
(the synchronic pattern of annual seed production, Kelly, 1994).  

Specific differences in seed size have also been identified as the main characteristic 
explaining invasiveness of the species (Grotkopp et al., 2002) and reproductive 
strategy differentiation (Moles and Westoby, 2006) between pioneer r-strategist 
species and later succession k-strategist species (Gross, 1984; Kimmins, 2002). Inter-
specific differences in seed size have been widely studied in tropical forests (Smythe, 
1970; Jackson, 1981; Foster 1986), temperate Quercus forests (Aizen and Woodcock, 
1992; Long and Jones, 1996) and several herb or shrub species (Baker, 1972; Gross, 
1984), while less attention has been paid to the comparison of regeneration strategies 
as a response to species’ seed size in the genus Pinus, one of the tree genus which 
displays the greatest between-species variability in seed weight (270-fold order of 
magnitude, Lanner, 1998).   

The main objective of this study is to describe and compare regeneration strategies 
according to their contrasting seed size in two pine species with a wide distribution in 
Spain: Pinus pinea L., a Mediterranean sensu-stricto species, and Pinus sylvestris L., a 
montane Eurosiberian species. P. pinea seeds are the largest of the Mediterranean pines, 
attaining weights over 700 mg (SD ±200 mg). Seeds can be up to 20 mm in length and 
have a short, rudimentary wing. The main agents described for seed dispersal – apart 
from gravity – are corvids (Cyanopica cyanus Bonaparte), and hoarding rodents 
(Apodemus sylvaticus L.), though the real effect of dispersers on the regeneration 
process has not been evaluated so far. At the other end of the spectrum, P. sylvestris 

seeds are among the smallest of the genus, with an average weight of 13 mg (SD: ±4.2 
mg), maximum length of 5 mm and a fully developed wing of 12-17 mm in length (Ruiz 
de la Torre and Ceballos 1979), being a typical wind-dispersed species. Natural 
regeneration failure is common in managed P. pinea forests (Calama and Montero, 
2007), while P. sylvestris regenerates satisfactorily, except in mountain timberline 
(Montero et al., 2008; Barbeito et al., 2011).  

Our main hypothesis is that the regeneration strategies observed for P. pinea and P. 

sylvestris on their optimal distribution area must reflect the evolutionary advantages in 
regeneration associated with large-seeded and small-seeded species formalized in the 
classical trade-off theory by Smith and Fretwell (1974). To evaluate this main 
hypothesis we have contrasted five secondary hypotheses defining the expected 
behaviour for large-seeded and small-seeded species -- according to trade-off theory – 
with the observed data from different regeneration trials installed in two representative 
forests of the species. These secondary hypotheses can be summarised as (1) seed 

production and masting habit: in large-seeded species number of produced seeds is 
reduced and the presence of mast year becomes the rule, while small-seeded species 
produce a sufficient amount of seeds every year (Westoby et al., 1992); (2) seed shadow 

(spatial pattern of seed dispersal): small-seeded species with wing are widely and 
uniformly distributed while seed shadow from large-seeded show a clustered 
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distribution (Lanner, 1998; Guo et al., 2000) ; (3) annual pattern of seedling emergence 

and seed success: trade-off theory indicates that the high amount of reserves which a 
large-seeded species invest in seed production favours germination even under less 
favourable conditions, so in large-seeded species annual seedling emergence is 
positively related to previous year seed dispersal (Harper and Obeid, 1967; Jackson, 
1981), showing higher rates of seed success (ratio between the emerged seedlings and 
the seeds dispersed the year before); (4) spatial pattern of seedling emergence: such 
pattern is expected to mimic that of seed arrival for large-seeded species (Aizen and 
Paterson, 1990; Moles and Westoby, 2006), while shows larger unevenness in small-
seeded ones (Moles and Westoby 2004) since safe sites are less common at scales 
associated with small seeds (Lusk and Kelly, 2003); and (5) seedling survival: higher 
survival rates and a broader range of conditions to survive are expected in larger seeded 
species (Foster, 1986).  

Material 

Study sites 

We used data from different regeneration trials installed for both species in public 
managed forests in the centre of Spain, which are broadly representative of the natural 
distribution area (Figure 1). P. sylvestris occupies the mid-mountain slopes of the 
Central Range at an altitude between 1000 – 1800 m, characterized by a montane humid 
climate (average annual rainfall 800 – 1000 mm). P. pinea grows on the flat 
sedimentary areas defined by Duero river Basin, located to the north of the Central 
Range at an altitude of between 700 and 900 m. P. pinea occupies poor sandy soils and 
grows under a severe, dry continental climate (average annual rainfall 450 mm and 
extreme summer and winter temperatures). The studied region is the unique location 
where the natural distribution areas for both species overlap, even identifying a few 
relict mixed stands (Robledo-Arnuncio et al., 2005, Figure 1).  

 
Experimental design 

Experimental trials were designed and installed independently for each species to 
study and model the processes involved in natural regeneration. However, the 
experimental design is quite consistent for both species, consisting of a set of large 
plots (ca. 0.5 ha) installed in mature natural stands. The P. pinea trial (780 m a.s.l., 
41º28’23’’N - 4º43’27’’W) included six plots where different natural regeneration 
fellings were applied. Current stand basal area and stand density ranges from 7 - 14 
m2/ha and 37 – 76 stems/ha (Table 1). The P. sylvestris trial included three plots: two 
(plots 1and6) located in the most productive area of the forest (1400 m a.s.l., 
40º49’01’’N; 4º01’30’’O), in different stages of group shelterwood felling (basal areas 
16 and 41 m2/ha, stand density 168 and 318 stems/ha, respectively), and a third plot 
(plot 8) located in the timberline region (1800 m a.s.l., 40º48’38’’N; 4º03’33’’O) 
where only selective cuttings (basal area 20 m2/ha, stand density 320 stems/ha) are 
applied (Table 1).  
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Figure 1. Distribution area for the species in Spain, studied area, and trials location (X) 

 
 
At each plot, a systematic grid of ten (P. sylvestris, n=30) or twenty (P. pinea, 

n=120) 9 m2 squared subplots was installed. Subplots were visually surveyed every six 
months, and new emerged seedlings were counted, numerated, positioned within 1 m2 
quadrats and their height was measured. At each subsequent survey, survival and height 
of the remaining seedlings was also recorded.  

In the P. pinea trial, fifty-eight seed traps (ten per plot, but two were destroyed 
during the experiment) were deployed, consisting of a circular bag made of fine mesh 
textile stapled on three wooden sticks 1 m above the ground, with a collecting surface of 
0.25 m2. In the P. sylvestris trial fifteen seed traps (five per plot) were maintained, 
consisting of a PVC 1 m2 rectangular trap, with micro-holes for drainage in the bottom, 
and protected with a 4 cm2 mesh to prevent predation. Between May 2005 and February 
2010, P. pinea traps were emptied monthly (47 collections, average period between 
collections 35.2 days). For P. sylvestris, winter access difficulties reduced the sampling 
to a minimum of one collection per season (26 collections between May 2005 and 
September 2009, average period 58.6 days). Once in the laboratory, seeds from each 
trap and collection were separated from the litterfall and counted. 

Since P. pinea plots were located within the same environment, all the analyses for 
this species were undertaken using the pooled data. In the case of P. sylvestris, the most 
productive area (plots 1 and 6) was considered separately from the timberline site (plot 
8) for the main part of the analysis. 

 
 
 



Calama et al.: Regeneration traits in P. pinea and P. sylvestris 
- 391 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(2): 387-404. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: 10.15666/aeer/1302_387404 

 2015, ALÖKI Kft., Budapest, Hungary 

Table 1. Main characteristics of the experimental trials in Pinus pinea and Pinus sylvestris 

  Pinus pinea 
Pinus sylvestris  

Plots 1and6 

Pinus sylvestris 

 Plot 8 

Regeneration 

plots 

Number of plots 6 2 1 

Area of each plot 0.48 ha 0.5 ha 0.5 ha 

Basal area (m2/ha) 7 - 14 16 – 40 20 

Stand age 120 120  140 

Altitude (m) 800 1400  1800 

Silvicultural system 

 

Seed tree 
Shelterwood 

Shelterwood Selective cuttings 

Last regeneration 

fellings 
2003 2005 2000 

Seedling 

survey 

subplots 

Number per plot 20 10 10 

Type of subplot  Squared 9 m2  Squared 9 – 25 m2  Squared 9 m2 

Subplot Location Systematic Systematic Systematic 

Area sampled per 

plot 
180 m2 90 – 154 m2 90 

Total area sampled 1080 m2 244 m2 90 

Survey periodicity Twice per year Twice per year Twice per year 

Monitoring years 2006 – 2010 2006 – 2009 2006 – 2009 

Seed traps 

Number per plot 10* 5 5 

Type of trap 
0.25 m2 textile 

mesh  
1 m2 PVC box 1 m2 PVC box 

Trap Location Systematic Systematic Systematic 

Area sampled per 

plot 
2.5 m2 5 m2 5 m2 

Collection 

periodicity  
Monthly Seasonally Seasonally 

Monitoring years 2005 – 2009 2005 – 2008 2005 – 2008 
* In plot 1, two traps were destroyed during the study, so they were not considered in the analysis 

Methods 

Seed production and masting habit 

Seed production was computed for species and sites using the total number of seeds 
collected per m2, while masting habit was described by the two following statistics: 

Interannual within-trap coefficient of variation (CVi): 
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(Eq. 1) 

 

Where xij is the total number of seeds collected in trap i during the jth year of study, 

ix  is the average annual value of seeds collected in the trap i. Larger values of CVi 
indicate larger interannual variability. Given the non-normal nature of CVi as well as 
the unbalanced data (58 traps in P. pinea, 15 traps in P. sylvestris), between species and 
between sites differences in CVi were evaluated by using a nonparametric Kruskal-
Wallis test. 
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Kendall’s coefficient of concordance (W):  
This coefficient was used to test whether the annual rank in collected seeds between 

the different traps within the same site and species is independent, or if, contrarily, a 
pattern of synchrony exists. W ranges between zero (independence) and 1 (complete 
synchrony) (Legendre, 2005).  

 
Seed shadow  

To contrast the secondary hypothesis of larger uniformity in seed shadow for large-
seeded species, we have analysed the spatial pattern of seed dispersal of each species 
and site by computing:  

Coefficient of variation between traps:  

 

 

x

xx

CV

n

1i

2

i



  

(Eq. 2) 

 

Where xi is the total number of seeds collected in trap i during the 5 years of study, 
x is the average value of seeds collected in a trap during the study, and n is the total 
number of traps per species (58 in P. pinea, 15 in P. sylvestris). Low values of CV 
indicate uniformity in the seed shadow, while large values suggest a clustered 
distribution of seeds.  

Theoretical distribution of seed arrival:  

The empirical distribution of seed arrival to traps was compared with theoretical 
distributions, as the uniform (defining an even seed shadow), the normal and the 
negative binomial (clustered seed shadow), by using a Chi-square test. Furthermore, the 
cumulative curve of collected seeds as a function of the relative distance from the 
nearest tree (measured in crown radii) was also drawn to detect patterns of seed 
clustering under the crowns.  

Seed limitation indices:  

Clark et al. (1998) and Muller-Landau et al. (2002) proposed two indices to assess 
whether recruitment is seed-limited by either seed arrival or seed production: seed 

arrival limitation, defined as the proportion of microsites not receiving seeds; and 
source limitation, the expected proportion of microsites where seeds are not arriving, 
considering a uniform distribution of seed arrival. Being n the total number of traps, a 
the total number of traps receiving at least one seed during the analysed period, and s 
the total number of seeds collected: 

Seed arrival limitation = 
n

a
1  

 

(Eq.3) 
 

Source limitation =  
n

s  exp     

 

(Eq.4) 
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Annual pattern of seedling emergence and seed success 

In order to check the annual pattern of seedling emergence and seed success we 
computed the interannual coefficient of variation in the number of emerged seedlings 
per m2 for each survey subplot [Eq. 1], carrying comparisons between species and sites 
by a non-parametric Kruskal-Wallis test. Seed success was then computed for each 
year, sites and species, and correlations between seed dispersal and seed success were 
carried to determine whether the annual pattern on seedling emergence mimics the 
annual pattern of seed dispersal.  

 
Spatial pattern of seedling emergence 

The spatial distribution of emerged seedlings was evaluated using the same approach 
as in the analysis of the spatial distribution of seed dispersal: CV between 1 m2 quadrats 
(and between species and sites evaluation of differences using Kruskal-Wallis test), 
theoretical distribution for the observed frequencies (Chi-square test), and charts of the 
cumulative frequencies of emerged seedlings with respect to the relative distance to the 
nearest tree.   

 
Seedling survival 

To contrast this hypothesis postulating higher survival rates in large-seeded species, 
seedling survival was divided into two traits: 1) survival presence – indicating whether 
in a 1 m2 quadrat with emerged seedlings, there are still live seedlings remaining after 
one year – and 2) rate of survival - ratio between the amount of one-year old seedlings 
and the number of seedlings emerged the year before in a 1 m2 quadrat. Spatial pattern 
of rate of survival was evaluated by computing between quadrats CV, and differences in 
the rate of survival as a function of site, species, and distance to the closest tree were 
evaluated. 

Results 

Seed production and masting habit 

The differences in the total amount of seed produced between the large-seeded 
species (P. pinea) and the small-seeded species (P. sylvestris) were 15-20 fold (Table 

2), defining between species significant differences (Kruskal-Wallis W: 36.8275, p-
value<0.0001), while no significant differences were detected between P. sylvestris 
sites. Both species showed a pattern of interannual variability in seed production (Table 

2), with P. pinea attaining a 78 fold difference between the largest and smallest seed 
production years (average interannual CV: 1.602), while in P. sylvestris the magnitude 
of this difference is 16 fold (average interannual CV: 1.051 and 0.663 in plots 1and6 
and 8). The Kruskal-Wallis nonparametric test showed significant differences (W: 
25.192; p-value < 0.0001) in the within-trap coefficient of variation CV among species, 
and in the case of P. sylvestris, between sites.  

Kendall’s coefficient of concordance points to the existence of a significant 
synchrony, within the same species and site, among seeds reaching the traps (Table 2). 
Moreover, the traps in P. sylvestris plot 8 (timberline) showed a different pattern of 
interannual variation to those in plots 1 and 6.  
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Table 2. Annual mean values of seed production (standard errors in brackets) and within 

seed-traps average interannual coefficient of variation (CV) and Kendall’s coefficient of 
concordance among traps (W) for seeds collected each year 

 
 
 

Seed shadow 

A total of 680 P. pinea pine nuts were collected in the 58 traps (46.89 seeds.m-2, CV 
between traps: 1.602) during the study period. For P. sylvestris, 10576 seeds were 
collected in the fifteen traps (705 seeds.m-2, CV between traps: 0.252, no differences 
between sites, so trap collection data were jointly analysed). Thus, a larger amount of 
seed arrival and a more uniform distribution over the soil was shown in P. sylvestris. 
After testing the observed distributions of seed arrival (Figure 2), we could not reject 
the hypothesis of a uniform distribution of seed arrival for P. sylvestris (χ2: 0.666, p-
value 0.7165), while for P. pinea, with a large zero inflated tailed distribution, no 
theoretical distribution significantly matched the observed data (closest fit was the 
negative binomial distribution, χ2: 31.213, p-value<0.0001).  

 

 

Figure 2. Histogram of frequencies for seed arrival in traps in P. pinea (58 traps, a) and P. 

sylvestris (15 traps, b). X axis are adapted to deal with between-species differences in 

abundance.  

 
 

These results were confirmed by comparing the cumulative distribution of collected 
seeds as a function of the relative distance from the nearest tree (Figure 3) for both 
species. For P. pinea more than 75% of seeds were primarily dispersed beneath the 
crown, 20% of the remaining seeds were dispersed up to a distance from the stem of 1.5 
times the crown radius, with no seeds at all arriving to those traps located at a distance 

a) b) 
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over 2.5 times the crown radius from the nearest stem. On the contrary, for P. sylvestris 
only 20% of seeds were released under the crown, while traps beyond three crown radii 
received almost the same amount of seeds than the traps beneath the crown. 

 

Figure 3. Cumulative frequencies of seed arrival (diamonds) and seedling emergence (dots) for 

P. pinea (a, data from 58 traps and 1080 quadrats) and P. sylvestris (b, data from 15 traps and 

334 quadrats), as a function of relative distance to the closest tree. Dashed line indicates crown 

border. 
 

 

In the case of P. pinea 25 out of 58 seed traps received zero seeds within the studied 
period (Table 3), attaining a global value for seed arrival limitation of 0.431. A value 
for the source limitation index of 8.09 10-6 indicated that under a uniform distribution, 
the number of seeds dispersed during the 5 years period is large enough to arrive to each 
trap. However, when considering the annual pattern, we observed that in three out of the 
five studied years (2005, 2008 and 2009), seed limitation was related to seed shortage. 
For P. sylvestris, all the traps received seeds every year, in a sufficient amount that 
computed values for seed arrival limitation and source limitation indexes were 
negligible, indicating neither source nor dispersal seed limitations.  

 
Table 3. Seed limitation indexes for Pinus pinea (data from 58 seed traps) and Pinus 

sylvestris (data from 15 seed traps) 

 Trait 2005 2006 2007 2008 2009 Total 

P. pinea 

58 seed traps 

Collected Seeds 5 221 390 51 13 680 

Traps with zero seed  54 34 31 39 48 25 

Seed arrival limitation* 0.931 0.586 0.534 0.672 0.828 0.431 

Source limitation* 0.917 0.022 0.001 0.415 0.799 <0.001 

P. sylvestris 

15 seed traps 

Collected Seeds 1738 4856 2917 1065 - 10576 

Traps with zero seed  0 0 0 0 - 0 

Seed arrival limitation* 0 0 0 0 - 0 

Source limitation* <0.001 <0.001 <0.001 <0.001 - <0.001 

* As defined in equations 3 and 4 

 

 

Annual pattern of seedling emergence and seed success 

In P. pinea, the interannual CV in seedling emergence (average value 2.054) is 
significantly larger (W: 183.736, p-value <0.0001) than in P. sylvestris plots 1and6 

a) b) 
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(average value 1.409), and plot 8 (average value 1.583). Significant differences are 
also detected among plot 1and6 vs plot 8 (W: 25.235, p-value <0.0001). These results 
indicate that in P. sylvestris emergence is more uniformly distributed among years 
than in P. pinea. However, in all the cases, interannual CV in seedling emergence was 
larger than the values found for the interannual CV in seed dispersal (Table 4). This 
means that the annual pattern of seedling emergence is less even than the annual 
pattern of seed dispersal, suggesting that other factors, rather than only seed 
availability, drive this process.  

Annual seed success (Table 4) does not differ significantly between P. pinea and P. 

sylvestris sites (W: 2.195, p-value 0.3336). In P. pinea stands, the seed success ratio 
varied between < 0.1 % (2008) and ca. 35 % (2007), with an average value for the 
studied period of 10.10 %. High emergence rates in 2007, followed by low rates in 2008 
and 2009 coincided with warm (mean temperature in November 2006: 9.9 ºC) and cold 
(mean temperatures in November 2007 and November 2008: 4.0 ºC and 4.5 ºC) 
previous fall seasons, the optimal period for seed germination (Manso et al., 2012b). For 
P. sylvestris plots located in productive areas (plots 1 and 6) the average seed success is 
similar to P. pinea (12.36 %), although interannual CV is notably lower. Finally, we 
observed lower values of seed success (2.56 %) at the P. sylvestris timberline (plot 8). 
In both P. sylvestris sites exceptionally low seed success was detected in 2009, a year 
with a very dry spring (only 101 mm of rainfall, compared with an average spring 
rainfall of 350 mm). 

 
Table 4. Annual pattern of seed arrival, seedling emergence and seed success 

Species/site Trait 2006 2007 2008 2009 2010 Average CV 

P. pinea 

Seedlings 37 5772 8 22 36  - 

Seedlings/m
2
 0.03 5.34 0.02 0.01 0.03 1.08 2.054

a
 

Seeds/m
2
 0.34 15.24 26.90 3.52 0.90 9.38 1.602 

Seed success 9.94% 35.07% 0.08% 0.21% 3.72% 10.10% 1.453 

P. sylvestris 

Plots 1 and 

6 

Seedlings 1914 18899 4387 39 -  - 

Seedlings/m
2
 7.70 85.18 22.45 0.63 - 28.99 1.409

b
 

Seeds/m
2
 84.80 431.00 118.53 38.46 - 168.20 1.050 

Seed success 9.08% 19.76% 18.94% 1.64%  12.36% 0.694 

P. sylvestris 

Plot 8 

Seedlings 179 232 2020 9 -  - 

Seedlings/m
2
 1.99 2.58 22.33 0.30 - 6.80 1.548

c
 

Seeds/m
2
 178.00 95.00 361.28 136.28 - 192.64 0.663 

Seed success 1.12% 2.72% 6.18% 0.22%  2.56% 1.091 

Seeds on year t correspond to seeds dispersed during the previous year t-1; seed success = emerged seedlings / seeds dispersed 
during the previous year; CV: interannual coefficient of variation. In 2010, only P. pinea trial was measured. In seedlings/m2 rows, 
groups with different letter indicate significant differences  

 
 

In the case of P. pinea we found that the year with the largest amount of seed 
dispersal (2007) was followed by a year with a very low seedling emergence, resulting 
in a non-significant correlation (r=0.12, p-value 0.8429) between the amount of seeds 
dispersed and seed success. Conversely, in the P. sylvestris sites a significant positive 
correlation (r = 0.66, p-value 0.0198) exists between the amount of seeds dispersed and 
seed success.  
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Spatial pattern of seedling emergence 

During the studied years, we counted 5875 emerged P. pinea seedlings (5.44 
seedlings per m2). The CV between 1 m2 quadrats in the total amount of emerged P. 

pinea seedlings was 2.430, larger than the CV between seed traps (1.603). However, in 
47.77% of the quadrats (516 of 1080) no seedlings emerged during the analysed period, 
a value close to that for non-seed traps (43.10%). The histogram for the observed 
frequencies of seedling emergence (Figure 4) showed a quite similar pattern to that 
obtained for seed dispersal (Figure 2). Tests for theoretical distributions did not provide 
significant results, although – similar to seed dispersal – the negative binomial was the 
distribution that best match (χ2: 1303.380, p-value<0.0001). Thus, the spatial 
distribution of seedlings in P. pinea closely mimics the spatial pattern of seed dispersal, 
with most of the emerged seedlings located within the influence area of the crown and 
an absence of seedlings in the large gaps (Figure 5a). Confirming this, when we 
compared the cumulative frequencies curves of seed dispersal and seedling emergence 
(Figure 3) we only detected slight differences at a distance over 2 crown radius from the 
closest tree, where 3 % of seedlings emerged though only 0.7% of seeds are dispersed.  
 

  

Figure 4. Histogram of frequencies for emerged seedlings in P. pinea (a) and P. sylvestris plots 

1and6 (b) and plot 8 (c). X and Y axis are adapted to deal with between-species and between-

sites differences in abundance and sampling intensity.  

 
 
In the case of P. sylvestris, significant differences were found between sites in the 

average value of emergence throughout the study (115.95 and 27.21 seedlings per m2 in 
plots 1and6 and plot 8; W: 114.410, p.value <0.0001) contrasting with the result 
obtained for dispersed seeds. All the quadrats showed at least one emerged seedling 
during the period. At within-site scale, the CV for the total amount of emerged 

a
) 

b
) 

c
) 
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seedlings between 1 m2 quadrats was 0.652 and 0.387 for plots 1and6 and plot 8, values 
notably larger than those obtained for seed dispersal traps (CV: 0.252). Regarding the 
theoretical distributions (Figure 4), we rejected the hypothesis of uniform distribution 
(χ2: 75.721 and 61.289; p-value <0.0001 for plots 1and6 and 8), although at 0.01 level 
we could not reject the hypothesis of normal seedling distribution (χ2= 16.128 and 
6.178; p-values 0.0131 and 0.2892). The large differences observed in the cumulative 
curves of frequencies for seed dispersal and seedling emergence (Figure 3) also 
confirms these changes in the spatial distribution for P. sylvestris, pointing to a less 
uniform distribution of emerged seedling, suggesting that seed success can be 
influenced by crown cover (Figure 5b).  

 

 

Figure 5. Crown covertures, subplot location and seedling emergence in P. pinea plot 5 (a) and 

P. sylvestris plot 6 (b) 

 

 

Seedling survival 

One-year old seedling survival in P. pinea was only detected in 25% of the 1 m2 
quadrats where seedlings had emerged the previous year, while in P. sylvestris survival 
presence reached values of 89% in plots 1and6 and 46% in plot 8.  

The mean first year survival rate for P. pinea was 0.091, while for P. sylvestris the 
survival rate was significantly larger (0.199 and 0.242 for plot 1 and 6 and plot 8, 

a) 

b) 
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respectively, W: 220.160, p-value <0.0001). The CV defining spatial variation of 
survival rate was larger in P. pinea (2.4289) than in P. sylvestris (0.8111 and 1.4786 in 
plots 1and6 and plot 8), indicating greater uniformity in seedling survival in P. 

sylvestris. Finally, significantly lower rates of survival were detected for P. pinea in 
those quadrats located beyond 1.5 crown radii from the closest tree (W: 17.205, p-value: 
0.0041), while in P. sylvestris significant difference (W: 25.194, p-value: 0.0007) were 
found at positions beyond three crown radii (Figure 6). 
 

 
Figure 6. Rate of seedling survival in P. pinea (a) and  P. sylvestris (b) as a function of relative 

distance to the closest tree classes, measured in crown radii. 

Discussion 

Our results do not entirely support our main hypotheses since some of the 
evolutionary advantages for large-seeded species based on the classical trade-off theory 
postulated by Smith and Fretwell (1974) were not shown by P. pinea (Table 5), 
especially those assumptions regarding the interannual pattern of seedling emergence, 
seed success and seedling survival.  

We can support the secondary hypothesis that large-seeded species produce a 
smaller amount of seeds. The differences of 15-20 fold in the number of seeds 
produced between the two studied species, in contrast with the 60 fold difference in 
seed weight, suggests that P. pinea allocates more resources to seed production 
(Cabanettes and Rapp, 1981). Both species showed significant interannual variability 
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and synchrony in seed production between trees within the same site. P. pinea shows 
larger interannual variability and several years with almost no production, while P. 

sylvestris shows smaller interannual differences and an absence of null crops, as 
reported by Hilli et al. (2008). It has been suggested that masting habit, synchrony and 
the existence of years with almost null crops (e.g. 2005 or 2009) in large-seeded 
species are evolutionary mechanisms to tackle predators and favour animal dispersal 
by scatter-hoarders (Janzen, 1971; Kelly, 1994; Vander Wall, 2002). However, the 
two consecutive mast years (2006 and 2007) found for P. pinea appear to contradict 
the classic satiation-starvation theory, revealing the important role played by climatic 
variables in the masting response. Evidences that masting habit in P. pinea is highly 
influenced by rain events during the year prior to flowering, coinciding with bud 
formation, have previously been widely reported (Mutke et al., 2005; Calama et al,. 
2011). In P. sylvestris the absence of null crops guarantees a constant supply of seeds, 
a trait expected in small-seeded species.  

In our study, the hypothesis of seed size as the main trait defining interspecific 
differences on the shape of the seed shadow (Willson, 1993; Khurana et al., 2006) can 
be confirmed. Seed arrival to the ground is severely limited in P. pinea since most of 
the seeds are dispersed and clumped under or close to the crown of parent trees 
(Barbeito et al., 2008), being a major cause of seedling recruitment failure in P. pinea 
(Manso et al., 2012a). The lack of seed also seems to be a problem for the regeneration 
of P. pinea stands in non-mast years, when more than 80% of the sites do not receive 
seeds. However, when considering a period of five years, the amount of seeds arriving 
to the ground is enough to regenerate the stand. Conversely, P. sylvestris seeds are 
uniformly dispersed and distributed throughout the territory, even in timberline stands 
and years with low seed production.  

 
Table 5. Expected and observed regeneration traits according to classical secondary 

hypotheses on seed ecology; (√) indicates match, while (X) means divergence 

 
  
 

On the contrary, our results do not support the proposed hypothesis that seed size 
controls the annual pattern of emergence and seed success. Although postulated by the 
reserve trade-off theory (Smith and Fretwell, 1974; Moles et al., 2005), we did not find 
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higher seed success in P. pinea. Moreover, higher emergence rates in mast years were 
found in the case of the small-seeded species, but not in the large-seeded one 
(contradicting again the satiation-starvation theory). A major climatic control over this 
trait was observed in P. pinea, associated with favourable warm conditions during fall 
season. Furthermore, the low rate of emergence in 2008 occurred after two very good 
crops in 2006 and 2007, indicating substantial impact of winter predation, when rodents 
are more active in Mediterranean environments (Diaz et al., 2010). The combined effect 
of unfavourable climatic conditions and predators could reduce seedling recruitment 
almost to zero, even in mast years, defining a clear bottleneck for P. pinea regeneration 
(Manso et al., 2012b). In P. sylvestris, plots 1and6 showed constant rates of emergence 
except for the very dry spring of 2009, while in plot 8 we identified the lowest rates of 
emergence throughout the study. This indicates an environmental control at the 
timberline that limits seed survival and germination, partly related to water availability 
in summer (Barbeito et al., 2009). Even though predation pressure is higher in the case 
of species with large seeds, the possible effect of foraging rodents and ants on P. 

sylvestris seed survival should be considered, as it can severely reduce the total amount 
of seed available (Castro et al., 1999).  

The P. pinea seedling shadow largely mimics the seed primary dispersal shadow, 
which is in accordance with the trade-off hypothesis. However, since the role of animal 
dispersers is not taken into account by seed traps, we compared the cumulative curves 
for P. pinea seed arrival and seedling emergence, which revealed a greater right tail in 
seedling distribution. Nevertheless, the role of secondary dispersal in the species is less 
important than might be expected, with only 3% of seedlings appearing at a distance of 
twice the crown radius from the stems. In P. sylvestris stands, the spatial pattern of 
seedling distribution is much more uneven than the pattern of seed arrival to the soil, 
which also agrees with our expected hypothesis. While seeds cover the territory 
uniformly, the emergence of seedlings follows a close to normal distribution, indicating 
that some sites are more favourable than others for emergence and establishment, and 
confirming the dependence between seed size and safe sites (Lusk and Kelly, 2003). 
This pattern of dependence has also been observed in other wind dispersed seed species, 
such as Abies alba Mill. (Sagnard et al., 2007) or Pinus nigra (Lucas-Borja et al., 2012), 
and it agrees with the previous results for the species that identify medium light 
conditions as being more favourable for seedling emergence and growth (Pardos et al., 
2007, 2008; Barbeito et al., 2009, 2011).     

Finally, once more our results do not confirm the trade-off hypothesis (Smith and 
Fretwell, 1974; Willson, 1993) of a positive correlation between seed size and seedling 
survival, since higher rates of survival were shown by the small-seeded species (P. 

sylvestris). Classical theories also postulate that large seeds tend to reach sites that are 
more favourable for emergence and survival. In our study this pattern did not occur, 
since P. pinea seedlings only survived in 25% of the sites where emergence occurred, 
while in the case of P. sylvestris, survival presence reached values of up to 85%-95%. 
However, in both species the spatial pattern of survival mimics the pattern of seedling 
emergence, since P. pinea seedlings tend to show higher survival rates under the crown, 
while P. sylvestris attains lower survival values in very exposed areas at the timberline 
and higher survival rates for plants in medium exposed positions located in mid-altitude 
areas. Hence, the main factors governing emergence also have an important impact on 
survival for both species.   
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Conclusions 

Our study confirms that for the analysed species and sites the main inter-specific 
differences in the total amount of produced seed, masting habit, and spatial patterns of 
seed arrival and seedling emergence can be explained on the basis of the differences in 
seed size and trade-off theory by Smith and Fretwell (1974). On the contrary, the 
expected evolutionary advantages of higher rates of emergence, seed success and 
seedling survival in the large-seeded P. pinea are not shown. In P. pinea severe 
limitations are identified not only in terms of seed arrival and seed source in non-mast 
years (as expected in a large-seeded species), but also in emergence and seedling 
survival, limiting regeneration success to very narrow conditions. In P. sylvestris 

limitations were uniquely found in timberline areas, preventing seed germination and 
subsequent seedling emergence. These results support the hypothesis that in resource-
limited environments climatic conditions govern inter-annual patterns in regeneration 
and the evolutionary reproductive advantages related to species seed size are probably 
minimized. However, given the shortages of the study, uniquely focusing on two 
species growing on their most representative areas and based on nonhomogeneous 
experimental trials, these conclusions should be cautiously considered. Future research 
effort should point to evaluate these hypotheses over a wider range of Mediterranean 
pine species and sites.  
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Abstract. The function of flowers, as the reproductive organs of plants, can be altered by changes in the 
size and shape of their constituent parts in traffic-related air polluted areas. The aim of this work was to 
compare the length, width, centroid size and shape (using a set of shape variables - partal warps) of Iris 

pumila standards (petals) from an urban area of Belgrade city with data from the Deliblato Sands – an 
unpolluted nature reserve. Differences between the areas, as well as differences in clonal variability, for 
length, centroid size (ANOVA p < 0.001) and shape variation of standards were significant (MANOVA p 
< 0.001). Micro-environmental conditions induced significant diversity between flowers within a clone (p 
< 0.001), while intra-individual variation (part effects, p > 0.05) was not confirmed. Decrease of standard 
length and centroid size in the polluted environment was detected, as well as a change in the shape of this 
I. pumila flower part. The standards were shorter and wider in the polluted area when compared to those 
in the unpolluted environment.  
Keywords: urban ecology, flower shape morphology, geometric morphometrics, Iris pumila, Deliblato 

Sands 

Introduction 

Studies on the effects of urban air pollution on vegetation (Gajić et al., 2009; Bell et 
al., 2011), have generally demonstrated reduction in the size of plant organs in polluted 
environments. However, few investigations have examined the direct influence of 
traffic–related air pollution on plant organ shape. The complex mixture of air 
pollutants, characteristic for major urban roadside locations, has a potentially injurious 
impact on vegetation, inducing morphological and physiological changes affecting 
photosynthesis, which, in return, directly influence the growth and development of 
plants and flowering phenology (Gratani et al., 2000; Viskari et al., 2000; Honour et 
al., 2009; Bell et al., 2011).  

As the reproductive organ of plants, flowers (i.e. their number, the size of floral parts, 
pollen size and viability, phenology), are one of the most convenient biomonitoring 
systems for the detection of environmental pollution caused by anthropogenic activity 
(Dubey, 1991; Neil and Wu, 2006; Syed et al., 2008). Early spring bloomers and insect-

mailto:danijela.miljkovic@ibiss.bg.ac.rs
mailto:vukicavujic@yahoo.com
mailto:stevan@ibiss.bg.ac.rs
mailto:tarasjev@ibiss.bg.ac.rs
mailto:dubokoiplavo@yahoo.com
mailto:uros.zivkovic@gmail.com


Vujić et al.: The effects of traffic-related air pollution on the flower morphology of Iris pumila 
- 406 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(2): 405-415. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: 10.15666/aeer/1302_405415 

 2015, ALÖKI Kft., Budapest, Hungary 

pollinated plants are known to be highly responsive to environmental variables. The 
reduction in size of plant organs in polluted areas may alter the relationship between 
pollinators and flowers with subsequent effects on successful pollination (Bell et al., 

2011; Sun et al., 2014). Understanding the causes, mechanisms and consequences of 

changes in flowering phenology and morphology in urban environments has a number 
of important ecological implications (Neil and Wu, 2006).  

In this study we analyzed the impact of air pollution on the morphology of Iris 

pumila standards (petals) by geometric morphometrics (GM). In the last few years this 
method has begun to be applied as a tool in morphological analyses (Adams et al., 2004; 
Henderson, 2006; Adams et al., 2011; Dalayap et al., 2011). In addition to the analysis 
of structural dimensions (e.g. distance) based on specific landmarks (LM), contour 
shape analysis of organs or parts of organs, defined by semi-landmark points, are also 
elements of this application (Bookstein, 1997).  

Specific goals of this study were: 

- to define differences in the length, width, centroid size and shape of Iris pumila 
flower standards between an air-polluted urban area in Belgrade city and the 
protected natural unpolluted habitat of Deliblato Sands; 

- to estimate clonal variability of the length, width, centroid size and shape of 
standards in the polluted and unpolluted environments.  

Material and methods 

Locations 

We analyzed a perennial clonal plant species - Iris pumila L. (Iridaceae), which is 
widely distributed in the Pannonian lowlands of central and southeast Europe. Natural 
populations of this species are very abundant on the dune system at Deliblato Sands, 
Serbia (44°48′ N, 38°58′ E; Miljković, 2009; Miljković, 2012, Miljković et al., 2014). 
This dune system is a special nature reserve and a natural (N), rural (R) area according 
to the EoI classification of the EEA (European Environmetal Agency) and was the site 
of our first natural population. The second locality was the garden of the “Siniša 
Stanković” Institute for Biological Research, a traffic-related polluted area in Belgrade, 
the capital city of Serbia (44°99’03” N, 20°29’14” E). Based on findings concerning the 
amount of pollutants in 2012, Belgrade falls in the third category regarding air pollution 
(highly polluted environment), with high NO2 (57.7 µg/m3,) and PM10 (70.8 µg/m3) 
concentrations (Annual report on air quality in the Republic of Serbia, 2012., Ministry 
of Energy, Development and the Environment, CIP – Catalog. in publication of National 
Library of Serbia, Belgrade) (Fig. 1).  

 
Study species 

I. pumila hermaphroditic flowers consist of three floral organ sets (standard, fall, 
style, stamen). The three upright standards correspond to the usual flower petals and 
their function is to attract pollinating insects. Multiple planes of symmetry and a 
radially symmetrical form characterize I. pumila flowers (Tucić and Miljković, 2010; 
Miljković, 2012). We determined the length, width, centroid size (CS) and shape 
variation of standards, the corolla part of the perianth (standards and falls), in I. pumila 
plants using geometric morphometric tools. Standards of flowers from eleven clones in 
the traffic-polluted area and thirty clones from the unpolluted region were examined, a 
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total of 60 blooms from each site. After dissection of the flower parts, standards were 
fixed with glycerol on a glass slide and images were recorded, with a ruler for 
calibration, on a scanner (Hewlett Packard Jet 3400C) at the resolution of 600 dpi.  
 

 

Figure 1. Locations of the analyzed populations: the unpolluted Deliblato Sands Natural 

Reserve (white circle) and polluted urban area in Belgrade, Serbia (black circle). 

 

 

Morphometric analyses  

All geometric morphometric analyses were made in the MorphoJ program 
(Klingenberg, 2011). This software package and a series of programs for the geometric 
analysis of shape (a set of TPS-thin plate spline and IMP-Integrated Morphometrics 
Package programs) are accessible at: http://life.bio.sunysb.edu/morph (Sheets, 2001; 
Klingenberg, 2011). IMP was used for digital analyses of I. pumila standards. The 
MakeFan6 (Sheets, 2001) was employed to create a radial fan thus ensuring uniformity 
in the placement of marks in all analyzed specimens. Four landmarks were defined: 
LM1 on the middle of the standard base, LM9 on the top of the standard and two 
landmarks on the ruler (LM17 and LM18) for calibration (Fig. 1). The function of semi-
landmarks are to facilitate the description of curves and outlines of the form and 
structure of an organism or one of its parts (Perez et al., 2006; Van Dongen et al., 2009). 
To observe the shape of the floral parts, namely, their curves, we defined semi-
landmarks (SML) (Fig. 2). Images of standards with the radial fan were used for 
positioning semi-landmarks in the tpsDig program (Rohlf, 2005). On the intersection 
between the radial axis and the outer curve of the standards we determined 14 SML (2-8 
and 10-16, see Fig. 1). Some errors may occur during data collection and placing 
landmarks. To estimate errors, points were positioned at two independent times on the 
whole sample by the same person (V V).  
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Figure 2. Digital image of a standard of Iris pumila flower. The fan, 2 landmarks and 16 semi-

landmarks are shown. The points 17 and 18 are positioned on the ruler for scaling. 

 

 

General Procrustes Analysis (GPA) allows scaling, translation and rotation of 
specific points, which eliminates differences due to size, position and orientation (using 
Procrustes superimposition) (Dryden and Mardia, 1998; Zelditch et al., 2004). Namely, 
the results of GPA give geometric information about an object that is independent with 
respect to scaling, translation and rotation (Klingenberg and Monteiro, 2005). The 
Procrustes coordinates (which were obtained from GPA analyses) of each specific point 
provide data about the shape of the specific configuration, and differences in shape 
between the analyzed configurations. 

 

Statistical analysis 

Centroid size (a measure of size in geometric morphometrics) for the standard form 
was calculated as the square root of the sum of square distances between landmarks 
(Dryden and Mardia, 1998; Webster and Sheets, 2010). The CoordGen program was 
used to calculate shape coordinates and centroid size (CS) (Sheets, 2001).  

Analysis of variance (ANOVA) with length, width and CS as the dependent variables 
and area and clone as independent variables was used to detect differences between the 
two localities, clones (nested in localities) within localities, flowers (nested in localities 
and clones) within clones and intra-individual variability (nested in localities and clones 
and flowers). Multivariate analysis of variance (MANOVA) with shape variables 
(partial warps, including both non-uniform and uniform shape components) as the 
dependent variable was used to analyze variation in standard shape (SAS, version 9.3). 
The amount of individual shape variation in the entire data set was estimated by 
Principal Component Analysis (PCA) (MorphoJ; Sheets, 2001). Canonical Variate 
Analysis (CVA) (MorphoJ; Sheets, 2001) was performed to assess inter-location 
differences in standard shape variation. 
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Results 

No differences existed between the two sets of samples, according to one way 
ANOVA, with repeated placing landmarks as a factor (p > 0.97). The F- test (all p < 
0.05) showed that mean values for the length and CS of Iris pumila standards (petals) 
differed between polluted and unpolluted areas, with higher values in the unpolluted 
than in the polluted locality (F = 160.15, p < 0.001, F = 40.18, p < 0.001, respectively). 
However, the width of standards showed the reverse pattern with a higher value in the 
polluted than in the unpolluted area (F = 4.41, p < 0.040) (Fig. 3).  

 

 

Figure 3. Mean values of length (mm), width (mm) and centroid size in unpolluted (white bar) 

and polluted (dark bar) area. 

 
 
Thus, the length and CS of standards from polluted and unpolluted habitats were 

markedly different (statistically significant environmental effects). Differences between 
clones (nested in localities) and flowers (nested in localities and clones, inter-individual 
components of variability) for all analyzed traits were statistically significant (ANOVA: 
all p < 0.001), while intra-individual variability of standards within a single flower was 
not confirmed (Table 1). 

 
Table 1. Results of the four-way ANOVA for length, width and centroid size (CS) with 

locality and clones (nested in the locality) as fixed factors; flower (nested in the locality and 

clone) and part (nested in the locality, clone and flower), as a random factors. Df - degrees 

of freedom; MS- mean squares; F - F value. 

  Lenght (mm) Width (mm) Centroid size 

Source of variation Df  MS    F MS    F  MS    F  

Locality 1 29.76 31.57**** 0.03 0.08 1639.99   8.39**** 

Clone (Locality) 39  0.85   5.77**** 0.35 6.07****   172.97   6.29**** 

Flower (Locality Clone) 41  0.15 13.22*** 0.06 7.49****     27.55 16.47**** 

Part (Locality Clone Flower) 164  0.01   0.04 0.01 0.07     1.67   0.07 

Error 114  0.25   0.10      24.55    

 
 
The MANOVA for Procrustes coordinates (shape variables) of standards showed 

significant differences between polluted and unpolluted habitats (F = 9.33, p < 0.001), 
as well as significant differences among the clones (F = 1.97, p < 0.001) (Table 2). 
Inter-individual (flower as a factor) and intra-individual differences (standard nested in 
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flower as a factor) of shape were not observed (F = 1.03, p < 0.27; F = 0.9, p < 0.99, 
respectively) (Table 2). 

 
Table 2. Results of the MANOVA for shape variables-the PC scores (Procrustes coordinates), 

with locality and clones (nested in locality) as fixed factors; flower (nested in locality and 

clone) and part (nested in locality, clone and flower) as a random factors. WL - Wilks' 

Lambda value; Den Df - denominator’s degrees of freedom; Num Df - numerator’s degrees 
of freedom. F - F value. 

Source of variation WL Value Num Df Den Df F 

Locality 0.22 32 83 9.33**** 

Clone (Locality) 0.00 1248 2274.2 1.67**** 

Flower (Locality Clone) 0.00 1312 2324.4 1.03ns 

Part (Locality Clone Flower) 0.00 5248 3015.2 0.90ns 

ns = non significant, *P<0.05,**P<0.01,***P<0.001,****P<0.0001. 

 
 
To explore the distribution of total variation for standards from polluted and 

unpolluted habitats PCA was performed. The first two principal components, PC1 and 
PC2 explained 86.22% of the total variance (PC1 67.03%, PC2 19.19%). The vector 
position of all points and the thin-plate spline deformation grids along the first and the 
second axis illustrated shape differences in standards between polluted and unpolluted 
habitats (Fig. 4). Canonical variate analysis (CVA) indicated a significant difference in 
standard shape between polluted and unpolluted habitats. The deformation grids along 
the first CV axis showed that standards from the polluted habitat were broader and 
shorter than those from the unpolluted habitat (Fig. 5). 

 
Figure 4. Graphical visualization of all shape variation in a sample of principal component 

analysis. The patterns of shape change are explained by direction of vectors and thin-plate spine 

deformation grids (white dots unpolluted area, dark dots polluted area). 
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Figure 5. The degree of differentiation between standards from polluted and unpolluted habitat 

by the Canonical Variate Analysis (white bars unpolluted area, dark bars polluted area). The 

thin-plate spline deformation grids along the first axis represented standard shape changes. 

Discussion 

In the last two decades, evolutionary ecology research on I. pumila (a threatened 
species in Serbia) has confirmed that various environmental conditions can modify its 
morphological, anatomical and eco-physiological traits (Tarasjev et al., 2012), the 
stability of flower development (Miljković, 2012) and trace element accumulation 

(Miljković et al., 2014). 
The impact of traffic-related air pollution as a stress factor on ecosystems and 

biodiversity in urban areas depends on the types of organisms exposed, the specifics of 
pollutants and their complex influence on the ecosystem (Driscoll et al., 2001). Eco-
physiological parameters of plants show significant responses to the quality of urban 
surroundings, such as alterations in morpho-anatomical traits, although some properties 
are less investigated in this type of research (Balasooriya et al., 2009; Gajić et al., 2009; 
Miljković et al., 2014).  

In this study we used geometric morphometrics software as a tool for morphometric 
analysis in quantitative evolutionary research on biological forms (Henderson, 2006). 
We compared some traditional linear data, i.e. the length and the width of an I. pumila 
flower part, the standard (petal), by geometric morphometric analysis. Thus, we 
obtained centroid size (geometric measure of size) as a single multidimensional trait 
together with shape (using the observed Procrustes distance), which we used in 
multivariate analysis. The pattern of results was the same for both applied methods. 
Small changes in the form of morphological units, which cannot be determined by 
traditional morphometric methods, can be perceived with GM owing to its great 
statistical sensitivity (Klingenberg, 2002). Even relatively subtle changes in the shape of 
parts of organisms can be significant in a biological context (Klingenberg, 2013). 

Similar analyses of flower shape based on variable composed sets of several linear 
measurements have been applied earlier (Zelditch et al., 2004; Gomez et al., 2008). 
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Recent findings confirm reduction of plant growth as a consequence of pollution stress 
(Gupta and Iqbal, 2005; Maruthi Sridhar et al., 2005, 2007; Syed et al., 2008). In this 
study, we observed statistically significant differences between polluted and unpolluted 
areas in Iris flower parts. Namely, the length, width, CS (Table 1) and shape (Table 2) of 
I. pumila standards responded to environmental factors (localities p < 0.001). Variability 
of clones within localities was confirmed too (Table 1 and Table 2). In the traffic 
polluted area values for standard length and CS were lower than in the unpolluted 
environment (Fig. 3). Thus, standards from the polluted habitat were broader and 
shorter than those from the unpolluted habitat (Fig. 5).  

The results of Syed and colleagues (2008) indicated injuries to Cassia glauca Lamk. 
flower parts in an air-polluted area, where the sizes of sepals, petals, stamens and carpel 
were decreased. Similar results were observed for Calendula (D. regia, P. innerme) and 
Cassia siamea. In comparison to a low pollution area the patterns of size reduction for 
sepals and petals were different, i.e. sepal length and width decreased more than for 
petals. Pollution also disturbed plant metabolism and photosynthesis, influenced plant 
growth, flower morphology and reproductive biology (Syed et al., 2008). 

The concentration of pollutants in contaminated environments and their absorption in 
tissue affects plant growth, processes of cell division and tissue elongation, which may 
influence the size and shape of the plant parts. For example, exploration of the impact of 
heavy metals in maize roots confirmed that lead (Pb) affects cell elongation much more 
strongly than nickel (Ni) (Kozhevnikova et al., 2009 and references therein). 
Concentrations of Pb and Ni in I. pumila leaves were found to be about six times higher 
in an urban area than in an unpolluted nature reserves (Miljković et al., 2014). This may 
be the reason for reduction in the length and size of standards in our analyzed flowers. 
The phenotype of flowers, e.g. size and color, results from adaptation to their pollinators 
which determines their reproductive success (Harder and Johnson, 2009; 
Parachnowitsch and Kessler, 2010). The impact of pollutants on the phenotypic 
variability of flower parts may therefore affect reproductive success and its adaptive 
value, influencing directly the relationship between flowers and pollinators. The 
importance of particular parts of flowers for attracting pollinators is species-specific. 
Namely, experimental removal of standards from Iris atrofucosa did not reduce the 
frequency of pollinator visits, while the whole flower of Iris hermona gave a selective 
advantage enabling more frequent visits of pollinators than flowers with removed parts 
(Sapir, 2004). Therefore, in addition to the direct harmful influence on plant growth and 
survival, heavy metal toxicity can have ecological and evolutionary effects (Elobeid and 
Polle, 2012). 

Alterations in plants in urban ecosystems will lead to changes in plant traits and their 
interactions in novel environments as possible new selective forces (Pickett et al., 2001; 
Wu and David, 2002; Neil and Wu, 2006). The statistically significant effect of clones, 
as a factor in the analyzed traits of standard size and shape (Table 1 and Table 2) 
indicates the possible existence of genetic variability within these traits, which is a 
prerequisite for evolution under the influence of natural selection. 

The basic advantage and the benefit of using geometric morphometrics as a simple 
and inexpensive tool for biological morphological analyses is not only useful for bio-
monitoring and impact assessment of urban habitats (especially air pollution), but also 
for estimating their effects on plant evolution. 
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Abstract. Poland is obliged to report GHG emission annually in the form of the National Greenhouse 
Gas Inventory Report (NIR) to the secretariat of the United Nations Framework Convention on Climate 
Change (UNFCCC). The Intergovernmental Panel on Climate Change (IPCC) methodology was adopted 
to estimate Polish GHG emission. One of the sectors is agriculture, where CH4 and N2O emission was 
calculated. Poland is divided into 16 voivoideships which are administrative subdivisions. In this paper 
total agricultural emission in all the voivoideships is estimated starting from 2000 to 2012. The biggest 
emission was estimated for Mosovian (MA) voivoideship and accounted for 532.7 Gg CO2-eq in 2000and 
572.0 Gg CO2-eq in 2012. The smallest emission was estimated for Lubusz (LB) voivoideship and was 
equal to 35.1 Gg CO2-eq in 2000 and 31.8 Gg CO2eq in 2012. 
Keywords: methane, nitrous oxide, uncertainty, climate change, mitigation 

Introduction  

Greenhouse gases affect the atmosphere by chemical changes and therefore can 
cause climate change (IPCC, 2007). One of the greenhouse gases (GHG) is methane, 
that was estimated to contribute 3.3 GtCO2-eq/year of global anthropogenic emissions 
in 2005 (6.5%) and nitrous oxide with 2.8 GtCO2-eq/year (5.5%) (Smith et al., 2007). 
As a way to assess the potential climate change associated with different GHG gases 
Global Warming Potential (GWP) was introduced (Lashof and Ahuja, 1990). It depends 
on gas’s absorption of radiation, its absorbing wavelengths and its lifetime in the 
atmosphere. Global Warming Potential (GWP) of CH4 is 21 CO2-eq and 310 CO2-eq for 
N2O in 100 years time horizon (IPCC, 2006). It means that the warming potential of 
CH4 is 21 higher than CO2 in 100 years time horizon. Concentration of N2O in the 
atmosphere is lower but its GWP is almost 15 times higher than CH4. Using GWP 
emission values for different gases might be presented as CO2-eq. One of the GHG 
emissions sources is agriculture. According to IPCC assumptions this sector is 
responsible for CH4 and N2O emission. CO2 is also emitted but this is covered by other 
sectors. Its overall methane and nitrous oxide emission is estimated to constitute global 
estimated emission in over 10%. Agriculture is the world’s biggest emitter of methane 
(~50%) and nitrous oxide (~60%) that comes from anthropogenic sources (Smith et al., 
2007). In agricultural sector most of methane is expelled as a byproduct from enteric 
fermentation (Crutzen, 1986; Kennedy and Milligan, 1978; Murray et al., 1976). 
Methane is also emitted from manure management that consists of manure capture, 
storage, handling and utilization (Mosieret et al., 1998). Nitrous oxide is emitted mostly 
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from agricultural soils and also from manure management (Oenema et al., 2005; Smith 
and Conen, 2004).  

The aim of this paper is to calculate methane and nitrous oxide emission from agriculture 
in the 16 voivodeships of Poland. These subdivisions (voivodeships) were created based on 
Polish local government reforms in 1998 and started up in 1999. This is why the year 2000 
was taken as a starting point of this analysis. According to the size from the biggest to the 
smallest one there are following voivoideships in Poland: Masovian (MA, 11.37%), Greater 
Poland (WP, 9.54%), Lublin (LU, 8.03%), Warmian-Masurian (WM, 7.74%), West 
Pomeranian (ZP, 7.32%), Podlaskie (PD, 6.46%), Lower Silesian (DS, 6.38%), Pomeranian 
(PM, 5.85%), Łódź (LD, 5.83%), Kuyavian-Pomeranian (KP, 5.75%), Podkarpackie (PK, 
5.71%), Lesser Poland (MP, 4.86%), Lubusz (LB, 4.47%), Silesian (SL, 3.94%), 
Świętokrzyskie (SW, 3.74%), Opole (OP, 3.01%).  

Population density (population per km2) in the voivodeships is as follows starting from 
the highest: Silesian (SL, 374.3), Lesser Poland (MP, 220.9), Masovian (MA, 149.1), 
Lower Silesian (DS, 146.1), Łódź (LD, 138.6), Pomeranian (PM, 125.1) Podkarpackie (PK, 
119.4), Kuyavian-Pomeranian (KP, 116.7), Greater Poland (WP, 116.1), Świętokrzyskie 
(SW, 108.8), Opole (OP, 107.3), Lublin (LU, 86.2), West Pomeranian (ZP, 75.2), Lubusz 
(LB, 73.2), Warmian-Masurian (WM, 60.0), Podlaskie (PD, 59.4).  

Polish GHG emission is reported annually to the secretariat of the United Nations 
Framework Convention on Climate Change (UNFCCC) as the National Greenhouse 
Gas Inventory Report (NIR). According to the calculations conducted in compliance to 
the IPCC methodology (IPCC 1997) agriculture was responsible for 10 % of Polish total 
GHG emission in 2000 and in 2012 (NIR 2014) (Fig.1). This makes agriculture second 
IPCC emitter in Poland, right after Energy, sector that is responsible for over 85% of 
GHG emission from anthropogenic sources. 
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Figure 1. Polish total and agricultural emission Gg CO2-eq from 1988 to 2012 (NIR 2014).Left 

scale applies to total Polish emission, while the right only to agricultural emission. 

 
Total Polish GHG emission reported to UNFCCC was lower in 2012 in comparisons 

to years before 2000 and accounted for 367413 GgCO2-eq. Agricultural GHG emission 
was equal to 36654 GgCO2-eq in 2012. It seems that from 2000 the total emission as 
well as agricultural emission in Poland stay almost at the same level (Fig.1). 
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In 2004 there was Polish adhesion to European Union. The structure of Polish farms 
changed and was caused by EU agricultural subventions. However, the biggest change 
had started even before with the end of communism period in 1989, when Polish 
economy had started changing from centrally planned to free market. State-own 
collective farms were privatisated, herds were reduced, and selling milk of low quality 
was forbidden. It caused GHG emission reduction in agriculture (Fig. 1). Now private 
farms are more specialized, modernized, that makes them more effective.  

In Poland agricultural GHG emission sources contain enteric fermentation, manure 
management from livestock production, agricultural soils and field burning of 
agricultural residues. Emission from agricultural soils consist of emission from 
synthetic fertilizers use, animal manure applied to soils, cultivation of N-fixing crops, 
incorporating crop residues after harvest, cultivation of histosols, sewage sludge applied 
to fields, pasture, range and paddock manure, atmospheric deposition, nitrogen leaching 
and run-off (Fig. 2).  
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Figure 2. Polish agricultural emission divided by source in Gg CO2-eq in 2012 (NIR 2014). 

 
Enteric fermentation is responsible for most methane emission, manure management 

and field burning of agricultural residues commits to methane and nitrous oxide 
emission and agricultural soils is main nitrous oxide emitter. Agricultural methane 
emission accounted for over 26% of total net methane emission estimated for Poland 
excluding land use, land-use change and forestry (LULUCF), the sector that contributes 
to emission reduction by absorption. More than 78% of agricultural methane emission 
comes from enteric fermentation. Agricultural nitrous oxide emission accounted for 
over 83% of total net nitrous oxide emission estimated for Poland. More than 80% of 
agricultural nitrous oxide emission comes from agricultural soils. Manure management 
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constitutes over one fifth of agricultural methane emission and almost as much of 
agricultural nitrous oxide emission.  

Materials and Methods 

Voivoideship emission was estimated based on IPCC methodology (IPCC 1997; 
IPCC 2000). In general emission is calculated as an activity multiplied by its emission 
factor. Activity is defined as a number of animals by type living in a voivoideship in a 
specific year (for example, the number of horses in 2012). The emission factor is the 
amount of greenhouse gas produced annually by the activity: for example, the amount 
of methane from manure management in sheep for 2012. Emission factors were the 
same for all voivoideships. Neither activities nor emission factors are known precisely. 
When conversion of the amount of specific gas (methane or nitrous oxide) into CO2 
emission equivalent (CO2-eq) is done the emissions from all sources in agriculture are 
summed to voivodeship agricultural emission in a specific year. 

The methodology enumerates several domestic animals. In Poland this methodology 
applies to: dairy cattle, non-dairy cattle, sheep, goats, horses, swine and poultry. Enteric 
fermentation applies to all ruminants, horses and swine. Manure management applies to 
all animals.  

Revised IPCC Guidelines for National Greenhouse Gas Inventories from 1996 (IPCC 
1997) allow two approaches to estimate emission factor for enteric fermentation. One 
(Tier 1) is simplified and relies on default emission factors for all animals. The other 
one (Tier 2) uses country specific data on animal and feed characteristic. In Polish NIR 
Tier 2 methodology was used for estimating the emission factor from enteric 
fermentation in case of cattle and sheep. For goats, horses and swine default emission 
factors were used. They are the same for all years. Equation for methane emission factor 
for enteric fermentation in Tier 2 approach takes into account average daily feed intake 
MJ/head/day, that depends on energy required for maintenance, activity, lactation, 
work, growth, wool production and pregnancy of a type of animal and methane 
conversion rate that is the fraction of feed energy converted to methane. Methane 
emission factors for enteric fermentation were calculated separately for dairy cattle, 
non-dairy cattle as a weighted mean of calves under 1 year, 1-2 year animals and older 
than 2 year, sheep as a weighted mean of lambs up to 1 year and older sheep. Methane 
emission factors for animals calculated according to Tier 2 methodology during years 
2000-2012 have a tendency do increase due to changes in their diet. For example in case 
of dairy cattle in 2000 it was 90.8 kg CH4/head/year and constant increase caused it to 
be 99.6 in 2012. The default values in IPCC Tier 1 methodology are lower (81 kg 
CH4/head/year). In most cases the difference from IPCC default values appears due to 
differences in animal age structure between regions where the factors are calculated. 

Methane emission factor for non-dairy cattle has also increased from 2000 (44.2 kg 
CH4/head/year) to 2012 by around 4% but it depends much on non-dairy cattle age 
structure and there are years when it was lower than in 2000 (IPCC default value is 56 
kg CH4/animal/year). In case of sheep methane emission factor varied from 7.82 kg 
CH4/head/year in 2003 up to 8.21 kg CH4/head/year in 1999 (IPCC default value is 8 kg 
CH4/animal/year).  

Estimation of methane and nitrous oxide from manure management can also be done 
in two ways using default emission factors from Tier 1 methodology or calculated based 
on equations from Tier 2 methodology. Methane emission factor for manure 
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management depends on excreted by an animal solids, CH4 production capacity for 
manure produced by animal, methane conversion factors for manure management 
system. Nitrous oxide emission factor for manure management depends on emission 
factor per animal waste management system, where default values were used as well as 
calculated nitrogen excretion per animal type.           

Nitrous oxide emitted from agricultural soils is estimated based on data on the 
amount of nitrogen synthetic fertilizer applied to agricultural fields, livestock by type, 
N-fixing crops yields, crop production, estimated agricultural lands cultivated and/or 
irrigated and amount of sewage sludge applied on the fields. The emission factors for 
nitrous oxide agricultural soils emission were taken from IPCC1997. 

The amount of methane and nitrous oxide emission from field burning of agricultural 
residues was calculated based on activity data on crop production and default emission 
factors (IPCC 1997). 

All the activity data regarding the amount of Polish livestock by type, fertilizers, 
plant yields, agricultural lands cultivated, sewage sludge were taken from Polish Central 
Statistical office: “Statistical yearbook on agriculture” and “Environment” (GUS 2000-
2012). The uncertainty of the data is estimated to be 5% - 30% of the activity and 
between 30 to 150% of emission factor. The uncertainty of results were calculated 
according to the report “Good practice Guidance and Uncertainty Management in 
National Greenhouse Gas Inventories (IPCC 2000) using a simplified method with error 
propagation equations. In this method uncertainty of emission from one source (UEM_i), 
for example from synthetic fertilizer use, is calculated from equation 1 using uncertainty 
associated with activity and emission factor. Uncertainty emission of  the whole 
agricultural sector is calculated from equation 2. In the equations U are the percentage 
uncertainty of the values and x are the uncertain values. 
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         (Eq. 2) 

 
The same method was used in Polish inventory report NIR in 2014. Studies by 

Wójcik-Gront and Gront (2014) showed that this method of assessing uncertainty is 
sufficient for this kind of study.  

Results and Discussion 

The results on agricultural emission in 16 Polish voivodeships for 2012 are presented 
in Fig. 3 and Fig. 4. The map was created using Bioshell package (Gront and Koliński, 
2006, 2008). In the Table 1 the results for years 2012, 2006 and 2000 are compared. 
These years were chosen to present the voivodeship agricultural emission character. But 
the results are not that different for other years. The data are presented as CO2 
equivalents per 100km2. The more agricultural region the highest emission is remarked.  
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Figure 3. The map of agricultural emission per area in Polish voivodeships. 

 
 
Table 1. Agricultural emission in 2012, 2006 and 2000in Gg CO2-eq per 100km

2
. 

 Emission in Gg CO2-eq per 100km
2
 

Voivodeship 2000 2006 2012 

Lubusz (LB) 35 33 32 
Silesian (SL) 39 34 33 
Opole (OP) 34 35 35 

Świętokrzyskie (SW) 48 43 35 
Podkarpackie (PK) 80 60 40 
Lesser Poland (MP) 87 68 48 
Lower Silesian (DS) 78 75 85 

Pomeranian (PM) 106 99 100 
West Pomeranian (ZP) 163 143 144 

Łódź (LD) 154 166 151 
Kuyavian-Pomeranian (KP) 175 190 174 
Warmian-Masurian (WM) 184 211 212 

Lublin (LU) 247 246 219 
Podlaskie (PD) 218 245 268 

Greater Poland (WP) 526 569 572 
Masovian (MA) 533 605 572 

 
 
The highest emission per area in this period was in Masovian (MA) and Greater 

Poland (WP) voivodeships.  In 2012 the agricultural emission in these regions were 
almost the same and accounted for around 572 CO2-eq/100km2. These are the biggest 
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voivodeships in Poland. They are known as the biggest Polish agricultural producers. 
The second group with emission from 85.5 to 267.8 CO2-eq/100km2 constitute 
voivodeships: Lower Silesian (DS), Pomeranian (PM), West Pomeranian (ZP), Łódź 
(LD), Kuyavian-Pomeranian (KP), Warmian-Masurian (WM), Lublin (LU), Podlaskie 
(PD). The lowest emission (31.8 - 48.3 CO2-eq/100km2) was obtained in regions with 
high population density, the most industrialized, the most urbanized region in Poland 
(Lubusz (LB), Silesian (SL), Opole (OP) voivodeships) or in mountain region 
(Świętokrzyskie (SW)). The total agricultural emission uncertainty in the voivodeships 
is ±42.3%. 
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Figure 4. Total agricultural emission in CO2-eq per 100km
2
 in Polish voivodeships in 2000, 

2006 and 2012. 

 
 
Results on emission per area in a voivodeship depend mostly on area of agricultural 

soils the main source of nitrous oxide emission (Fig. 5). This is the most influential 
emission source because, as it was mentioned in the Introduction, nitrous oxide GWP is 
310 CO2-eq.  
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Figure 5. Total methane and nitrous oxide agricultural emission in CO2-eq per 100km
2
 in 

Polish voivodeships in 2012. 
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The total agricultural emission depends also on agricultural CH4 emission. The CH4 
emission consist mostly of enteric fermentation emission then manure management 
emission and in a very small amount emission from field burning of agricultural 
residues (Fig. 6). The emission from enteric fermentation depends mostly on the 
amount of animal living in a voivodeship in a specific year and on the animal structure. 
The highest percentage of enteric fermentation share in total methane emission in a 
voivodeship in 2012 is in Podlaskie 87%. This voivodeship has high amount of dairy 
cattle, where the emission factor for enteric fermentation is the highest. The lowest 
share is in Greater Poland 68%. In all voivodeships the emission from field burning of 
agricultural residues is around 1%/100km2/year of total agricultural methane emission. 
Average emission in voivodeships from manure management in 23% of total 
agricultural CH4 emission per area in a voivodeship. 
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Figure 6. Methane agricultural emission in CO2-eq per 100km
2
 in Polish voivodeships in 2012 

broken down into sources. 

 
 
In case of nitrous oxide there are many emission sources: animal manure applied to 

soils,  atmospheric deposition, crop residue, cultivation of histosols, field burning of 
agricultural residues, manure management, N-fixing crops, nitrogen leaching, pasture, 
range and paddock manure, sewage and synthetic fertilizers.  

The highest N2O emission from agriculture per area was in Greater Poland (WP) 
voivodeship and accounted for 386.4 Gg CO2-eq per 100km2 in 2012. The structure was 
a follows: animal manure applied to soils – 14%,  atmospheric deposition – 5%, crop 
residue - 3%, cultivation of histosols – 3%, field burning of agricultural residues – 0%, 
manure management – 24%, N-fixing crops – 1%, nitrogen leaching – 26%, pasture, 
range and paddock manure – 2%, sewage -0% and synthetic fertilizers - 23%. The 
lowest N2O emission from agriculture per area was in Silesian (SL) voivodeship and 
accounted for 386.4 Gg CO2-eq per 100km2 in 2012. The structure is similar to Greater 
Poland (WP) voivodeship one. 

It should be stated that, in all voivodeships the total agricultural emission estimate is  
more than 40%. The main source of the uncertainty in is the great uncertainty in 
emission factors (especially nitrous oxide up to 150%) which sometimes is to the nature 
of the phenomenon. 
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Abstract. The public city parks have gone through several changes during their culture of centuries, 
together with the density, environmental quality and society of the cities they were established in. The 
metropolises developed rapidly after the industrial revolution of the 18-19th centuries, and the demand for 
public spaces, acceptable air quality and healthier living conditions became urgent. In addition to the 
technical solutions, the appearance of the public parks brought remission to the public sanitation 
problems. Public parks are still the places for daily recreation. On the other hand, they are special urban 
ecosystems, with mostly installed, partly spontaneous vegetation. The parks surrounded by densely built-
in neighbourhoods are subjected to multiple environmental impacts: beyond the recreational traffic, the 
modified climatic conditions and the load of the urban environment show significant impact as well.  
On the example of the City Park of Budapest (hereafter Városliget) several impacts on a public park and 
the changes in the ecosystem can be observed. The new Museum Quarter (or so-called Liget Budapest) 
Project adds a special actuality to the research, as it brings several new cultural-touristic installations and 
an increasing area of built-in territories to the historical green. The constructions can bring sweeping 
changes, endangering the ecological balance of the park.  
Keywords: people - environment relation, environmental impact, public park, Városliget, park user 
survey  

Introduction  

From the end of the 17th century the royal and court gardens, game preserves became 
open for the public one after the other, and by the beginning the 19th century, the first 
parks and gardens purposely built for the citizens were open (Szilágyi and Veréb, 2014). 
According to the rapid civilization, the industrial revolution and the failing 
environmental quality of the progressively developing metropolises, an increasingly 
urgent need for open spaces, healthy air, better and healthier urban habitats and living 
conditions, and the control of epidemics arose. In addition to the technical solutions 
(sewer system, clean potable water), the appearence of public parks giving sunlight and 
good air brought remission to the public sanitation problems. The social-sanitary 
function of the city greens, although with different content and scale, is still existing 
(Chadwick, 1966; Toorn, 2014).  

City greens are still serving daily recreational purposes, welcoming a large number 
of visitors day by day. These special urban ecosystems are built up partly from 
intentionally installed vegetation, and partly from the local, conditioning natural flora. 
The parks surrounded by densly built-in neighborhoods are subjected to multiple 
environmental impact: beyond the recreational traffic, the modified climatic conditions, 
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soil and air pollution, the modification of groundwater flow and the edifices of cultural 
and sport facilities show significant impact as well. The healthy vegetation and the 
quality of urban greens can be assured only by the reduction and continous 
compensation of impacts. 

The City Park of Budapest (Városliget) has been serving the citizens for more than 
200 years. The park was once established by the edge of the city of Pest, marking out 
a new way of urban development for the 18th century. By the beginning of the 20th 
century the city limits were closing in to the area. During its history Városliget gave 
place to several events requireing partial, temporary built-up areas. Its territory hosted 
a grand variety of requisitions, but its recreational and urban ecological role always 
remained significant. The relief and clearing of the park was a target of several urban 
development and green space programs. The establishment of Népliget in 1896, the 
new city park for the 'plebeian class' was carried out for the open space entartainment 
and leisure of lower class families (Csepely-Knorr, 2011). The pleasure grounds and 
entertainment facilities of Városliget was moved to Népliget in 1911, to protect the 
park and reduce the impacts. The natural beauties of Városliget were compareable 
only to the ones of Margitsziget that time, it's rich and diverse vegetation is still the 
most important value. 

During the medieval ages Városliget was a rich royal game preserve, but later in the 
Ottoman times it became a marshy, sandy wasteland. By the end of the 17th century, in 
accordance to the decree of Leopold the 1st, the area became the property of the 
Municipality of Pest. It was mostly used for grazing until intensive forestation was 
declared by Joseph the 2nd. As the process of forestation went on, more and more 
citizens visited the area for a walk, or even for short excursions. The planned 
transformation of the forest to a more preferable recreational area was started by 
Archbishop Joseph Batthyány, first with the drainage of the swamps, construction of 
roads and installment of lines of trees. The Royal Beautifying Commission (Királyi 
Szépítő Bizottság) initiated the formation of Városliget into a public park in 1809 
(Schams, 1821). The garden design plan was layed out by Heinrich Nebbien between 
1813-19. It was evident to Nebbien that to make a city liveable, the residents should be 
able to enjoy Nature, the green representing physical and mental refreshment. It should 
be an integrated part of the city, within reach, realized in a sound, experiental and 
maintainable quality. 

Although Nebbiens creation of garden art could only be partially implemeted, some 
segments and elements of the park, but mostly its spirit faithfully represented the 
specific, romatic vision of nature of the beginning of the 19th century. In the end of the 
19th century a large part of the park was leveraged as the expositional area of the 
millenium celebrations, while other parts were annexed to different institutional 
developments. Despite of the built-in territories and the changes of usage, Városliget 
still provides the experience of nature (Szilágyi and Veréb, 2014). The most important 
value of the park is the mature vegetation deriving from the plantings of the 19th 
century, as the plantations began with the 180 plane trees offered by Palatine Joseph. 
These trees adapted very well to the local endowments of high underwater levels, no 
wonder that the plane trees are still the oldest and most magnificent in the park. The 
proposed developments risk the health and survival of the valuable, forest-like 
vegetation, the foremost ecological and recreational virtue of Városliget. 

After the 19th century upswing of the public parks, urban development and the social, 
but mostly the economic pressure often lead to the temporary or permanent building up 
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of open spaces, and not only the decline of the romantic vision of nature, but the 
reduction of maintenance costs strengthened the process. From the second half of the 
century exhibition shows became more and more popular, which led to a more intensive 
usage of public parks. The Grosser Garten in Dresden gave place to exhibitions between 
the world wars, but fortunately only for temporary ones (Krihning, 2013). The 
Városliget was a popular location for exhibitions and markets, and these space 
reservations brought decay for the valuable vegetation. 

Research of the park usage and ecological state of the City Park is popular since the 
1980s. Academic dissertations and studies showed the characteristics of the recreational 
uses of the park, including the events regularly held in Városliget, attracting large 
amount of visitors year by year (Nagy, 1997; Capital Research 2007; Szilágyi, 2006.). 

Among researches of urban ecology and urban green, the analysis of the 
phenomenon of urban heat islands occupies a prominent place (Bakay, 2012). The 
extensive surfaces of large city parks are important areas in the production of cool air, 
which are refreshing islands in the traditional, densely built-in city districts (Oláh,  
2012; Choi et al., 2012). However, the energy absorption of the artificial urban surfaces 
and the output of excess energy produced by the functioning city significantly encumber 
the green areas. This effect is well shown in the poor aptitude of the puffer habitats. 

The park use of Városliget was brought back to front in 2013 in connection with the 
Museum Quarter Project. The Hungarian Parliament adopted the law CCXLII in 2013 
about the restoration of Városliget. The motif of the investment is the construction of 5 
new museum buildings within the boundary of the park, in conjunction with the 
refurbishment of the infrastructure and the green areas. The first phase of the design 
competition for the buildings is currently undergoing, while the reconstruction plan of 
the park is still to follow, unfortunately. According to the will of the government, the 
project will be finished by 2018. 

Materials and Methods 

Being the park exposed to most of the impacts in the capital of Hungary, Városliget 
is analysed as a model area during the series of tests. The different types of ecological 
loads affecting the island-like green areas of the urban fabric are shown, along with the 
effects of social-recreational usage and the effects of urban local climates on the 
vegetation. The loads will be compared against the regional sensitivity, defined by the 
vegetation and coverage of separated areas. In case of urban greens, a specific aspect of 
inquiry is the installation of edifices enriching the recreational functions. The mass of 
these edifices is an artificial element in the park, forming isolated heat islands as various 
factors of environmental load. 

In the series of environmental - ecological analyses we use professional literature 
analysis and data of environmental surveys to highlight the ecological changes in 
large scale that happened in the ecosystem of Városliget on various loads. The 
changes of the park ecosystem during the past two centuries the most endangered 
vegetation levels are the valuable, old tree stock and the grass surface. The evaluation 
in these aspects is based on the detailed site survey. Besides these comparative 
methods original research resources also have been integrated. The recreational load 
of the urban park could be analysed by the evaluation of a site survey of Városliget 
made in October 2013 and May 2014. This site survey focused on the recreation 
activity at Városliget, and gave detailed data about the number of park visitors on 
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weekdays and in the weekend, taking into account the type of recreation as well. 
Besides measuring the recreational load a representative questionnaire of more than 
1000 was also made to highlight the human ecological aspects of park use. 
Respondents’ narratives were analized by qualitative methods. 

Results and Discussion 

The environmental-ecological impacts affecting Városliget as an urban green  

The environmental-ecological impacts have been analysed on large and on local 
scale. The large scale evaluation covers the aspects of urban development, the change of 
urban climate. In case of an urban park the functional changes, parallel with the 
development of recreational use forms and intensity play a crucial role in defining the 
environmant loads affecting the park as an ecosystem. 

 
Urban heat islands - connections of the park and the urban environment 

The phenomenon of heat islands occuring in urban areas is a typical trait of our age. 
Green surfaces can moderate this effect, but the excessive built-in and paved areas 
increasingly reduce their ability to establish local microclimates. The mass of the total 
urban heat island has an additional negative impact on the vegetation. 

The difference in surface temperatures can be analysed using high resolution satellite 
images. The calculation of surface temperatures based on the recordings of the Landsat 
TM5 satellite on the 1st of August 2005 show a temperature between 25-35°C for the 
green surfaces of Városliget, while the built-in and paved areas (Museum of Fine Arts, 
Art Gallery, parking lots of Dózsa György út, Széchenyi Thermal Bath, Petőfi Concert 
Hall) have a remarkably higher temperature of 36-39°C (Gábor and Jombach, 2008; 
Gábor and Jombach, 2009). Surface temperature is related to the biologically active 
areas: where the surfice is higly covered or an open water surfice can be found, the 
values are low.The coverage of Városliget is 60-100% (except for the built-up areas and 
the lake). The coverage of the great meadow in front of Petőfi Hall and of the Állatkert 
boulevard is lower (40-60%). The maximum coverage can be found by Paál László út 
and Városligeti boulevard, around the Rondo an in the areas south of Zichy Mihály út. 

The analysis covering the total Budapest area showed that the highest surface 
temperatures are found in economical and commercial areas, metropolitan residential 
areas and road and railway junctions. The highways and densely built-up residential 
areas surrounding Városliget produce high surface temperatures. At the same time, the 
high surface temperature of the buildings, edifices and paved areas within the 
boundaries (Petőfi Concert Hall, Art Gallery, Museum of Fine Arts, Heroes square and 
Ötvenhatosok tere) of the park (or in the bordering territories) is radiated to the 
environment, forming a wide puffer zone. 

The appearence of new buildings in the park would bring further increase in 
temperature. Putting together the present heat island map (Fig. 1) and future building 
plan (Fig. 2) of the new Quarter we visualized the change on the surface temperature. 
The predicted temperatures of the new buildings are based on the current roof surface 
temperature of the Műcsarnok (Kunsthalle) because of its volume and size. We 
illustrated with this temperature values the area of the future buildings. The 
monumental installments of the planned Museum Quarter would increase the size of 
inner heat island (at the place and surroundings of Petőfi Concert Hall), while the 
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three new buildings planned in Ötvenhatosok tere would increase the heat impact of 
the puffer zones (Fig. 3.). 

 

 

Figure 1. Calculated surface temperatures based on the recordings of Landsat  

(Gábor and Jombach, 2008.) 

 
 

The heat island effect can be reduced by the installment of green roofs on the top of 
the planned buildings (VÉSZ, 2014). The measurements based on satellite images give 
a surface temperature of 30,5-32,5oC on green roofs, while a lot higher 35-39oC is 
calculated for other types of roofs. This difference cannot be observed on the ground 
level if the building height is large, and the planned sill height of the museums is 25 m. 
According to the excessive paved areas and large building heights, a significant increase 
of ground level temperatures is forecasted, which will be radiated to park and its 
vegetation. Knowing the possible effects of global warming and aridity, the 
constructions would mean a serious challenge for the vegetation of Városliget, 
highlighting that the building-up of city parks must be restricted. 
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Figure 2. Planned locations of the new buildings in the Városliget 
(Liget Budapest Competition Programme, 2014.) 

 

Air pollution 

According to official traffic counts, during the peak hours Kós Károly promenade is 
fully loaded at its full lenght because of more than 40% of the traffic of the 
indroductory section of the M3 motorway reaches the city center (and the P+R parkings 
located within the Hungária boulevard) through Városliget. So, in terms of air quality, 
the load of air pollution of traffic extraction is the heaviest. Concentration of nitrogen 
dioxide is the most critical (42.65µg/m3, while the sanitary treshold according to the 
4/2011 (I. 14.) VM regulation is 40µg/m3), but the concentration of suspended articles 
(Pm 10) (43.5µg/m3, the sanitary treshold is 40µg/m3) is high as well. 

The offload of transit traffic from Kós Károly promenade is included in the plans of 
the Museum Quarter, which is a pressing problem regarding the usage and protection of 
Városliget. Despite of the plans, the road development necessary for the offload is not 
mentioned in the Városliget Construction Regulation. The M3 junction with the 
overpass system and its feeder routes affect a larger catchment area, but the elaboration 
of the structural and control plan of road development has not yet begun. To reduce the 
heavy impacts on the peripheral zones of Városliget, the planning of roadside green 
areas should be emphasized. 

 
Natural and dendrological values of the vegetation of Városliget  

Figure 4 illustrates the valuable individuals and clumps of trees. The oldest ones are 
the 200-year-old plane trees, the largest related stand is located between the Art Gallery 
and the Rondo. The alleys of plane and lime trees bordering the promenades represent 
an outstanding value. In addition to the characteristic species, exepcional varieties of 
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beech and ash trees, field and Norway maples, poplars, willows, bald cypresses, locusts, 
cedars, horse chestnuts and catalpas grow in the park (Radó, 1985). Although more the 
800 specimen of the original plantation were cut out in the end of the 19th century for 
the constuctions of the millenium exhibition, the most valuable plane stands still 
remained. The trees of Városliget form dense stands, and between the closed, forest-like 
and the loose, bosket-like areas extensive meadows and lawns provide ecological, 
recreational and aesthetical variety. 

 

 

Figure 3. The predicted effect of the planned Museum Quarter on the surface temperatures 

of Városliget 
 
 

Analysis of the changes of the vegetation and the ecological sensitivity of Városliget 
In case of old parks and mature stands of trees, the increased sensitivity has to be 

considered: every artificial intervention modifies the capability of the habitat, the water 
balance, the local climate or the soil quality on a greater or lesser extent. Vulnerability 
is extant in many levels and from many points of view. The mature stands grew in 
conditions fundamentally different to the current urban environment. The changes of the 
habitat over time have implied a continuous load for the trees, to which they became 
more or less adapted. For those plane trees which were planted and later adapted to a 
humid, swampy environment, changes of water balance ( because of civil engineering 
and underground constructions) is hardly tolerable. The vulnerability is even higher 
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today, as the urban climate is much more arid and warmer. The situation is different 
when a one-off, shock-like event like a large-scale oversized construction is being 
carried out. For mature trees it's very difficult to adapt to such conditions, if they can 
adapt at all. And finally, the constant load of recreational traffic in public parks, and 
mostly the large mass events with their concentrated impact should be interpreted as 
specific ecological impact, deriving from their function as well. 

 

 
Figure 4. The open space structure of Városliget and the valuable, characteristic clumps of 

trees - without rating and the survey of the individuals (Based on the Városliget Building 
Regulations, analysis of the current situation 2014. BFVT Kft. and onsite observations) 

 
 
In terms of sensitivity, the green areas of Városliget are rather heterogeneous. 

Primarily, sensitivity depends on the nature of the vegetation, the coverage (canopy-
covered, shaded areas) and the position in the urban fabric. Largely paved areas or 
greens covered with resistant vegetation are more tolerant to environmental impacts: 
Heroes square, areas between Kós Károly promenade and Állatkerti boulevard and 
sports fields are amongst these zones. The areas covered with mature vegetation, such 
as the plane boskets of the Rondo, the Art Gallery and Királydomb (The King's Hill) 
should be classified as sensitive. The open lawn areas (because of treading and the 
exposure to blazing sun) and the peripherical zones (according to the pollution of high 
traffic, borders by Ajtósi Dürer sor and Dózsa György út) should be classified as 
vulnerable. Inside the park the vegetation creates an own microclimate, but this positive 
effect cannot prevail by the sides of the park as the non-existing line of shrubbery 
cannot filtrate the impacts of traffic (heat radiation, winter salting). The small botanic 
garden and the thematic blinds garden are highly sensitive as a variety of plants with 
special needs and peculiar garden structures were installed there. 
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The institutions of Városliget are mostly located in the less sensitive areas: the Zoo, 
Széchenyi Thermal Bath, the Grand Circus, Gundel restaurant, the Museum of Fine 
Arts, the Art Gallery, the ice skating rink and the Transport Museum. Though 
Vajdahunyad Castle is situated in the core area of the park, the main direction of 
approach leads through a less sensitive part. On the other hand, he acces to facilities by 
motor vehicles, mostly in the territory of the former BNV (the beer tent and Petőfi 
Concert Hall) does bring negative environmental impact. Beside these facilities there 
are several other zones of the park which attract high traffic, and because of their 
character or structure, the vegetation is unable to tolerate the impacts sufficiently. One 
of these facilities is an important attraction of the park, the Városliget lake, where the 
overpopulation of different species of water algae is a grave problem. The main 
meadow (napozórét, a lawn for sunbathing) gets a shock-like load of visitors during 
mostly during mass events. The usage of Királydomb (The King's Hill) is a functional 
problem, it's a vulnerable area: while dog walkers threaten the cleanliness, bikers risk 
the quality of the grass. The high traffic of Kós Károly promenade is a significant 
harmful factor, as it devides the two parts of the park, producing significant air 
contamination. Based on on-site monitoring, the number of visitors is the highest 
around the institutions and the lake. The peripherical areas - the statue park, the 
Királydomg and the Rondo - attract less visitiors (Fig. 5). 

 

 

Figure 5. Areas of different rate of sensibility in Városliget  
 
 

The environmental-ecological impacts affecting Városliget as an urban green 

Changes of land use throughout the 200 years long history of Városliget 
On Nebbien’s layout the area of Városliget consisted of 130 hectars. Although the 

plan had not been totally implemented, the area remained of similar size for decades. 
First, the margin area was taken away for the construction of the new railway lines, and 
than in 1866 a further 30,8 hectares were expropriated for the Budapest zoo (24% of the 
original territory). The Millenium Exhibition of 1896, noting the fact that it was only a 
temporary event, extended on a remarkable area of 55 hectars (54% of the total 102 
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hectars of the park then). Later the Budapest International Fair (BNV) occupied 23 
hectars (22,4%) for a durative time, reaching its maximum size between 1925-42. 

After the Second World War a decesion was made for the widening of Dózsa György 
út, and at the same time, the establishment of Felvonulási tér in 1951, mostly for 
military parades and labour movement marches and for a safety spare runway, causing a 
loss of 4,58 hectars for Városliget. The square was finished in 1952, with a regulatory 
latitude of 80 meters, and with a fully paved surface partly sacrificing the precious tree 
stands of the former Rondo. The former Budapest International Fair was managed under 
the name of Budapest Industrial Fair between 1955 and 1974, occupying a smaller, but 
closed area. The relocation of the fair started in 1972, but a few pavilions still remained 
in the expo area. The total reconstruction of the park was set in 1974-75, when the 
current structure was layed out. Since then no major works have been implemented, and 
the area of Városliget remained untouched: 98,2 hectars, 76% of original territory of 
Nebbien's park.The actual area of the park premises (without the Museum of Fine Arts 
and Heroe's Square) is 87,7 hectars today. Accordingly, the area of Városliget was 
decreased by 42,3 hectars, losing 34% of its initial territory, while the population of 
Budapest tenfolded. 

 
Changes built up areas in the area of Városliget 

In the 1816 first landscape plan of Nebbien only a few smaller follies and buildings 
were installed, strongly subjected to the service of the park, acquiring a total area of 
1320 m2 (Fig. 6). 

 

 

Figure 6. Plan of the Városliget by Heinrich Nebbien, 1813-1816. 

(Budapest, Kiscell Museum) 
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On the 1836 map 1660 m2 of built-up area can be counted, the edifices are mostly 
smaller inns and the buildings of the farmstead. In 1850 built-up areas made up 3000 
m2. The first large-scale construction was the Millenium Exhibition. The total, 
intendedly temporary built-up area occupied 104.000 m2 (11% of the park area then!). 
94.731 m2 was established in the premise of the exhibition in the form of 240 greater or 
lesser halls and pavilions, while 9396 m2 was occupied by edifices outside of the 
boundaries of the exhibition area. 

The idea of keeping a few of the intendedly tempory buildings emerged in 
connection with Vajdahunyad castle, an emblematic exhibition of the outstanding works 
of Hungarian arhiectural history. Replacing the temporary building, the new, now 
permanent complex was finished in 1904 according to the plans of Ignác Alpár. For the 
Millenium Exhibition Városliget was given a new main portal. The intersection of the 
park and the recently finished Andrássy út was originally emphasized by a pavilion 
designed by Miklós Ybl, as the peristyle of the Millenium Memorial and the Museum of 
Fine Arts was constructed only at the turn of the century. The square was decorated by 
loose plantations of trees and flowerbeds for three decades, the current, fully paved 
surface was layed out for the Eucharistic Congress of 1937. Heroes Square with the 
Museum of Fine Arts and the Art Gallery occupies 4,6 hectars of the effective park area. 

Károly Räde’s plan to structurize the environment of the pavilions left behind after 
the Millenium Exhibition was carried out in 1929. According to the trends of garden 
design of the time, a system of paths meshing through and through the park was 
installed along with a set of extensive paved leisure areas and foregrounds (Fig. 7). 

 

 

Figure 7. Városliget, Károly Räde’s reconstruction plan 

(Thaly, T., 1958) 
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Several buildings perished or were damaged in the bombings of the Second World 
War. During the reconstruction works some parts of the vegetation was replanted, and 
the majority of Räde's road system was renewed. The puffer zone to the city was 
provided by Dózsa György út and the extensive paved area of Felvonulási tér, as a 
victim to the political regime. In 1955 the Budapest Industrial Fair was launched for the 
first time, proposed by the City Council of Budapest. During the first few years most of 
the buildings were temporary, as the motto of the organizers illustrates: 'The Fair closed 
by the end of May, and grass grew in the beginning of July, even on the place of the 
nicest pavilions.' (BIV, 1960) The era of fairs characterized by temporary constructions 
lasted until 1963. The development of the fair required further sacrifices from the park: 
the premise of the fair reached 140.000 m2 in 1957 and 260.000 m2 in 1960 (with a built 
up area of 20.918 in 1957 and 52.174 in 1960). The area of the the territory occupied by 
the edifices and pavilions doubled in only three years (Final report, 1960), this fact 
shows how the Budapest International Fair caused further damages in the stands and 
vegetation of the park. 

After the reconstruction works of 1974-75 72.158 m2 of built-up area was left in the 
park (7,3% of the total park area, including Heroes square and the Museum of Fine 
Arts). Since than no major changes have been carried out, the decrease of functions and 
a process of general decline characterized Városliget in the past 40 years. This fact 
stands for the edifices, too. Several buildings have lost their function, some of them 
have been demolished, and the ones still standing are in the condition of rapid 
deterioriation. The current built-up area is 56.072 m2, 5,7% of the green area (including 
Heroes square and the Museum of Fine Arts), which is nearly twice the size of the 3% 
maximum proportion (according to the OÉSZ regulations). The new Városliget 
Construction Regulation allows a maximum of 7% of built-up area, preparing for the 
installation of the new Museum Quarter. 

 
Changes of water surfaces in the park 

On the plan of Nebbien a lake of 10 hectars can be seen (together with the two 
further smaller ponds and meandering creeks the open water surface occupies 11-11,5 
hectars), which didn't change until the completion of the Millenium Underground in 
1896. The channel bordering the once-was Páva island was buried during the 
construction, and the current land mass was formed. The underground runs in the 
former lake bed, dividing it into two parts. The water level of the fragment closer to the 
zoo is higher, during winter only this part is filled with water. The current water surface 
is 6,2 hectars (half of the original extension).  

From late autumn until spring, the 4-5 months operation of the ice rink drastically 
disarranges the appearance and the ecological system of the lake. The area of the ice 
rink is 3,4 hectars (55% of the total surface). Only the lakebed near the zoo is filled with 
water, occupying a total surface of 6000 m2, which is less than 10% of the summer 
values. The remaining 2,2 hectars are empty during this period, visitors can take 
pleasure of the vision of the bare concrete lakebed. Visitors seeking the sight of water 
are clustered in a relatively small area, and this crowded land use is not worthy of the 
history of Városliget, one of the busiest public parks in Budapest. The absolute and 
relative descrease of water surfaces is also problematic from an ecological point of 
view, as the park cannot fulfill its conditioning role as a city green, and its functions as a 
habitat and air cooling island are compromised. The periodic absence of water surface 
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has a stressful effect on the parks ecosystem, and on mostly the mature stands 
surrounding the lakebed. 

 
The imprints of park usage on the grass vegetation of Városliget 

Városliget is one of the most intensely and continuously used public parks of 
Budapest, and it’s easy to observe in the condition of the grass surfaces. Thanks to the 
regular mowing and the occasional irrigation, the lawn areas form a coherent surface 
and are capable of the satisfaction of recreational needs. However, if the surfaces are 
examined closely, it's clearly visible that amongst the purposely sown species in a 
greater or lesser proportion, but native perennial weeds are present too. It can be 
considered a natural process, but the proportion of weeds is too large in Városliget.  

The intensively used grass surfaces - in addition to the usual annual maintenance - 
require a complete renewal every 10 years, according to soil compaction and the 
resulting loss of soil metabolism. In Városliget these renewals were respectively 
cancelled, and the demanding grass species cannot bare such conditions. The lawns are 
presumably affected by the lack of irrigation as well (a yearly 200-250mm of irrigation 
is required during the vegetation period). The rich and green spots of grass around water 
runoffs (caused by the failure of the irrigation system) justify this assumption. 

As most of the grass species is light demanding, in shaded and semi-shaded spots 
lawn will grow thinner even without intensive use. The lawn cannot recover as the thin 
substances cannot ensure the appropriate local climate. Downcast faults and 30-50 cm 
of unevenness caused by excessive tread and overload can strongly influence the water 
balance of the soil, which is already shown in the vegetation. In populations growing on 
higher ground, drought-tolerant species are present in much greater numbers. The 
presence of Trifolium repens and other Trifolum species is not a major concern, and 
Taraxacum or Bellis can still be considered natural, but mass occuring (sometimes 
exclusive) sand couch (Agropyron junceum) and common knotgrass (Polygonum 
aviculare) populations show that not even the minimum living condition of grass 
species is given. 

The low quality of grass vegetation is not only an aesthetical or functional concern, 
but it worsens the ecological performance of the total green area. The thin, frayed 
surface can not be sufficiently involved in the reduction of the heat-island phenomenon, 
and the poor assimilation and vaporization capacity has a negative effect on the park as 
a whole (Fig. 8). 

 

Weed grows in the place 
of grass in treaded 
areas 

Soil compaction caused by 
the poor quality of the road 
and casual seller stalls 

Rich spot of grass around 
a water runoff 

The effect of full shade 
and overload 

Figure 8. Condition of grass vegetation in the Városliget in June 2014 (photo by Gerzson, L.)  
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Social - recreational effects and loads 

Everyday use as a recreational park 

We have little knowledge on the environment/ecological load of park uses of the 
early peroid, the only reference point to the potentional users is the population of the 
city. During the period of the planning of the park (1813) the total population of Pest, 
Buda and Óbuda was 70.213, from which Pest had 36.153 inhabitants. In the first half 
of the 19th century, until the opening of the Chain bridge in 1849, most of the visitors 
were from Pest. Lacking other recreational areas, presumably thousands of inhabitants 
of Pest visited the park during the weekends and festival days.The intended use of the 
park is known from the description of Nebbien: 'The park was intented to serve people 
of all classes, so they can meet the comfort of mother nature' (Nebbien, 1816). Unlike 
the concept of Nebbien, Városliget has never become a public park in the original, 
romatic meaning of the word. The park was mostly visited by the urban aristocratic 
classes and the bourgeoisie. In the beginning of the 19th century the main functions of 
public parks and gardens included recreational walks (alone or with family and friends), 
carriage joyrides and horseback riding, or in a broader sense, all kinds of social 
activities (Bugár-Mészáros, 2008). Amongst quiet retreats, meditation and 
contemplation in an environment providing an aesthetic, idillyc experience, scenic 
views and refreshment, the parks gave place to practicing physical activities, thermal 
and spring water bathing and milk cures. In addition to its important role as a 
promenade and esplanade, the parks of that era served as garden halls for cabarets as 
well. From the 1830s spring festivals appeared in Városliget, the Whit Monday 
celebrations and May Day festivities attracted large crowds. 

The population of Pest-Buda sevenfolded during the Millenium Exhibition (506.384 
people). Large numbers of people started to visit Városliget from the 1860s, still not 
regularly, but for famous side-shows and other major events (Radó, 1986). The omnibus 
route started to operate in 1862 and the zoo opened in 1866, followed by several 
entertainment facilities established in the detached areas (the Grand Circus, restaurants, 
side-shows, amusement park). The bathing culture was initiated by the establishment of 
a spa resort. Herewith a wide zone of institutional, service and entertainment facilities 
were created in the northern side of Városliget, which clearly pushed the park usage 
toward a year-round balanced distribution of attendance. A more complete and general 
park usage was generated by the popularity of ice-skating. The ice of the Városliget lake 
was initially used by families of the bourgeoisie during the winter months, but from the 
1870s this new way of diversion and sport became generally widespread - insomuch 
that a new skating hall was designed before the end of the century according to the 
plans of Ödön Lechner, and later of Imre Francsek. 

In 1920 the population of the capital exceeded one million. The popularity of 
Városliget could continue to grow, as Rädes rehabilitation plan proposed an intensively 
used public park divided by a system of pathways, promenades, and spacious leisure 
areas. The park was given its multifunctional areas satisfying the needs of all ages of 
users (leisure gardens, playgrounds, sports and playing fields, lakeside piers and deck 
benches) during the 1974 reconstruction, when the population of Budapest reached 2 
million (Bakay, 2013). Regarding the rich and diverse plantings, the ornamental value 
of the vegetation increased. So did the time available for recreation during labour days 
and weekends: massive park use became an everyday phenomenon. The usage of parks 
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as plages during the summer months appeared during this period of time. These factors 
together brought a robust, regular and steady load to the green surface of Városliget. 

Since the rehabilitaion works of the 1970s a loss of functional supplies can be 
observed. The sports and playfields created for the youth became ran down, most of the 
fields and playgrounds (for example the playground for preschoolers next to the Rondo) 
were demolished. These areas are nowadays shelter for the homeless, or popular places 
amongst dog walkers. 

Surveys of park usage were carried out in October 2013 and May 2014, in 
connection with the new Museum Quarter (Szilágyi et al., 2013). According to the 
observations the daily number of visitors in autumn is estimated around 7.600 on 
weekdays and 14.000 on weekends, while on a summer day it's more than two times 
more: 20.800 on weekdays and 25.500 on weekends. Based on the surveys, the 
catchment area covers almost the whole VI. and VII. districts and the central area of the 
XIV. district, including 122.000 inhabitants. Most of the visitors are residents to one of 
the districts mentioned above. 

The traffic data revealed that the impact on the different subfields of Városliget is 
different. Most of the visitors (549 people/hour on a Saturday afternoon) appeared 
around Vajdahunyad Castle, while around peripherical territories lacking attractions 
such as the Statue Garden, the Beer Tent and the Rondo, the traffic load is a lot lower. 
The visitor traffic of the individual subfields is shown by the index-number of use 
intensity (number of visitors in the subfield valued in m2/person, Table 1). According to 
the survey the areas of the Statue Garden and Kings Hill (Királydomb) are the least 
crowded (1000 m2/person), while the frequented subfields (Vajdahunyad Castle and the 
Városligeti Lake) are the most crowded (90 m2/person). Regarding the total area, the 
average use intensity on a summer day in Városliget is 377 m2/person. 

 
Table 1. Intensity of recreation on various parts of Városliget (Szilágyi et al, 2013) 

Area Use intensity (m
2
/person) 

Vajdahunyad Castle 87 
Városligeti lake 88 
Heroes sqaure 215 
Széchenyi bath 273 

Petőfi Hall and the sports fields 393 
Playgrounds 426 

Beer tent and its surroundings 464 
Higway track playground 503 

Great meadow 587 
Rondo 602 

Statue garden and Blind‘s garden 985 
Kings Hill 1668 

 
 
Based on the results of former researches, we assume that under the intensity of 200 

m2/person  the visitors start to feel cluttered (Nagy, 1997; Szilágyi et al., 2013). During 
the on-site survey 78% of the respondents answered no, 22% answered partly or wholly 
yes to the question if they felt crowded in the park. The congestion feeling is typically 
subjective, and cannot be considered constant for an individual either. The nature of 
recreation (active-passive), the age, the physical and/or mental weariness all play a 
significant role in deciding if the recreational traffic of almost the same kind is 
acceptable or disturbing. The large fluctuation in the average park use intensity (166 - 
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1054 m2/person) is natural and neccessary at the same time, as a public park should 
satisfy a large variety of recreational needs. 

The observational studies in park usage clearly show that the rate of passive 
recreation is remarkably high. Former researches verify that this is a typical trend: 
the rate of active activities is continuously decreasing in the park, and are mostly 
concentrated to areas where suitable facilities are available. Such subfields are 
located in the peripheral zones, so the different activities are separated interestingly 
along an internal partition line. This can be observed in the case of such active 
activities which doesn't require supporting facilities: joggers and bikers are using the 
peripheral areas as well. 

 
Mass events - shock-like recreational impacts 

The first mass events held in Városliget were the National Fair and the Millenium 
Exhibition in 1885-86. Those were followed by the Budapest International Fair (1925-
42) and the Budapest Industrial Fair (1955-74). Although these were temporary 
ocassions, the territory of the fairs remained enclosed for the rest of the year, and the 
separated islands were not suitable for traditional park uses, which resulted in a 
significantly smaller green area available for regular rectreational users. 

The regular, shorter or longer events attracting large crowds became frequent from 
the first half of the 19th century. The mass events of the socialist era in the second half 
of the 20th century, the May Day celebrations, military and labour parades lack accurate 
data of attendance: it's suspected that the number of visitors reported in the press was 
exaggerated by the pressure of the socialist propaganda. The organized mass events 
have a onefold, shock like impact on the green surfaces, and the density and regional 
concentration of these loads cause permanent degradation of the habitats. 

To establish a potential relief plan for Városliget, a study plan was carried out at the 
end of the 1990s (Szilágyi and Nagy, 1999). In 1998 and 1999 most of the events 
organised in Budapest took place in Városliget. In 1998 19 occupancy permits were 
issued by the municipality of Budapest, mostly for cultural, political (1998 was a year 
of parlaimental elections), sanitary and sports events, music festivals and fireworks. 
Seven of them were mass events of several days (for example an equestrian event on the 
Kings Hill). In 1999 six longer term mass events were held in Városliget, causing vast 
impact on the ecosystem (Szilágyi and Nagy, 1999). 

The three main categories of events based on their ecological impact are the 
following: 

1. Long-term mass event with huge impact, in a highly or moderately sensitive area 
2. Short-term mass event or moderate event, in a moderately or weakly sensitive area 
3. Short-term event or smaller event, in a moderately or weakly sensitive area 

 
The programs of the 1st category cause strong and concentrated tread damage, soil 
compaction, noise, soil and air pollution mostly because of the transport vehicles, often 
even during the preparatory phase.  

During the retesting of 2014, the events of 2013 were studied, along with the May 
Day celebrations of 2014 as a case study. In 2013 a total number of 49 programs (2,5 
times more than the reported events of 1998-99 - without the political meetings which 
do not require notification) were held, 8 of these events lasted for more than one day. 
Most of the events were limited to a specific area, but in 10 cases more sites were 
included, causing a diffuse type of load. Based on he distribution of the events 
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according to load type and the estimated attendance, about 3 million individuals visited 
the reported programs and mass events (Table 2) - without the political meetings, of 
which there are no official data available, as they don't require official notification. 

 
Table 2. Calculation of number of visitors at the organised open air programs in Városliget 
in 2013. 

Category Number in 2013 
Estimated attendance (based on the estimate of 

organizers and the programme) 

1 5 400.000 person/event (long term events included) 
2 17 50.000 person/event 
3 24 5.000 person/event 

 
 
On 1st May 2014 a survey was carried in the frame of the Városliget research about 

the May Day festivities using as a case study. This occassion is the traditional meeting 
of the left-wing parties and labour unions, covering the whole territory of the park and 
attended by several thousands of visitors. The land use is intensive, diffuse with 
typically concentrated loads (amusement park, funfair, stages, etc.). The edifices 
requiring transportation by heavy vehicles were respecively placed on lawn covered 
areas. By the following day the litter was cleared away, but the tread damage and soil 
compaction was clearly visible. Concentrated downcast faults caused by heavy vehicles 
and edifices resulted to be the most significant and lasting. There were no remaining 
compaction faults in the place of the stages and bars. 

 
Personal narratives about the Városliget  

Every citizen has long associations about some parts of the city, which are 
impregnated with many memories and its meanings. By evoking our memories, we 
attach stories to each part of the settlement, therefore we vest places with significance 
(Lynch, 1960). Due to people’s common memory we are able to speak about places, 
which communication forms the place identity (Dúll, 2009). In the 1970’s, researches 
made by Harold Proshansky presumed that the evolution of personal identity – what is 
rooted in our memories – not only depends on the certain person or the encircling 
people, but it links to objects, particular places and spaces (Proshansky, 1978). The 
online visitor survey – made by the Corvinus University, Faculty of Landscape 
Architecture in 2014 – included three questions focusing on park users’s personal 
narratives. People were asked to tell about their first, their pleasant and their unpleasant 
memories connected to the Városliget. 

It can be concluded that the first memories of the respondents linked primarily to the 
passive recreation (Fig. 9). These activities are related to walking, relaxing, nature 
observation or visiting an event or program in the park. The answers often emphasized 
the importance of the natural environment, the experience of nature: “I was at the age of 
six, when I first visited the Park. There were playgrounds around the Museum of 
Transportation. But the most memorable for me was the chilling under the 50 pieces of 
horse chestnut trees in summertime”. Lake Városliget and the surrounding environment 
– included the animals – appeared in the answers significantly as well: “I spent a lot of 
time in my childhood boating in the Lake Városliget and with the study of newt, which 
were living in the lake in that time.” Underpinning the importance of having nature 
experience in cities, remarkable number of park users mentioned the visit of Budapest 
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Zoo as a first memory, which is the north-western border of the Liget (Fig. 10). 

Memories linking to active recreation were shown significantly lower percentage. They 
are rather connected to learning or doing certain sport activities, especially ice-skating 
and cycling. The playgrounds of the Városliget (Kings’ Hill, Playground and the 
Playground of Transportation) were also considerably mentioned in the answers, 
particularly in the current 19-40 year old generation’s reply. This result may have some 
connection with the park renovation made between 1974 and 1978, when many new and 
high-quality playgrounds were built. In some cases respondents described surprisingly 
concrete memory images, even connected to certain objects, such as “As a child, the 
great wooden castle meant incredibly exciting world for me” or “I enjoyed the most one 
of the playgrounds wooden wall, which has been demolished since then.” 

 

 

Figure 9. The distribution of activities connected to first memories 

 
 

 

Figure 10. The presence of the delineated areas in the responses   

 
 

The answers about the pleasant memories show similarities with the first memories.  
We can conclude that the first impression gained from an area plays a significant role in 
a subsequent representation of a place, that is to say, what kind of meaning do we attach 
to a site. Based on the responses, the positive associations connected to open-air social 
activities, such as walking and meeting with family and friends. 
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The unpleasant, negative memories typically can be sorted in four groups. The 
responses related to maintenance, safety, traffic and to those group of people who are 
detached from the society. Concerning to the area, typically the Ötvenhatosok tere, the 
Rondo and the Petőfi Hall and its setting are the most unpleasant sites. In addition to 
„dereliction and negligence” the crowd and congestion are the most described negative 
memories: „Sometimes it is impossible to escape from the noise (traffic, loads of 
people).” The responses also confirm that the Városliget is not intended for mass events, 
above 200m2/per visitor the feeling of crowd can evolved. If more people staying in a 
particular area, the possibility of nature experience stops (Nagy, 1997). 
About the Városliget, fifteen percent of the respondents did not express their negative 
memories. Nevertheless, the illustrative answer is: "Actually, I do not have unpleasant 
memories, but I did not like, if the Városliget was too noisy or full of garbage. Or If I 
could not sit on the bench because there were only few or they were in poor condition. 
It bothers me, when there is no irrigation on summer and I miss the old fountain.” 

The respondents reflected to the historical background of the Városliget as well. For 
instance as a first memory the Heroes Square appears with the meaning of „pride and 
amazement”. The „design of the Stalin-square” interpreted as an unpleasant and „The 
fall of the Statue” as a pleasant memory. Based on the survey the most questionable – 
political content – event is the ’Festive May Day’ (1st May). According to people’s 
memories it is sometimes „charming and unforgettable”, sometimes „overcrowded and 
chaotic” program. 

Through the history of the Városliget many layers – sometimes incompatible with its 
original function – has been added, which left a mark in the physical and ecological 
characteristics of the park. Getting to know about the background of this area, perhaps it 
is not surprising that ideas are turning up time-to-time which are overlook the original 
purpose of the Liget. According to the park users’ image the most divisive points – such 
as Ötvenhatosok tere, Petőfi Hall and its environment – are those ones, which had many 
turnovers in its meaning. At the same time, positive answers tied to those congruent 
places that carry and support the function of an urban public park. 

Today the Városliget faces with new challenges. The Városliget Building Regulation 
has completed, giving space for the new Museum Quarter, which will give a subsequent 
meaning to the Park without a doubt. By the change of the built-in rate, not only the 
urban green or the biological active surfaces will reduce, but probably the quality and 
the quantity of the stimuli will change in the park. With the realization of this mega 
investment the citizens recreational and relaxation places can decrease. 

Conclusion 

Public parks have been serving the citizens for hundreds of years. Beyond the initial 
sanitary, social, welfare and educational functions, modern city greens satisfy a huge 
variety of recreational needs. The diverse, well-used city parks providing the sensation 
and freedom of nature are the pledge of liveability from both social and urban 
ecological point of view. The extensive (sometimes hundreds of hectares large) parks 
are effectively conditioning and improving the urban environment, depending on the 
quality, the condition and the vitality of the green surface, and on the efficiency of 
maintenance, nursing and protection of the area. 
The case study prepared for the sample area of Városliget revealed most of the 
ecological pressure deriving from park usage, the operation of the city, environment 
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pollution and territorial needs of urban development. Urban climate and the heat-island 
effect are serious threats to city greens, especially if the dense green area is disrupted by 
inactive surfaces (buildings or paved areas). The above mentioned environmental and 
ecologic problems need a strong urban policy committed for sustainable and liveable 
urban environment. The building of green aspects into urban policies is a key element in 
this program which means the keeping and increasing of urban green spaces, the 
protection of urban biodiversity and ecosystem (Csete and Horváth, 2012).   

The primary role of public parks is the satisfaction of everyday, regular recreational 
needs. Beyond quality maintenance, a regenerative refurbishment is needed every 10-15 
years, to maintain the proper level of recreational and conditional effects. Through the 
example of Városliget is clearly visible that the open air mass events cause large-scale 
overloads to parks. Since there are events held nearly every weekend, the sensitive areas 
have no time for regeneration. The programs announced for the same time and same 
place are perfect in terms of organization as they reinforce each other, but at the same 
time are disadvantageous for the park as they cause massive overload instead of load 
sharing. The primary problem is not the existence of such mass events, but the presence 
edifices, buildings and land users not necessarily inherent to an open air occasion, and 
mostly the heavy transport vehicles which are not using the designated road network. 
With competent, coordinated organization and the restriction of the issuance of permits, 
the further damages done to the green surfaces could be minimised. 

The maintenance of the vegetation is of very poor quality, any way not in accordance 
with the parks importance in urban history and garden art, nor with urban recreational 
needs, the rate of use or with the overload of urban environment. The park lacks regular 
renewing maintenance, soil improvement, and regular irrigation, replacement of grass 
surfaces in shaded areas, just to mention the gravest maintenance and treatment failures 
from an ecological point of view. Without quality maintenance the park can fulfil 
neither its recreational nor its urban ecological conditioning functions. 

The 200 years of history of Városliget vividly illustrates the gravest threats to public 
parks: the cities endless demand for construction land and the continuous need for more 
intensive land use inevitably leads to the sacriface of long term values on the altar of 
short-term benefits. In favor of the improvement of urban life quality and the liveability 
of the city, inhabitants still need parks to provide the experience of nature, they enjoy 
the peace and calmness provided by the valuable, mature tree stands and the historical 
space structure. A more intensive park use and the installation of edifices have the most 
harmful impact on the sensitive, protected area preferred by nature lovers. The 
monstrous buildings and extensive paved areas appearing in the border of the park 
extend the heat island effect and other urban mischiefs towards the core areas. 

Városliget was the first city park in the world designed through an international 
tender and assigned by the city, implemented in an urban area by the promotion of the 
citizens. It should deserve the status of a listed historical park regarding its cultural and 
historical importance, artistic values of landscape arhitecture and hundreds of years old 
vegetation. This legal status could ensure the protection, appreciation and national, or 
even international fame of the park. Both Margitsziget and Népliget are protected as 
historical parks, but the 200 years old Városliget still isn't. This lack of protection 
contributes to the fact that today the park is treated like a construction area for the 
Museum Quarter. The recreational functions, the land use and the densely built-up 
neigborhoods strike the ecosystem enough already. 
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Budapest commited a serious offense against Városliget for two reasons. First, when 
after the then modern and up-to-date reconstructions of 1974 the municipality let the 
park to run down and become funcionally obsolate. The functional supply of the park 
didn't follow the changes of social habits, in the past 40 years there was only withdrawal 
but no progress. The second serious omission was to fail the opportunity to declare 
Városliget a historic park, protected by monumental conservation. (The Grosser Garten 
of Dresden was declared to be a historical park just after the act of monumental 
conservation came into force in the GDR in 1975 (Krihning, 2013)). 

The biggest fault of the concept of the Museum Quarter (planned to be constructed in 
Városliget) is the degradence of the park as a value itself, the subordination of the 
worlds first public park, which has been satisfying the recreational and environmental 
needs of the citizens for 200 years, to the interests of tourism. The management plan of 
Városliget should be developed together with the timely rehabilitation plan, including 
the replacement of tree stands based on an ecological risk assessment and the 
modernization of the parks recreational suppliesconsidering the open space structure of 
the park. In contrast, the Városliget project doesn't include the impact assessment of the 
environmental overloads created by the preparation and the implementation of the 
constructions; there is no recommendation for the compensation and balance of these 
harmful processes. During the multi-year period of the implementation, a social-
recreational deficit must be expected as the park as a construction area will be useless 
for everyday visitors (7000-24000 person/day depending on the season and labour-
weekend days). Budapest should provide some kind of compensation, at least 
temporarily. Knowing the weak, undersized green system and faulty green network of 
Budapest, the surrounding brown field transport areas should be developed urgently - 
both from a recreational and urban ecological point of view. 
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Abstract. We analysed relationships of chemical and biological variables with the help of statistics for 
phytoplankton communities of seven lakes in the Regional Landscape Park “Slavyansky Resort”, Ukraine 
that were studied during 2007-2013. Lake communities were divided into two groups: northern deep 
lakes Ripne, Veysove, Garache, and Slipne under high salinity and organic load influence, and southern 
shallow lakes Levadne, Chervone, and Lake under influence of mineral ions and organic load. Abundance 
and biomass fluctuated synchronously and correlated with species richness in deep lakes but not in 
shallow lakes. Two types of communities were revealed: (1) low species-rich communities in moderate 
conductivity waters and low-organic load, and (2) species rich communities in high conductivity and 
organic load waters. We found salinity indicator Dunaliella salina (Dunal) Teodor. in deep northern lakes 
with CCA. Adlafia minuscula (Grunow in Van Heurck) Lange-Bert. in Lange-Bert. et Genkal and 
Chaetoceros muelleri Lemmerm. were bio-indicators of high salinity and alkalinity, and biosensors of 
acidic water in shallow southern lakes. Cyclotella stelligera (Cleve et Grunow) Van Heurck and Navicula 

gregaria Donkin were indicators of silica and biosensors of carbonates. Therefore, water conductivity and 
pH, which were closely related to organic pollution, were found as major regulators of phytoplankton in 
studied lakes. 
Keywords: phytoplankton, ecology, abundance, biomass, statistics 

Introduction  

The regional landscape park "Slavyansky Resort" was created in 2006. The purpose of 
its creation was for the preservation and recreational use of unique natural complexes and 
artificial landscapes of parkland. The park is located in the northeastern part of the city 
Slaviansk in Ukraine and includes three resorts, an extensive park, a seasonal 
ornithological reserve called "Priozernyy", natural “monuments” of national importance, 
lakes Ripne and Slipne, which are sources of unique therapeutic mud and brine (Given the 
Belgium Grand Prix award in 1907) (Kurulenko and Tretyakov, 2008) (Fig. 1).  

The algal diversity research in the regional landscape park “Slavyansky Resort”, 
which was formed under climatic as well as variable anthropogenic impacts, has been 
studied sporadically since the second half of the 17th century and has continued by the 
authors since 2007 (Lyalyuk and Klymiuk, 2011; Klymiuk et al., 2014).   

We have focused our research on phytoplankton ecology of the Slavyansky Resort 
lakes, which has been previously analyzed by bio-indication methods (Klymiuk et al., 
2014). The aim of the current research was the ecological analysis of algal species 
preferences with the help of statistical methods. 
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Material and Methods 

Description of study site  

The studied lakes are mostly of thermokarst origin, small, and shallow. These lakes 
are insulated from each other and periodically dry up. They are briefly interconnected in 
spring only. Sediments of the lakes are diverse, varying from sand to medical mud. 
Water is slightly yellow or colorless with pH 6.3–8.0, and conductivity is 1.31–11.26 
mSm/cm (Table 1). The depth of the lakes is negligible (about 0.5–2.5 m) and only in 
Lake Ripne does it reach 8.5 m. They form a unique community of organisms, including 
algae, which is the basis for the formation of therapeutic mud. In Lake Ripne there is 
industrial fishing for mud and brine mud baths for the Slavyansky Resort – one of the 
oldest mud-bath resorts of Ukraine (Kurulenko and Tretyakov, 2008). 

 

 

Figure 1. Study site in the regional landscape park "Slavyansky Resort" 

 
 

Statistics 

Diversity index 

Shannon index H’, which reflects the degree of abundance equality among the 
species in the community is correlated to the entropy of the ecosystem (Good, 1953). 
The calculation was made employing the number of individuals in each species of the 
communities represented in each lake via equation 1: 
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Where: 
ni – Number of individuals in each species; 
S – The number of species: species richness; 
N – Total number of all individuals; 

N

n i  – Relative abundance of each species 

 
Table 1. Amplitudes of physico-chemical parameters at the lakes  
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Saprobity index 

Saprobic Index (S) was calculated according to Sládeček (1973, 1986) for the algal 
community on the basis of the species-specific saprobity level (Barinova et al., 2006) 
and the relative abundance of each species in community as: 

 

  (Eq. 2) 
 
 
Where: S – Index saprobity of algal community; si – species-specific saprobity index; 

ai – species abundance. 
Stepwise Multiple Regression analysison environmental and biological data was 

performed via the Statistica 7.1 software in order to determine the variables with 
strongest influence on the algal communities in each studied lake. 

 
Species-environment relationships 

Statistical significance of variables was assessed using the Pearson correlation 
method. Statistical analysis of the relationships of species diversity in algal 
communities and their environmental variables were calculated using Canonical 
Correspondence Analysis (CCA) with CANOCO for Windows 4.5 package (Ter Braak 
and Šmilauer, 2002).  

The Pearson correlation of major chemical and biological variables was calculated 
with wessa.net.  

Results 

Phytoplankton of the studied lakes included 238 species and infraspecific taxa of 
algae and cyanobacteria, which we revealed during the sampling period of 2007-2013 
(Klymiuk et al., 2014). For a follow-up analysis, we chose species that represented more 
than 50% of abundance and that developed in optimal conditions (Table 2). As can be 
seen, most representatives from four taxonomic divisions are diatoms. The most 
abundant species were the diatoms Chaetoceros muelleri (6,000–13,000 cells per liter) 
in lakes Slipne and Levadne, Cyclotella stelligera (about 8,000 cells per liter) in lake 
Levadne, dinophyte Peridiniopsis oculatum (about 4,000 cells per liter) in lake Ripne, 
and green algae Ankyra ocellata (about 1–2 thousand cells per liter) in lakes Veysove 
and Garache. This is a highly tolerant species with wide ecological amplitude, 
excluding the most abundant Chaetoceros muelleri that prefers saline waters as has 
been revealed by a bio-indication approach (Klymiuk et al., 2014). Therefore, we 
cannot reveal critical variables for phytoplankton communities on the basis of these 
high-tolerant, most abundant species without application of statistical methods.  
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Table 2. Abundant species (cells per liter) of phytoplankton at the lakes 
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We used statistical methods to formulate the data on water chemistry (Table 1) as 

independent variables and community composition as dependent variables (Tables 2, 3) 
for each of studied lakes. Stepwise regression analysis results (Table 4) shows (in step 
1) that a factor negatively influencing cell abundance of phytoplankton in the lake 
Ripne is water conductivity. Species richness as a whole, as well as diatom and 
cyanobacteria numbers is closely related. Community structure complicity (Shannon 
index) is positively influenced by diatom species number. Mean cell volume is 
correlated with lithium concentration. It is remarkable that factors negatively 



Barinova et al.: Ecology of phytoplankton  
- 455 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(2): 449-464. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: 10.15666/aeer/1302_449464 

 2015, ALÖKI Kft., Budapest, Hungary 

influencing species richness of green algae are bicarbonates, while organic pollution 
(index saprobity S) is impacted by iron.  
 

Table 3. Amplitudes of biological variables of phytoplankton at the lakes  

Code Ripne Veysove Garache Slipne Levadne Chervone Lake 

No. of Species 4-36 3-42 1-31 3-56 12-29 13-21 12-15 

Bacillariophyta 2-32 2-34 1-25 1-25 9-15 13-21 11-14 

Chlorophyta 1-4 1-4 1-4 1-23 1-7 0 0-1 

Cyanophyta 1-4 1-8 1-6 1-15 1-7 0 0 

Dinophyta 0-1 0-1 0-1 1-2 0-1 0 0 

Euglenophyta 0-1 0-1 0.2 1-4 0 0 0 

Index Shannon 0.03-2.55 0.01-2.42 0.01-2.82 0.37-2.99 0.25-1.89 1.72-1.90 1.39-1.94 

Mean Cell 
volume 

0.04-24.5 0.17-4.47 0.02-6.04 
0.08-
11.99 

0.21-1.46 0.90-1.59 0.33-4.04 

Organic 
pollution (Sap) 

1.04-2.50 1.11-2.74 0.66-2.25 0.94-2.86 0.15-1.66 0.64-2.12 1.22-1.37 

 
Table 4. Stepwise regression analysis results for Lake Ripne. Negatively correlated variables 

are marked in bold. Statistical significance, p-value: <0.05 = *; <0.01 = **; <0.001 = ***. 

Dependent 
variables 

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 

No. of Species 
Bacil 

0.99*** 
Bacil Alk 
0.96*** 

Bacil Alk 
0.93*** 

Bacil Alk 
0.94*** 

Bacil 
Alk Cya Li 

Hard 
0.95*** 

Bacil 
Alk Cya Li 
Hard Cond 

0.95*** 

Abundance 
Cond 

0.99** 
Cond Hard 

0.68** 
Cond Hard 

0.52** 
Cond Biom 

0.43** 

Cond 
Biom 

0.44** 

Cond 

0.48** 

Biomass 
Abun 

0.99*** 
Abun Fe 
0.99*** 

Abun Fe Cya 
0.99*** 

Abun Fe 
Cya Alk-f 
0.99*** 

Abun Fe 
Cya Alk-f 

K 
0.99*** 

Abun Fe 
Cya Alk-f 

K 
0.99*** 

Mean Cell 
Volume 

Li 
0.88** 

Li 
0.88** 

Li Ba 
0.84** 

Li Ba 
0.50* 

Li Ba 
0.80* 

Ba Li Sap 
Sp B 
0.73* 

Bacillariophyta 
Sp 

0.99*** 
Sp Alk 
0.99*** 

Sp Alk 
0.99*** 

Sp Alk 
0.99*** 

- - 

Chlorophyta 
HCO3 

0.99*** 
HCO3 

0.99*** 
HCO3 
0.99** 

Biom 
0.37** 

Biom 
0.59** 

Biom Cya 

Alk S Si 
0.64** 

Cyanophyta 
Sp 

0.83* 
Sp Mn 
0.94** 

Sp Mn 
0.99** 

Sp Mn 
0.94* 

Sp Mn 
0.81* 

Sp Sap Mn 
Li Chlo Ca 

0.94*** 

Shannon 
Bacil 

0.81*** 
Bacil Mg 
0.69** 

Bacil Mg pH 
0.77** 

Bacil Mg 
pH Mean 

CV 
0.57*** 

Bacil Mg 
pH Mean 

CV B 
0.64*** 

Bacil Mg 
pH Mean 
CV B Si 
0.64*** 

Organic 
pollution (Sap) 

Fe 

0.90** 
Fe Shan 

0.77*** 
Fe Shan 

0.73*** 
Fe Shan 

0.74** 

Shan Fe 

Na 

0.70** 

Fe 

0.63* 
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The same statistical analysis results (Table 5) show (in step 1) that there are no 
factors significantly influencing phytoplankton variables in Lake Veisove. Despite this 
fact, diversity of different divisions show community structure modification and only 
water conductivity and manganese can slightly regulate it.  

Multivariate regression calculation results for Lake Garache (Table 6) show (in step 
1) that a factor negatively influencing cell abundance of phytoplankton was alkalinity 
and cell size had been regulated by organic pollution, which, in turn, was stimulated by 
the presence of strontium in water. 

 
Table 5. Stepwise regression results for Lake Veisove. Negatively correlated variables are 

marked in bold. Statistical significance, p-value: <0.05 = *; <0.01 = **; <0.001 = ***. 

Dependent variables Step 1 Step 2 Step 3 Step 4 Step 5 

No. of Species - 
Bacil Cya 
0.91*** 

- - - 

Abundance - - - - 
Biom 

0.99* 

Biomass - - - - - 

Mean Cell Volume - - - - - 

Bacillariophyta - 
Sp 

0.99*** 
- - - 

Chlorophyta - - 
Cond Mean CV HCO3 

0.98* 
- - 

Cyanophyta - 
Sp Mn 
0.94** 

Alk-f 

0.89* 
- - 

Shannon - - - - - 

Organic pollution (Sap) - - - - - 

 

 

Table 6. Stepwise regression results for Lake Garache. Negatively correlated variables are 

marked in bold. Statistical significance, p-value: <0.05 = *; <0.01 = **; <0.001 = ***. 

Dependent variables Step 1 Step 2 Step 3 

No. of Species 
Cya 

0.81* 
- - 

Abundance 
Alk 

0.82* 
Alk 

0.93* 
- 

Biomass - 
B 

0.85* 
- 

Mean Cell Volume 
Sap 

0.83* 
Sap Si 
0.96** 

 

Bacillariophyta 
Sp 

0.77* 
  

Chlorophyta - 
Shan Na 

0.92* 
 

Cyanophyta 
Sp 

0.81* 
  

Shannon - 
Chlo 
0.85* 

Sr 
0.93* 

Organic pollution (Sap) 
Sr 

0.89** 
- - 

Dinophyta - 
K 

0.81* 
 

Euglenophyta 
Ca 

0.88** 
-  
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Regression analysis results for Lake Slipne (Table 7) show (in step 1) that only 
strontium stimulated organic pollution and other factors significantly influencing 
phytoplankton variables are diverse in different divisions, and species richness in 
communities, as a whole, can result in community structure change. Only water salinity 
with sodium can slightly depress mean cell size.   

 

Table 7. Stepwise regression results for Lake Slipne. Negatively correlated variables are 

marked in bold. Statistical significance, p-value: <0.05 = *; <0.01 = **; <0.001 = ***. 

Dependent 
variables 

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 

No. of Species 
Chlo 

0.94*** 
Chlo Abun 

0.73*** 

Chlo Abun 
pH 

0.75*** 

Chlo Abun 
pH Eugl 
0.69*** 

Chlo 
Abun pH 

Eugl Cond 
0.67*** 

Chlo 
Abun pH 

Eugl 
Cond Na 
0.67*** 

Abundance 
Sp 

0.78* 
Sp 

0.90* 
Sp Chlo pH 

0.72** 

Sp Chlo 

pH 
0.59** 

Sp Chlo 

pH Eug 
0.56*** 

Sp Chlo 

pH Eug 

Cond Na 
0.57*** 

Biomass 
Abun 

0.74** 
Abun 

0.63** 

Abun Na 
Shan 

0.69*** 

Abun Na 
Shan Na 
0.77*** 

Abun Na 

Shan Chlo 
Ba 

0.68*** 

Abun Na 

Shan Ba 
Chlo 

Mean CV 
Ba 

0.68*** 

Mean Cell 
Volume 

Na 
0.86** 

Na Chlo 
0.60*** 

Na Chlo 
0.66*** 

Na Chlo Sr 
Shan 

0.85*** 

Na Chlo 

Sr Shan 

0.81*** 

Na Chlo 
Sr Shan 

Biom Li 

0.84*** 

Bacillariophyta 
Sp 

0.79* 
Sp Cya 
0.98*** 

Sp Cya Chlo 
0.98*** 

Sp Cya 

Chlo B 
0.98*** 

Sp Cya 

Alk-f 

Chlo B 
0.98*** 

Sp Cya 

Chlo B 

Alk-f K 
0.98*** 

Chlorophyta Sp 0.94*** Sp 0.84*** Sp 0.86** 
Sp Sr 

0.62** 
Sp Sr 

0.85** 
- 

Cyanophyta 
Sp 

0.93*** 
Sp Bacil 
0.94*** 

Sp Bacil 

Chlo 
0.97*** 

Sp Bacil 

Chlo B 
0.73*** 

Sp Bacil 

Chlo B Si 
0.69*** 

Sp Bacil 

Chlo B 

Biom 
0.69*** 

Shannon 
Eug 

0.89* 
Eug 

0.92** 
Eug 

0.93* 
Eug 

0.98* 
Eug 

0.89* 

Eug Alk-f 
Biom Din 

Bacil 
0.91* 

Organic 
pollution (Sap) 

Sr 
0.71** 

Sr Alk-f 
0.59** 

Alk-f Sr pH 
0.65** 

Alk-f Sr 
pH Cya 
0.77** 

Alk-f Sr 
pH 

0.75** 

Alk-f Sr 
pH Eug 
0.76** 

Dinophyta - 
Li 

0.91* 
Li Shan Ba 

0.96* 
Li Shan Ba 

0.90* 

Shan Li 
Chlo Ba 

Bacil 

0.68** 

Shan 

Chlo Li 
Ba Bacil 

0.65* 

Euglenophyta 
Shan 

0.89*** 
Shan Cya 
0.66*** 

Cya Shan 
Chlo 

0.68*** 

Cya Chlo 
Shan 

0.70*** 

Cya Chlo 
Shan 

0.75** 

Cya K Sp 

Ba Shan 
Chlo 

0.77** 
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Regression stepwise analysis for the lakes Levadne, Chervone, and Lake are 
represented by one step for each (Table 8).  In Lake Levadne calcium stimulated cell 
abundance, whereas manganese suppressed cyanophyta species diversity. Number of 
diatom species negatively influenced mean cell size and Shannon index value. It is 
interesting that biomass of phytoplankton was positively influenced by sulfide 
concentrations that were similar in Lake Chervone in which potassium was a negative 
factor for cell size, and alkalinity stimulated organic pollution. In the Lake water 
conductivity stimulated organic pollution, while lithium, silica, and organic pollution 
were negative factors for diatom species number and total cell abundance. 

 

Table 8. Stepwise regression results for the lakes Levadne, Chervone, and Lake. Negatively 

correlated variables are marked in bold. Statistical significance, p-value: <0.05 = *; <0.01 

= **; <0.001 = ***. 

Dependent variables Levadne Chervone Lake  

No. of Species - - - 

Abundance 
Ca 

0.99** 
Ca B 

0.99** 
Li 

0.99** 

Biomass 
S 

0.99** 
S 

0.99** 
Sap 

0.99** 

Mean Cell Volume 
Bacil 

0.95** 
K 

0.99** 
- 

Bacillariophyta 
Shan 

0.99*** 
- 

Si 

0.99** 

Chlorophyta - - - 

Cyanophyta 
Mg 

0.99** 
Mg 

0.99** 
- 

Shannon 
Bacil 

0.95** 
Na 

0.99** 
- 

Organic pollution (Sap) - 
Alk 

0.99** 
Cond 

0.99*** 

 
 
The most dependent factors have been revealed with Pearson coefficients calculated 

for major variables of each studied lake. Therefore, in Lake Ripne algal biomass 
positively correlated with mean cell size (0.67***), and Shannon index with species 
richness (0.42***). Negative correlation was found between abundance and Shannon 
index, as well as between Index saprobity (0.52***) and species richness (0.47***). 
Abundance and biomass are positively correlated in Lake Veisove (0.63***) and 
species richness with structural Shannon index (0.51***). In contrast, Shannon index 
and cell abundance have a negative correlation in Lake Garache (–0.41**), as well as 
saprobity index S and relative cell volume (-0.59***). Species richness and Shannon 
index were correlated positively (0.51***), and Shannon and mean cell volume (0.43*) 
also. In Lake Slipne we found positive correlation between abundance and biomass 
(0.72***), between Shannon index and biomass (0.45*), as well as species richness 
with abundance (0.44*), biomass (0.44*), Shannon index (0.59**), and negative with 
relative cell volume (–0.41*). Abundance and biomass was positively correlated 
(0.99**) in Lake Levadne, whereas relative cell volume had negative correlation with 
abundance (–0.96*) and biomass (–0.98*), but was positive with Shannon index 
(0.96*). Biomass volume correlated here negatively with Shannon index (–0.94*). Only 
two variables are significantly positively correlated in Lake Chervone: abundance and 
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biomass with 0.99**. Biomass of phytoplankton in the Lake positively correlated with 
relative cell volume (0.98*) and Shannon index (0.98*), which are also positively 
correlated (0.97*). 

We previously accessed that the lakes’ species lists overlapped and found that 
species in the lakes’ communities  formed two different cores but showed similarity in 
diversity (Klimiuk et al., 2014). Fig. 2 shows the most representative for flora in core 1 
is Lake Veysove, and in core 2 – Chervone lake. In this case, we chose these two lakes 
to reveal the most important environmental variables for its communities.  

 

 

Figure 2. Dendrite of similarity of studied lakes’ communities. Bold line – most similar, 1 – 

core of deepest northern lakes, 2 – core of shallow southern lakes. 

 
 
We calculated species-environment relationships for each of the studied lakes with 

the CANOCO program on the basis of data from Tables 1 and 2, but here we presented 
only two representative lakes’ calculation. A CCA plot for Lake Veysove shows (Fig. 

3a) that the parameters of the lake could clearly not be distinguished into groups. 
However, there are grouping in (1) iron, manganese, carbonates, and alkalinity, and (2) 
sodium, hardness, and strontium. Only one species of Dunaliella salina can be 
identified as definitely responsive to the chemical composition of water. Stimulates of 
Dunaliella development are parameters of group (1) and chlorides that are not included 
in this analysis, but have a high concentration in a time when the cell number of 
Dunaliella cells was highest. This corresponds to the ecology of this species.  

A CCA of Lake Chervone (Fig. 3b) revealed that the lake parameters can be divided 
into four groups: (1) HCO3 and alkalinity, (2) pH, (3) boron and silica and (4) all other 
parameters including conductivity and salinity. We can distinguish two species of 
Adlafia minuscula and Chaetoceros muelleri (upper circle), which showed sensitivity to 
high salinity and alkalinity, preferring these conditions, and at the same time are 
biosensors of low pH water. The second group (the lower circle) can serve as indicators 
of increased silica content in conditions of low carbonate concentrations and of a pH 
close to neutral. These are species of diatoms Cyclotella stelligera and Navicula 

gregaria. Other species are grouped near the center of the plot and are indifferent. 
We try to reveal the most important relationships between parameters of these most 

representative lakes with the help of Statistica 7.1 program. Figure 4a show that in 
Lake Veysove abundance and biomass increased synchronously only in low species 
rich communities. The number of species increases with decreases of cell abundance 
and with almost the same phytoplankton biomass. It is evident (Fig. 4b) that in Lake 
Veysove two types of communities developed – one with small cells but high values 
of biomass and abundance and the second with larger cells, but lower values of 
abundance and biomass. Figure 5a shows that organic loading influences the 
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formation of two different types of communities in Lake Veysove – one with small 
cells in waters rich in organic matter and the second with larger cells in the waters 
weakly saturated organic matter. 
 

 

Figure 3. Canonical Correspondence Analysis (CCA) plots of species-environmental 

relationships calculated for Lake Veysove (a), core of deepest northern lakes, and Chervone 

lake (b), core of shallow southern lakes 

 
 

 

 

Figure 4. Plots of relationships calculated between quantitative variables and species richness 

(a) and relative cell volume (b) for Lake Veysove 

 
 

With the increase in conductivity and pH the number of species decreases in the 
community of Lake Veysove (Fig. 5a). The pH plays an important regulatory role here: 
when the water conductivity decreased, but increased pH as well as in the waters where 
pH and conductivity increased were formed two different communities. Organic 
pollution closely related to water conductivity also impacted cell abundance (Fig. 5b) 
and formed three types of communities; one in the waters of low salinity and low-
enriched organic matter, the second in high water conductivity and low-enriched 
organic, and the most representative third – in the waters with increased conductivity 
and saturated organic matter. 

 

a b 

a b 
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Figure 5. Plots of relationships calculated between water conductivity and pH (a) and cell 

abundance, index Saprobity S and water conductivity (b) for Lake Veysove  

 
 
The same calculation for the group of southern shallow lakes shows (Fig. 6a) that 

species richness is not affected by quantitative biological. Biomass increases with 
increases in abundance, but the number of species varies within a small range. It is 
evident (Fig. 6b) that in this group of lakes there are two types of communities 
regarding average cells’ size: the first is a community with small cells, but reaches high 
values of abundance and biomass; the second is large-celled with sufficiently low 
biomass. 

 

 

Figure 6. Plots of relationships calculated between quantitative variables and species richness 

(a) and relative cell volume (b) for southern shallow lakes  

 
 

With the increasing of conductivity and pH decreases the number of species in 
communities of southern lakes (Fig. 7a), and at a level of conductivity of about 11 mSm 
cm-1 and a pH of about 7.8 community changes to another type under further increase 
in pH and conductivity. The lowest number of species was in communities with high 
conductivity and pH.  

a b 

a b 
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Low species-rich communities developed in southern lakes in waters with low 
saturation of organic matter and moderate conductivity (Fig. 7b). However, the number 
of species increases with increasing conductivity and organic load. 
 

 

Figure 7. Plots of relationships calculated between water conductivity and pH (a) and species 

richness, index Saprobity S, and water conductivity (b) for southern shallow lakes  

Discussion 

Phytoplankton of studied lakes was rich, with 238 species and infraspecific taxa. As 
we calculated previously, community similarity helped us to divide the studied lakes 
into two different groups – northern deep lakes and southern shallow lakes (Klymiuk et 
al., 2014). In this case, we compared the lakes’ communities in each group and tried to 
reveal the major regulating factors for phytoplankton with the help of statistical 
approaches.  

As can be seen in Table 1, water chemistry variables in the lakes fluctuated from 
fresh and low-acidic to saline and alkaline. Organic pollution via index saprobity S 
(Table 3) can be classified as low-to-middle, Class of water quality II-III across all lakes 
excluding excessive data of lakes Veysove (2.74) and Slipne (2.86), which are Class IV 
(Barinova et al., 2006). Species richness were higher in the northern group of lakes than 
in the shallow southern lakes concerning diatoms. Greens and cyanophytes were species 
rich in Lake Slipne. The structural Shannon index fluctuated in all lake communities, 
but in the shallow lakes’ group it was lower. Relative cell volume was fluctuated also, 
but the most fluctuations were found in the lakes Ripne and Slipne from the northern 
lakes’ group. In this case we can see that communities response to the variables is 
dependent to impact complexity in each lake.  

The results of Pearson coefficients calculation show that most dependent variables in 
the studied lakes were phytoplankton species richness, abundance and biomass that 
correlated positively. In turn, the factors that adversely affected the algal community was 
organic pollution. Relative cell volume was negatively correlated with abundance and 
Shannon index values, which reflected dependence of structural complexity with algal 
productivity. High algal productivity in the studied lakes was provoke of small-celled 
species growth and therefore increased the entropy of the lakes’ ecosystem (Good, 1953). 

Multivariate regression analysis (Tables 4-8) showed that factors negatively 
influencing cell abundance of phytoplankton in the lakes of the northern group are 
conductivity and alkalinity; mean cell volume was impacted by organic pollution and 

a b 
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sodium content. Carbonate concentration negatively influenced green algae species 
richness, and organic pollution was lower where iron concentration was high. It is 
remarkable that strontium was correlated with organic pollution in the northern group 
of lakes. 

In the southern group of lakes negative factors influencing biological variables were 
concentrations of manganese, potassium, boron, silica, and diluted organic matter 
(indicated by saprobity index S), while positive factors were calcium and sulphides, 
which have never been high in this group of lakes. 

These results prove that chemical variables play a major role in community 
productivity and species content in shallow lakes, whereas deep lake communities were 
influenced by salinity, alkalinity, carbonates, and organic pollution. 

With the help of the CANOCO program, we found only one abundant species-
indicator, Dunaliella salina,  which was positively correlated with salinity in Lake 
Veysove, which is the center of the floristic core of the northern group of lakes (Fig. 3a). 
A CCA of Lake Chervone (Fig. 3b) revealed four groups of parameters for which Adlafia 

minuscula and Chaetoceros muelleri are bioindicators of high salinity and alkalinity, and 
are biosensors for acidic water. In the same community, Cyclotella stelligera and 
Navicula gregaria were assessed as indicators of silica and biosensors for carbonates.  

The most important relationships calculated between parameters of these 
representative lakes showed that in the northern group of lakes abundance and biomass 
increased synchronously in opposition to species richness (Fig. 4a,b). Organic loads 
played an important role in two types of community formation: one small-celled in 
waters rich in organic matter and the second with larger cells in waters weakly saturated 
in organic matters. Water conductivity and pH, closely related to organic pollution, can 
be assessed as regulators of species richness as well as species content in this group of 
lakes (Fig. 5a,b). In contrast, biological variables of the southern shallow lakes were not 
dependent with species content but formed same types of large-celled and small-celled 
communities (Fig. 6a,b). Here also species richness and species content in communities  
are regulated by water conductivity and pH (Fig. 7a,b), where low species-rich 
communities were found in moderate conductivity waters with low-organic loads, and 
species rich communities developed with increasing conductivity and organic loads. 
Our results confirm conclusions drawn from the bio-indication analysis of the studied 
lake communities that species richness are impacted by salinity (Klymiuk et al., 2014) 
like in other lakes found in arid environments (Barinova et al., 2009, 2010, 2011) in 
which water salinity played a historical role in the algal diversity forming process. But 
the current detailed analysis shows also that the organic load is also an important 
regulating factor. We also found two different types of communities developed in the 
studied lakes that were revealed only with the help of statistical methods.  

Conclusion 

Phytoplankton of the studied lakes, assessed with the help of different statistic 
approaches, can be divided into two gropus – (1) northern deep lakes with high salinity 
and organic load influence and (2) southern shallow group with mineral ions and 
organic load influence. Abundance and biomass fluctuated synchronously in the studied 
lakes and correlated with species richness in the deep lakes group but not in shallow 
lakes. We found two types of communities – low species-rich communities in moderate 
conductivity waters and low-organic loads, and species rich communities developed 
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with increasing conductivity and organic loads. Therefore, water conductivity and pH 
were closely related with organic polution and can be assessed as regulators of species 
richness, biomass, and abundance of phytoplankton in the studied lakes.  
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Abstract. Quantifying spatial and temporal variations of the environmental variables is a significant 
challenge in the Earth’s System studies. This can be addressed by tracking the exchange rate of carbon 
between land surface and the atmosphere through an effective integration of the tower-based flux 
measurements and remote sensing observations. However, confidence of these data with regard to 
extending into ecosystem or regional scales remains uncertain, particularly in heterogeneous landscapes. 
This paper studies how data with the necessary spatial and temporal sampling may be obtained for a 
typical temperate forest in southern England. A time series of the inter-calibrated Normalized Difference 
Vegetation Index (NDVI) from the Disaster Monitoring Constellation (DMC) over the flux tower extent 
suggested that the spatial variability of the canopy changed significantly during transitions from leaf-off 
to leaf-on conditions because of canopy patchiness at high spatial resolution, scales finer than a coarse 
satellite-sensor pixel. The availability of three acquisitions within five days during early March provided 
the opportunity to look at the sensitivity of the NDVI to extraneous factors, which showed the uncertainty 
in this spectral index to vary with the flux footprint coverage, peaking at around 5% early in the season. 
This is comparable to the error that could be introduced by uncertainty in atmospheric correction 
specifically the parameterisation of aerosols. Thus, in the case of Wytham Woods, it may be more 
important to improve the representation of aerosols in the atmospheric model used than replace the 
generalised flux tower extent with a realistic flux footprint. 
Keywords: Disaster Monitoring Constellation (DMC), Flux Footprint Coverage, Spatial and Temporal 

Sampling, Spectral Index  

Introduction 

Understanding the Earth’s system dynamics and quantifying spatial and temporal 
variations of factors that influence environmental change will provide decision makers 
with the best information to manage and protect vital ecosystem services. This will 
improve our ability to mitigate the effects of environmental change. In this aspect, one 
of the primary challenges is accurate measurement of the key environmental variables. 
In spite of great advances in in-situ instrumentation, measuring environmental variables 
at appropriate temporal and spatial scales remains as a significant challenge in 
ecosystem studies.  

Since the late 1980’s the eddy covariance (EC) technique has been used to measure 
the exchanges of various gases (i.e. carbon dioxide; water vapour; and methane) and 
energy between land surface and the atmosphere for a variety of applications, such as 
ecosystem productivity, carbon budget and sequestration, as well as landfill emissions 
and urban flux (Burba and Anderson, 2010). The EC technique is based on the turbulent 
flow theory in the atmospheric boundary layer and used to measure scalar fluxes from 
the covariance between the vertical wind speed and the gas concentration averaged 
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across a particular spatial scale in the upwind direction, referred to as flux footprint, and 
over a particular time interval typically a period of 30 minutes (Baldocchi et al., 2001, 
Burba and Anderson, 2010). This technique is the most widely used accurate and direct 
method to measure the exchange rate of carbon dioxide (CO2) between terrestrial 
ecosystems and the atmosphere, also known as CO2 flux.  

The flux footprint coverage represents an upwind surface where measured fluxes 
are registered by the instruments. Figure 1 depicts general concept of flux footprint. In 
this figure the darker red colour shows the more contribution that is coming from the 
surface area certain distance away from the eddy covariance system. The size and 
shape of the footprint coverage is a dynamic area depending on three main factors 
including: measurement height; surface roughness; and meteorological conditions 
such as atmospheric thermal stability condition, wind speed and direction (Baldocchi 
et al., 2001). 

 

 

Figure1. General concept of flux footprint (Burba and Anderson, 2010) 

 
Quantification of the exchange rate of CO2 across a wide range of spatial and 

temporal scales requires that tower-specific EC flux measurements to be extended using 
Earth Observation (EO) data and remote sensing techniques (Baozhang Chen et al., 
2009, B. Chen et al., 2009, Chen et al., 2008, Kim et al., 2006, Xiao et al., 2012, Xiao et 
al., 2011). Despite the success of EC technique, confidence of these data with regard to 
extending into ecosystem or regional levels remains uncertain, particularly in 
heterogeneous landscapes (Kim et al., 2006, Xiao et al., 2012). The most important 
errors and issues associated with the EC technique are dependent on its intrinsic 
assumptions as follows:  

 Flux measurements are made at only a few points; 

 Flux measurements are restricted to periods when the atmosphere conditions are 
steady; 

 Flux towers are installed across relatively homogeneous locations, while 
landscape heterogeneity is considerable; 

 The location of flux tower sites has to be relatively flat; 
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 Flux measurements are associated with uniform footprint of vegetation upwind; 
and 

 The sensors and the data-logging system are able to sense and record the fastest 
and smallest eddies (Baldocchi, 2008, Baldocchi et al., 2001, Burba and 
Anderson, 2010).  

Unfortunately, very few natural ecosystems meet these strict criteria. In reality, many 
natural and semi-natural ecosystems are situated in and among complex landscapes with 
varying atmospheric conditions (Forman, 1995, Forman and Godron, 1986, Frohn, 
1998, Turner et al., 2002). 

Theoretical Background 

In terrestrial ecosystems, in general, the exchange rate of CO2 is mainly controlled 
by the photosynthesis-respiration process. Thus, ecosystem productivity and its 
dynamics can be studied by measuring the CO2 fluxes, a process that is referred to as 
Net Ecosystem Exchange (NEE) (Lambers et al., 2008, Monteith, 1972). To quantify 
the ecosystem productivity it is convenient to track CO2 uptake from the atmosphere 
over various spatial and temporal scales (Prentice et al., 2000, Xiao et al., 2012) using 
Earth Observation (EO) data and Remote Sensing (RS) techniques. Most applications 
of remote sensing in ecological studies derive from the ability to detect spectral 
features associated with the photosynthetic process, which can then be used for 
spatially explicit models of photosynthesis capacity and efficiency. Gross Primary 
Production (GPP) and Net Primary Production (NPP) takes into account the uptake of 
CO2 by vegetation during photosynthesis and its release during autotrophic respiration, 
respectively. In this aspect, the MOD17 GPP/NPP model is the first continuous 
satellite-driven dataset monitoring global vegetation productivity at 1-km spatial 
resolution (Running et al., 2000, Running et al., 2004). However, these data require 
appropriate algorithms for scaling and interfacing eddy covariance flux measurements 
(Baozhang Chen et al., 2009). 

There is a robust theory for the relationship between surface reflectance of incident 
radiation and the process model for modelling vegetation productivity based on the 
concept of Light Use Efficiency (LUE) (Monteith, 1972). This expresses GPP as 
function of the absorbed photo-synthetically active radiation (fAPAR) between 400-700 
nm wavelengths and the efficiency of photosynthesis process (Sellers et al., 1992). 
Monteith (1972) defined the photosynthesis efficiency term as the ratio of energy stored 
in formation of carbohydrates to APAR, which generates the LUE logic for estimating 
GPP from EO data. The LUE model, rather than describing complex biochemical, 
meteorological and canopy structure information, attempts to describe the overall ability 
of canopies or ecosystems to convert incident energy into biomass. The fAPAR implies 
to the fraction of the incoming solar radiation in the photo-synthetically active radiation 
(PAR) spectral region, which is converted into biomass by a photosynthesising 
organism (Sellers et al., 1992). Therefore, the basic LUE model describes GPP in terms 
of APAR, here referred to photosynthesis capacity, and photosynthetic efficiency as: 

 
  (Eq. 1) 
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where  represents the fraction of  absorbed by vegetation, and  

refers to realised LUE or the efficiency of converting  into fixed carbon, 

(Monteith, 1972, Sellers et al., 1992, Running et al., 2000, Running et al., 2004, Hilker 
et al., 2008). The photosynthesis efficiency may be influenced by environmental 
constraints, the scalars that attenuate maximum efficiency of photosynthesis process, 
including air temperature and availability water as: 
 
  (Eq. 2) 
 

 
where  is biome-specific maximum efficiency of photosynthesis process,  

refers to the daily temperature, and  is the daylight average vapour pressure 

deficit. For example, high VPD have been shown to induce stomata closure in many 
species, while low temperatures inhibit photosynthesis process. These scalars, as 
illustrated in Figure 2, vary linearly between 0 and 1 as a consequence of suboptimal 
temperature and water availability for photosynthesis process.  

 

 

Figure 2. The T and VPD attenuation scalars are simple ramp functions of daily temperature 

and water availability 

 
The LUE model parameters can be determined remotely using both empirical models 

relying on curve fitting of canopy reflectance measurements and physical models based 
on a canopy reflectance model. The empirical approaches are based on spectral 
vegetation indices (VI), which employ discrete spectral wavelengths. Various 
relationships between ƒAPAR and spectral VI have been investigated for different 
vegetation types across a range of spatial and temporal scales (Gamon et al., 1990, 
Gamon et al., 1995, Glenn et al., 2008, Hilker et al., 2008, Nakaji et al., 2007, Sellers et 
al., 1992, Wylie et al., 2003).  

Alternatively, many studies have demonstrated retrieval models for scaling between 
the CO2 flux estimates derived from either airborne- or satellite-based spectral indices 
or those derived directly from tower-based EC measurements at the local scale, 
implying that the land surface is homogeneous. They also revealed the critical 
importance of the spatial domain, both in terms of the pixel size and the extent of the 
image. A further consideration is the temporal domain, as the basis of tower-based EC 
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measurements involves a change over time. Accurate measurement and understanding 
of processes implies repeated remote sensing measurements, both over a few days (e.g. 
to study short-term changes in photosynthesis) and over a growing season (e.g. carbon 
source/sink studies). However, these studies have taken at best an empirical approach 
to characterising the difference in spatial scale between a given platform-sensor and the 
real flux tower footprint, and did not explicitly take into account the difference in 
sampling supports. This paper investigates how data with the necessary spatial and 
temporal sampling may be obtained for a temperate mixed forest, which is typical of 
many woodland areas throughout the northern hemisphere. The first thing that is 
apparent is that data from the MODIS sensor are not ideal for this task. First, its spatial 
resolution is too coarse for most areas of woodland, which are spatially variable. 
Second, the temporal sampling of the MODIS VI product is more irregular and less 
predictable than it first appears. Although this generally results in a smooth VI curve 
for the year as a whole it presents difficulties when trying to compare the MODIS 
product with a specific event, such as an overpass of another sensing system or a 
measurement from a flux tower.  

The alternative approach investigated in this research was to identify a remote 
sensing system that offered a relevant spectral capability, but had more frequent and 
predictable sampling and finer spatial resolution. The requirement for this to be 
available globally excludes aircraft and other local solutions. Therefore, the objectives 
of the research described in this paper were: 

 To obtain as many DMC and MODIS images of the study site as possible during 
one growing period (early Spring to mid-Summer), and to inter-calibrate them 
so they would be suitable for measuring change in NDVI during the year; 

 To determine the repeatability of DMC NDVI measurements over a period of a 
few days; 

 To investigate whether differences in the size and shape of the flux footprint 
(e.g. whether it is generalised or realistic) would significantly affect DMC 
NDVI values, and whether this result varied during the growing season; and 

 To assess the pros and cons of DMC data as a means of mapping and monitoring 
ecological changes in woodlands in typical temperate forest. 
 

Precise definition of the flux footprint was not an issue when working with MODIS 
data as the pixel size was so large, but, as Figure 3 shows, DMC data have much higher 
spatial resolution, so internal spatial variation within the woodland had to be considered. 

Methodology 

Site Description 

At present, over 500 active flux tower sites are operated on a long-term and 
continuous basis throughout the world (Fluxnet, 2013). These monitor the net exchange 
of CO2, water vapour and energy flux in a variety of ecosystems, including deciduous 
broadleaf forest, coniferous forest, grassland and cultivated cropland. Among these 
sites, Wytham Woods, one of the UK Environmental Change Network’s (ECN) 
terrestrial sites was selected due to the availability of high quality ecological data, eddy 
covariance flux measurements, and EO data sets. Wytham Woods is a temperate 
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broadleaf forest located in the upper Thames basin, 5km north-west of Oxford in 
southern England (Lat: 51.77 N; Lon: -1.33 E). 

 

 
DMC NDVI on 2

nd
 March 2010 (Julian Day: 62) 

 
MODIS NDVI over 18

th
 Feb. – 5

th
 March 2010 

(Julian Day: 49 - 65) 

Figure 3. Comparing spatial resolution of satellite sensor systems: (a) DMC NDVI with 22 m 

spatial resolution; and (b) MODIS NDVI with 250 m spatial resolution 

 

 

Figure 4. Location of the Study Site, Wytham Woods, Oxfordshire-UK; overlaid on a true 

colour composite of airborne hyperspectral imagery (NERC-ARSF Eagle data), and OS 

1:50,000 Colour Raster SP40 (Adapted from Ordnance Survey DigiMap, 2010 and NERC-

ARSF, 2009) 
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The site contains a 25m high micrometeorological flux tower where eddy covariance 
measurements of turbulent fluxes have been continuously recorded since May 2007 
(Thomas et al., 2010). Wytham’s EC instruments include a 3D sonic anemometer 
measuring wind vector components and an open-path gas analyser (LI-COR 7500) 
measuring atmospheric CO2/H2O fluxes. Wytham Woods is comprised of ancient, 
secondary and plantation woodlands (i.e. mixed forest of 400 ha) with four main 
elements forming a landscape mosaic including deciduous forest; patches of semi-
natural grassland and scrub; cultivated cropland; and some small wetland areas, i.e. 
whole site of 770 ha (Uk-Ecn, 2012). The flux tower system, as illustrated in Figure 4, 
is located on the north slope of a hill surrounded by mixed forest that includes scrub, 
non-coniferous and coniferous trees for approximately 450 m to the north and 
approximately 1000 m to the east and the south-west. The altitude ranges from 60m 
above sea level on the river floodplain to 165m at the top of Wytham Hill. Meteorology 
data from the UK Environmental Change Network (ECN) Wytham site have been 
recorded by Automatic Weather Station since 1992 (Savill et al., 2010). The climate is 
typical of central England, with the mean annual temperature and precipitation 
approximately 10.0°C and 720 mm, respectively. According to the National Vegetation 
Classification (Rodwell, 1991), both ancient and secondary woodlands are part of 
community W8, Fraxinus excelsior - Acer campestre - Mercurialis perennis woodland, 
the most prominent species being ash (Fraxinus excelsior), field mapel (Acer 

campestre), and hazel (Corylus avellana), as well as sub-dominant species oak 
(Quercus robur) and sycamore (Acer pseudoplatanus). 

 
Pre-processing the Satellite Sensor Data 

A total of eight Disaster Monitoring Constellation (DMC) images were acquired 
between March and the end of June 2010 (Table 1 and Figure 5), confirming the power 
of the constellation approach to obtain frequent observations, even when faced with 
intermittent cloud cover. During this same period NASA acquired seven MODIS 
products of the same area, although of course, with much coarser spatial resolution (250 
m compared with 22 m or 32 m). 

 
Table 1. DMC data sets acquired during 2010 

Imaging Date 
(dd/mm/yyyy) 

Imaging Time 
(UT) 

Mission Pixel 
Size (m) 

Image 
Clarity 

Viewing 
Angle 

02/03/2010 09:43:21 UK-DMC2 22 Clear 28.74 

05/03/2010 09:46:39 UK-DMC2 22 Clear 22.06 

07/03/2010 09:54:31 DEIMOS 22 Clear 5.47 

20/04/2010 08:03:51 UK-DMC 32 Clear 0.82 

27/04/2010 10:08:21 UK-DMC2 22 Clear 20.48 

23/05/2010 09:52:10 UK-DMC2 22 Clear 17.85 

04/06/2010 09:56:34 UK-DMC2 22 Clear 25.82 

16/06/2010 09:52:02 UK-DMC2 22 Cloudy 27.46 

 
 
The DMC data sets were supplied projected to UTM/WGS84 (Level 1T), so they 

were re-projected into British National Grid (BNG), Datum OSGB36 and subsets 
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produced over the extent of Wytham Woods (600×600 pixels). Image registration was 
performed by using 20 ground control points identified on Ordnance Survey Master-
Map and using polynomial, nearest-neighbour resampling. The RMS errors were less 
than 0.75 pixels. Furthermore, time-series images from MOD13Q1 were geometrically 
registered to the same coordinate system as DMC data sets. All the satellite sensor data 
were corrected for the effect of the atmosphere. The MODIS data had been converted to 
reflectance and adjusted to nadir angle as part of the MODIS processing chain prior to 
the calculation of the NDVI (Masuoka et al., 2011).  

 

2nd March, NASR 5th March, NASR 7th March, NASR 

20th April, NASR 27th April, NASR 23rd May, NASR 

4th June, NASR 16th June, NASR Wytham Woods 

Figure 5. Time series of normalized absolute calibrated reflectance DMC images over Wytham 

Woods for the 2010 growing season 
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The DMC data were first converted to radiance at the top of atmosphere (TOA) using 
the bias and gain values specified by data provider. They divided naturally into three 
phases based on the date of acquisition. The first three images were acquired within the 
first week of March, when many of the trees were still bare. The next two images came 
from a week in late April when the tree canopy was rapidly developing, and the final 
three images were acquired between 23rd May and 16th June, when the tree canopy was 
almost fully developed. The DMC data were atmospherically corrected using the 
ATCOR-2 program (Richter, 2011), using a standard mid-latitude atmosphere and 
typical values of water vapour and aerosol type. The results of this showed an apparent 
change in reflectance during the period 2nd to 7th March (Table 2), when none would 
have been expected, which suggested that uncertainty in the parameters of the radiative 
transfer model was having an effect. To overcome this, a method of image 
normalisation was applied in which the image closest to nadir view angle (and visually 
the clearest) for each phase (the reference image) was corrected to reflectance using 
ATCOR-2 and then the other images from the same phase were normalised to the 
reference image using the method of iteratively reweighted radiometric normalisation 
(IR-MAD) (Canty and Nielsen, 2008). This technique automatically found spectrally 
invariant targets within a series of related images and adjusted the target images to 
match the designated reference image by applying a linear transformation to the data. 
After applying this hybrid ATCOR/IR-MAD technique, the three DMC images from 
March showed no significant change in reflectance in either Red or NIR wavebands 
(Table 3). 

 
Table 2. Red and Near-Infrared wavebands behavior over early growing season after 

absolute atmospheric correction (surface reflectance) across Wytham flux tower extent 

Acquisition 
Date 

Red Waveband Derived from ATCOR  NIR Waveband Derived from ATCOR 

Mean Median SD CV  Mean Median SD CV 

2nd March 6.05 6.00 1.34 22.15  27.87 27.50 3.24 11.63 

5th March 8.17 8.00 1.15 14.01  31.16 31.00 2.98 9.57 

7th March 6.34 6.00 1.15 18.07  27.74 27.00 3.05 10.98 

20th April 6.07 6.00 0.97 15.90  38.25 38.00 4.45 11.62 

27th April 5.66 5.50 0.98 17.23  48.58 47.50 6.48 13.34 

23rd May 4.00 4.00 0.68 16.90  77.05 77.00 5.82 7.55 

4th June 3.55 3.50 0.49 13.82  80.37 80.50 6.01 7.48 

16th June 4.73 4.50 0.71 15.03  83.66 85.00 7.98 9.53 

 
 
The IR-MAD scheme holds back one-third of time-invariant pixels to evalute the 

normalization procedure by calculating the means and variances of target images, before 
and after normalization, for performing statistical hypothesis tests for equality in means 
and variances of the time-invariant pixels in the reference and nomalized target images 
(Canty, 2010). These results are given in Table 4 as 345 and 656 test pixels for the 2nd 
and 5th March images vs. the 7th March reference image, respectively; 112 test pixels for 
the 27th April vs. the 20th April reference image; and 262 and 173 test pixels for the 4th 
and 16th June images vs. the 23th May reference image, respectively. The significance 
value (p < 0.05) for the t-test for equal means and for the F-test for equal variances 
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indicate that the hypothesis of equality cannot be rejected for any of the spectral bands 
in datasets, so we conclude that the normalization has been successful.  

 
Table 3. Red and Near-Infrared wavebands behavior over early growing season associated 

with hybrid ATCOR/IR-MAD technique (normalized surface reflectance) across Wytham flux 

tower extent 

Acquisition 
Date 

Red Waveband from ATCOR/IR-MAD  NIR Waveband from ATCOR/IR-MAD 

Mean Median SD CV  Mean Median SD CV 

2nd March 5.95 5.90 1.31 22.00  27.47 27.12 3.05 11.10 

5th March 6.17 6.00 1.15 18.63  27.64 27.48 3.01 10.90 

7th March Reference Image  Reference Image 

20th April Reference Image  Reference Image 

27th April 6.07 6.00 0.97 15.98  46.86 45.88 5.85 12.50 

23rd May Reference Image  Reference Image 

4th June 3.38 3.32 0.52 15.38  81.40 81.53 7.21 8.86 

16th June 3.62 3.41 0.68 18.78  74.72 75.92 7.21 9.65 

 
 
Table 4. Paired t-tests and F-tesets for equal means and variances between target images 

and normalized images using IR-MAD normalization method 

Acquisition 
Date 

Mean  Variance 

t-Statistic P-value  F-Statistic P-value 

B1 B2 B3 B1 B2 B3  B1 B2 B3 B1 B2 B3 

2nd March 0.176 0.200 0.126 0.860 0.842 0.899  1.008 1.006 1.007 0.939 0.958 0.952 

5th March -0.09 -NaN 0.580 0.927 NaN 0.562  1.002 1.000 1.000 0.980 1.000 0.998 

27th April -0.39 -0.73 -0.22 0.692 0.466 0.827  1.006 1.012 1.002 0.973 0.952 0.990 

4th June 0.322 0.287 -0.10 0.748 0.775 0.919  1.006 1.005 1.002 0.960 0.971 0.991 

16th June -0.19 -0.25 0.099 0.844 0.802 0.922  1.049 1.026 1.000 0.754 0.868 0.996 

 
 

Early in Season Normalization, Leaf-off Conditions   

Three images were available from 2nd March (UK-DMC2), 5th March (UK-DMC2), 
and 7th March (DEIMOS), acquired using the same sensor (SLIM-6-22) and spatial 
resolution (22 metres at nadir). The image from 7th March was selected as the reference 
image for the leaf-off period, based on visual assessment of quality and the fact that it 
was acquired close to nadir for the study area. The other March images were normalized 
to the 7th March data as a reference image. 

 
Early Spring Normalization, Middle Leaf-on Conditions 

The reference image to perform relative illumination and normalization of leaf-on 
conditions during mid-spring was considered based on near-nadir situation for the study 
area. The 27th April was normalized to the 20th April absolute corrected reflectance as a 
reference image. 

 
Early Summer Normalization, Leaf-on Conditions 

The reference image to perform relative illumination and nadir normalization of leaf-
on conditions during early summer was considered based on their high solar elevation 
and cloud free conditions. Therefore, the 4th and 16th June images were normalized to 
the 23rd May absolute corrected reflectance as a reference image. 
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Defining the Flux Footprint Coverage 

A buffer distance of 400 m centred on the flux tower location was considered as a the 
long-term pattern of daytime flux footprint, referred to here as the circular flux footprint 
(CFF), which corresponds to an array of 37×36 DMC pixels (with 22 m pixel size) and 
3×3 MODIS pixels (with 250m pixel size) centred on the tower. 

The area-weighted flux footprint was estimated using site properties. Canopy height 
was determined using an airborne Light Detection and Ranging (LiDAR) survey of the 
site in 2009. Meteorological data from the nearest MetOffice weather station (Lat: 
51°46' N; Lon: 1°46' W; Alt: 63.4m) revealed two prevailing wind directions during 
2010:  225° (south-west) and 315° (north-west). Therefore, the flux footprint weighted 
was also modelled with wind from each of these directions, under both moderate and 
unstable conditions, i.e.  at flux tower site with  of 

19.23, i.e.  and . The weighted flux footprint was hereafter 

termed as the realistic flux footprint (RFF). Figure 6 illustrates the estimated horizontal 
position of 90% cumulative footprints for two prevailing wind directions under different 
atmospheric stability conditions. The spatial coverage of red and yellow points indicates 
the RFF under unstable and moderately stable conditions respectively.  

 

 

Figure 6. Flux footprint weighted, overlaid on an aerial image of Wytham Woods, based on two 

prevailing upwind directions (i.e. 225° and 315°) on the crosswind integrated surface coverage 
under moderate (i.e. yellow points) and unstable (i.e. red points) atmospheric stability 

conditions. Green and Cyan lines show the buffer distance off by 200m and 400m around flux 

tower site, respectively. 
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Statistical Analysis 

Non-parametric statistical test was conducted to determine whether the flux footprint 
variability in terms of micrometeorological conditions would cause a significant 
difference in the NDVI over a growing season. Mood’s Median test (a robust test with 
respect to other non-parametric test) was conducted to test the null hypothesis for 
equality in NDVI for investigating the uncertainty in terms of imprecise definition of 
flux footprint. In this respect, the null hypotheses are as follows.  

H0: Under long-term pattern of daytime flux footprint, circular flux footprint 
coverage, there is no significant difference in median NDVI over short time 
intervals in leaf-off condition.   

H0: Under different atmospheric stability conditions there is no significant 
difference in median NDVI between realistic and long-term circular flux 
footprints depending on prevailing wind directions.  

Moreover, the non-parametric Wilcoxon rank-sum test (Wilcoxon, 1945) was 
conducted for comparison of differences between two independent NDVI from DMC 
and MODIS over short time intervals in the leaf-off period.   

Results and Discussion 

Temporal Variability of DMC NDVI across Circular Flux Footprint  

The descriptive statistics and histogram distribution of the DMC NDVI from within 
the circular flux footprint (CFF) across Wytham flux tower extent are presented by 
Table 5 and Figure 7, respectively, which indicate its variability through the growing 
season as expected. The mean value of NDVI was relatively high across the CFF 
coverage during the early Spring in March-April, perhaps a result of flourishing 
understory canopy and many sparse evergreen coniferous trees. This was followed by a 
rise during April-May as the forest canopy came into leaf. High values of NDVI in mid-
June could have resulted from late developing trees such as oak reaching full 
photosynthesis capacity.  

 
Table 5. Descriptive Statistics on DMC NDVI across Wytham flux tower (circular flux 

footprint) site over a growing season in 2010 

Acquisition Date Mean Median Std. Deviation Skewness CV % 

2nd March 0.6468 0.6375 0.0492 1.059 7.61 

5th March 0.6363 0.6285 0.0442 1.610 6.95 

7th March 0.6292 0.6232 0.0440 1.542 6.99 

20th April 0.7280 0.7241 0.0354 0.194 4.86 

27th April 0.7905 0.7905 0.0402 -0.139 5.09 

23rd May 0.9012 0.9054 0.0184 -2.925 2.04 

4th June 0.9191 0.9207 0.0111 -1.474 1.21 

16th June 0.9080 0.9112 0.0160 -2.114 1.76 

 
 

As Figure 7 shows, the distribution of NDVI values during leaf-off conditions early 
in the season (2nd -7th March) was positively skewed, probably due to the mixture of 
understory and sparse coniferous trees present (Street et al., 2007), while is negatively 
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skewed during leaf-on conditions (May – June) when the canopy response is dominated 
by the intact tree canopy. In general, the distribution of NDVI was positively skewed 
and centred on 0.6 in leaf-off conditions and negatively skewed and centred on 0.9 in 
leaf-on conditions. This suggests that the spatial variability of the canopy changed 
significantly during transition from leaf-off to leaf-on conditions because of canopy 
patchiness at high spatial resolution, i.e. scales finer than a MODIS pixel, for example, 
at 22 m spatial resolution. This means that using directly MODIS vegetation indices as a 
proxy of CO2 flux incorporates uncertainty in the scaling process from the EC flux 
tower to landscape and regional level without precise definition of area contributing to 
CO2 flux measurements in Wytham Woods.  

 

 

Figure 7. Histogram distribution of the DMC NDVI based on the ATCOR/IR-MAD correction 

 
 
Figure 8 presents the behaviour of canopy reflectance for Red and Near-Infrared 

spectral bands associated with the hybrid ATCOR/IR-MAD technique from within the 
CFF during the 2010 growing season, and Table 5 shows its central tendency and 
dispersion indices. Typically, canopy reflectance varies approximately between 0 and 10 
in the Red waveband, and 20 and 100 in the Near-Infrared waveband.  In the main, 
temperate broadleaf and mixed forests have strong absorption in Red waveband due to 
chlorophyll content, and strong reflectance in the Near-Infrared waveband. There was 
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also an unexpected decrease in the NIR band and increase slightly in the Red band on 16th 
June, possibly due to the influence of adjacent cloud shadow as depicted by Figure 8.  

 

 

Figure 8. DMC Red and Near-Infrared waveband behaviour associated with the hybrid 

ATCOR/IR-MAD technique across Wytham flux tower extent, i.e. circular flux footprint (CFF), 

over a growing season in 2010 

 
 
The availability of three acquisitions within five days during early March, when we 

would expect little change in the biophysical properties of Wytham Woods, provides the 
opportunity to look at the sensitivity of NDVI to extraneous factors such as changes in 
viewing conditions, atmospheric variability and sampling error. Table 6 and Figure 8 
show that the reflectance and the NDVI determined from DMC data changed very little 
during this period (less than 0.018 and 0.015 mean and median NDVI, selectively). This 
result is important in the context of MODIS, as the MOD13Q1 product is derived from 
sampling observations within a 16-day window. It is therefore not suitable for 
identifying the precise moment of change or for following rapidly fluctuating NDVI 
values. Two MODIS images related to the period 2nd-7th March, the first derived from 
the 16-day window 18th February – 5th March, and the second from 6th-21st March. 
Median NDVI from the circular flux footprint was slightly higher in the later MODIS 
image, but the difference was not statistically significant (Wilcoxon-Rank-Sum test, 
W=21, p- value = 0.09). 

 
Table 6. Difference below and above overall Median of the NDVI values across the long-

term circular flux footprint in Wytham Woods over a-five day interval of leaf-off condition in 

March 2010 

Difference from 
Median 

DMC NDVI over a-five day interval in early March 2010 
Total 

2nd March 5th March 7th March 

≤ Median 46 51 56 153 
> Median 54 49 44 147 

Total 100 100 100 300 

 
 
Figure 9 illustrates central tendency and normality plots of samples derived for these 

short-terms intervals. For each Q-Q plot, the tendency is not linear. Thus, it is 
reasonable to assume those samples are from a non-normal population. Furthermore, the 
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slopes in the Q-Q plots from 5th and 7th March are similar, so it is appear that the 
variances are the same, but vary with 2nd March. 

 

 
Figure 9. Central tendency and normality plots of samples derived for short-terms intervals 

DMC imagery in early March 2010 

 
 
The Mood’s median test using the Pearson’s Chi-square test (Zar, 2010) was 

conducted to compare the medians of sample data sets (testing first null hypothesis). 
Table 6 presents the results of the Mood’s Median test between three data sets of DMC 
NDVI during early in season. The overall median is equal to 0.6271 and the Pearson 
Chi-square statistics is equal to 2.001 (N= 300; df= 2; and p-value= 0.368), which 
means there is no significant difference in the NDVI data sets through this short time 
interval. The percentage of the absolute deviation from the overall median was 
calculated for these three samples are approximately 3.4% (2nd March: 3.8%; 5th March 
3.2%; and 7th March: 3.1 March), which is less than the 5% error in DMC NDVI across 
southern England predicted by Wilson et al. (2012) due to aerosol patchiness (i.e. 
unresolved variation in space and time). 

Figure 10 compares the NDVI values from an array of 3×3 MODIS pixels centred on 
the flux tower location (i.e. approx. 400m buffer), with the averaged values of an array 
of 37×36 DMC pixels within the same area. The error bars on the Y-axis (Figure 10a) 
show ± 1 standard deviation of the DMC NDVI and MOD13Q1 values. The two data 
sets were highly correlated (R2 = 0.974, p < 0.05), showing that data from the DMC 
SLIM-6-22 sensor closely matched MODIS over this period of time (Figure 10b). 
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However, the DMC NDVI values are higher than MODIS NDVI at all dates through 
growing season, which indicates a significant bias. The source of this bias is unknown; 
however, it is most likely due to differences in sun-sensor geometry between DMC and 
MODIS. In addition, there was a small unavoidable spatial mismatch between MODIS- 
and DMC-based subsets across the CFF due to the different pixel sizes. A further factor 
to consider is the difference in the wavelength of maximum sensitivity for Red and 
Near-Infrared bands, which are 660 nm and 835 n for DMC, and 645 nm and 858 nm 
for MODIS, respectively.   
 

 

 

Figure 10. Comparison of NDVI derived from DMC constellation and MOD13Q1: NDVI 

across Wytham’s circular flux footprint over early growing season in 2010 

 
 

Temporal Variability of DMC NDVI across Realistic Flux Footprint  

Since the observed data from within the CFF and RFFs were not normally 
distributed, median absolute deviation (MAD), a robust measure of statistical dispersion 
that is more resilient to outliers in a data set than the standard deviation (Huber, 2004), 
was computed to use as a consistent estimate of the standard deviation, 
i.e.  where  is a constant scale factor, and equal to the inverse of third 
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quintile of underlying distribution ( ). The MAD is defined as the median of the 

absolute deviations from the median of data set, i.e.  

where  refers to NDVI. The main results presented in Figure 11 compare the temporal 

trend of DMC NDVI from within the CFF with the trend of DMC NDVI from four 
realistic flux footprints, NW Moderate, NW Unstable, SW Moderate, and SW unstable 
conditions.   

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
 

Figure 11. Plot of ATCOR/IR-MAD based median of DMC NDVI and MODIS NDVI across 

various flux footprint coverage over growing season in 2010 as: (a) RFF NW Moderate, (b) 

RFF NW Unstable, (c) RFF SW Moderate, (d) RFF SW Unstable, and (e) DMC NDVI over 

CFF; Error bars show the estimated standard deviation based on the median absolute deviation 

(Huber, 2004). 

 

 

As expected, the variability in the DMC NDVI across all flux footprint coverage 
decreased during developing canopy greenness, which shows that the forest canopy was 
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more homogenous in leaf-on than leaf-off condition, an obvious trend in temperate 
deciduous forests. Of particular interest in the NW Moderate RFF is relatively high 
variability in temporal DMC NDVI trend, caused by the footprint fetch reaching beyond 
the forest canopy and including some of the surrounding landscape. These extraneous 
patches contributed to the composite surface reflectance, and therefore the VI.   

The median difference between the CFF and all RFFs was computed to show the 
spatial variability of the DMC NDVI throughout the growing season. As Figure 12 
illustrates, there were three distinct phases.  

 

 

Figure 12. The Median DMC NDVI as percentage deviation from the CFF NDVI for each of the 

weighted flux footprint coverage 

 
The first phase, covering five days in March showed that median NDVI computed from 
the RFF differed from that computed from the CFF by up to 5% depending upon the 
strength and direction of the wind. The NDVI of the RFF was larger than that from the 
CFF on most occasions, but the percentage difference varied. The sole exception was a 
strong wind from the south-west, which caused the NDVI of the RFF to be less than that 
from the CFF. The second phase, represented by the data from 27th April showed 
smaller differences between the NDVI of the RFF and the CFF. A south-westerly wind 
at this time of the year caused the NDVI from the RFF to be up to 4% higher than the 
CFF, whereas a north-westerly wind caused a slight reduction in the NDVI from RFF 
compared to the CFF (around 1%).  The third phase comprised data collected in May 
and June, when the tree canopy was fully developed. The NDVI values from the RFF 
differed slightly from the CFF (around 1-2%) during this period, and the direction of the 
difference was the same on each occasion: a moderate wind from the north-west 
resulted in the NDVI from the RFF being slightly lower than the CFF, whereas the other 
conditions all lead to a slight increase in RFF compared with CFF. The relatively high 
percentage of the median deviation from unstable RFF with respect to moderate RFF, in 
particular early in the season, shows the small area of contributing flux measurements 
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are more homogenous than the larger area, because as fetch distance increases, the 
similarity of biophysical properties are more similar to the CFF.   

Then the Mood’s Median test was conducted to test the effects of flux footprint 
variability in the NDVI concerning wind direction and atmospheric stability condition. 
Table 7 shows the results of this investigation under two atmospheric stability 
conditions: moderate and unstable conditions, respectively, whether the median DMC 
NDVI differs between the CFF and those derived from weighted flux footprint (i.e. 
RFFS) , during the study period. The assumption was that there were no median 
difference between the CFF and the weighted RFF. While, there are complex results for 
all contexts, the north-west unstable RFF shows that there is significant difference (p-

value < 0.05) through the period of growing season. In the main, the CFF which covers 
various canopy patches such as secondary, plantation, and ancient canopies varies.  This 
suggests that there is significant spatial variability across the CFF coverage. Since both 
wind direction and atmospheric stability condition can influence the footprint fetch (i.e. 
shape and size), the weighted RFF coverage is relatively more homogeneous than the 
CFF. Therefore, using MODIS NDVI as a proxy for GPP in Wytham woods (pixel size 
from 250 m to 1 km) is problematic, because validating MODIS NDVI derived GPP 
using the tower specific CO2 flux measurements needs to take into account local spatial 
variability.  

 
Table 7. Mood’s test between the CFF and RFF in terms of wind direction and atmospheric 
stability condition across Wytham flux tower extent over growing season in 2010, degrees of 

freedom for each case is equal to one. 

NW Moderate RFF vs. CFF 

 2nd March 5th March 7th March 27th April 23rd May 4th June 16th June 

N 150 150 150 150 150 150 150 

Median 0.6348 0.6305 0.6271 0.7924 0.9006 0.9179 0.9085 

Chi-square 0.120 6.454 3.414 1.920 9.015 9.720 8.339 

P Value 0.729 0.011 0.065 0.166 0.003 0.002 0.004 

NW Unstable RFF vs. CFF 

N 130 130 130 130 130 130 130 

Median 0.6452 0.6336 0.6308 0.7847 0.9048 0.9217 0.9141 

Chi-square 8.493 17.333 15.397 11.093 10.922 8.493 8.493 

P Value 0.004 0.000 0.000 0.001 0.001 0.004 0.004 

SW Moderate RFF vs. CFF 

N 150 150 150 150 150 150 150 

Median 0.6455 0.6285 0.6271 0.7934 0.9048 0.9212 0.9132 

Chi-square 6.454 1.334 0.857 3.000 5.918 2.260 1.614 

P Value 0.011 0.248 0.355 0.083 0.015 0.133 0.204 

SW Unstable RFF vs. CFF 

N 130 130 130 130 130 130 130 

Median 0.6321 0.6246 0.6217 0.7924 0.9048 0.9212 0.9138 

Chi-square 0.103 2.172 4.333 2.773 15.532 5.175 6.240 

P Value 0.749 0.141 0.037 0.096 0.000 0.023 0.012 

 
 
However, before we can conclude that the observed differences in NDVI were real, 

and a function of the canopy area sensed, we must set the measured variation in NDVI 
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into context. In particular, Wilson et al. (2012) modelled the spatial variability of 
aerosol amount over southern England and showed that NDVI could have a relative 
variation of up to 5% from that source alone. Thus, the observed differences in NDVI 
between the RFF and the CFF are comparable in magnitude to the uncertainty in the 
atmospheric correction, and could even be due to real variations in aerosol amount and 
type, caused by different air masses over the site, rather than actual variations in the 
area of the canopy sensed. 

Conclusion 

The available evidence shows that NDVI is a reliable estimator of biophysical 
variables closely related to photosynthesis capacity (i.e. as a proxy of CO2 flux) at 
various spatial and temporal scales over a wide range of plant functional types (Sellers 
et al., 1992, Tucker, 1979). The research reported in this paper has shown that this 
spectral index can be accurately measured using data from the DMC constellation, and 
that this system has a number of important advantages over the more commonly used 
systems such as MODIS. First, the data from DMC are of finer spatial resolution, which 
means that smaller areas of uniform land cover can be sensed, and also that 
heterogeneous sites can be studied. This is particularly important if the aim is to 
compare the satellite observation with ground measurements, either for model 
calibration or for product validation purposes. In the specific example studied, the 
uncertainty in NDVI as a result of differences in the conditions of measurement did 
affect the median NDVI, however, the difference was less than that due to uncertainty in 
the atmospheric correction. Thus, in the case of Wytham Woods, it is more important to 
improve the representation of aerosols in the atmospheric model used than replace the 
generalised circular flux footprint with a realistic flux footprint. However, that does not 
mean that computing and investigating the RFF is not important, because an accurate 
estimate of the RFF is crucial in linking plant spectral properties, notably NDVI, to the 
EC data measured from the flux tower.  

The second advantage of DMC over MODIS concerns the temporal precision of the 
measurements. The 16-day sampling window of MODIS could become a limitation at 
certain times during the growing season. In the case of Wytham Woods in 2010, the 
DMC time series shows an increase in NDVI between 20th and 27th April, whereas the 
MODIS data show no significant change between these dates. 

DMC is not without its limitations for this task, and perhaps the greatest is the large 
off-nadir view angle of some pixels as a consequence of the very wide swath. The eight 
DMC images of Wytham Woods acquired in 2010 were imaged at view zenith angles 
from 0.82 to 28.74. 

In summary, the objectives set out at the start of the chapter have been achieved. A 
time series of ten DMC images were acquired and inter-calibrated, and these provided a 
unique insight into the seasonal changes occurring in one of the most important 
ecological sites in the UK. The author is not aware of any other analysed time series of 
multispectral data of comparable spatial resolution and temporal frequency from 
southern England. The accuracy of the calibrated DMC data was assessed by comparing 
it with MODIS, and although there was evidence of a consistent bias, there was a strong 
linear relationship between the two sensors. The heterogeneity of Wytham Woods had 
greatest impact on the DMC data early in the season, and this highlighted the 
importance of understanding how the flux footprint varies with weather conditions. As 
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the canopy began to green-up, the precision of temporal sampling became more 
important. The rapid rise in NDVI in late Spring was captured effectively by DMC 
images one week apart, whereas the MODIS data from the same period was less clear. 

The research showed that differences in median NDVI between the CFF and the RFF 
decreased consistently as the season progressed, so the advantages of DMC over 
MODIS are likely to be most important when the canopy is greening-up in late-Spring, 
when NDVI is changing rapidly and the when the woodland canopy is still quite open.  
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Abstract. The aim of the study is to provide a survey on the history of ragweed worldwide. Its climate 
dependence, impacts in agriculture, health effects and social costs are also presented. In Europe common 
ragweed (Ambrosia artemisiifolia) is predominant of all Ambrosia species that is supported by population 
genetic data. The most important habitat areas of ragweed and the highest pollen concentrations occur, in 
decreasing order of the pollen levels (1) in the south-western part of the European Russia, (2) in the 
southern and eastern parts of Ukraine, (3) in the Pannonian Plain in Central Europe, (4) in the Rhône-
Alpes region in France, furthermore (5) in the Po River valley in Italy. Besides Europe, ragweed occurs in 
China, India, Japan and in other Asian countries, furthermore in Australia and the Unites States of 
America. However, beyond the USA few information are available. Warming trends due to the climate 
change favours the expansion of ragweed, producing higher pollen levels worldwide. In association with 
the warming, increasing ambient CO2 levels generate greater biomass and increased pollen production. 
Hence, ragweed pollen production can be expected to increase significantly under predicted future 
climate conditions, bringing severe impacts to areas that have yet been suffering slightly.  
Keywords: origin of ragweed, social costs of ragweed, distribution of ragweed, climate change, 

respiratory allergy 

Introduction 

Origin of ragweed 

Common ragweed (Ambrosia artemisiifolia) (Asteraceae family) is an annual 
species, native to North America, which has been introduced and subsequently 
naturalized in many countries including a large part of Europe (Jäger, 1998; Juhász, 
1998; Rybníček and Jäger, 2001; Bullock et al., 2010), Asia and Australia (Lawalrée, 
1953; Priszter, 1960) following its introduction to many places in the world. The name 
Ambrosia is the same as that of the delicious food eaten by the mythical Greek gods that 
conferred them immortality (Makra et al., 2004). The term might refer to the tenacity of 
the plants, which makes it hard to rid an area of them if they occur as invasive weeds. 
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The genus is best known for the severe and widespread allergies caused by its pollen 
(Béres, 2003).  

Ambrosia artemisiifolia belongs to the phylum of angiosperms 
(Angiospermatophyta), to the class of Dicotyledonouses (Dicotyledonopsida), to the 
ordo of Composites (Asterales), to the family of Daisies (Asteraceae), to the subfamily 
of disc-florets (Tubuliflorae) and to the genus of ragweeds (Ambrosia spp.). This genus 
comprises 42 species. The most species occur in the Unites States, some of them in 
Central- and South America, while Ambrosia senegalensis Dc. is native in Africa (Béres 
et al., 2005).  

The Sonora desert in Arizona (USA), north and west of the Bay of California, is 
considered the gene centre of Ambrosia species (Bohár, 1996), where about 10 species 
occur (Bohár, 1996). Ambrosia artemisiifolia was discovered in the USA before 1838 
(Wagner and Beals, 1958), while in Canada in 1860 (Bassett and Crompton, 1975). There 
are 41 species worldwide. In Europe, introductions of A. artemisiifolia stems from two 
different regions of their native area. Namely, populations established in Central Europe 
appear to have originated from eastern North America and Eastern European populations 
from more western North America. This may result from differential commercial 
exchanges between these geographic regions (Gaudeul et al., 2011).  

Ambrosia pollen has been found in deposits of over sixty thousand years in Canada. 
Nevertheless, its amount in peat deposits, except for the last 250 years, is small. 
However, due to deforestation and land use changes associated with the incursion of the 
western civiliziation, this amount increased over 100-fold. Recently, ragweed has 
extended areas in North-America unitl the southern part of Canada (Szigetvári and 
Benkő, 2004).  

 
Climatic and environmental associations 

Ambrosia species are adapted to the arid climates of the desert. Ragweed favours 
temperate climate and prefers dry, sunny and grassy plains, sandy soils, river banks, 
roadsides, and ruderal sites (disturbed soils) such as vacant lots and abandoned fields 
(Ziska et al., 2006; Kazinczi et al., 2008a; 2008b). Fields along roads are especially 
suitable for facilitating its spreading. In Quebec Province, Canada in strips of land along 
the roads 4-16 plants occur per square meter (Simard and Benoit, 2010).  

Ragweed can take hold up and prosper if the temperature sum exceeds the threshold 
of 1400°C, necessary for its floral and seed development (Cunze et al., 2013). Below 
this threshold, under maritime climate (north-eastern Spain, Netherlands), ragweed 
populations seem only survive. At the same time, if the temperature sum is too high, for 
example in the Mediterranean, summers are hot and dry that involves a substantial 
decline of pollen release. However, the species is widely distributed in countries that are 
largely unsuitable for ragweed but import lots of seed, such as Netherlands or Belgium. 
In these countries, the distribution overstates the very low impact of the casual 
introductions (Bullock et al., 2010).  

Contrary to regular mowing, ragweed grows rapidly, producing rather large amounts 
of biomass and even they can bloom as well (Patracchini et al., 2011). Their shadow 
tolerance is also very good, they satisfy with less light. They grow better in shadow 
compared to native plants (Qin et al., 2012). Their water-use efficiency in the growing 
period, and their nitrogen-use efficiency and the ratio of photosynthesis/respiration in 
the blooming period are very high (Pajević et al., 2010). Ambrosia, according to a study 
performed in Hungary (Pinke et al., 2011), like acidic and sandy soil, however it grows 
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rarely in soils containing high Na, K and Mn concentrations. In those years, when 
rainfall amount in April exceeds 39 mm, or mean temperature in May exceeds 15.5°C, 
ragweed coverage increases. Namely, these meteorological components may have of 
predictive value (Pinke et al., 2011).  

Based on stuyding 22 American and 12 European populations, plants in Europe grow 
faster and reproduce better than the American plants. However, during drought, plants 
die faster in Europe compared to the plants of the American native populations. This 
can be explained by the fact that due to the fast growing, European plants are less 
toleratant to drought (Hodgins and Rieseberg, 2011).  

The northern and high‐elevation range margin of ragweed is regulated by thermal and 

photoperiod constraints. Beyond their habitat areas, ragweed occurs casually and is 
unable to set seeds (Dahl et al., 1999; Saar et al., 2000). In the northern range of its habitat 
area, even though the populations can produce seed, low temperatures or the cold climate 
promotes extinction. In general, over these areas ragweed grows to adulthood but fails to 
reproduce properly because it is too cold. At the same time, in the southern edge of its 
habitat, drought is considered a major factor limiting the invasion. This is the main aspect 
explaining a lack of ragweed pollen records from Spain and Portugal, where seed import 
rates should cause many introductions to occur (Bullock et al., 2010).  

For the American populations, blooming period of ragweed has been extending. 
Accordingly, allergic patients are longer exposed to the effect of the highly allergenic 
ragweed pollen. Longer blooming period is due to the global warming, since in 
association with the climate change first frost in fall occurs later (Ziska et al., 2011). 
Due to the climate change, the climate of Europe will be warmer and Ambrosia will 
spread towards north and north-east. For this reason it may proliferate over the northern 
part of France, Germany, the Benelux states, Czech Republic, Poland, the Baltic states, 
Belarus and Russia, as well (Cunze és mtsai., 2013). 

Long-range transport of ragweed pollen (traveling more than 100 km distance between 
the source area and the arrival point) can deliver pollen over less polluted areas, e.g. from 
the Pannonian Plain in Central Europe over the Basin of Vienna, northern Slovakia, 
Poland, Balkans or northern Greece and in the same way, from Ukraine over Poland 
(Šikoparija et al., 2009; Makra et al., 2010; Kasprzyk et al., 2011; Šikoparija et al., 2013). 
Ragweed pollen coming from the Pannonian Plain can reach even the area of Niš and 
Skopje in the Balkans taking over 400 km (Šikoparija et al., 2009).  

 
Impacts on agricultural activity 

The extensive spread of A. artemisiifolia can be associated to the political transitions 
in 1990s that led to the formation of young democracies in Eastern Europe. During 
these processes, the structure and the size of the cultivated areas, as well as land use 
changed. Namely, co-operatives were cut into smaller parcels due to privatization. Thus 
large, formerly well-kept agricultural fields were abandoned and quickly colonised by 
A. artemisiifolia (Kiss and Béres, 2006).  

Ambrosia is a noxious agricultural weed. It grows frequently on roadsides, railway 
embankments, waste places and in cultivated lands. It can overgrow alfalfa and purple 
clover entirely, cause severe damages in potato fields and occurs often in sunflower and 
corn fields, as well. Substantial crop failure due to ragweed can be explained by its 
strong allelopathic effect influencing even life processes of algae in the soil. In corn 
plantations 1 plant/m2 ragweed occurrence may cause a yield loss of even 0.2-0.3 tonne 
/ hectare (Varga, 2002). According to a test of inhibition of germination, three 
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extractions (water, alcohol and acetone) were prepared and it was found that for each 
treatment A. artemisiifolia decreased germination of soy and corn (Béres et al., 2002). 

Ambrosia appears in large quantities in stubbles, effectively utilize large amounts of 
fertilizer, have high productivity, and regenerate well in dry and infertile soils. Their 
ability to block sunlight causes reduced crop productivity (Xie et al., 2001). 
Furthermore, it does not have any natural competitors. Ambrosia has less sensitivity to 
herbicides than other weeds (Voevodin, 1982; Ballard et al., 1995; Patzoldt et al., 2001; 
Makra et al., 2014). 

Ragweed tolerates leaf loss very well against herbivorous. This time, on the expense 
of the root system, the plant allocates more nutrients into the stem in order to fast 
replacement of leaves. According to observations plants in the Euroepan populations 
produce more seeds, substantially raising the tolerance against grazing (Gard et al., 
2013). Invasive species, such as ragweed, indicate a very good model for studying 
ecological and evolutionary processes having a great role in colonization of new areas 
(Prentis and Pavasovic, 2013).  

 
Health effects 

Climate change in association with an extended urbanization, with high levels of 
vehicle emissions in urban areas, living in artificial environment with little movement 
may contribute to increasing frequency of respiratory allergy and asthma (D'Amato, 
2011). Pollen is an important trigger of respiratory diseases. Greater concentrations of 
carbon dioxide and, consequently, higher temperatures may increase pollen quantity and 
induce longer pollen seasons (Ziska et al., 2003; Clot, 2008). Pollen allergenicity can also 
increase as a result of these changes in climate. Furthermore, there is evidence that high 
levels of traffic-derived air pollutants may interact with pollen and bring about more 
intense respiratory allergy symptoms (Hjelmroos et al., 1999; Andersen et al., 2007; Díaz 
et al., 2007; Alves et al., 2010). Accordingly, global warming may induce a wide pollen-
related public health problem, for which the societies should be prepared in time.  

Pollen of ragweed is extremely allergenic and this is why ragweed is the most 
dangereous allergy-related plant and its pollen is one of the most frequent cause of hay-
fever. Ragweed pollen causes severe human ecological and health problems. A plant, 
depending on its size, may produce 100 million – 3 billion pollen grains, even one 
million pollen grains per day (Fumanal et al., 2007). One hectare ragweed releases 66 
kg pollen in a mere season (Šikoparija et al., 2009). 

Two major allergens of ragweed pollen are Amb a I and Amb a II. Furthermore, it 
comprises several smalle and middle-sized protein allergens (Amb a III, IV, V, VI, VII 
and cystatin), as well. Getting into the airways, mucous membrane is irritated and the 
eyes are inflamed for sensitive people. Amb I allergen, belonging to the pectate lyase 
family and being a pectinolytic enzyme, is the dominant with a 90% IgE activity. The 
protein is acidic, non-glycosylated, with a mass of 38 kDa that contains two chains of 
26 kDa and 12 kDa, respectively (Wopfner et al., 2005).  

Symptoms due to common ragweed include a runny nose, sneezing, puffy or irritated 
eyes, and a stuffy or itchy nose and throat, as well as hay-fever allergies (Matyasovszky 
et al., 2011). Furthermore, A. artemisiifolia has a wide ecological tolerance and can 
colonize a large range of disturbed habitats (Kazinczi et al., 2008a; Pinke et al., 2011; 
Makra et al., 2014). Its invasion is also facilitated by its resistance to certain herbicides 
(Kazinczi et al., 2008b), the lack of natural enemies (MacKay and Kotanen, 2008) and 
the high genetic variability of invasive populations (Genton et al., 2005; Chun et al., 

http://szotar.sztaki.hu/search?searchWord=mucous%20membrane&fromlang=eng&tolang=hun&outLanguage=hun
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2010). These harmful effects, with its potential for rapid spread has made ragweed one 

of the most dangerous invasive non‐native species in Europe. The European 

Commission has identified the species as a significant problem for many Member States 
of the EU and a very serious threat for others.  

 
Sensitivity thresholds 

In Hungary, Kadocsa et al. (1991) detected sensitization against ragweed pollen even 
above 10 pollen grains / m3 of air / day. Zink et al. (2012) found that allergic reaction 
may occur at a pollen concentration of 12 pollen grains / m3 of air / day. For pollen 
sensitive patients, threshold value of clinical symptoms is generally 20 pollen grains / 
m3 of air / day (Jäger, 1998). At the State Public Health Office, Hungary the threshold 
value is 30 pollen grains / m3 of air / day (Mányoki et al., 2011). At the same time, 
Juhász (1995) suggests 50 pollen grains / m3 of air / day at which threshold around 60-
80% of patients suffering from hay fever are sensitive to ragweed pollen.  

Contrarily, besides the Carpathian Basin in those regions where ragweed pollen 
counts are substantially smaller, even a very low pollen load (1-2 pollen grains / m3 of 
air / day) may produce slight allergic symptoms (Déchamp et al., 1997). Taking this into 
account a so called “subpathological risk period” has been introduced, when ragweed 
pollen concentration is a mere 0.1 pollen grains / m3 of air / week, under the condition 
that the next week a higher pollen concentration occurs. The next level is the first week, 
when pollen load reaches 5 pollen grains / m3 of air / week. This is the so called 
“pathological risk period” (Déchamp et al., 1997).  

 
Benefits, positive effects 

Feeding 

Sheep and goats feed ragweed with pleasure in every phenophase. For sheep, feeding 
value of the whole plant, the seeds and the seed meal were studied, respectively. It was 
concluded that both the whole plant and the seed meal were very well utilizable feed 
containing protein, they were easily digestible and were characterised by balanced 
amino acid composition. However, undamaged seeds get through the body of the sheep 
undigested (Husvéth et al., 1999).  

 
Phytoremediation 

Ragweed can be used well for phytoremediation purposes, namely for extracting 
heavy metal content, especially lead content of the soil, because ragweed effcetively 
pick up and accumulate them. It was observed that spreading of Ambrosia is much more 
extended over agricultural areas, since the soil comprises more nutrients. Ragweed 
exploits higher nutrient spots and their growing and spreading occur at a higher rate 
there than over nutrient-poor areas. Their above-mentioned feature can be used since 
heavy metals can be accumulated with a higher rate facilitating bioremediation 
(Kazinczi et al., 2008b).  

According to Patterson (1995), at higher CO2 level ragweed produces more biomass 
with higher quality.  

Heavy metals are strongly adsorbed in the soil and, as a result, they appear in water 
systems and, in this way, in groundwater and even in the drinking water network, as 
well. Quickly spreading plants can prevent this process. A. artemisiifolia can bind 
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especially large volume of heavy metals; namely, 500mg/kg from cobalt, 2000mg/kg 
from lead and 500mg/kg from zinc. Ragweed leaf adsorbs significantly more lead and 
zinc than the control plant (Taylor, 2005).  

Their seed is an important nutrient for birds due to its high oil content, especially in 
winter (Húsvéth et al., 1999).  

 
Ecological and biological control options against ragweed 

In addition to traditional procedures, biological control would also be important 
against ragweed. A certain bug seems to be successfully applied against Ambrosia. 
Ragweed was introduced also into China and they spread there fast, too. According to 
experiments, the bug Ophraella communa (Coleoptera: Chrysomelidae) effcetively 
decreased the height of the plant, the number of its branches and the surrface of its 
leaves, as well. Even if only one bug is allowed to a plant, the young plant is damaged 
substantially. For an adult plant, before blooming 12 bugs per a plant caused similarly 
big damage as an herbicide (Guo et al., 2011).  

According to experiments in Hungary, Aphis fabae, Brachycaudus helichrysi and 
Myzus persicae can substantially decrease the size and mass of the plant, as well as the 
number of flowers. Brachycaudus helichrysi preferred better ragweed than sunflower. 
However, Aphis fabae preferred better sunflower. At the same time, Myzus persicae did 
not show any specific preference. Nevertheless, during free conditions neither of the 
species could decrease the size of ragweed and the number of plants effectively, as 
ragweed grow too fast (Basky and Magyar 2009).  

 
Social costs 

Common ragweed and its pollen cause serious losses in the economy and several 
fields of the everyday life.  

Common ragweed and its pollen cause serious losses in the economy and several 
fields of the everyday life. The current costs of A. artemisiifolia in terms of human 
health and agriculture were estimated by Bullock et al. (2010) for 40 European 
countries. All the costs are given in Euros at 2011 prices. The human health impacts 
were estimated to affect around 4 million people with total estimated medical costs of 
€2,136 million per year. Furthermore, total estimated workforce productivity losses and 
agricultural costs due to A. artemisiifolia as high estimates were €529 million and 
€3,559 million, respectively. The estimated total costs are valued at €6.224 billion per 
year. Over 80% of these impacts are lost crop yields. Estimated agricultural, human 
health, workforce and total costs are the highest in Ukraine, Romania and Hungary with 
€995, €770 and €605 million, respectively (Bullock et al., 2010). At the same time, in 
the USA, allergic disorders represent an important group of chronic diseases with 
estimated costs at approximately $21 billion per year. Among twenty-five of the most 
harmful invasive species of China, economic losses due to ragweed, found in most of 
the provinces, amount to 397.9 million USD, taking ragweed the 2nd most harmful 
species in the country (Ding et al., 2004; Li et al., 2014).  

Realizing the danger, those countries polluted with ragweed, have introduced anti-
Ambrosia campaigns under the control of the National Ministries of either Health 
Affairs or Agriculture. 
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Distribution of ragweed in Europe 

A limitation of ragweed pollen observations is that the pollen of A. artemisiifolia 
cannot be distinguished from other species of the Ambrosia genus. In Western Europe, 
the first temporary colonization of Ambrosia was reported from Brandenburg and 
Pfaffendorf (Germany) in 1863 (Hegi, 1906; Priszter, 1960; Hodişan and Morar, 2007). 
In Western Europe, four American species have established: A. artemisiifolia, A. 

psilostachya, A. tenuifolia and A. trifida (Járai-Komlódi and Juhász, 1993; Makra et al., 
2004). However, in Europe, common ragweed (A. artemisiifolia) is predominant of all 
Ambrosia species (Makra et al., 2005; Bullock et al., 2010; Vinogradova et al., 2010; 
Páldy et al., 2006) that is supported by the population genetic data of Mátyás and 
Vignesh (2012).  

The only two native species of ragweed in Europe can only be found in some 
maritime locations around the Mediterranean coastal area. The earliest described 
colonization of seaside Ambrosia (Ambrosia maritima) occurred in Dalmatia (Croatia) 
in 1842 near Dubrovnik (Croatia) and Budva (Montenegro) areas and on the 
neighbouring islands (de Visiani, 1842). While, in the western basin of the 
Mediterranean, A. maritima (Balearic Islands) and A. tenuifolia (Minorca Island) are 
autochton species (Fraga and García, 2004). According to some botanists they are 
native, while others consider them as an annual variant of A. psilostachya or a variant of 
A. artemisiifolia. A. psilostachya occurs only sporadically in Europe (Szigetvári and 
Benkő, 2004). However, according to the genetic analysis of both 100-year old items 
coming from herbaria and recently collected plants, the current population has of much 
higher genetic and allelic diversity than 100 years ago. Based on a study using eight 
microsatellite loci, among recent populations in Europe the genetic distance is smaller 
and the populations are less structured then ever (Chun et al., 2010). Using NimbleGen 
microarray, Hodgins et al. (2013) looked for genes that could contribute to the 
successful spreading of ragweed in Europe. They compared several European and 
American populations, as well as populations living in different enviroments (control, 
light stress and nutritional stress). They found around 180 genes that were modified in 
popuations settled in Europe. These genes have a role in producing secondary 
metabolites and stress tolerance, as well as in degradation of xenobiotics (Hodgins et 
al., 2013).  

The distribution of A. artemisiifolia in Europe started after the First World War 
(Makra et al., 2014). Seeds of different Ambrosia species were transported to Europe 
from America by purple clover seed shipments, and grain imports. Major nodes of its 
distribution pathways are European ports, namely Rijeka (Croatia) towards Croatia and 
the western part of Hungary (Járai-Komlódi and Juhász, 1993; Makra et al., 2005), 
Trieste and Genoa (Italy) towards Northern Italy (Járai-Komlódi and Juhász, 1993; 
Makra et al., 2005), Marseille (France) towards the Rhône valley in France (Járai-
Komlódi and Juhász, 1993; Comtois, 1998; Makra et al., 2005) and Odessa (Ukraine) 
towards southern and eastern Ukraine (Rodinkova et al., 2012). After having been 
settled in Europe, ragweed spread quickly, since herbivorous and granivorous species 
harrmful for A. artemisiifolia in its homeland were missing from Europe (Mackay and 
Kotanen, 2008).  

The most important habitat areas of ragweed and the highest pollen concentrations 
occur, in decreasing order of the pollen levels, (1) in the southern, eastern and the 
northern-eastern parts of Ukraine (Rodinkova et al., 2012), (2) in the Pannonian Plain in 
Central Europe including Hungary and some parts of Serbia, Croatia, Slovenia, 
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Slovakia and Romania (Makra et al., 2005; 2014), (3) in the Rhône valley in France 
(Déchamp and Cour, 1987, Laaidi and Laaidi, 1999; Chauvel et al., 2006; Gladieux et 
al., 2011), (4) in the south-western part of the European Russia (Reznik, 2009), 
furthermore (5) in north-western Milan and south Varese (Lombardy, Po River valley) 
in Italy (Carosso and Gallesio, 2000; Bonini et al., 2012). Less extended habitat areas 
with smaller pollen levels occur in the Balkan Peninsula (Yankova et al., 2000; 
Dimitrov and Tzonev, 2002; Šikoparija et al., 2009), in the remaining part of the 
European Russia (Reznik, 2009), Switzerland (Clot et al., 2002), Germany (Zink et al., 
2012), Czech Republic (Rybníček et al., 2000), Poland (Kasprzyk et al., 2011), Bulgaria 
(Yankova et al., 2000), the Baltic States (Saar et al., 2000), Spain (Fernandez-
Llamazares et al., 2012) and they even occur casually in Sweden (Dahl et al., 1999). At 
the same time, the northern border of its permanent occurrence is the 55°N latitude in 
Europe, namely the southern parts of Poland and Germany (Szigetvári and Benkő, 
2004). Historic spread of A. artemisiifolia for the European countries is reported by 
Buttenschøn et al. (2009) and Bullock et al. (2010) in detail.  

Bullock et al. (2010) synthesised and reviewed (1) the information on the current 
extent of ragweed infestation in Europe; (2) the measures controlling ragweed spread 
and (3) the economic, social and environmental aspects of harmful effects in all 
economic sectors. 

Ragweed in individual countries, worldwide 

Ragweed in Hungary may have originated in Canada, rather than the United States 
(Cseh et al., 2008). Here, A. artemisiifolia was firstly described in Budapest in 1888 
(Thaisz, 1910) then in Orsova and Herkulesfürdő (Lower-Danube region, in the 
historical Hungary) in 1907 and 1908 (Jávorka, 1910; Csontos et al., 2010). As an 
arable weed, its first appearance in the South-Transdanubian part of Hungary (i.e. on the 
south-western part of the Pannonian Plain) was proved near Somogyvár (Somogy 
county) in 1922 in the south-western part of Hungary (Lengyel, 1923). Since then, they 
have been spread rapidly towards the north-east parts of the country. Between the 
Danube and Tisza rivers A. artemisiifolia was spread from Szeged city, in the middle of 
the Pannonian Plain, towards North-Hungary (Tímár, 1955). Recently the annual 
ragweed pollen level is 36-45% of the total annual pollen release in Szeged (Juhász, 
1998). East from the Danube, the northern part of Pannonian Plain was infected from 
Szeged city (Kazinczi et al., 2008a). By the end of the last century, Hungary was fully 
occupied by ragweed excluding the mountainous areas. In the 1950s, based on the 
Hungarian National Weed Survey, the species was ranked 21st in the weed list and has 
since risen to: 8th in the 1970s and to 4th by the 1980s (Járai-Komlódi, 1998; Novák et 
al., 2009; Bullock et al., 2010). The phases of their distribution in Hungary have been 
mapped by Priszter (1957; 1960) and Béres and Hunyadi (1991). Song and Prots (1998) 
reconstructed the invasion of Ambrosia artemisiifolia in the Pannonian Plain in Central 
Europe and the Ukrainian Carpathians Mountains on the basis of floristic records. They 
found that the spreading speed of the species was around 70 km/year (on the average) 
since the middle of the 20th century.  

The species was first recorded in Serbia around 1935 in the village of Osojci, near 
Derventa (Maly, 1940). The species was then recorded in 1953 around Sremski 
Karlovci, Petrovaradin and Novi Sad. It is believed that the species arrived from 
Romania on ships that sailed on the Danube (Slavnić, 1953). From the 1970s to the 
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present, A. artemisiifolia has spread across a wide area of Serbia and recently it is 
considered to be a widespread ruderal weed species in Vojvodina often forming large, 
compact communities in sandy and ruderal habitats (Konstantinović et al., 2004; 
Bullock et al., 2010). 

In Croatia, the first records of A. artemisiifolia were collected in the 1940s around 
Pitomaca in Central Croatia. Inland parts of the country are highly infested with A. 

artemisiifolia, while in the coastal areas it is mainly concentrated in some districts 
(Peternel et al., 2006; Galzina et al., 2010). A. artemisiifolia is expanding towards west, 
at a rate of between 6 and 20 km per/year (Galzina et al., 2010).  

In Slovenia, A. artemisiifolia was introduced at the end of the Second World War. It 
is now well established and spreads widely and fast in the lowlands of the country 
(Kofol Seliger, 1998). Spreading of A. artemisiifolia towards both Serbia (Šikoparija et 
al., 2009) and Bosnia and Herzegovina (Soljan and Muratović, 2004) occurred from 

north, i.e. from the Pannonian Plain.  
Until 1995, no data were available on the distribution of Ambrosia species in 

Bulgaria. Yankova et al. (1996; 1998) published the first results on Ambrosia pollen 
measurements in the air of Sofia, Bulgaria, that started in 1981. Here, ragweed 
colonization is extended in the Danubian Plain and Sofia region only (Dimitrov and 
Tzonev, 2002) and peak annual pollen concentrations here are very high, exceeding 

10,000 pollen grainsm-3 of air in several years (Yankova et al., 1996).  
The source region of A. artemisiifolia in Slovakia is Csallóköz and eastern Slovakia. 

The first description of its presence (Komarno, Southwest Slovakia) dated back to 1949. 
A. artemisiifolia is partly native and partly transported either by southerly winds from 
Hungary or arrived via cereals transports from the former Soviet Union (Makovcová et 
al., 1998).  

The first record for Austria is a herbarium specimen collected in 1883, while the first 
naturalized population was recorded in in Lower Austria, Burgenland and Linz in 1952 
(Essl et al., 2009). Furthermore, fields have been colonized by the 1970s (Essl et al., 
2009). Ambrosia pollen can be transported from the Pannonian Plain to eastern Austria 
and Vienna during August and September, when south-eastern winds are predominant 
in the region (Essl et al., 2009; Karrer, 2010). Jäger and Litschauer (1998) detected 
pollen of Ambrosia coming from western Hungary in the air of Vienna. Native 
Ambrosia is also found in the Austrian countryside (Jäger and Berger, 2000). The 
migration velocity of new plant occurrences from east to west is 6-20 km/year (Jäger 
and Litschauer, 1998).  

In the Czech Republic, the species was first recorded in 1883 in clover fields near 
Třeboň and a field near Doudlevice u Plzně (Slavík and Štěpánková, 2004). Over the 
past 30 years A. artemisiifolia has spread from harbours, grain houses, silos, mills and 
transport links to lowland areas of south and north east Moravia, as well as along the 
Elbe valley (Slavík and Štěpánková, 2004).  

Ambrosia pollen came to Switzerland by the southerly winds from Northern Italy and 
the Rhône valley (Peeters, 1998). However, it was recently shown that there is native 
Ambrosia in Geneva, Switzerland, as well (Clot et al., 2002). In the country, Ambrosia 
pollen was firstly observed in Basel in 1970 by Leuschner (1974).  

In France, A. artemisiifolia occurred in at least three botanical gardens in the 18th 
century (Lyon, 1763; Paris, 1775; and Poitier, 1791) and during the first half of the 19th 
century in at least five gardens, namely in: Alençon, Angers, Avignon, Montpellier and 
Strasbourg. The earliest herbarium record in Europe also comes from France in 1863 
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(Chauvel et al., 2006; Bullock et al., 2010). The species showed a gradual but 
continuous spread in this region, demonstrating their continuous presence in the area of 
Lyon, which seems to be the focus of its current French distribution (Thibaudon, 1998; 
Chauvel et al., 2006; Gladieux et al., 2011). The agricultural trade between America and 
Europe in the 19th century and the First World War facilitated the introduction and 
spread of A. artemisiifolia in France. The plant is spreading from north to south in the 
mid-Rhone valley area and it is more dominant in rural than in urban areas (Déchamp 
and Penel, 2002). The temporal and spatial spread of the species in France has speeded 

up in the last 30 years with a number of sub‐regions being free of A. artemisiifolia 

declining dramatically from 54 in 1982; to 38 in 2004; and 9 in 2011 (Chauvel et al., 
2006; Bullock et al., 2010; Petermann, 2011).  

In Italy, the species was first recorded in 1901-1902 from Piedmont. A. artemisiifolia 
has been naturalized in the province of Milan (Lombardy) since the 1940s (Stucchi, 
1942; Zanon et al., 1998); however, it has been spreading rapidly since the 1980s. 
Currently, the north-western Milan and south Varese (Lombardy, Po River valley) are 
the most polluted areas with ragweed pollen in Italy (Bonini et al., 2012).  

In Spain, Ambrosia species occur only over some areas, namely northern Spain 
(Laínz and Loriente, 1983), the Basque Country, the Cantabric coasts and Galice 
(Fernández-Llamazares et al., 2012), as well as central Spain (Amor et al., 2006). The 
first record of the genus Ambrosia here dates back to the 19th century and corresponds 
to A. maritima, the only native species in the Peninsula (Pérez, 1887). The major 
ragweed colonies in Spain and Portugal are closely associated with some of the most 
important harbours, such as Barcelona, Bilbao, Lisbon, Porto, Santander or Valencia 
(Fernández-Llamazares et al., 2012).  

In the United Kingdom, the species was first recorded as a casual species in 1836. It 
is considered to be increasing in range and abundance, but most records are still classed 
as casual (Casarini, 2002; Bullock et al., 2010).  

In Germany, A. artemisiifolia was first recorded in 1860, in Hamburg. It is believed 
that A. artemisiifolia was introduced with grain and seed shipments from the USA. Up 
until the 1970s, A. artemisiifolia was found in only a few areas but since the 1990s it 
has spread eastward. The species is mostly found in the south and east of the country 
(Alberternst et al., 2006) in areas where anthropogenic activity is the highest (Bullock et 
al., 2010). Zink et al. (2012) found that in north-eastern Germany the majority of the 
pollen originated in local areas; however, up to 20% of the total pollen load came via 
long-range transport from Hungary. Furthermore, according to Boehme et al. (2009) a 
substantial ratio of children was sensitized by ragweed pollen in Baden Wurttemberg.  

In Belgium the species was first recorded in 1883 and has since become widely 

spread with most records from the north of the Samber‐Meuse river corridor. The 
majority of the records are found in the more urbanised regions (Martin and Lambinon, 
2008; Bullock et al., 2010).  

For Denmark, the earliest record of A. artemisiifolia dates from 1865 but today it has 
only a limited distribution in the country. However, the species has been noted as 
spreading from the established areas (Bullock et al., 2010).  

In Poland, A. artemisiifolia was first introduced into Szczepanowice (Silesian 

Lowland - south‐western Poland) in 1873. It is also possible that the species may have 

been introduced as early as 1613 (Tokarska-Guzik, 2005). The species has since spread 
to southern and central-eastern Poland (Chlopek et al., 2011). The spreading rate is 
poorly understood since both the species and incidence of biological recording in the 
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country are increasing. However, in southern Poland A. artemisiifolia is supposed to 
have spread 30 km in the period 2007-2010 (Bullock et al., 2010; Chlopek et al., 2011). 
Ragweed pollen arrives in Poland from Slovakia, the Czech Republic and Austria 
(Kasprzyk et al., 2011). However, its most important source areas are the Pannonian 
Plain (Makra et al., 2010; Šikoparija et al., 2009; 2013) and the Ukraine (Rodinkova et 
al., 2012) not only for Poland but for all Central European countries. Their distribution 
here is limited to ruderal places, waste lands, lawns, sea ports, places near roads and 
railway tracks (Kasprzyk et al., 2011).  

Concerning the Baltic area, ragweed is considered a casual species and the spreading 
rate is considered to be very low. A. artemisiifolia was first found in Lithuania in 1884, 
in Latvia in 1936 and in Estonia in 1954 (Tabaka et al., 1988; Gudžinskas, 1993; Saar et 
al., 2000). A. artemisiifolia is mostly recorded along railways and close to major cities 
(Herbarium of Institute of Biology of the University of Latvia) (Bullock et al., 2010; 
Šaulienė and Veriankaitė, 2012).  

On the territory of Romania the species was first recorded in 1908 in Orsova (south-
western Romania), the area belonged to the Austro-Hungarian Empire at the time 
(Jávorka, 1910). Recently common ragweed has extended its range across the entire 
country with the exception of the mountainous regions (Hodişan and Morar, 2008; 
Bullock et al., 2010). The agricultural areas have been greatly infested. Ambrosia has 
extended from the west and north-west towards the central and southern part of 
Romania and continues to extend to the east and north-east (Ianovici and Sirbu, 2007; 
Skjøth et al., 2010; Ianovici et al., 2013).  

In Moldova, A. artemisiifolia was first reported at Ungheni (Borza and Arvat, 1935), 
downstream of the Nistru River (Marza, 2010). Since its introduction, the species has 

spread in the south‐eastern part of the country (Bullock et al., 2010; Marza, 2010).  
Ambrosia was introduced to Ukraine through a few trade routes in different years. A 

German pharmacist Krikker grew ragweed in the Dnipropetrovsk region as a medicinal 
plant (substitute for quinine and as an anthelmintic remedy) in 1914 (Mar’yushkina, 
1986). Ragweed was first described in the Kyiv region in 1925. The army of General 
Denikin brought Ambrosia with seeds of alfalfa to Eastern Ukraine, so this weed was 
spread in Zaporozhye, Donetsk and Lugansk regions (Rodinkova et al., 2012). The next 
ragweed intervention to Ukraine was registered in 1946 when the first wheat 
consignment was shipped to USSR from USA.  

This allergenic weed is currently found in all over the country. Ragweed is usually 
spread from southern and eastern parts of Ukraine toward north-west by transportation, 
with sunflower seeds contaminated by seeds of ragweed while they are transported from 
steppe to forest-steppe zone of Ukraine. Sensitivity of compromised children to 
Ambrosia pollen in 2000 was 3%, and in 2009 it was already 10% in the western part of 
Ukraine (Besh et al., 2011), which is consistent with a significant increase in Ambrosia 
pollen abundance (Palamarchuk et al., 2012).  

In Russia, Ambrosia artemisiifolia was first recorded in the southern European part 
of the country in 1918 (Kovalev, 1989). The first occasional introductions were possibly 
connected with the increasing international trade via the Black Sea ports (Kovalev, 
1989) and rail roads (Mar’yushkina, 1986). However, until the mid-sixties, there was no 
information on allergic properties of ragweed pollen in USSR (Ostroumov, 1964). 
Recently, almost 80% of the total square infested by common ragweed in Russia falls in 
Krasnodar territory (Moskalenko, 2002). Also Stavropol’ territory, Rostov province and 
the Russian North Caucasus are highly infested extending southwards to Georgia. 
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Furthermore, Primorsk and Khabarovsk territories (Russian Far East) are another, 
relatively small, isolated areas of common ragweed invasion (Reznik, 2009).  

Israel is also infected with Ambrosia. The invasion of new species of Ambrosia into 
Israel is still in progress, mainly in the eastern Galilee and in the Sharon plain (Waisel 
et al., 2008).  

A. artemisiifolia is extensively distributed in Asia, North and South America and 
Australia (Lawalrée, 1953; Priszter, 1960). The dynamic spread of A. artemisiifolia in 
Turkey is a serious environmental issue (Kaplan et al., 2003; Zemmer et al., 2012). 
Ambrosia species extensively occur in large areas of India (Singh et al., 2004; Saha and 
Mishra, 2009), while Ballard et al. (1995) reported that A. artemisiifolia and A. trifida 

are important weeds of soybean plantations here. Ragweed invaded South Korea from 
Europe and North America (Kil et al., 2004), while Japan from North America (Fukano 
and Yahara, 2012). In Japan, pollen allergy due to A. artemisiifolia is the 2nd most 
important following Cryptomeria (Kazinczi and Novák, 2012). Populations growing in 
Japan produce less secondary metabolites than local plants but grow faster (Fukano and 
Yahara, 2012). In China, common ragweed was first documented in 1935 both in the 
north-eastern part of the country (Chen et al., 2007a; 2007b) and in Eastern China 
(Hangzhou, Jiangsu Province). Since that time on, ragweed has rapidly spread to 
northern, central and eastern China including over 15 provinces. Giant ragweed 
reportedly invaded Northeast China in the 1950s. By 1989, ragweed had expanded from 
centres in Shenyang, Nanjing, Nanchang and Wuhan to include 12 provinces (Wan et 
al., 1993; Li, 1997; Xie et al., 2001). Ragweed reated papers were published concerning 
the Jiangsu area (Zhan et al., 1993), the Shanghai area (Duan and Chen, 2000) and the 
Liaoning area (EPPO, 2013). The suitable areas for ragweed include almost exclusively 
the eastern, most populated part of the country with the Sichuan basin, supplemented 
with parts of Xinjiang Uygur Autonomous Region. This suggests that ragweed may be 
able to invade these areas in the future (Chen et al., 2007b). A. artemisiifolia is in 
abundance in the reaches of the Changjiang (Yangtze) River and along roadsides, while 
A. trifida along village paths and riverbanks in northeastern China (Wang et al., 1985). 
The species continue their southward spread into the subtropical regions of the country 
(Qin et al., 2012). The reason of the large-scale invasion of A. artemisiifolia in China is 
its great germination success over the highly variable climatic conditions (Sang et al., 
2011). Li et al. (2012) found that high levels of genetic variation in China indicate that 
there has been no erosion of genetic variance due to a bottleneck during the introduction 
process. They also suggest that the successful invasion of A. artemisiifolia into Asia was 
facilitated by repeated introductions from multiple source populations in the native 
range creating a diverse gene pool within Chinese populations.  

In the United States, the suitable region for ragweed involves almost exactly the 
eastern half of the country, including the Pacific coastal areas (Chen et al., 2007b). 
Here, in the home of Ambrosia spp., duration of the ragweed pollen season has been 
increasing in recent decades as a function of latitude, in association with an enhanced 
warming (Ziska et al., 2011). In southern Québec (Canada), A. artemisiifolia has been 
present since at least 200 years but the species was probably restricted to the Montréal 
area during the 19th century (Lavoie et al., 2007). It is unclear whether common 
ragweed is native here or has been introduced from the Canadian Prairies (Rousseau, 
1974; Bassett and Crompton, 1975). However, this species is clearly more widespread 
here today than at the beginning of the 20th century (Rousseau, 1974).  
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In South America, Ambrosia species are widely prevalent weeds (Sulsen et al., 2011; 
Masciadri et al., 2013).  

In Australia, ragweed pollen is in the air in abundance for a sufficient length of time 
and its concentration to sensitize and provoke fall hay fever and asthma exacerbations 
(Bass et al., 2000). 

Perspectives 

At high CO2 levels, A. artemisiifolia showed substantially greater biomass, as well as 
increased pollen production compared to those in ambient CO2. Hence, ragweed pollen 
production can be expected to increase significantly under predicted future climate 
conditions (Wayne et al., 2002; Rogers et al., 2006).  

Warming trends in long-term climate change involve greater exposure times to 
seasonal allergens that lead to higher risk potential of public health incidences 
(D'Amato and Cecchi, 2008; Shea et al., 2008).  

In North America, duration of the ragweed pollen season has been increasing in 
recent decades as a function of latitude (Ziska et al., 2011). For Europe, future spread of 
ragweed will depend on the climate and land use change. Based on different models, 
ragweed will spread north (e.g. Germany, Poland, northern part of the European Russia) 
with a warmer climate compared to its current range, bringing severe impacts to areas 
that have yet been suffering slightly (Bullock et al., 2010; Cunze et al., 2013).  

Nevertheless, there is some evidence to suppose that very high temperatures are 
harmful for ragweed. The highest increase in the mean temperature, especially in 
summer time (August), represents a limit for pollen production of Ambrosia. In this 
period, the loss of water makes a difficulty for phyto-physiological processes, so in 
order to save water the plant reduces its pollen production. This effect will limit the 
climate change related expansion of ragweed (Makra et al., 2011).  

Concerning future economic expenses of A. artemisiifolia for Europe, without 
controls the influence of climate change will increase the medical and work productivity 
costs, but the agricultural costs will reduce. This suggests that, due to the climate 
change, agricultural areas will reduce and pollen sensitivity will increase in the 
population (Bullock et al., 2010). 
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Abstract. The exploitation of Procambarus clarkii in Doñana National Park’s freshwater marsh (DNP) 
has been economically important to the local human population since the 1970s. The high density of this 
crayfish species has been causing a major environmental impact in the Park by the substantial reduction 
of submerging aquatic macrophytes prairies due to its broad trophic spectrum and feeding habits, which 
turned the environmental frame (consisting in clear water equilibrium) into a turbid water balance. 
Differences in population dynamics of three population groups of P. clarkii in the DNP freshwater marsh 
were compared and analyzed from a fishery perspective. The objective is to reduce their ecological 
impact using optimal crayfishing management. Maximum growth curves showed that crayfish have 
different growth optimums. Recruitment of young crayfish varies between different populations; when 
there is an excessive increase in the density of juveniles in a population and conditions are stressful, their 
growth is deficient. If these conditions persist, the population could become stunted. Fishery for 
commercial gain is banned in DNP; however, a model of fisheries program aimed at controlling the 
excess population of crayfish can be effective in halting the ecological impact of this invasive species 
while providing an opportunity for poachers to have viable productive options. The model proposed can 
help to solve the problem of crayfish “poaching” through the legalization and strict control of harvesting 
practices. 
Keywords: population control, non-native crayfish, ecological impact, natural protected areas. 

Introduction  

Procambarus clarkii (Girard) is a crayfish species native to the Louisiana swamps 
(USA) that was introduced and released into Guadalquivir marshes in 1974, causing the 
species subsequent establishment and spread throughout the marshlands area (Gutiérrez-
Yurrita et al., 1999). Red swamp crayfish has played a key role in the functioning of 
aquatic ecosystems after its introduction (Gutiérrez-Yurrita and Montes, 1998; Geiger et 
al., 2005; Matsuzaki et al., 2009); its direct impact produced thereafter on the ecosystem 
should be considered from three perspectives. The first is its potential for altering the 
total production of the ecosystems (Momot and Romaire, 1983; Gutiérrez-Yurrita et al., 
1999; Gutiérrez-Yurrita, 2004; Geiger et al., 2005). The second relates to its feeding 
habits. As a major consumer, P. clarkii may perform a significant role ingesting large 
quantities of detrital organic material (Ilhéu and Bernardo, 1995; Gutiérrez-Yurrita et 
al., 1998; Correia et al., 2005) and, to a lesser extent; it consumes great quantities of 
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insects (Gutiérrez-Yurrita and Montes, 2004; Crehuet et al., 2007). In addition, authors 
like Müller (1774) and Linnaeus (1758) have suggested that P. clarkii is responsible for 
the disappearance of two species of mollusk (Lymnaea peregra and Lymnaea stagnalis), 
and possibly, for the local extinction of at least three species of macrophytes 
(Myriophyllum alterniflorum DC, Utricularia australis R. Br., and Ceratophyllum 

demersum L). This may be due to the impact from consumption of mollusks and 
macrophytes by crayfish, or it may be an indirect effect due to the shredding and 
uprooting of macrophytes by crayfish and consequent loss of food and refuges for the 
mollusks (Montes et al., 1993; Gutiérrez-Yurrita, 1997). This consumption, and the 
breaking of macrophyte stems and branches, promote the acceleration of the 
decomposition process, transforming the coarse particulate organic matter into fine 
particulate organic matter, thus providing food for collector-gathering groups and 
stimulating primary production by the increase of nutrient turnover rates (Ilhéu and 
Bernardo, 1995). If the availability of vegetal detritus is low, then crayfish trophic 
behavior shifts to macrophyte grazing (Gutiérrez-Yurrita et al., 1998; Gutiérrez-Yurrita, 
2004; Correia et al., 2005). At high crayfish densities, foraging may be so extensive as 
to completely modify the habitat, destroying the algal beds and submersed macrophyte 
prairies (Gutiérrez-Yurrita et al., 1998; Ilhéu et al., 2007). The third and final 
perspective that must be considered is the role of crayfish as prey of native and 
introduced fishes (black bass), terrestrial vertebrates (Iberian lynx) and birds (imperial 
eagle) (Elvira, 1998; Montesinos et al., 2008).  

Moreover, red swamp crayfish is demonstrably an ecosystem engineer species, 
physically transforming its environment and altering the availability of resources for 
other species (Gutiérrez-Yurrita and Montes, 1998; Matsuzaky et al., 2009). These 
changes have been principally achieved by structural modification of burrowing, which 
disturbs the substrate and increases turbidity, affecting the growth of macrophytes. The 
most important ecological consequence of the reduction in aquatic vegetation cover is 
the enriching of the water column with nutrients, which favors the development of 
phytoplankton communities, changing the ecological balance from fresh to turbid water 
(Scheffer et al., 1993; Bravo et al., 1994; Ackefors, 2000; Rodríguez et al., 2005).  

Finally, it has to be borne in mind that due to this species worldwide importance as a 
culinary ingredient in human diet (Ackefors, 2000; Romaire et al., 2005; McClain et al., 
2007), red swamp crayfish fishing in Guadalquivir marshes is the most valuable 
crayfish fishery in Europe with approximately 3,000ton/yr., but it also brings with it an 
impact on the ecosystems due to its exploitation (Asensio, 1991; Gutiérrez-Yurrita et 
al., 1999; recently Seafood, 2005; Martín-López et al., 2011). Fishermen cause severe 
damage to riparian vegetation when setting traps, resulting in a high mortality rate of 
aquatic vertebrates (fish, amphibians and reptiles) and birds. In the 1989 season, more 
than 42,000 birds and more than 750,000 aquatic vertebrates of various species died in 
traps set in the DNP and the Brazo del Este Natural Park (Gutiérrez-Yurrita et al., 
1997). Two of these bird species (Marmaronetta angustirostris and Porzana puzilla) are 
featured in the Red Book of Endangered Species of Spain (Gutiérrez-Yurrita et al., 
1997). The presence of the red swamp crayfish in the marshlands of the Lower 
Guadalquivir also damages the rice fields due to its burrowing and grazing behavior 
(Anastácio et al., 2005).  

Once a successful introduction has been accomplished, it is desirable that no further 
insertions take place (Gutiérrez-Yurrita and Montes, 1999a; Gutiérrez-Yurrita, 2004; 
Martín-López et al., 2011; Elio-Siesa et al., 2012). Decision-makers are invited and 
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strongly encouraged to promote measures to minimize the impacts and allow wise 
utilization of the new resource, or to highlight ecosystem services to improve 
conservation practices, thus minimizing impacts caused by the newly introduced species 
(Gutiérrez-Yurrita, 2005; 2011; Marchi et al., 2011; Martín-López et al., 2011; Maceda-
Veiga et al., 2012; Homans and Smith, 2013).  

At the time this research was conducted, resource managers are faced with the 
problems of conserving natural protected areas and utilizing crayfish stocks for 
commercial purposes; the results of this research have been focused in developing a 
crayfish population model that can be quick and effectively applied to ensure a holistic 
management of DNP freshwater marsh (Gutiérrez-Yurrita, 2009, 2014; Maceda-Veiga 
et al., 2012; Marchi et al., 2012). A holistic approach to the management of crayfish in 
Doñana would be favorable since it allows the evaluation of a comprehensive policy 
management which would include a more ample focus considering the social, economic 
and administrative sectors of the park (Gutiérrez-Yurrita et al., 2014). 

Materials and Methods 

The study area 

Currently, the red swamp crayfish occupies the entire Guadalquivir freshwater 
marsh, streams and nearby rivers. However, this study focuses on stocks located in the 
DNP freshwater marsh because this is a very important protected area in Europe. DNP 
is located in the mouth of the Guadalquivir River (Fig. 1). From a geomorphologic 
point of view, the DNP includes 3 eco-districts: aeolian (dunes), coastal, and marsh. The 
marshland of the Park covers an area of 27,000 ha of mixed fluvial-marine origin with a 
clay substrate where the crayfish populations have proliferated, causing major changes 
in food web structure (Gutiérrez-Yurrita et al., 1996). The DNP freshwater marsh is 
characterized by its hydrological cycle. The yearly flooding period followed by 
desiccation of the marsh is not influenced by the tides. The marsh usually floods from 
October to March, with a period of water retention of approximately 3 months (April-
June). The water levels decreases progressively from May to June when the marsh dries 
out completely (Bravo et al., 1994; Gutiérrez-Yurrita and Montes, 1999a). The 
dominant aquatic vegetation in DNP’s temporary freshwater marsh comprises Typha 

domingensis, Juncus effusus, Scirpus maritimus and Eleocharis palustris close to the 
riverbank. The macrophyte community is dominated by Ranunculus peltatus and some 
clumps of Zannichelllia obtusifolia, Potamogeton tricoides, Potamogeton pectinatum 

and Callitriche truncata and by the algae Chara connivens (Ilhéu and Bernardo, 1995; 
Gutiérrez-Yurrita et al., 1998). A more complete description of the study area can be 
found in Gutiérrez-Yurrita (1997). It is worth noticing that this study was begun and 
completed during one of the lowest precipitation cycles the region has experienced in 
many decades (rain deficit was >240mm per year). 

 
Crayfish sampling 

Crayfish were trapped with unbaited funnel traps of two types following the method 
described in Gutiérrez-Yurrita et al. (1997). Due to the highly nocturnal activity of these 
individuals, there is no need to bait traps. The traps were left in operation for 72 
consecutive hours every week, but were checked on every morning, especially to free 
other animal species that might have been erroneously trapped, such as turtles. After the 
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supervision of the traps, these were immediately placed back into place to complete 
their 72 hour operation cycle. It is important to mention that, no animals were harmed 
due to the traps designed and set for the purpose of this research. Monthly samples of 
crayfish were taken from January to April in over three consecutive years at three 
different sites in the sandy zone adjacent to the natural temporary freshwater marsh: 1) 
Stream Guayules; 2) Stream Soto Grande; 3) Stream Soto Chico (Fig. 1), where 
crayfish abundance is highest (Gutiérrez-Yurrita, 1997). Sampled animals were 
measured (considering total and carapace length; wet and dry weight) and sexed. Their 
degree of sexual maturity (FI: mature; FII: immature) was estimated by dissection and 
histological analysis of the gonads (Carmona et al., 2004). Crayfish become cannibals if 
they are found in high densities and have no other source of food. When these animals 
are inside a trap for too long, the two variables are combined and the crayfish start 
fighting each other. In these fights, the one with the smallest size always loses, or they 
reach some sort of draw, but both lost chelae and locomotors appendages. In order to 
minimize the ecological impact of trapping and to avoid crayfish cannibalism, the 
sampling time was of 24h (Gutiérrez-Yurrita et al., 1997). To understand the dynamics 
of the of crayfish population in the temporary freshwater marsh of Doñana, their life 
cycle must be considered. Gutiérrez-Yurrita (1997) found that female gonadal 
development has 5 stages from state 0 (at rest) to stage IV (degeneration). Gonadal 
maturity begins in November (phase 1) and ends in April (phase IV). The most active 
months for reproduction are January and February. The months of March and April are 
for recruiting. The hydroperiod is essential for the reproductive period of the crayfish to 
extend or shorten it a couple of months. 

 
 

Figure 1. Location of Doñana National Park. Sampling sites: 1) Stream Guayules. 2) Stream 
Soto Chico. 3) Stream Soto Grande. 
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Data analysis 

Morphometrics (wet weight vs. carapace length) (w vs. CL) were estimated using a 
multiplicative model fitted by taking logarithmic transformations and applying least 
squares linear regression analysis, w = a (CLb) (Ott, 1993). Slopes resulting from 
calculated relations between species and season were compared using a statistical 
technique described by Ott (1993) with p=0.05. Sample data of carapace length of 
crayfish were collected in each ecosystem on each season and grouped in 0.2cm size 
increments according to Gutiérrez-Yurrita (1997). An initial estimate of the number of 
recruitment classes presented, and mean carapace length variance and proportion of 
crayfish in each recruitment class were obtained through a graphical separation 
technique by using the probability paper method (Pauly and Morgan, 1987). Growth 
rates of crayfish recruitment classes were estimated from seasonal von Bertalanffy 
growth curves modified for invertebrate animal due to their non-continuous growth 
(moult and intermoult phases) (Pitcher and Hart, 1982; Gutiérrez-Yurrita and Montes, 
1999b). Cloern and Nichols (1978) stated that the incorporation of a time-varying 
coefficient significantly improves the capability of the Bertalanffy model, so we 
developed the next equation:  

 

 Lt = L (1-e -K(t’ - to)+ K/Q {senQ (t’- ts) - senQ (to - ts)})  (Eq. 1) 

Here, Lt denotes the carapace length of the organism at any given time t; L is the 
asymptotic maximum length of the animal; t0 is a consequence of the mathematical 
structure the equation, and its presence is, in biological terms, the nominal age at which 
the length of the animal is zero (Bertalanffy, 1934) under the assumption that the von 
Bertalanffy growth model describes growth accurately right down to zero length and 
avoiding bias of this tendency to zero taking into account the sample size of individuals 
measured as Wang and Thomas (1995) recommended; then we have that K is the 
intrinsic growth rate of the animal; ts defines the start of the convex segment of a 

sinusoidal oscillation with respect to t=0; Q=2/(1-NGT); NGT is the duration of non-
growth within a year.  

In this model is assumed that anabolism and catabolism coefficients of the growth 
rates were constant throughout the year according to the Bertalanffy’s metabolic rule 
(the metabolism of an organism is proportional to its weight by a 2/3 power). This is 
likely to be true for this species, since their metabolic rate changes quantitatively but not 
allometrically throughout the year (Gutiérrez-Yurrita and Montes, 1999b). The method 
for estimating von Bertalanffy growth parameters of crayfish is based on the ELEFAN 
method devised by Pauly and Morgan, included in the Length Frequency Distribution 
Analysis (LFDA ver. 4.01) package.  

The instantaneous rate of total mortality (Z) from length frequency samples was 
computed by the method described by Beverton and Holt (1956): 

 

 Z = K {(L - Lbar) / (Lbar - Lc)}  (Eq. 2) 

Where Lc is the length at which crayfish are first fully recruited (minimum length at 
first capture); Lbar is the mean length of crayfish longer than Lc. This method assumes 
that growth is deterministic, non-seasonal and is described by the von Bertalanffy 
growth curve. These assumptions are not always found in crayfish populations, since 
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there is no stock recruitment relationship unless there are enough observations to 
describe the slope at the origin (Holden, 1995). Furthermore, the Beverton-Holt method 
estimates of the total mortality rate can be quite reliable if the assumptions behind the 
method are met, and if the length at first capture is well estimated. If not, this model can 
be used in a simple simulation of the effects of fishing on a population (Pöckl, 2002). 
As it results, the usual stock recruitment relationship may be expressed as a curve with a 
convex rising slope, and asymptote or as a dome. Thus, another procedure to estimate Z 

can be obtained from the slope of the upper limb of the length converted catch curve as 
suggested by Holden et al. (1995): 

 

 ti = -ln ((L -Li) / (L -Li+1))  (Eq. 3) 

 ti = -ln (1-½(Li+Li+1)/L)/K  (Eq. 4) 

where ti is the time taken to grow through length class i, and ti is the relative age at 

the middle of the length class i. The curve relating ln (Ni/ti) to ti is called the length 
converted catch curve, and the slope of the right hand limb of this catch curve is –Z.  

Finally, the simulation model incorporated in LFDA called Slice Length Frequency 
Data (SLFD hereafter) was used to examine the effects of different minimum length at 
first capture on population dynamics in a P. clarkii population from Doñana’s 
temporary fresh water marsh. A SLFD at a given sample timing is built up of crayfish 
taken by the sampling gear from a number of cohorts. The numbers and the timing of 
crayfish recruiting to each cohort to age zero is allowed to vary randomly between 
cohorts, to allow the effect of different annual recruitment strengths to be investigated. 
Onwards, the growth parameters are assumed to vary randomly between individual 
crayfish in each cohort, according to specified probability distributions (Pöckl, 2002). 
Because crayfish in each cohort are subject to a constant natural mortality rate from 
birth, and to a constant fishing mortality rate once they have reached a length equivalent 
to the mean length at 50% the probability of surviving crayfish of a given cohort, being 
captured in a length frequency sample at a given sampling time is governed by a logistic 
selectivity curve (Holden et al., 1995). The parameters of this curve are selected 
randomly for each sampling time from specified probability distributions, allowing the 
effects of different selectivities at different sampling times (Pitcher and Hart, 1982). 
Parameters specified for each growth curve except to

coefficient of variation when sampling from a Normal or Lognormal distribution, or a 
range when sampling from a Uniform distribution. Selectivity was estimated as follows: 
SL = 1 / (1+ e-Selk (Lt –L50) ). The calculations performed in the SLFD are completely 
described in the LFDA technical appendix, edited by Holden et al. (1995). The data 
used to construct the SLFD model were taken from our results derived from the Eq. 1 
and Eq. 2.  

In order to know growth patterns (ratio K/Z), we used Powell’s method updated by 
Wetherall et al. (1987). This method uses a linear regression based on an algebraic 

relationship between L, K, Z and the mean lengths in the length frequencies. However, 
unlike the Beverton-Holt method, it does not directly calculate an estimate of Z; rather it 

comes up with a series of estimates of L and the ratio K/Z. Because of the negative 

correlation between estimates of L and K, Holden et al. (1995) recommend calculating 

an individual value of K for each Powell-Wetherall estimate of L before calculating an 
overall estimate of Z.  
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Results 

There were statistical differences in sex ratio (males/females) composition between 
populations (p<0.05) and within each population in different sampling months 
(p<0.001). Table 1 shows sex ratio and percentage of Form I animals in different 
populations of crayfish at Doñana’s temporary freshwater marsh. In all the populations, 
sex ratios favoring females were found in reproductive period (March-April). Highest 
overall mean sex ratio was found in the population located in Soto Grande (1.51), whilst 
the lowest sex ratio was recorded in the population of Los Guayules (0.74). The 
population of Los Guayules had the greatest percentage of Form I animals (70.2%), 
while the lowest percentage was found in Soto Grande population (48.5%). The 
reproductive season was characterized by having the lowest monthly proportion of FI 
individuals, except in Soto Chico, when FI percentage was the highest (90.1%).  

 
Table 1. Sex ratio (Males/Females) and percentage of Form I sexually mature (FI) animals 

in different populations of P. clarkii in Doñana National Park natural temporary freshwater 
marsh. 

Month Stream Guayules 

M/F                %FI 

Stream Soto Chico 

M/F                %FI 

Stream Soto Grande 

MF                %FI 

January 0.09 91.7 0.56 28.0 1.00 24.0 
February 0.13 95.2 1.05 54.0 1.45 70.4 
March 1.02 34.2 1.14 90.1 1.64 39.4 
April 0.55 60.0 --- --- 1.69 60.0 
Mean 0.74 70.2 0.80 57.3 1.51 48.5 

--- = No data available. 

 
 
Table 2 shows monthly carapace length vs. wet weight morphometric relationships 

and monthly absolute growth rate for all the population analyzed. Except for the 
individuals of the population of Soto Chico in February, animals showed non-isometric 
growth. Hence almost all populations studied increase their weight more than their 
length (relation exponent > 3). Although statistically significant differences were found 
between monthly morphometric relationships within each population (p < 0.05), 
population data for individual months were pooled for each population, to assess a 
general condition factor. Soto Chico population showed the best condition factor 
(exponent 3.73).  

 
Table 2. P. clarkii monthly weight (w in g) vs. carapace length (CL in cm) power 

relationship (w=a(CL
b
)) and monthly absolute growth rate (w2-w1/t2-t1) in different habitats 

into the Doñana National Park natural temporary freshwater marsh*. 

Month Stream Guayules 

Model               growth rate 

Stream Soto Chico 

Model                growth rate 

Stream Soto Grande 

Model             growth rate 

January w=0.17(CL3.2)   2.88 w=0.01(CL3.7)a   2.07 w=0.15(CL3.4)    2.79 
February w=0.02(CL4.0)   1.17 w=0.27(CL3.1)b   1.5 w=0.03(CL4.2)d    0.69 
March w=0.18(CL3.3)   0.60 w=21.0(CL-0.9)c  w=0.12(CL3.6)    0.48 
April w=0.09(CL3.7)    w=0.16(CL3.3)  

Pooled data (all places throughout the wet season) w=0.18(CL3.24±0.27) 
*r2>95 in all the cases except in: a72%; b81%; c90%; d76%. 
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Absolute growth rates were higher in the recruitment period than in the reproductive 
period (>2 cm CL/month and >1<2cm CL/month, respectively). Lowest rates were 
recorded when the freshwater marsh was close to the onset of the natural seasonal loss 
of standing water in the marshes (<1cm CL/month). Carapace length-frequencies of P. 
clarkii in DNP are shown in Figure 2. Five cohorts were recognized from 0.5 to 6.7 cm 
CL for Los Guayules and four cohorts at the other two places. When all the data for all 
three populations were pooled, the most frequent cohort found in age class 2 (33%) 
when data from all the populations were joined. The least recorded age class was the 
4th, which was only evident at Los Guayules. Carapace length of gravid females was 
quite similar among populations, ranged from 3.3 to 4.5 cm CL (Fig. 2). 

Figure 2. Carapace length-frequencies of P. clarkii in Doñana National Park natural 
temporary freshwater marsh. Each cohort is indicated by numbers, and the percentage of 

occurrence of any cohort in the entire population is indicated by numbers in parenthesis). Bars 

depict the mean carapace length of each reproductive stage (Form I and Form II). 

 
 

Figure 3 shows the two-dimensional contour plots of K and L from von 
Bertalanffy’s seasonal growth model for different populations of P. clarkii in DNP. 
Crayfish in Soto Grande grows faster than in the other places, reaching the largest 

length (K=0.395 L=7.11). However, maximum growth areas of this population 
showed more amplitude than the maximum growth areas of the other populations (the 
darker areas in Figure 3 the higher growth parameters scores). On the other hand, 
although crayfish from Los Guayules had the lowest growth value, crayfish from Soto 

Chico had the lowest asymptotic length (Los Guayules: K=0.303; L=5.84; Soto Chico: 

K=0.378; L=4.68). 
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Figure 3. Two dimensional contour plot of K (growth rate) and L (asymptotic length) from 

von Bertalanffy's seasonal growth model for different populations of P. clarkii in Doñana 
National Park natural temporary freshwater marsh. Light areas represent low values of the 

score function and the dark areas represent high values. The amplitude of each area shows 

growth response to the environmental change. 

 
 
We can also observe in Figure 3 (pooled data) that crayfish in Doñana’s freshwater 

marsh exhibit a very adaptive growth, adjusting it accordingly to the environmental 
changes (temperature, oxygen levels, water regime) in order to fit the best growth at 
every time. This is an important issue because the model states the existence of a 
relationship between growth factors that, when combined, encourage the individual to 

achieve the larger size of its species in the shortest time possible (K; L). Therefore, 
when growth estimates have several populations of the same species, they can be 
compared with each other and the deviations of these parameters are due to a greater 
instance of environmental factors.  

The overall yearly growth data of each population were joined in one length-
frequency histogram to compute seasonal von Bertalanffy growth curves of P. clarkii in 
DNP (Fig. 4). By this method 7 cohorts were recorded (from +0 to 6), but cohorts 5 and 
6 had practically no animals (occurrence percentage of animals in these class ages was 
less than the 2% of the entire population). The overall von Bertalanffy model 

parameters were K=0.321; L=6.92; To=-0.58.  
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Figure 4.  Seasonal growth curves of P. clarkii in Doñana National Park natural temporary 
freshwater marsh. Each line corresponds to a different cohort class. Length-frequency 

histograms show size class structure dynamics on crayfish populations. 

 
 
Seasonal growth curves of P. clarkii using simulated dataset are presented in Figure 

5. Seven cohorts were recorded, but now the individuals of the cohorts 5 and 6 represent 
more than 25% of the entire population. The von Bertalanffy seasonal growth 

parameters are: K=0.321; L=7.02; To=-0.52; Ts=-0.56; NGT=0.46.  
 

Figure 5. Seasonal growth curves of P. clarkii using simulated dataset. Each line corresponds 

to a different cohort class. Length-frequency histograms show size class structure dynamics on 

crayfish populations with simulated dataset. 

 
 
The annual period with no growth in size is approximately one month between 

March and April. In Figure 6 we can observe that optimum scope for growth (greatest K 
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and L fit) when simulated dataset is used; it is very narrow if we compare it with the 
scope for growth utilizing recorded dataset (Fig. 3). 

 

Figure 6. Two dimensional contour plot of K (growth rate) and L (asymptotic length) from 

von Bertalanffy's seasonal growth model with simulated data for P. clarkii in Doñana National 
Park temporary freshwater marsh. Light areas represent low values of the score function and 

the dark areas represent high values. The amplitude of each area shows growth response to the 

environmental change. 

 
 
The SLFD model was used to estimate the total mortality rate (Z) (natural 

mortality+fishing mortality) when applied to the simulated dataset. Changing the 
minimum size at which crayfish were captured affected the mortality rate, as shown in 
Figure 7, in which zero represents the boundary between growth and decline of the 
population. Values above zero indicate that the population is decreasing, while lower 
values indicate no effect of fishing on the population and that it may continue to grow. 
Thus, the model predicts that the mortality rate would be highest if the minimum length 
at first capture was 5.5 cm CL. If smaller crayfish were caught, the mortality rate would 
be less and if the minimum length was of 6.0 cm CL or more there would be no effect 
of fishing compared to natural mortality. The optimum target for minimum length at 
capture is therefore in the range 4-5.5 cm.  

The insert in Fig. 7 shows the model for fishing effort in individual months, rather 
than for the pooled data for four months. This shows that the most effective months for 
fishing to achieve a high rate of mortality are February and March, i.e. just before a new 
cohort of crayfish is produced. 

This seasonal effect is also shown in the estimates of monthly growth pattern (K/Z) 
in Table 3, which compares the parameters for the pooled recorded dataset and the 
simulated dataset. The highest Z values were recorded in January (5.353) and the lowest 
in April (3.540) at the beginning of the recruitment period (crayfish length (mean±Std. 
error): 2.3 ± 0.19 cm CL). It is in April when adult crayfish activity declines due to the 
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seasonal decrease in the temporary freshwater marsh water level (crayfish length: 3.66 ± 
0.24 cm CL). Growth patterns between recorded and simulated dataset show some 
differences in the parameters because natural populations show high mortality rates in 
the small size classes, whereas the simulated population has higher mortality rates at 
larger size classes.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Yearly total mortality rates (natural mortality + fishing mortality) of P. clarkii at 

different sizes of first capture in Doñana National Park natural temporary freshwater marsh. 
Vertical lines show the standard error on the mean. Small figure shows monthly total mortality 

of crayfish. 

 
 
Converted catch data mortality of P. clarkii Fig. 8. April is 

the time of maximum mortality due to natural and fishing activity. This total of high 
mortality rate coincides with a population dominated by large sized individuals (>5 cm 
CL). Simulated dataset showed that maximum total mortality must be on February.  

 
Table 3.  Monthly growth pattern estimates (ratio K/Z) of P. clarkii in Doñana National 
Park natural temporary freshwater marsh with recorded and simulate datasets. 

 

Month 

Recorded dataset 

L                       K                       Z                       K/Z 

Simulate data 

K/Z 

January 6.73 0.340 5.353 1.82 0.51 

February 5.45 0.336 3.840 1.29 0.52 

March 5.52 0.339 3.598 1.22 0.63 

April 5.92 0.339 3.540 1.20 0.64 

Mean±Std.error 5.91±0.17 0.338±0.084 4.08±0.740 1.38±0.084 0.57±0.019 

 
 
By taking into account how certain environmental factors (hydroperiod and water 

physicochemical mainly), combined with individual growth factors (rate and type of 
growth) and, the ecology of populations (survival rates, mortality, growth and 
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maximum size growth) determine the final size of the population, it could be established 
a general model that focuses fisheries to reducing the size of the populations of crayfish 
in the seasonal freshwater marsh of Doñana.  

 

 

Figure 8. Modeled annual [or seasonal] mortality rate (Z) of P. clarkii in DNP derived from 

recorded and simulated datasets combined, showing the effect of fishing for different minimum 

sizes of crayfish on the total mortality rate. Small figure shows monthly converted catch 

datasets combined. 

 
 
Proposal of major events that may occur to determine the size classes structure of P. 

clarkii populations in DNP freshwater marsh are showed in Figure 9; for instance, 
fishing in the two optimal months with the target minimum length at first capture has 
the potential to reduce the population in more than 70% compared to its initial size, 
based on pooled recorded data when hydroperiod is about 4 months. 

Discussion 

P. clarkii has invaded Doñana’s freshwater marsh for almost 40 years. Since it was 
first introduced, park managers have been trying to eradicate it, while at the same time, 
locals have been trying to get economic benefits. The situation seems harmful to the 
ecosystem, but beneficial to a group of people (Gutiérrez-Yurrita, 2005; Marchi et al., 
2011; Martín-López et al., 2011; Maceda-Veiga et al., 2012; Marchi et al., 2012; Homans 
and Smith 2013). One management option would be to develop a strictly controlled 
crayfish fishery (Gutiérrez-Yurrita and Martínez, 2002; Gutiérrez-Yurrita, 2011).  

One of the major tasks to establish any ecological fishery plan is to know the 
population size limits of the crayfish population we are managing, together with the 
problems of maintaining other ecological values of their ecosystem (Struzynski, 2002; 
Gutiérrez-Yurrita, 2009; Martín-López et al., 2011; Chucholl, 2013; Homans and Smith 
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2013). Conservation strategies, especially in protected natural areas, are often 
confronted with problems originated in the fishing industry. Predicting fishery potential 
and developing actions plans for a new fishery from a real estimate of crayfish yield is 
theoretically a sounder option; however, its accuracy must depend on knowledge of the 
ecology of the crayfish populations under exploitation (Gutiérrez-Yurrita, 2005; 
McClain et al., 2007; Holdich et al., 2009). The environmental parameters are decisive 
factors in the growth of individuals and in the recruitment and survival of a population.  

 

Figure 9. A conceptual ecological model of the factors that may determine the size class 

structure of P. clarkii populations in Doñana National Park freshwater marsh. 
 
 
And although we have defined the major environmental factors that modulate the 

growth of a population, as in this case, the crayfish in Doñana temporary freshwater 
marsh, there is much uncertainty in the models generated. This leads us to consider that 
in this very detailed field survey, the management model does not always fit predictions 
exactly, and it will have variations. Such variations will be higher or lower depending 
on how the environmental parameters have changed. 

To manage P. clarkii populations in DNP freshwater marsh we constructed their 
frequency histograms, estimated their mortality rates and determined their fecundity to 
create a variable life-table due to the difficulties of estimating the numbers of 
individuals and age classes of a real cohort in each ecosystem type, and due to their 
complex reproductive behavior (Cheng et al., 2002; Gutiérrez-Yurrita and Montes, 
2004). After this, we can construct theoretical maximum growth curves for each 
population under exploitation.  

Maximum growth curves showed that P. clarkii has different growth optimums, 
differing their growth from one to another just as other characteristics do (sex ratio, 
proportion of mature individuals, and in a greater extend water quality), and this could 
affect the yields (Gutiérrez-Yurrita and Martínez, 2002; Colotelo et al., 2013; Nyboer 
and Chapman, 2013). The fact that the growth curves seem like straight lines, indicate 
that crayfish population growth in these ecosystems from January to April (Fig. 4). 
Population structure seems like mature population and this structure is almost constant 
during the whole flooding period. As a consequence of these population characteristics 
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and differences in growth optimums, recruitment of young crayfish also varies between 
different populations.  

Differences may be genetic or the result of the different environments, or usually a 
mixture of both (Fevolden and Hessen, 1989; Yue et al., 2010; Maceda-Veiga et al., 
2012). Gutiérrez-Yurrita and Montes (1998, 1999a, 2001, 2004) found that 
physiological and phenotypic differentiation can occur in different crayfish populations 
of P. clarkii into the DNP aquatic ecosystems, and that a likely cause for the 
differentiation, at least as an initial source, is environmental stress (water regime). 
Abiotic factors controlling crayfish populations in DNP are, besides water regime, 
mainly the temperature and water quality and oxygen and ammonia content (Bravo et 
al., 1994; Gutiérrez-Yurrita, 1997; Maceda-Veiga et al., 2012; Marchi et al., 2012). 
Among the most important biotic factors are food and refuge places availability, 
crayfish density, predation and fishing (Reynolds and Souty-Grosset, 2012; Gutiérrez-
Yurrita and Montes, 2004; Colotelo et al., 2013). This fact helps us to explain why the 
ecological impact of P. clarkii is very different from one to another ecosystem, and 
hopefully to gain insight concerning the role of P. clarkii on the ecosystems. 

Previous studies in Doñana’s freshwater ecosystems referred that the disordered 
proliferation of crayfish promotes a large-scale vegetation loss and major changes in 
food-web structure behaving P. clarkii as a keystone and engineer species (Bravo et al., 
1994; Gutiérrez-Yurrita and Montes, 1998; Gutiérrez-Yurrita et al., 1999; Gutiérrez-
Yurrita and Montes, 2001; Ilhéu et al., 2007; Marchi et al., 2011). Management 
measures concerning crayfish populations in DNP freshwater marsh must have as their 
basic objective the reduction of the pressure that this species exerts on the aquatic 
macrophyte prairies, when they reach high densities of individuals and the system 
becomes permanently flooded (Gutiérrez-Yurrita, 1997; Geiger et al., 2005). The 
control of populations of P. clarkii could be developed essentially by two methods: 
management of the water regime (Momot, 1993; Gutiérrez-Yurrita, 1997; Kerby et al., 
2005), and by selective and/or controlled fishing (Westman and Westman, 1992; 
Momot, 1993; Gutiérrez-Yurrita, 2004). The purpose of both methods consists of 
reducing the intraspecific competition for shelter and food while adequately maintaining 
the numerical density and structure of the populations for each management objective 
(Westman and Westman, 1992; Reynolds and Souty-Grosset, 2012). The control of 
crayfishing can be used in many ways to manage populations in natural environments. 
Legal restrictions and controls are also very important in managing these populations 
and crayfish catching in protected areas such as DNP freshwater marsh (Gutiérrez-
Yurrita et al., 1999). Crayfishing can be banned completely, for a specific period or for 
a certain part of each year. And only imposing minimum size restrictions or favoring 
one sex over another can target a certain part of the crayfish population. 

Our results demonstrated that any DNP management strategies need to contemplate a 
scheme to control numbers of P. clarkii and to develop a good device for crayfishing 
following the next recommendations:  

 The opening of the crayfish-catching season should start in the middle of the 
freshwater marsh-flooding period, prior to the greatest crayfish reproduction 
period (January to February), and should end before the beginning of the spring 
mating season (March to April). 

 Fishing efforts should target on adult individuals (larger than 3.5cm CL), before 
of the greatest reproductive peak (March to April), to avoid new recruitments, 
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crowding the populations and promoting the early reproduction of juveniles 
resulting in stunted populations (Fig. 9).  

These dates depend of the rain season and of the other protected species in DNP, 
because conservationists will try to assure, for instance, the reproduction of migratory 
waterfowl and the natural macrophyte ecological progression of the freshwater marsh, 
consisting in the natural changes from a bloom of phytoplankton to a community 
dominated by helophytes, with some biological or feral states in the middle of this 
progression such as brief domination of submergent macrophytes followed by a 
domination of emergent plants. Conservation of these two characteristics of the DNP 
freshwater marsh helps to preserve the most relevant ecological processes that permit 
the function of the entire ecosystem: the dynamic equilibrium between the turbid and 
clear water balances. 

This fishing device would reduce some pressure factors dependent of the density of 
the populations for population growing (Fig. 9), and hence, homogenize population 
growth by promoting the growth of individuals of slower rates (adults), reaching larger 
sizes at the reproductive period as shown in Figure 5 simulated data. Ecologically, this 
is important because the growth phase would be at the end of the flooding period, 
reducing the environmental impact on macrophytes and the fishermen pressure on 
riparian vegetation, fostering waterfowl reproduction. In addition, this fishing scheme 
would get the wise utilization of this resource because fishermen could fish crayfish of 
commercial sizes in the Doñana’s transformed marsh (rice fields) in the periods of 
natural freshwater marsh desiccation.  

It is worth noting that the crayfish fishery strategy in DNP is quite different of other 
fisheries because our results are based on three short reproductive cycles of P. clarkii 

because of the seasonality of the marsh. These characteristics of the population also 
justify the divergence in the results we have to compare real data with the simulated 
data. However, adjusting data fed the model every season, the model results can be 
improved significantly. These data are hydroperiod, population growth rate and 
maximum size of individuals. Due to the growth of crustaceans with many mounting 
periods, it is easy to determine the cohorts and size classes of P. clarkii in DNP 
freshwater marsh every hydrological period, so we can assess differences in growth due 
to differences in environmental factors, an then, we can adjust the model.  

A holistic approach to manage any natural protected area is a new way to 
understanding that landscape is a multifunctional territory where the binomial forces 
"man-nature" do have to interact (Gutiérrez-Yurrita, 2009). The holistic paradigm often 
includes the view that systems somehow work as a whole and that their functioning 
cannot be fully understood solely in terms of their constituent parts (Oshri, 2008; 
Gutiérrez-Yurrita et al., 2014). Crayfishing strategies allow us to determine other 
policies in order to get a holistic management of the DNP. Policies generated by this 
paradigm concerning social aspects (fishermen and other locals that use to poach to 
survive or to improve their profits); environmental services (conservation of natural 
areas can help us improve the already degraded environmental services and stop the 
deterioration of the ecosystem functions of landscape); and economic issues (an 
integrative crayfishing program may enable us to diversify production options in the 
context of conservation biology) could be the reflection of a well-planned management 
strategy to the park (San Román et al., 2013; Gutiérrez-Yurrita, 2014).  

It is worth noticing that crayfishing into DNP will be done just in order to control 
crayfish populations in its freshwater marsh. Park rangers should conduct a joint work 
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with the guards from other areas of the river to avoid any instances of introducing new 
crayfish into the DNP. Linked to this fishing program, a joint a program of 
environmental awareness not among fishermen, but the entire local population, must 
developed because fishermen are using an invasive species and should not be unclear 
about the purpose of the program. Crayfish is an important economic resource in the 
region; however, the DNP ecological conservation is important as well. Decision 
makers must understand that confrontation is never beneficial to either party, so the 
program management of the temporary freshwater marsh in Doñana should take into 
account the participation of the communities living around the park. Allowing 
controlled trapping within the park’s limits to control the population growth of the 
crayfish, and extend this proposal to fishermen participation to improve it every season, 
could be a good start in the holistic management of the region (Gutiérrez-Yurrita et al., 
2014). 

Conclusions 

1. The study of the ecology of red swamp crayfish is of great importance in 
understanding future events in the population dynamics of this invasive species. 
These studies are also of the greatest importance in determining the final structure 
(size classes) and global population dynamics (migratory and reproductive behavior, 
etc.), which to a certain extent determine the management strategy to be 
implemented. When there is an excessive increase in the density of juveniles in a 
population and conditions are stressful, their growth will be deficient; they will 
develop less and reach maturity without having attained the energy reserves and 
necessary size to leave offspring in optimal conditions.  

2. On the one hand, if the population is also being exploited then it will become a 
stunted population. In social and economic terms, the fact that individuals of smaller 
than commercially viable size characterize the exploited population, or one which it 
is desired to exploit, will cause very important economic repercussions, giving rise 
to a fall in the price of the individuals of this size, and an increase in those of very 
large size. On the other hand, knowledge of mortality, growth rates and recruitment 
strategies of P. clarkii as were estimated in this study are of considerable 
importance to develop new techniques to get sustainable aquaculture practices in 
this significant protected natural area of Europe. 

3. The Holistic perception to manage Doñana National Park includes, in an integrated 
policy, the emergent characteristics of this complex systems, not only the three great 
themes (economic, social and environmental), but perspectives of how to get 
benefits from an undesirable situation. Only in this way we can assure conservation 
policies in an area very crowded by tourists, fishermen, peasants and pilgrims to the 
biggest religious fest in Spain, the Rocío.  

4. Linked to the crayfishing strategy, a program of environmental awareness must be 
developed in the entire local population, because fishermen are using an invasive 
species and this should not be the purpose of the program. 
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Abstract: The physical aspects of three glaciers from Passage Canal have been identified by field 
research, satellite images, and Geographic Information System. The main objective of this study is to 
determine the melting area and to calculate the withdrawal rate of Billings, Learnard, and Whittier 
glaciers. The satellite images from Landsat sensors (1985, 1994, 1999, 2006, 2011, and 2013) helped us 
to remote sensing observations. To assess the retreat of glaciers, new layers with glaciers’ limits 
reasoning on sixth time-comparable satellite images were created and used for quantitative analysis. The 
results show that the area of glaciers from Passage Canal was reduced during 1985-2013: Billings Glacier 
decreased by 2.334 km², Learnard Glacier decreased by 0.726 km² and, Whittier Glacier decreased by 
1.836 km². Spatial Analyst Tools was used to determinate the Euclidean Distance of Billings Glacier, 
Learnard, and Whittier glaciers to Passage Canal. The first set of results obtained indicates that movement 
of glaciers is active and retired. An average ratio of melting area were determined for the period from 
1985 to 2013: Billings Glacier was 0.08 km²/year, Learnard Glacier was 0.02 km²/year, and Whittier 
Glacier was 0.06 km²/year. These results indicates that retreat of glaciers is slow, but constant. 
Keywords: glaciers, satellite images, GIS, climate change, Passage Canal. 

Abbreviations 
GL(s)              Glacier(s) 
SI(s)                Satellite image(s)  
GIS                 Geographic Information System 
SAT                Spatial Analyst Tools 
SST                 Spatial Statistics Tools  
PC                   Passage Canal 
ED                  Euclidean Distance  
SST                 Spatial Statistics Tools  
CM                 Central Mean 
TM                 Thematic Mapper  
ETM+             Enhanced Thematic Mapper Plus 
MODIS           Moderate-Resolution Imaging Spectroradiometer  
AVHRR         Advanced Very High Resolution Radiometer 
EROS             Earth Resources Observation Satellite and  
ASTER          Advanced Spaceborne Thermal Emission and Reflection Radiometer  
SAR               Synthetic Aperture Radar  
SPOT             Satellite for Observation of Earth  
DEM              Digital Elevation Model 
GPS                Global Positioning System  
asl                   above sea level 
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Introduction   

Climate change has become a central issue in glaciers (GLs) melting. In Passage 
Canal (PC) from Prince William Sound, a rise in temperature with 2–3 °Celsius and a 
reduction of precipitation with 10% is predicted for the next 50 years (Stavig et al., 
2005). According to Molnia (2006), after the Little Ice Age not all GLs from Alaska 
demonstrated behaviors related to climate change, some of them registered movements 
due to surge dynamics. The end of Little Ice Age and increasing industrial black carbon 
are considered the factors that affected the GLs retreat in Europe during the 20th century 
(Painter et al., 2013) and worldwide there is a complex relationship between climate and 
GLs (Oerlemans, 1994; Haeberli et al., 1998). 

Surface displacement and ice mass fluctuation were demonstrated by GLs from 
South Alaska related to earthquakes and active tectonics (Sauber and Molnia, 2003). 
The landslides and thick debris cover triggered by earthquakes can significantly change 
the ablation rate of GLs (Post, 1967; Krimmel and Meier, 1989). Fountain and Walder 
(1998) highlighted that water inside GLs affects movements profoundly because of 
“stress distribution at the glacier bed”.   

We chose to study Billings GL, Learnard GL and Whittier GL from this zone of the 
world for many reasons: first, because in the last three decade these GLs have not 
signaled significant changes and thus, we wanted to check if they are stabilized or not. 
Secondly, as the local climate is influenced by Chugach Mountains north of PC and 
Kenai Mountains south of PC, these GLs have different comportment. Thirdly, PC 
represent a considerable pole of salmon fisheries of the world. Daily, 600,000 – 750,000 
pounds of salmon have passed for processing only in one factory. Climate warming and 
GLs melting implies the changes in terrestrial and marine ecosystems. Considering that 
South Alaska are the largest exporter of salmon from entire world, is vital to study the 
GLs and evolution of environment. We will present how evolve the changes at Billings 
GL, Learnard GL and Whittier GL in the period mentioned above.  

Remote Sensing with satellite images (SIs) and Geographic Information System 
(GIS) applications have been widely applied to the study of the Billings, Learnard and 
Whittier GLs retreat; in particular with regard to the terminus movements and decrease 
in size during 1985-2013. Increasing global climate has affected many GLs (Oerlemans, 
2005). The GLs are the most sensitive indicators of climate change (Haeberli et al., 
1999; Kargel et al., 2005; Dong et al., 2013), which give a glacierized face at alpine 
landscape (O’Neel et al., 2014). As a result of climate warming, the GLs have 
continuously declined at many sites on the Globe (Shahgedanova et al., 2005; 
Kennedy et al., 2006; Painter et al., 2013).  

To the best of our knowledge, there are no published research findings regarding lose 
area value for Billings GL, Learnard GL and Whittier GL in the last fifty years. This 
article proposes a quantitative analysis based on remote sensing with SIs and GIS for 
assessment of the retreat terminus and area of GLs from PC under recent climate 
change. The aim of the present work is to calculate the rate of retreat of Billings GL, 
Learnard GL and Whittier GL.  

Previous researches tend to focus on length and square area of GLs rather than 
volume. The expected outcome offer real data about status of these GLs. Quantitative 
analysis of length and area were obtained with remote sensing and GIS Software from 
ESRI. SIs and GIS allowed us to do spatial analysis, calculate square area and CM of 
each GL. Due to its capacity in spatial analysis, raster integration and mathematical 
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functions, GIS has become, with remote sensing, a method for Earth’s survey (Brown et 
al., 2005; Jha et al., 2008; Hadeel et al., 2010; Erdős et al., 2013; Elfarrak et al., 2014; 
Sambah et al., 2014). The potential of remote sensing for GLs exploration has been 
demonstrated by Willis et al. (2011), Dong et al. (2013). Qinghua et al. (2006) using 
appropriate methods based on GIS and remote sensing for quantitative measurements in 
area at the GL present in Geladandong mountain region, during 1973-2002. 

Paul et al. (2002) developed an inventory about methods of classification of Swiss 
GL. In their study, Landsat Thematic Mapper (TM) and GIS were used from the point 
of view of computation of GL parameters. Various SIs, such as Moderate-Resolution 
Imaging Spectroradiometer (MODIS), Advanced Very High Resolution Radiometer 
(AVHRR), Earth Resources Observation Satellite (EROS) and Advanced Spaceborne 
Thermal Emission and Reflection Radiometer (ASTER), were adopted for investigating 
the geospatial resources and data regarding Alaska (Wirth et al. 2014). It has been 
claimed by Molnia (2001) that Landsat images, ground and aerial observation supply an 
excellent source of data on area extension and changes in the GLs of Alaska. 
Ommanney (2002) used Landsat images and aerial photographs for GLs observations 
from Rocky Mountains, Canada. Synthetic Aperture Radar (SAR) and Satellite for 
Observation of Earth (SPOT) images were analyzed for describing GLs of the Arctic 
Islands by Jeffries (2002). 

Zhang et al. (2000) found that area underlain by permafrost in Northern Hemisphere 
is 12% to 18%. The general tendency is that the GLs from PC are retreating, but the 
ration of melting area for set interval periods is not checked until now. Research show 
few examples about status of PC’s GLs. Between 1994 and 2001, 11 GLs were profiled 
in the Chugach Mountains, 13 GLs in the Kenai Mountains and other GLs in Alaska 
Range, Saint Elias Mountains and Coast Mountains (Echelmeyer et al., 2004). A study 
of the level of snow-cover presence in North America, made comparing MODIS with 
Defense Meteorological Satellite Program is presented by Hall et al. (2002).  

Our study provides additional support for knowledge on Billings GL, Learnard GL 
and Whittier GL. 

This paper is divided into five sections. The first section gives a brief overview of 
objectives and current studies about GLs and climate change. In the second section a 
case study is present and outlines our methods for making quantitative analysis. In 
Section 3 the results of the research show a reducing of ice mass at GLs from PC, from 
1985 to present and discusses the GLs case studies regarding at identifiable parameters. 
Our conclusions are drawn in the final section. 

Materials and methods 

Study area 

The study area includes the west of Chugach Ranges and north of Kenai Ranges and 
extends between 60°43’ – 60°55’ N and 148°25’- 148°44’ W (Figure 1). PC is situated 
west of Prince William Sound and represent a fjord bounded north by Chughach 
Mountains and south by Kenai Mountains. In PC there are many type of mountains GLs 
presented: tidewater GLs, valley GLs, outlet GLs and hanging GLs. Kachadoorian 
(1965) has noted that the climate of this area is intermediate between coastal mountains 
and open coast. From 1965 until now, the climate change was pronounced and, 
currently, it is possible that most GLs from PC change their response at climate change, 
including the snow disappearance (Mefford and Dutton, 2003). The retreat of Portage 
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GL, situated west of Whittier, has been demonstrated by Mayo et al. (1977), Kennedy et 
al. (2006). Physical characteristics of test GLs in 2013 are highlighted in Table 1.  

 

 
 
Billings GL is characterized like a valley GL (Figure 2A) and is approximately 7.49 

km long. It is situated north of PC and is approximately 9.568 km² in area. The Billings 
GL runs altitudinal 284 m above sea level (asl) and 1589 m asl and has a flow direction 
of NE to SW and N to S. The moraines ridges and the moraine deposits on slip plane 
offer information about intensity of activity in the past for Billings GL (Figure 3A). 
Hoekzema and Sherman (1981) mention that the first investigation on Billings GL was 
for gold explorations. Hoekzema and Sherman (1981) analyzed the topographic map 
elaborated by the United States Geological Survey from 1951 and aerial photos from the 
United States Forest Service 1974. Later, they reported that “the GL retreated rapidly 
since 1950”. 

Learnard GL is a valley GL (Fig. 2B) and is 4.15 km in length and occupies 3.113 

Table 1. Assessment of physical characteristics of inventoried glaciers in 2013. 

Glacier 
Length 

(km) 
Square area (km²) 

Top elevation 

(m) 

Bottom elevation 

(m) 
Direction of flow 

Billings  7.49 9.568 1589 284 NE-SW, N-S 

Learnard 4.15 3.113           1341 352 N-S 

Whittier 4.33 6.724 1013 470 SSW-NNE 

Source: GIS statistics 

 

Figure 1. Landsat 4 Enhanced Thematic Mapper Plus (ETM+) mosaic image 

depicting the study area in 1985. Landsat images courtesy of the U.S. Geological 

Survey. 
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km² of area. Learnard GL is positioned in the head of fjord, on Northwest flank and has 
N to S orientation. At terminus, Learnard GL ends in a narrow valley (Figure 3B) with 
rocks fall and erratics boulders (Nistor, 2013). In 1943 the terminus of Learnard GL 
ended about 200 feet asl, which representing 60 m asl (Barnes, 1943). Unfortunately, 
the total area of Learnard GL was not known at the time (Barnes, 1943). 

 

 

Figure 2. Three views of test glaciers. A. Autumn 2009 northeast-looking oblique aerial 

photograph of Billings Glacier. B. Autumn 2010 north-looking ground photograph of Learnard 

Glacier. C. Autumn 2009 oblique south-looking aerial photograph of Whittier Glacier. Photo 

courtesy: Nistor. 

 
 
Whittier GL is located south of PC and is 4.33 km long. This is an outlet GL (Figure 

2C) and has portions with different rate of retreat. The flow direction is SSW to NNE. 
In ablation zone of Whittier GL sheepback landforms and glacial striations can be 
visible (Figure 3C). Krimmel and Meier (1989) bring to the forefront the oldest data 
about Whittier GL available and mention that in 1910 the terminus of Whittier was one 
km from PC. As mentioned by Barnes (1943), Molnia (2008) reported that, between 
1913 and 1939, terminus of Whittier GL had retreated “several hundred feet” and the 
elevation of terminus was modified from 180 m asl level to 300 m asl. The creek that 
proceeds Whittier GL formed a wonderful delta (Kachadoorian, 1965), where Whittier 
town is constructed. 

 

 

 

Figure 3. A. Autumn 2009, aerial photograph of Billings Glacier terminus. B. Summer 2010, 

ground photograph of Learnard Glacier. C. Autumn 2010, ground photograph of Whittier 

Glacier terminus. Photo courtesy: Petcu. 
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Overview of the approach 

The main objective of this research was to evaluate the area of GLs in several stages 
and to indicate the sectors of the maximum melting in the ice mass. The procedures 
used to determinate the extension of GLs is based on SIs and GIS at three GLs from PC, 
in Whittier area, Alaska. The method described here is simple and enables us to obtain 
good results at local scale. We chose ArcGIS software because it incorporates a set of 
applications in Spatial Analyst Tools (SAT) and Spatial Statistics Tools (SST), 
available for elaborate efficient the data.  

In an attempt to identify the square area of GLs, it was decided to use remote sensing 
because the SIs are easy to integrate in GIS, Holobâcă (2013), for its low cost, for 
georeferenced images and quality of scenes, displayed on Landsat Look Viewer (United 
States Geological Survey 2014). Gao and Liu (2001) confirm that the remote sensing is 
an efficient method of data collection for GLs. To highlight the advantages of work 
system, Figure 4 shows the overview of the applied methodology. 

 

  

Remote sensing 

The remote sensing with SIs enabled assessment of the movement of Billings GL, 
Learnard GL and Whittier GL over the last three decades. The remote sensing was 
applied only in summer and autumn months, thus the results cannot be influenced by 
snow. We monitored the positions of GLs using Landsat 4. We analyzed the SIs in 
spectral visible from 1985, 1994, 1999, 2006, 2011 and 2013, available on United States 
Geological Survey's Earth Resources Observation web-site (2014). 

The terrestrial remote sensing and the field investigations helped us to pinpoint the 
GLs limits where the Billings GL, Learnard GL and Whittier GL are in contact with 
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Figure 4. Schematic diagram showing the methodology step. 
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other GLs. This is essential because with SIs it is more difficult to draw the boundaries 
of two attached GLs. For field work we used topographic maps at 1:25000 scales, 
elaborated by the United States Geological Survey National Elevation Dataset. This 
approach has proven to be important because afterwards we succeeded in selecting the 
information. For example, we recall the ice extent and aspects of slopes.  

 
GIS geodatabase extraction 

Using the vectorization, we extracted the ecosystem information with all its 
components: the contour lines, the GLs outlines and PC fjord. Due to a full resolution 
and minimal cloudiness of SIs, it was possible to realize the limits of the three GL.  

We extracted the data from SIs by manual digitizing. The vectorization is more 
important than processing raster data, because we can calculate with more precision the 
dimensions of GLs and we diminished the errors that appear in the same time with 
conversion from one system to another. This procedure is recognized by Raup et al. 
(2007) as a high accuracy method for extracting outlines of GLs. Vector results of GLs 
in different years were compared to observe the changes. In some cases, the vector data 
can be compared with extracted data from expert system (Elshehaby and Taha, 2009).   

To estimate area change, we use Landsat 4 images that have been used for obtaining 
vector data, which show how GLs area differ and can then infer average areas change 
rates. If the GLs have a small area, the rate will be negative. If the GLs have a major 
area, the rate will be positive.  

 
Quantitative analysis 

We used SAT from ArcToolbox GIS 10.1 in order to apply Euclidean Distance (ED) 
and to calculate the slope from Digital Elevation Model (DEM). ED was significant for 
identification distance of terminus points of Billings GL, Learnard GL and Whittier GL 
to PC in 1985 and 2013.  

The quantitative analysis used involves two steps: i) we applied SAT at PC feature, 
extracted from SIs to obtain ED of GLs terminus in 1985 and 2013; ii) we applied SST 
to GLs outlines for centroids found and quantified general movement of GLs. 

Using SAT we found an increased distance of the GLs from PC. We applied ED in 
the vector map of PC to generate coast-line distance (Figure 5). 

Slope function work after principle was proposed by Burrough and McDonell 
(1998).  

Using the slope and topographic profile we determined the relationship between 
length of terminus retreat and differences of terminus altitude. The ED and Slope 
functions are essentially the same as that used by Sambah and Miura (2014) that 
measured the coastline distance in their study about tsunami in the East of Japan. 

SST from GIS was used to quantify the area sensitive to melting for the studied GLs. 
Specifically, in our procedure we applied Central Mean (CM) tool, founded in 
Measuring Geographic Distributions Tools, on GLs outlines for determinating the 
direction and distance of general retreat. This concept of CM was introduced by Kuhn 
and Kuenne (1962) and after was delineated by Burt and Barber (1996). We found the 
centroids of GLs for identifies the tendency for general ice loss using the CM function 
from SST. The algorithm computes the minimal distance to all features and the result 
gives the location of the center of the cluster. In our case, CM represents the central 
point of GLs, in 1985 and 2013. At the same time, CM is responsible for interpreting 
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the direction of GLs reducing. Thus, we made the linear difference of centroids features 
between 1985 and 2013 and we succeeded to determinate which part of GLs is more 
sensitive to melting. In fact, we found where the major retreat is.  

 

 

Figure 5. Change outlines of test glaciers based on coastline Euclidean Distance. 

Results  

Overall, the results presented below show that the Billings Glacier, Learnard GL and 
Whittier Glacier have retreated. Changes in covered surfaces by the studied GLs for this 
article were identified using Sis and GIS. Intersect function from Analysis Tools was 
used to confirm the difference of GLs outlines during 1985-2013.  

Based on vector data (Figure 6) extracted from Landsat images we calculated the 
total area in square km. To assess the retreat of each GL the difference between initial 
position and present day position of terminus was distinguished. We observed that 
extensions of GLs was differ in the six ranges of periods. Table 2 reports the area of 
Billings GL, Learnard GL and Whittier GL, in the set time intervals.   

The most striking movement to emerge from the data is that the Whittier GL 
recorded considerable differences at terminus between East and West. Whittier GL has 
a maximum withdrawal in its Eastern part, 964.51 m and, has a minimum withdrawal in 
its Western part, 241.1 m in period 1985-2013. We have found an average withdrawal 
of 562.3 m, on the center of slip plane of GL at terminus. The area of Whittier GL was 
diminished by 1.836 km².  

Changes in area and length were identified using ED at Billings GL. Between 1985 
to 2013, Billings GL recorded a 400.76 m of retreat and a decrease of 2.334 km².  
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No significant differences were found at Learnard GL. This analysis showed that 
Learnard GL has the smallest regression during 1985 – 2013, with a recording of 238.16 
m of retreat at terminus and loss of approximately 0.726 km² in area.  

An overview shows that in the first half of the observation period, Billings GL and 
Whittier GL experienced a greater decrease than in the second period. Between 1985 – 
1999 Billings GL reduced by 1.302 km² and 1.032 km² between 1999-2013 while 
Whittier GL decreased by 1.011 km² between 1985-1999 and 0.826 km² between 1999-
2013. Contrastingly, Learnard GL exhibited a decrease of 0.312 km² between 1985 – 
1999 and, after that a decrease of 0.414 km². 

Comparison of the movements of Billings GL during each monitoring stage indicated 
that the largest mass of ice melted during the 1994 – 1999 period. The area lost was 
0.636 km², with a mean annual withdrawal rate of 0.127 km²/year. Unexpectedly, for 
high values of area and length, Learnard GL has the largest area of retreat during 2011 – 
2013, 0.147 km² and a ratio of 0.074 km²/year was found. Whittier GL lost its 
maximum area of retreat between 2011 – 2013, 0.211 km² and retreat rate of 0.105 km². 

The topographic profiles of slip planes in 1985-2013 indicate that the Billings GL 
terminus moved up approximately 95.81 m altitude, the Learnard GL moved up 40.07 m 
altitude and Whittier GL terminus moved up approximately 127.75 m altitude. The 
values are in strong agreement with the increase in temperature between 1992-1994, 
1996-1998 and 2008-2010 (Western Regional Climate Center). Figure 7 represent the 
topographic profiles of GLs and shows the relationship between the altitude terminus 
and the length distance, from 1985 to 2013.  

It is interesting to note that the CM of Learnard GL moved North with 245.36 m. On 
the other hand, we found that the regression at terminus was 238.16 m. This value of 
CM indicates a decrease in width of Learnard GL, in ablation zone. The CM of Whittier 
GL moved SW with 348.96 m. This value correlates with our results obtained for 
terminus retreat. Results for CM at Billings GL were as expected. CM of Billings GL 
was positioned in 2013 with a difference of 216.98 m to NE, compared with 1985. 

These results appear to show the influence of an ocean surrounding the GLs. 
Although this is a small study, the methods can be applied for others GLs. Our findings 
regarding CM suggest that: 

 Billings GL is more sensitive in southern part; 

 Learnard GL is more sensitive in southern, eastern and western part of 
ablation zone; 

 Whittier GL is more sensitive in north-eastern part.   
 

Table 2. Area reduction for glaciers during 1985-2013. 
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Figure 6. Landsat 4 full resolution mosaic images of Billings Glacier, Learnard Glacier 

and Whittier Glacier outlines in 1994, 1999, 2006, 2011 and 2013.  Landsat images 

courtesy of the U.S. Geological Survey. 
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Discussion 

One of the main goals of this study was to quantify the retreat of GLs from PC. 
Looking at results, we expected to obtain the largest area decreasing in the last 5 years. 
The melting periods of GLs had the highest ratio during 1994-1999 and 2011-2013 
(Figure 8). We did not expect that in 1985-1999 the melting area of ice mass to be 
almost equal compared with ice mass melting during 1999-2013. The retreat of all three 

 

Figure 7. Topographic profiles of slip plane between 1985-2013. A. Billings Glacier. 

B. Learnard Glacier. C. Whittier Glacier. 

 

 

Figure 8. A. Deviation of annual temperature from the 1985–2010, Source: Western 

Regional Climate Center.  B. The withdrawal ratio of GLs in the set time intervals. 
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GLs in the same period, without earthquakes and landslides (Sauber and Molnia, 2003), 
help us understand that the main factor contributing to the melting is climate change 
(Oerlemans, 1994; Haeberli et al., 1998).  

The retreat of Learnard GL and Billings GL cannot have a negative impact for 
human establishment. In the case of Whittier GL retreat, it is likely to happen floods of 
Whittier town and a greater quantity of sediments transported by Whittier Creek can 
block the harbor activity. In the same time, the retreat of GLs increased sea level and 
decreased shorelines (Khalsa et al., 2004), affecting the coastline ecosystems. Nistor 
and Petcu (in press), in theirs paper about Prince William Sound, explains how could be 
evolve the landscape ecosystems under GLs retreat. They remind three possibilities of 
developing a new ecosystem: shrubs and after forest ecosystem, lake or fiord with 
marine ecosystem. Near the coast, the GLs melting affects the fresh waters ecosystems 
and salmon prohibition (Stavig et al., 2005). Globally, Larsen et al. (2007) notes that the 
GLs melting contributed to past century rises of sea level. 

One limitation of our research was the 2D size. Clearly length and area are not 
enough to make generalizations about the volume of GLs. However, from the results of 
those limited number of tendency, a clear pattern emerged which can be useful for 
actual century scenarios. So, using our method, we didn’t calculate the volume of ice 
loss by each GL, but this does not affect our results in terms of quantitative analysis.  

A full treatment of our monitoring using remote sensing and GIS is a complicated 
operation, in our case, given the hardly accessible area. The measurement made by 
Global Positioning System (GPS) was not included in our monitoring. In fact, we 
cannot check the movements in different transversal sections of GLs. Moreover, the 
continuous monitoring points with GPS are not well suited to describing the change in 
area. At the same time, the properties of measurement points with GPS reflect the 
movements of ice mass in particular locations, but not the general tendency. The 
possibility of monitoring the GLs to observe changes by analysis using SIs and GIS is 
an exciting proposition. 

Conclusions 

Our research has underlined the importance of SIs and GIS for determinating GLs 
outlines changes. In PC, the GLs’s areas and retreat rate have been calculated for the 
last three decades as influence of recent climate change. The applied methodology 
allowed us to generate the quantitative analysis. We strongly believe that our method 
could be applied reliably in other glaciology context without a significant degradation in 
performance. The results of this study indicate that Billings GL, Learnard GL and 
Whittier GL are continuously in retreat. Temperature’s trend and the images observed 
during the last three decades confirmed that climate change marks the Southern Alaska. 
We have used the SAT and SST to observe the sensitive side of GLs at melting. By 
applying the CM of each GL in 1985 and 2013, we obtained accurate results showing 
that the CM moved at each inventoried GL toward accumulation area. Consequently, we 
observed that the principal retreat is over North-East at Billings GL, North at Learnard 
GL and South-West at Whittier GL. This signifies that the geographical position and 
relief are the main factors that influence the way of retreat. Taken together, these 
findings highlight a role of SAT and SST for analyzing the components of environment 
at different layers. These findings add to a growing body of research literature on GLs 
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from PC and South Alaska, because no work has yet been published on the movements 
of these GLs – an area in which can contribute to the knowledge of GLs.  

It is hoped that the observations from our studies will contribute to hydrology of 
Whittier, Learnard, and Billings Creeks. In the same time, evolution of landscape and 
it’s implication for ecosystems is important for sustainable developing of respective 
territory. If possible, future work will focus on radar imagery measurements for 
understanding GLs dynamics, flow velocity and estimating volume of these GLs. 
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Abstract. Symbiotic associations with the soil microbiota, particularly with arbuscular mycorrhizal fungi 
(AMF), might ameliorate the effects of environmental stress on plants, and this capacity may be different 
for resident and alien species. In a growth room pot experiment we tested if imposed water deficit leads to 
greater growth reduction in the absence of AMF than in the presence of AMF for two non-invasive 
resident (Danthonia alpina, Chrysopogon gryllus) and two invasive (Calamagrostis epigejos, Cynodon 

dactylon) grass species from semiarid temperate grasslands in Hungary. Both deficit watering and soil 
sterilization decreased biomass accumulation, but the non-invasive Danthonia and Chrysopogon 
performed better when grown in intact soil containing AMF than in sterilized soil. In contrast, the 
invasive Calamagrostis and Cynodon displayed mostly no difference in growth and biomass 
accumulation between intact and sterilized soil when subjected to water deficit. When plants were grown 
well-watered but deprived of AMF symbionts, both Danthonia and Chrysopogon achieved poorer growth 
than in AMF containing soil, while neither Calamagrostis nor Cynodon displayed any reduction. These 
results indicate that the influence of deficit watering was ameliorated by the presence of AMF in the soil 
for the resident non-invasive species, while not for the invasive species. 
Keywords: Calamagrostis epigejos, Chrysopogon gryllus, Cynodon dactylon, Danthonia alpina, grasses 

Introduction  

Plant invasions are among the most serious threats to biodiversity worldwide (Lövei, 
1997; Vitousek et al., 1997; Mack et al., 2000). There is a wide range of mechanisms 
through which invasive plants succeed to mass appearance in alien ecosystems (see 
Hierro et al., 2005 for review). Among others, these include interactions of the invasive 
plant with the resident soil microbiota (Kourtev et al., 2002; Lorenzo et al., 2010; 
Bozzolo and Lipson, 2013), particularly with arbuscular mycorrhizal fungi (AMF, 
Pringle et al., 2009). Invasive plants are often non-mycorrhizal, facultative mycorrhizal 
(forming association with AMF or not, depending on the environment) or establish 
association with widely distributed generalist AMF taxa, thus their spread is not 
restricted by the need of parallel dispersal of specific symbiotic fungi (Richardson et al., 
2000; Pringle et al., 2009; Moora et al., 2011; Steinlein, 2013). For non-mycorrhizal or 
facultative mycorrhizal invasives, plant assimilates saved on mycorrhizal symbiosis can 
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be invested into an increased competitive ability (Richardson et al., 2000). The sheer 
abundance of the alien plant in the new habitat has the capacity to modify the soil AMF 
community as the alien plant establishes symbiosis with different AMF taxa than 
resident plants do (Mummey and Rillig, 2006; Niu et al., 2007; Vogelsang and Bever, 
2009; Zhang et al., 2010). By a rapid growth and flowering earlier than resident species, 
invasive plants may preempt the soil AMF community and shape its composition to 
their own benefit (Wilson et al., 2012). The invasive species can even directly interfere 
with the local AMF community via releasing inhibitor allelochemicals (Stinson et al., 
2006; Hale et al., 2011). In other instances, the alien utilizes the local AMF community 
to divert assimilates from its neighbors (Reinhart and Callaway, 2006). The limited 
reliance of invasive plants on AMF is also reflected by the fact that the success of 
numerous invasive plants is associated with some sort of soil disturbance, which 
severely harm the soil microbial community itself (Richardson et al., 2000; Steinlein, 
2013). In habitats where the soil AMF community is inherently poor (e.g. in early 
phases of primary succession) invasive species are typically members of non-
mycorrhizal plant families (e.g. Amaranthaceae, Brassicaceae; Goodwin, 1992; 
Richardson et al., 2000). 

Arbuscular mycorrhizal fungi (AMF) form symbiosis with the overwhelming 
majority of terrestrial plants (Wang and Qiu, 2006). Its numerous benefits to the plant 
include improved mineral (particularly P) nutrition, better water supply and protection 
against certain root pathogenic fungi (Brundrett, 1991; Newsham et al., 1995; Hu et al., 
2014). The AMF symbiosis has been shown to alleviate the effects of various abiotic 
stresses such as salt stress (Evelin et al., 2009), heavy metals (Hildebrandt et al., 2007), 
soil compaction (Miransari et al., 2008), and especially water shortage (Al-Karaki et al., 
2004; Kristek et al., 2005; Wu and Xia, 2006; Doubková et al., 2013). The mechanisms 
of AMF induced water stress amelioration include a more efficient exploration of the 
soil through modification of root morphology (i.e. thinner, longer, more frequently 
branching roots), improvement and stabilization of soil aggregate structure resulting in 
higher water holding capacity, enhancement of the accumulation of osmotically active 
substances in roots, better protection against photodamage through higher amount of 
plant antioxidants, and enhancement of plant water uptake via stimulation of plant 
metabolic activity (Augé, 2001; Rapparini and Peñuelas, 2014). For example, 
Doubková et al. (2013) measured better plant water status and growth in AMF 
associated than in non-mycorrhizal Knautia arvenis plants when subjected to water 
stress, and detected a stress severity threshold beyond which the AMF alleviation of 
water stress failed. In a pot experiment, Zhu et al. (2012) observed higher water content, 
stomatal conductance, photosynthetic rate and photochemical efficiency for mycorrhizal 
then for non-mychorrizal maize plants. In a meta-analysis of 54 studies, Jayne and 
Quigley (2013) quantitatively affirmed that under water deficit conditions mycorrhizal 
plants achieve greater growth and yield than non-mycorrhizal plants, and in this respect 
perennials respond more strongly than annuals, and woody plants benefit more than 
herbaceous plants. 

Based on these properties of AMF and invasive plants, we assumed that for non-
invasive resident species the presence of the local AMF community in the soil can 
ameliorate the unfavorable effects of water shortage on plant performance through 
symbiotic interaction. For invasive species, however, AMF will not make any 
substantial difference in response to water deficit. To test this hypothesis we grew two 
invasive and two non-invasive perennial grass (Poaceae) species in a growth room in 
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intact or in sterilized field soil, and recorded their photosynthetic and growth responses 
to deficit watering. We chose grass species for this study because they are dominant 
components of grasslands, are strongly associated with AMF and include a number of 
invasive species (Holm et al., 1977; Wang and Qiu, 2006).  

Material and Methods 

Species studied 

Four perennial grass (Poaceae) species representing two categories of invasiveness 
were selected; natural species characteristic in undisturbed vegetation, and aggressive 
colonist species overwhelming the community upon disturbance (hereafter referred to as 
invasive species). One C3 species and one C4 species were included in each group to 
represent the two major photosynthetic pathway types. In a meta-analysis, C4 grasses 
were found to be more responsive to mycorrhizal inoculation than C3 grasses 
(Hoeksema et al., 2010). Danthonia alpina Vest is a natural (sub)dominant C3 grass in 
species-rich xero-mesic grasslands and forest steppe meadows (Illyés and Bölöni, 
2007). The C4 tall bunchgrass Chrysopogon gryllus (L.) Trin. is a natural component of 
xerothermic grasslands, often at the driest microsites (Fekete et al., 1998, 2000). 
Calamagrostis epigejos (L.) Roth is a rhizomatous tall C3 grass, an aggressive weed 
which often appears abundantly and halts succession on forest clearings, abandoned 
agricultural land and in semiarid grasslands (Rebele and Lehmann, 2001; Mihály and 
Demeter, 2003; Illyés and Bölöni, 2007; Somodi et al., 2008; Házi et al., 2011). The C4 
plant Cynodon dactylon (L.) Pers originates from North Africa, but is distributed 
worldwide today and is considered the second most noxious weed in the world (Holm et 
al., 1977). It is a presumed archaeophyte in Hungary (Terpó et al., 1999) and usually 
reaches dominance in warm, open, strongly disturbed habitats (Zólyomi and Fekete, 
1994; Török et al., 2008). These latter two grasses were considered as invasive species 
in this study due to their insignificant presence in undisturbed natural vegetation and 
aggressive expansion upon disturbance, although Calamagrostis epigejos is native to 
Hungary, and Cynodon dactylon has long been part of the flora to be considered as 
naturalized. Biological invasion phenomena, however, are not restricted to alien species 
as native species may also overwhelm new habitats (i.e. native invasive species, Valéry 
et al., 2008, 2009). Hereafter species will be shortly referred to by their genus name. 
AMF symbiosis have been reported for Calamagrostis (Rebele and Lehmann, 2001; 
Rydlová and Vosátka, 2001; Kovács and Szigetvári, 2002), Cynodon (Kovács and 
Szigetvári, 2002; Lingfei et al., 2005) and Chrysopogon (Endresz et al., 2013). 

 
Growth conditions and experimental treatments 

Seeds of each species were collected in the same seminatural semiarid grassland at 
Tard (NE Hungary) between June and September 2007 and stored in paper bags at room 
temperature until the experiment started in February 2008. Seeds were surface sterilized 
in 5% sodium hypochlorite (NaOCl) for 10 min, rinsed with deionized water and 
germinated on sterilized sand in petri dishes under laboratory conditions. To enhance 
germination, dry seeds were first incubated at 5 °C (for one and two weeks for C4 and 
C3 species, respectively), then warm stratified at 30/20 °C day/night temperature for a 
week. Pots (of 1.5 l volume) were filled with the same amount of a 1:1 mixture of 
perlite and sieved soil collected in the plant’s original habitat. (Perlite was added to the 



Endresz et al.: Arbuscular mycorrhiza ameliorates deficit watering for non-invasive grasses 
- 554 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(2): 551-567. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: 10.15666/aeer/1302_551567 

 2015, ALÖKI Kft., Budapest, Hungary 

soil to provide good soil aeration, water regime and a more even distribution of 
nutrients added in pulses.) Five seedlings of the same species were planted in each pot 
and thinned to one plant per pot at 35-42 days after planting (DAP). Plants were grown 
in a growth room receiving natural light augmented by a 1000-W artificial halogen light 
source over a daily photoperiod of 12 h. Mean Photosynthetic Photon Flux Density 
(PPFD) measured right above the grass foliage varied between 440 and 810 μmol 
photon m−2 s−1 in summer, and between 150 and 440 μmol photon m−2 s−1 in spring on 
clear days. Pots were rotated every 2 weeks to minimize the effects of possible 
heterogeneous light distribution on the bench. Air temperature and humidity was 
measured hourly by using an HOBO Pro RH/Temp device (Onset Computers Inc., 
Bourne, MA, USA). Mean air temperature was 23.0±4.0 °C, relative air humidity varied 
between 33 and 58% during the day. Plants were watered regularly (every third day), 
and supplied with mineral nutrients (0.5 ml per pot, 13% N, 4.5% P2O5, 6.5% K2O plus 
micronutrients (percentage in the 0.5 ml solution), Vitaflora, Hungary) at 3-week 
intervals. 

A factorial experiment was set up to test the effects of AMF and water shortage on 
photosynthesis and growth of the plants differing in invasiveness. For the AMF 
treatment, half of the pots were filled with sieved field soil (thus containing the original 
soil microbiota, including AMF), while the other half contained sterilized sieved field 
soil (treatment denoted hereafter as sterile soil). Soils were sterilized (heat pasteurized) 
through several consecutive cycles of heating in a forced ventilation oven at 80 °C for 
six hours and subsequent moist incubation at room temperature for one day. With this 
procedure we aimed at depleting the AMF spore bank in the soil. To examine the 
influence of water shortage, half of the pots received adequate water to keep their soil 
continuously wet, while the other half was watered with the same frequency but by 
adding only one third of the amount of water given to the control each time (deficit 
watering treatment, started at 42-45 DAP). With this reduced water supply our purpose 
was to impose a moderate water stress on plants and thus allow the expression of both 
plant and AMF stress responses. A drastic drought treatment of complete withholding of 
water from the plants might have resulted in the early death of plants. The two factors 
with two levels each resulted in four treatments (control (well watered with AMF 
containing soil), deficit watering; sterile soil and deficit watering+sterile soil). For each 
species, control and sterile soil treatment contained four independent replicates (pots, 
n=4), while deficit watering and deficit watering + sterile soil treatments were replicated 
five times (n=5). 

 
Plant biomass and physiological measurements 

Aboveground parts were harvested at 132-140 DAP and were separated into leaves 
and stems. Roots were carefully washed from the soil with water. Leaves, stems and 
roots were dried to constant weight in an oven at 75 °C and their dry weight was 
measured (LW, SW and RW, respectively). Before drying, for a subsample of leaves, 
leaf area (one sided surface area) was measured by using a LI-COR LI-3000A leaf area 
meter (LI-COR Inc., Lincoln, Nebraska, USA) to a 0.1 cm2 accuracy, and specific leaf 
area (SLA, area of unit leaf dry weight) was determined. Using SLA obtained in this 
way, total leaf area per plant (LA) was calculated from the plant’s leaf dry weight (LW). 
From these data, the following variables were calculated: root weight ratio (RWR, root 
dry weight per unit plant dry weight), stem weight ratio (StWR, stem dry weight per 
unit plant dry weight), leaf weight ratio (LWR, leaf dry weight per unit plant dry 
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weight), and leaf area ratio (LAR, leaf area per unit plant dry weight). To determine 
initial plant weight and leaf area for growth analysis, 4 (well watered treatments) or 5 
(deficit watering treatments) plants per species and AMF treatment were harvested at 
41-44 DAP (right before the water deficit treatment started) and LW, SW, RW and LA 
were measured. For each variable, the average of the 4-5 replicates were used as initial 
value in subsequent calculation of relative growth rate (RGR). 

To assess the plants’ photosynthetic activity, we measured instantaneous leaf gas 
exchange and chlorophyll-a fluorescence at 103-107 DAP on four (well-watered) or five 
(deficit watering) replicates (n=4 or 5). The leaf was incubated under 1000 μmol photon 
m-2 s-1 (i.e. saturating) actinic white light and as readings became steady net 
photosynthetic rate (Pn) and stomatal conductance for water vapor (gs) were recorded. 
The Pn/gs ratio was used as a measure of instantaneous photosynthetic water use 
efficiency (PWUE). These leaf gas exchange variables were calculated based on von 
Caemmerer and Farquhar (1981), and the steady state values were obtained as the mean 
of the last 20 consecutive data points (10 min) of the measurements (following the 
procedure used by Horton and Neufeld (1998) to obtain Pn max). An ADC LCA-4 open 
system infrared gas analyzer with PLC4-B leaf chamber (Analytical Development Co., 
BioScientific Ltd., Hoddesdon, UK) was used for the measurements. Chlorophyll-a 
fluorescence was measured on the same leaf immediately after leaf gas exchange 
measurement. The leaf was allowed to incubate to an 1000 μmol photon m-2 s-1 actinic 
white light and the light-incubated chlorophyll fluorescence parameters were 
determined such as PSII actual photochemical efficiency (ΦPSII), PSII antenna 
efficiency (Fv'/Fm'), photochemical quenching (qP) and non-photochemical quenching 
(NPQ) following Maxwell and Johnson (2000). Then the leaf was dark incubated for at 
least 15 min and the dark-incubated fluorescence parameters (F0, Fm, Fv) were measured 
and the maximum photochemical efficiency of PSII (Fv/Fm) was calculated. A 
Hansatech FMS2 Fluorescence Monitoring System (Hansatech Instruments Ltd., 
Norfolk, England) were used for these measurements. 

Leaf relative water content (RWC) was measured on 5 cm long leaf segments taken 
from the middle of the blade. After cutting, fresh weight (FW) was measured, then the 
leaf segment was allowed to saturate with water in a closed chamber with the basal cut 
end immersed in tap water for 24 hours, after which the saturated weight (SW) was 
determined. Finally, leaves were dried to constant weight at 70 ºC and their dry weight 
(DW) was measured. Relative water content was calculated as ((FW-DW)/(SW-
DW))*100 (%). 

 
Assessment of mycorrhizal colonization 

At the end of the experiment (132-140 DAP) when roots were washed out from the 
soil, a small subsample was taken from the roots of each plant to determine the degree 
of AMF colonization. Samples were stored in 50% ethanol at 5 ºC until examination. 
Roots were cleaned in 10% KOH, and stained with aniline blue according to the 
protocol of Grace and Stribley (1991). From each specimen 30 root segments (of 1-2 cm 
length) were examined and mycorrhizal structures (hyphae, arbuscules, vesicles) were 
determined in stained roots according to the method of Trouvelot et al. (1986). The 
following variables were used to assess the magnitude of AM colonization: frequency 
of root segments (approx. 1-2 cm) in the root system of a single plant where AMF was 
found (F%), intensity of AMF colonization (estimated percentage of AMF in each root 
segment, M%), percentage arbuscule occurrence of the AMF colonized root section 
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(a%), percentage arbuscule occurrence in the whole root (A%), percentage vesicle 
occurrence of the AMF colonized root section (v%), percentage vesicle occurrence of 
the whole root (V%). 

 
Statistical analyses 

For each measure of plant performance, two-way ANOVA with water supply and 
soil sterilization as fixed main effects were used. Means were compared by using the 
Sidak post hoc test. Two sample t-tests – with Welch’s correction if sample variances 
differed – were used for the comparison of mycorrhizal colonization of roots in well-
watered versus deficit irrigation treated field soil. The significance level was set to 
p<0.05. For each test, the Graphpad Prism v.6.01 package (Graphpad Software, La 
Jolla, CA) was used. 

Results 

Mycorrhizal colonization of roots 

Soil sterilization was effective for each species as no mycorrhizal structures (hyphae, 
arbuscules or vesicles) were observed in the roots of plants growing in sterilized soil 
(data not shown). Plants reared in intact (non-sterilized) field soil were all colonized by 
AMF with frequency of roots having AMF (F%) ranging between 47% and 91% (Table 

1). Arbuscules were common in roots, while vesicles were extremely rare. Compared to 
well-watered control, deficit watering had no influence on AMF colonization of roots 
except for Chrysopogon where intensity of colonization (M%) and percentage arbuscule 
occurrence in the whole root (A%) were more than twice as high under deficit watering 
than in the control (Table 1). 

 
Table 1. Measures of mycorrhizal colonization of roots grown in intact (non-sterilized) field 

soil in deficit watering treatment (D) and in well-watered control (C). For each trait and 

species, different letters in superscript indicate significant difference between deficit 

watering treatment and control. a% – percentage arbuscule occurrence of the AMF 

colonized root section; A%: – percentage arbuscule occurrence in the whole root; F% – 

frequency of root segments with AMF colonization; M% – intensity of AMF colonization; v% 

– percentage vesicle occurrence of the AMF colonized root section; V% – percentage vesicle 

occurrence of the whole root. 

 Non-invasive species Invasive species 

 Danthonia Chrysopogon Calamagrostis Cynodon 

Watering C D C D C D C D 

F% 86.7a
 76.7a

 81.7a
 91.3a

 75.8a
 75.3a

 60.0a
 46.7a

 

M% 43.6a
 37.1a

 23.0a
 49.9b

 25.4a
 24.0a

 12.3a
 9.2a

 

a% 83.3a
 85.8a

 56.1a
 70.5a

 65.5a
 62.8a

 46.1a
 56.0a

 

A% 37.4a
 32.7a

 12.8a
 35.7b

 19.2a
 17.4a

 7.4a
 5.9a

 

v% 0.7a
 0.0a

 1.7a
 6.3a

 0.2a
 0.6a

 1.8a
 0.2a

 

V% 0.3a
 0.0a

 0.5a
 3.1a

 0.1a
 0.1a

 0.1a
 0.0a
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Plant biomass and growth 

Both deficit watering and soil sterilization treatment alone, as well as their 
combination decreased biomass accumulation, but the two species groups and the 
individual species did not respond uniformly to these (Tables 2 and 3). For non-invasive 
species, the reduction of leaf, stem, shoot (leaf + stem) and total plant masses in 
response to soil sterilization was similar (Danthonia) or even greater (Chrysopogon) 
than in response to the imposed water shortage (between 30% and 77%, Figure 1). Root 
weight declined with deficit watering for Danthonia, while for Chrysopogon it 
decreased in response to soil sterilization. When water shortage was imposed on plants 
growing in sterilized soil their biomass was reduced to 27-33% of that achieved under 
deficit watering in original field soil (except for root and total plant weight of 
Danthonia, Figure 1). The response of the invasive grasses was different. Plant biomass 
and its components decreased in response to deficit irrigation alone, while soil 
sterilization alone either did not change biomass compared to control (Calamagrostis) 
or even increased it (root and plant weight for Cynodon, Figure 1). In the combined 
treatment – when plants were subjected to deficit watering in sterilized soil – biomass 
accumulation was not smaller (for root weight of Cynodon it was even greater) than that 
achieved in response to deficit watering treatment in intact field soil (Figure 1). 
Compared to control, relative growth rate (RGR) was reduced with water deficit, sterile 
soil, and combined water deficit + sterile soil treatments at an increasing extent in this 
order for the non-invasive Danthonia and Chrysopogon (Table 3). For the invasive 
species, sterile soil alone did not decrease RGR, while the reduction brought about by 
water shortage was not greater for plants grown in sterile than in intact soil (Table 3). 
 

Figure 1. Root, stem, leaf and total plant biomass values for plants subjected to water deficit 

and/or soil sterilization treatments. Mean values ± 1 SE. 
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Table 2. Results of two-way ANOVA of plant biomass and growth data. Effects are deficit 

watering (D), soil sterilization (S) and their interaction (DxS). Significant (p<0.05) effects 

are in bold typeface. Abbreviations: RWR – root weight ratio, SWR – shoot weight ratio, 

StWR – stem weight ratio, LWR – leaf weight ratio, LAR – leaf area ratio, RGR – relative 

growth rate. 

  Non-invasive species Invasive species 

  Danthonia Chrysopogon Calamagrostis Cynodon 

 Effect F p F p F p F p 

Plant weight D 43.5 <0.0001 6.3 0.0248 17.4 0.0009 37.7 <0.0001 
S 13.9 0.0022 30.0 <0.0001 3.0 0.1076 8.8 0.0103 

DxS 0.8 0.3829 1.1 0.3069 1.3 0.2823 0.7 0.4156 

Root weight D 40.2 <0.0001 8.3 0.0127 8.1 0.013 33.2 <0.0001 

S <0.01 0.9932 18.4 0.0007 2.4 0.145 32.2 <0.0001 

DxS 0.6 0.4420 0.2 0.6406 1.2 0.2893 3.4 0.0883 
Stem weight D 0.04 0.8519 0.9 0.3533 25.6 0.0002 11.2 0.0048 

S 34.8 <0.0001 34.4 <0.0001 5.6 0.0327 1.1 0.3148 

DxS 7.7 0.0148 0.7 0.4177 0.01 0.9153 0.2 0.6359 
Leaf weight D 23.9 0.0002 9.1 0.0092 52.6 <0.0001 21.5 0.0004 

S 49.7 <0.0001 59.7 <0.0001 2.0 0.1756 5.9 0.0287 

DxS 0.7 0.4048 3.6 0.0783 1.4 0.2593 1.3 0.2794 
Shoot weight D 19.7 0.0006 3.7 0.0737 63.7 <0.0001 19.2 0.0006 

S 47.7 <0.0001 47.8 <0.0001 4.2 0.061 2.7 0.1214 

DxS 0.5 0.4969 1.8 0.1983 1.0 0.3449 0.6 0.4578 

RWR D 3.1 0.0985 2.4 0.1467 6.0 0.0277 2.7 0.1217 

S 51.4 <0.0001 4.3 0.0568 0.3 0.6158 63.5 <0.0001 

DxS 5.4 0.0353 0.9 0.3671 1.2 0.2845 0.01 0.906 

SWR D 3.1 0.0985 1.3 0.2778 6.1 0.0271 2.7 0.1203 

S 51.4 <0.0001 12.6 0.0032 0.2 0.6411 63.1 <0.0001 

DxS 5.4 0.0353 0.1 0.7387 1.3 0.2807 0.02 0.9006 

StWR D 4.0 0.0649 1.7 0.2144 0.1 0.7469 2.2 0.1628 

S 17.1 0.001 12.0 0.0038 0.3 0.5697 34.0 <0.0001 

DxS 2.9 0.1095 0.04 0.8404 1.7 0.2152 0.01 0.9157 

LWR D 2.1 0.1739 0.3 0.6257 21.8 0.0004 0.3 0.6094 

S 70.2 <0.0001 5.7 0.0317 3.0 0.1034 18.3 0.0008 

DxS 6.2 0.0260 0.9 0.3642 0.4 0.5354 0.1 0.7276 

Leaf Area D 25.9 0.0002 13.2 0.0027 66.3 <0.0001 26.5 0.0001 

S 53.8 <0.0001 88.1 <0.0001 14.7 0.0018 17.5 0.0009 

DxS 1.2 0.2855 9.9 0.007 10.8 0.0055 3.0 0.1039 

LAR D 0.6 0.4701 0.3 0.5927 32.5 <0.0001 0.1 0.7534 

S 82.7 <0.0001 13.1 0.0028 7.4 0.0166 30.7 <0.0001 

DxS 5.2 0.0395 4.3 0.0566 8.7 0.0104 0.3 0.587 

RGR D 60.6 <0.0001 6.2 0.0256 17.4 0.0009 37.7 <0.0001 

S 144.1 <0.0001 29.9 <0.0001 3.0 0.1076 8.8 0.0103 

DxS 13.7 0.0024 1.1 0.3112 1.3 0,2824 0.7 0.4156 

 

Treatment responses in biomass proportions were less conspicuous. When grown in 
sterilized soil – irrespective of water supply – Danthonia and Cynodon displayed higher 
RWR and lower StWR and LWR compared to that achieved in field soil (Table 3). For 
Chrysopogon StWR was lower in sterile soil than under deficit watering in field soil. 
Water shortage alone decreased RWR and increased StWR and LWR for Danthonia, 
and decreased LWR for Calamagrostis (Table 3). Compared to control, the non- 
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Table 3. Biomass allocation ratios and leaf area for plants subjected to water deficit and/or 

soil sterilization treatments. Mean values ± 1 SE. For each trait and species, means with the 

same letter in superscript are not significantly different between the two watering treatments. 

An asterisk indicates if the soil sterilization had significant effect for a given trait. A – 

adequate, D – deficit, further abbreviations as in Table 2. 

  Non-invasive species Invasive species 

  Danthonia Chrysopogon Calamagrostis Cynodon 

 Watering  A  D  A  D  A  D  A  D 

RWR (g g-1)               

 Intact 
* 

0.49a 
* 

0.35b  0.56a  0.53a  0.65a  0.67a 

* 
0.43a 

* 
0.38a 

Sterilized 0.65A 0.67A  0.75A  0.6A  0.62A  0.69B 0.67A 0.61A 

SWR (g g-1)                

 Intact 
* 

0.51a 
* 

0.65b 
* 

0.44a  0.47a  0.35a  0.33a 

* 
0.57a 

* 
0.62a 

Sterilized 0.35A 0.33A 0.25A  0.32A  0.38A  0.31B 0.34A 0.39A 

StWR (g g-1)                

 Intact  0.11a 
* 

0.16b  0.20a 

* 
0.25a  0.09a  0.10a 

* 
0.4a 

* 
0.44a 

Sterilized 0.08A 0.08A  0.09A 0.13A  0.1A  0.08A 0.25A 0.28A 

LWR (g g-1)                

 Intact 
* 

0.4a 
* 

0.48b  0.24a  0.23a  0.26a  0.23b 

* 
0.18a 

* 
0.18a 

Sterilized 0.27A 0.25A  0.16A  0.19A  0.29A  0.24B 0.09A 0.11A 

Leaf area (m2)               

 Intact 
* 

0.032a 
* 

0.019b 
* 

0.042a 

* 
0.023b 

* 
0.059a  0.025b 

* 
0.042a  0.021b 

Sterilized 0.014A 0.006B 0.007A 0.006A 0.038A  0.024B 0.024A  0.013A 

LAR (m2 kg-1)                

 Intact 
* 

7.96a 
* 

9.27a 
* 

6.91a  5.91a 

* 
7.32a  5.42b 

* 
6.73a 

* 
6.16a 

Sterilized 4.99A 4.33A 3.19A  4.9A 6.08A  5.48A 2.75A 2.9A 

RGR (g g-1 day-1)               

 Intact 
* 

2.48a 
* 

1.26b 
* 

2.45a 

* 
1.59b  5.26a  3.13b 

* 
3.11a  1.62b 

Sterilized 0.81A 0.37B 0.86A 0.51A  4.12A  2.88A 4.17A  2.22B 

 

invasive Danthonia and Chrysopogon underwent more marked reduction in total plant 
foliage area than the two invasive species (56-83% versus 36-43%) when grown in 
sterile soil, and this was most marked when both soil sterilization and deficit irrigation 
were applied (although for Chrysopogon soil sterilization alone was sufficient to elicit 
the strongest response, Table 3). For the invasive Calamagrostis and Cynodon total leaf 
area was similar in deficit watering treatments irrespective of soil microbial status 
(intact or sterilized), while for the non-invasive Danthonia and Chrysopogon total leaf 
area declined due to soil sterilization (Table 3). Soil sterilization resulted in lower LAR 
for Danthonia and Cynodon, but only under adequate water supply for Calamagrostis 
and Chrysopogon. For Calamagrostis, deficit irrigation in itself resulted in a LAR 
decline similar to that achieved in sterilized soil (Table 3). 

 
Photosynthetic activity and water status 

Moderate treatment responses were observed in instantaneous photosynthetic activity 
(Table 4). A decline of 17-26% in Pn and of 43-44% in gs appeared for Danthonia under  
deficit watering in both intact and sterilized soil, which resulted in a 33% improvement 
of PWUE in intact soil (Table 5). Actual photochemical efficiency of PSII (ΦPSII) and  
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Table 4. Results of two-way ANOVA of plant physiological data. Effects are deficit watering 

(D), soil sterilization (S) and their interaction (DxS). Significant (p<0.05) effects are 

indicated in bold typeface. Abbreviations: Pn – net photosynthetic rate, gs – stomatal 

conductance for water vapor, PWUE – instantaneous photosynthetic water use efficiency, 

Fv/Fm – maximum photochemical efficiency of PSII, Fv’/Fm’ – efficiency of PSII antennae, 

ΦPSII – actual photochemical efficiency of PSII, qP – photochemical quenching, NPQ – 

non-photochemical quenching, RWC – relative water content. 

  Non-invasive species Invasive species 

  Danthonia Chrysopogon Calamagrostis Cynodon 

 Effect F p F p F p F p 

Pn D 19.6 0.0006 0.3 0.5915 0.8 0.3844 0.1 0.7146 

 S 14.7 0.0018 0.9 0.3530 0.6 0.4688 7.9 0.0138 

 DxS  0.3 0.6040 0.02 0.8767 1.5 0.2437 0.01 0.9143 

gs D 21.0 0.0004 0.03 0.8572 0.2 0.6408 0.3 0.6168 

 S 3.1 0.0993 0.06 0.8065 1.4 0.2554 0.5 0.4834 

 DxS 0.5 0.4814 2.4 0.1416 0.5 0.5148 1.1 0.3128 

PWUE D 14.0 0.0022 0.3 0.6120 <0.01 0.9893 0.02 0.8950 

 S 0.5 0.5067 0.1 0.7264 0.8 0.3866 4.8 0.0466 

 DxS 0.6 0.4725 1.0 0.3335 0.4 0.5568 0.1 0.7992 

Fv/Fm D 12.0 0.0038 <0.01 0.966 2.8 0.1183 1.7 0.2099 

 S 4.8 0.0468 3.2 0.0969 1.1 0.3208 0.2 0.6511 

 DxS 1.3 0.2832 0.9 0.3543 <0.01 0.9448 0.01 0.9097 

Fv’/Fm’ D 2.1 0.1714 0.3 0.5797 0.3 0.5918 3.0 0.1032 

 S 1.7 0.2096 1.1 0.3059 0.2 0.6998 <0.01 0.9626 

 DxS 0.2 0.6352 11.2 0.0048 1.5 0.2469 1.7 0.2154 

ϕPSII D 0.5 0.5076 <0.01 0.9990 0.3 0.6072 0.2 0.6375 

 S 11.2 0.0048 0.6 0.4535 0.4 0.5169 2.8 0.1138 

 DxS 0.7 0.4156 3. 8 0.0722 0.2 0.6516 <0.01 0.9905 

qP D 0.02 0.8959 0.01 0.9427 <0.01 0.9442 0.1 0.7132 

 S 9.7 0.0077 1.1 0.3207 0.6 0.4646 3.1 0.1026 

 DxS 1.2 0.2884 1.3 0.2716 0.7 0.4068 0.4 0.5264 

NPQ D 0.1 0.7886 3.6 0.0775 0.01 0.9365 3.2 0.0967 
 S 0.3 0.6005 0.5 0.5039 0.2 0.6350 0.6 0.4369 
 DxS 0.2 0.7003 0.6 0.5116 0.1 0.7561 1.6 0.2291 

RWC D 203.4 <0.0001 120.6 <0.0001 2.5 0.1332 0.9 0.3673 
 S 18.5 0.0007 4.3 0.0565 3.4 0.0872 3.5 0.0816 
 DxS 4.7 0.0476 2.3 0.1505 <0.01 0.9711 2.5 0.1373 

 
 
photochemical quenching (qP) declined for Danthonia in the soil sterilization treatment, 
while for Chrysopogon PSII antenna efficiency (Fv’/Fm’) reduced in response to soil 
sterilization or water deficit treatment alone. No treatment effect on leaf gas exchange 
and photochemistry appeared for either of the two invasive species (Table 5). Water 
shortage decreased leaf relative water content to a greater degree in sterilized than in 
intact soil for Danthonia and Chrysopogon, while caused no significant change under 
both watering treatments for Calamagrostis and Cynodon (Table 5). 
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Table 5. Physiological traits for plants subjected to water deficit and/or soil sterilization 

treatments. Mean values ± 1 SE. For each trait and species, averages with the same letter in 

superscript are not significantly different between the two watering treatments. An asterisk 

indicates if the soil sterilization had significant effect for a given trait. A – adequate, D – 

deficit, further abbreviations as in Table 4. 

  Non-invasive species Invasive species 

  Danthonia Chrysopogon Calamagrostis Cynodon 

 Watering  A  D  A  D  A  D  A  D 

Pn (μmol CO2 m
-2 s-1)               

 
Intact 

 
15.5a 

* 
12.8b 

 
13.7a 

 
14.5a  7.4a  7.7a 

 
17.8a  18.2a 

Sterilized 13.2A 9.8B 11.3A 12.8A  7.8A  5.7A 12.8A  13.7A 

gs (mol H2O m-2 s-1)               

 Intact  0.29a  0.16b 

 
0.09a 

 
0.05a  0.14a  0.14a 

 
0.10a 

 
0.07a 

Sterilized  0.23A  0.13B 0.05A 0.08A  0.12A  0.10A 0.09A 0.10A 

PWUE (mmol CO2 mol-1 H2O)           

 Intact 
 

0.06a 

 
0.08b 

 
0.21a 

 
0.30a  0.06a  0.06a  0.25a  0.27a 

Sterilized 0.06A 0.08A 0.29A 0.26A  0.07A  0.06A  0.15A  0.15A 

Fv/Fm               

 Intact 
 

0.85a 

 
0.81a 

 
0.83a 

 
0.81a  0.82a  0.79a  0.79a  0.81a 

Sterilized 0.83A 0.76B 0.77A 0.79A  0.80A  0.77A  0.79A  0.80A 

Fv’/Fm’                 

 Intact 
 

0.56a 

 
0.54a 

* 
0.49a 

 
0.43b  0.44a  0.46a  0.46a  0.47a 

Sterilized 0.54A 0.50A 0.43A 0.47A  0.47A  0.52A  0.44A  0.49A 

ϕPSII                 

 Intact 
* 

0.27a 

 
0.24a  0.15a  0.11a  0.13a  0.14a 

 
0.20a 

 
0.21a 

Sterilized 0.18A 0.18A  0.13A  0.17A  0.13A  0.13A 0.18A 0.18A 

qP                 

 Intact 
* 

0.48a 

 
0.43a 

 
0.31a  0.27a  0.29a  0.31a 

 
0.43a 

 
0.44a 

Sterilized 0.32A 0.36A 0.31A  0.36A  0.27A  0.30A 0.40A 0.37A 

NPQ                 

 Intact 
 

2.22a 

 
2.26a  3.36a 

 
2.54a  3.00a  2.92a 

 
3.06a 

 
2.53a 

Sterilized 2.48A 2.30A  2.93A 2.54A  3.04A  3.16A 2.70A 2.61A 

RWC (%)                 

 Intact 
 

95.3a 

* 
82.1b 

 
98.2a 

* 
91.9b  96.5a  94.2a 

 
99.1a 

* 
99.2a 

Sterilized 93.0A 75.1B 97.8A 89.4B  93.8A  91.6A 99.0A 97.3A 



Endresz et al.: Arbuscular mycorrhiza ameliorates deficit watering for non-invasive grasses 
- 562 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(2): 551-567. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: 10.15666/aeer/1302_551567 

 2015, ALÖKI Kft., Budapest, Hungary 

Discussion 

Our results support the hypothesis that invasive species do not benefit from AMF 
association in alleviation of the effects of water shortage, while non-invasive resident 
species do. Under water deficit the non-invasive Danthonia and Chrysopogon 
performed markedly better in almost all measures of growth (root, leaf, stem and total 
plant biomass, and RGR, except for root and total plant biomass of Danthonia) when 
grown in intact soil containing native AMF community than in sterilized field soil. In 
contrast, the invasive Calamagrostis and Cynodon displayed no difference in growth 
rate and biomass accumulation between intact and sterilized soil when subject to water 
deficit (except for the increase in root mass of Cynodon in sterile soil). Furthermore, 
when plants were grown well watered but deprived of AMF symbionts, both Danthonia 
and Chrysopogon achieved weaker growth than in AMF containing soil at adequate 
watering, while neither Calamagrostis nor Cynodon displayed any reduction (root 
weight even increased for Cynodon). These results indicate that these two native grass 
species are strongly dependent on their AMF symbionts, which help them to overcome 
water deficit and reach greater biomass under non-limiting conditions. The two invasive 
grasses, however, do not appear to benefit from the symbiosis to such a degree, pointing 
to their less dependence on AMF association. This limited dependence of 
Calamagrostis and Cynodon on AMF might contribute to their success in habitats with 
frequent soil disturbance (Zólyomi and Fekete, 1994; Rebele and Lehmann, 2001). In 
line with our results, the alien C. dactylon was the single warm-season perennial species 
unresponsive in biomass accumulation to mycorrhizal colonization among numerous 
prairie grasses and forbs showing positive response to AMF (Wilson and Hartnett, 
1998). Similarly, C. epigejos showed poor mycorrhizal colonization on coal mine spoil 
banks and moderate growth response to mycorrhizal infection in a pot experiment 
(Rydlová and Vosátka, 2001). Our earlier field study (Endresz et al., 2013) also 
suggested that the invasive Calamagrostis and Cynodon are not dependent on AMF 
symbionts, while the non-invasive Chrysopogon is (Danthonia was not examined then). 
In a semiarid steppe, Calamagrostis and Cynodon consistently displayed a lower degree 
of AMF colonization than resident grasses, including Chrysopogon, and the native 
bunchgrasses Festuca vaginata and Stipa borysthenica attained lower degree of AMF 
infection in stands invaded by Calamagrostis or Cynodon than in intact community 
(Endresz et al., 2013). Since in the same study we found Calamagrostis to have higher 
degree of AMF infection in nutrient poor sand grassland than in humus rich loess 
grassland, and others (Kovács and Szigetvári, 2002; Lingfei et al., 2005) reported 
intense AMF colonization for Cynodon, these two invasive species can be considered as 
facultative mycorrhizal plants. 

Vogelsang et al., (2004) and Vogelsang and Bever (2009) experimentally showed a 
decreased dependence on AMF association for naturalized alien than for native species 
mostly from the Asteraceae and Poaceae families in the southern Californian flora. In 
another study, native and exotic species from a nutrient poor sage scrub ecosystem were 
compared in a nitrogen addition experiment, and native species displayed weaker 
growth on sterilized than on unsterilized soil, while for exotic species the presence or 
absence of soil microbiota did not make any difference (Bozzolo and Lipson, 2013). 
Weaker dependence of invasive species on beneficial soil microbes can be an inherent 
trait of the plant or may be the result of fast evolution after introduction in the new 
habitat. Seifert et al., (2009) showed a rapid evolution of reduced mycorrhizal 
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dependence during invasion for the European perennial forb Hypericum perforatum in 
North America. 

In the experiment reported here, treatments elicited moderate changes in proportional 
biomass allocation. Two species – Danthonia and Cynodon – showed clear 
compensatory response in allocation to roots when grown without soil microbiota in 
sterilized soil under both adequate and deficit water supply. This is in line with the 
mycorrhizal dependent character of Danthonia, but is completely unexpected for 
Cynodon evinced to be a non-dependent facultative mycorrhizal species. Leaf area ratio 
declined in the absence of soil microbiota not only for the AMF dependent Danthonia 
and Chrysopogon, but also for the non-dependent Calamagrostis and Cynodon. Further 
research is needed to clarify these incongruities. Slight treatment effects appeared in 
photosynthetic activity and for the two non-invasive species only, where water deficit, 
soil sterilization or the combination of these were associated with reduced 
photosynthetic performance. A possible explanation for the moderate changes can be 
that responses in instantaneous plant performance (leaf gas exchange, chlorophyll 
fluorescence) were slight, but cumulative measures (biomass accumulation, leaf area) 
detect more sensitively subtle differences. In a similar experiment, Zhu et al. (2012) 
observed higher chlorophyll content and improved photochemistry for mycorrhizal than 
for non-mycorrhizal maize plants under water shortage. 

For both invasive and non-invasive categories, the C3 and the C4 species behaved 
remarkably similarly in spite of their different physiology and field phenology. This 
suggests that photosynthetic pathway type has minor role in influencing plant 
dependence on AMF symbiosis, but our results obtained for two C3 and two C4 species 
only does not allow making generalizations. In a comparison involving a much greater 
number of species, Hoeksema et al. (2010) found C4 grasses to respond more positively 
to mycorrhizal inoculation than C3 grasses did. 

In conclusion, the reduction in plant growth and assimilation in response to deficit 
watering was smaller on AMF containing soil than on sterilized soil for the resident 
non-invasive Chrysopogon and Danthonia, while no such difference was detected for 
the invasive Calamagrostis and Cynodon. The observed responses were more obvious 
from cumulated measures of plant growth than from instantaneous photosynthetic 
performance. Even when well-watered, resident species reached greater biomass with 
their AMF symbionts than without them, while invasive species showed no difference. 
These results emphasize the importance of soil AMF community in plant responses to 
water shortage for natural, but less for invasive grass species. Nevertheless, the research 
reported here has several inherent limitations that call for further studies. The findings 
of the experiment conducted in a growth room should be validated under real field 
conditions. The applied soil sterilization might have removed not only AMF, but other 
members of the soil microbiota (e.g. bacteria, other fungi), which might have influenced 
plant responses as well. Finally, the hypothesis should be tested on a much higher 
number of species. As summers are expected to become warmer and drier with climate 
change in this semiarid temperate region (Bartholy et al., 2007), biotic interactions with 
beneficial soil microorganisms will be particularly needed for the resistance of natural 
grasslands against the spread of invasive plants. Thus, any sort of anthropogenic 
disturbance that has the potential of damaging the soil microbiota should be avoided in 
these grasslands, and probably in other ecosystems as well. 
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Abstract. Ecological Integrity is one of the main scientific measures in the comprehensive assessment of 
ecosystems. The purpose of this study was to: (a) find a way to depict the disturbance gradient of our case 
study in northern Iran (b) develop an index of biotic integrity; (c) finally provide a baseline for assessing 
ecological integrity. Analytical metrics of spatial composition and configuration were applied to identify 
the disturbance gradient. Estimating of these metrics helped to define three levels of disturbance using the 
Ward's method of clustering analysis.  A quantitative index of integrity was constructed, using three types 
of bird guilds including structural, functional and compositional .Results showed the range of integrity 
index at Miankaleh Peninsula was a value from 26 to 68. Statistical analysis including One-Way ANOVA 
and Pearson Correlation and paired sample t-test were conducted to investigate the validity and reliability 
of the Index. Findings of this research showed that biotic integrity in parts of the Miankaleh Peninsula 
was far from its intact condition. Developed index of biological integrity in this research can help to 
assess effects of the disturbance factors on the natural ecosystem of Miankaleh to prioritize the best 
management actions for restoring of this ecosystem. 
Keywords: statistical examination, disturbance gradient, intact condition 

Introduction 

The concept of integrity has many applications and has become a main scientific 
measure in the comprehensive assessment and monitoring of ecological systems. Karr 
and Dudley (1981) defined ecological integrity  as “ the capability of supporting and 
maintaining a balanced, integrated, adaptive community of organisms having a species 
composition, diversity, and functional organization comparable to that of natural habitat 
of the region”. This definition has been adopted by many authors including Andreason 
(2001), Bedoya (2009), Diffendorfer (2007) and Glennon (2005). 

Indices of biotic integrity ideally compare a present ecological condition to a pristine 
reference point (Miller, 2006). Several studies have developed indices of integrity for 
aquatic and arid ecosystems (Angermeier and Davideanu, 2004; Borja et al., 2009; Karr 
and Chu, 1999; Rothrock et al., 2003; Solimini et al., 2008). Related indices have been 
developed for shrub-lands and steppe areas (Karr and Chu,1999; Kimberling et al., 
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2001), rangelands and grasslands (Borges et al., 2000; Bradford et al., 1998; Browder et 
al., 2002; Taft et al., 2006), and forests (Brooks et al., 1998;Cardoso et al., 2007; 
Glennon and Porter, 2005; Majer and Beeston, 1996 and O’Connell et al., 2000). 

Unfortunately, in many regions of Earth, the lack of historical ecological information 
is a strong impediment to adoption of ecological integrity as a management principle. 
Due to scarcity of historical data, various biological variables have been used in 
assessing the integrity of arid ecosystems. (Bradford et al., 1998; Brooks et al., 1998 
and O’Connell et al., 2000). Selecting an appropriate biological index is thus extremely 
important in the analysis of integrity that can be evaluated from different perspectives. 
Considering habitat as the perspective of integrity (Woodley, 1993), one should select 
indicator species that are dependent on the habitat structure in relation to the disturbance 
factors in the region under study. Since it is not possible in theory and in practice to find 
two species with the same ecological niche, selecting a single species to represent biotic 
integrity can have deficiencies. (Cairns and Van der Shalie, 1980; Carignan, 2001; 
Franklin, 1993; Lambeck, 1997; Rapport, 1990 and Walker, 1995). Thus many scholars 
have stressed considering higher organizational levels such as ecosystem landscape 
(Dyer and Holland, 1991; Franklin, 1993; Gosselink et al., 1990; Hobbs, 1994; Noss, 
1983; Noss, 1987). 

 Functional groups are associations of organisms that have similar competition 
interactions, habitat requirements and evolutional history (Andersen, 1995).When a 
disturbance factor causes a considerable change in ecosystem structure, functional 
groups provide an appropriate framework for assessing the response of the community 
to that disturbance factor (Hoffman and Anderson, 2003). 

Generally birds are appropriate for constructing indices for assessing integrity 
(Blair, 1996; Cody, 1981; Croonquist and Brooks, 1991; Dearborn et al., 2001; 
Donovan et al., 1995 and Freemark and Collins, 1992). Birds’ state in an ecosystem 
can explain the structural, functional and compositional structure of the ecological 
system (O’Connell, 2000). 

These three adequately represent the integrity condition of an ecological system 
(Carignan and Villard, 2001; Karr, 1981; Noss, 1987 and Muller, 2005). Bird guilds 
have a significant relation with disturbance factors and can be an effective index of 
habitat disturbance (Blair, 1996; Cody, 1981; Croonquist and Brooks, 1991; Dearborn 
et al., 2001 and Donovan et al., 1995).  

In addition to various studies above on developing an Index of Biotic Integrity (IBI), 
there are specific reasons for us to continue this work in the Miankaleh peninsula of 
Iran. The purpose of this study was to: (a)depicting the disturbance gradient in the study 
area(b) develop an appropriate quantitative index of integrity (c) assess changes happen 
to the developed index of integrity during a gradient of disturbance, (d) finally assessing 
ecological integrity of Miankaleh peninsula. 

Materials and Methods 

The Miankaleh peninsula (12228 ha, 53 02 – 53 25 longitude and 36 55-36 48 
latitude), portion of the Miankaleh Biosphere Reserve in the south-east extremity of the 
Caspian Sea in North of Iran is the study area. The Peninsula is a relatively flat, 
elongate sand dune separating Gorgan Bay from the Caspian Sea. The mean annual 
precipitation is 600-700 mm. Precipitation quickly penetrates the soils so that there are 
no watercourses in the study area.   It has humid and mild climate. The peninsula’s 
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vegetation is composed of three major formations; shrub, heath, and grassland. The 
shrub Formation is dominated by pomegranate (Punica granatum); the main species of 
heaths is Rubus persicus, Juncus spp. and several annual grasses cover the area between 
shrubs, especially in spring and early autumn (DOE, 2002). 

The importance of Miankaleh region derives from the wintering of many rare species 
of migrant birds and the breeding of native and resident bird species in summer. 

A variety of natural and anthropogenic factors are forcing Miankaleh in ways that 
in some parts have moved it far from its pristine integrity. Overgrazing in shrub-lands 
is the major disturbance factor that has decreased shrubs' density in the study area 
(DOE, 2007). 

With the goal of assessing ecological integrity, one may determine the relationships 
between current biological state of integrity indices and the degree of disturbance in the 
study area. Considering over-grazing as the main disturbance factor in Miankaleh and 
also the importance of shrub-lands from habitat point of view in this area, the changes in 
this vegetation cover were considered as the key attribute for developing the gradient of 
disturbance in the study area. To determine disturbance gradients, we required sampling 
sites ranging from intact natural environments to disturbed ones. Determining the 
natural condition of the shrub-lands, we constructed land cover maps that could show 
the past vegetation, using digital image classification. The best available data were 
Landsat TM5 with 30-meter resolution, with the earliest proper images from 1985. 
Moreover, land cover maps of current condition of the ecosystem were constructed 
using Images of Landsat TM5 from 2010. A supervised classification was conducted in 
ENVI 3.00 program using maximum likelihood estimation. Different classes of land 
cover maps were defined using classes in the master land-use map prepared by Ministry 
of Forest and Natural Resources of Iran (DOE, 1988). Both of these land cover maps 
were ground truthed using land use map of 1988 and data of ground truth sampling of 
2010, respectively. Two land cover maps of 1985 and 2010 were created with an overall 
accuracy of 80% and 85.5% respectively. Table 1 shows different classes of land cover 
maps of 1985 and 2010. 

 

Table 1. Different classes of Land cover Maps of 1985 and 2010 

Land Cover classes of 1985 Land cover classes of 2010 

Dense shrub-lands (Density of 
shrubs more than 50%) 

Dense shrub-lands (Density of shrubs 
more than 50%) 

Rangeland 
Low Dense shrub-lands (Density of 

trees less than 50%) 

Wetland Vegetation Rangeland 

Agricultural land Wetland Vegetation 

Bare Area Agricultural land 

Water Bare Area 

--- Water 
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Intersecting the land cover maps of 1985 and 2010 in ArcGIS and employing field 
reconnaissance, sampling sites were chosen through the study area. 

Regarding density; the amount of tree material per unit area; of the shrub coverage as 
a measure of change monitoring, intersecting of the two land cover maps showed the 
amount of change in dense shrubs over time. Bearing in mind the goal of this research, 
the focus was directed to changes in areas of dense shrubs. The areas in which there 
have been dense shrubs at both times are regarded as showing intact or normal 
conditions. Parts of mentioned areas have been zoned as core areas in Miankaleh 
biosphere reserve (DOE, 2007), and this also supports the contention that these areas 
almost are in the intact condition. Looking at the changed areas in intersected land cover 
maps, some parts of dense shrubs with a density of more than 50% that have changed to 
shrub-lands with a density of  less than 50% and the parts that changed to bare areas 
were considered, respectively, as second and third categories that have changed from 
their intact conditions. 

Eight1000-meters transects from north to south were laid randomly along the 
peninsula considering a category of high density shrub-land, moderate density shrub-
land and bare area. 

Diverse variables along each transect should be compared in order to distinguish a 
significant level of disturbance gradients. Since the available ecological data of the 
current condition of the ecosystem are not adequate to discern ecological state in area 
surrounding each transect, there was a need of indicators to distinguish and quantify 
disturbance degree in the areas surrounding each transect. For this, in Arc Map a 
polygon of 2000-meter diameter was depicted around each transect. 

 Hence, the landscape metrics of spatial composition and configuration inside each 
polygon were applied as variables in the recognition and analysis of disturbance 
gradient. Table 2 shows the list of landscape metrics used for estimating the disturbance 
gradient. 

 
Table 2. Landscape Metrics used for Estimating Disturbance Gradient 

Metric Application 

Class Area (CA) 
Characterizing how much of the landscape is comprised of 

a particular patch type Percentage of Landscape(PLAND) 

Area- Mean Patch Size (AREA_MN) Measuring Patch Area Distribution using  Mean  Area 

Aggregation Index (AI) Presents the Percentage of relative aggregation of each 
class 

Percentage of Like 

adjacencies(PLADJ) 
Measures the degree of aggregation of the patch type 

SPLIT Shows level of patchiness in a class 

COHESION A measure of Connectivity of different patches of a    class 

 
 
The two land cover maps served as the input for quantifying the landscape structure 

inside the borders of polygons based on the following steps: 

 Generating  grid files from land cover maps and exporting in to FRAGSTAT 
program 
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 Parameterization of the selected metrics in FRAGSTAT program(UMass) 

 Estimation of landscape metrics inside the polygons by running the 
FRAGSTAT program 
 

Regarding the research goal, among the great number of metrics related to different 
classes in each depicted polygon, we considered the metrics that show the changes in 
shrub-lands and patches of bare areas in polygons surrounding each transect. 

Any decline in the extent, accumulation and aggregation of shrub-land patches or any 
growth and spread of bare areas served to quantify disturbance in sampling sites. 

Hierarchical Cluster analysis was conducted using Ward's Method in SAS statistical 
program to discern analogous transects from the point of view of disturbance. 
Landscape quantitative metrics were considered as clustering variables. 

In selecting an appropriate Index of biological integrity, we investigated a group of 
organisms that had competitive interactions and habitat requirements in common. 
Recognizing the ecological state of such species specifically their habitat condition, we 
may have an analysis on the quality of the whole biological system. Since changes in 
shrub-lands were the main measure of disturbance gradient, we looked for the most 
dependent species on this area. Referring to Croonquist and Brooks (1991), bird guilds 
can be an effective indicators demonstrating habitat disturbance. Regarding the 
possibility of error in real estimation of birds' population in an area (Gibbs and Wenny, 
1993), it was necessary to expand the study scale and select the birds that belong to the 
higher level of organization (Brooks et al., 1998) , assuming to be functional and focal  
in the study area. Considering biological variables of the study area demonstrated, we 
used abundance of bird guilds in developing the quantitative index of integrity.  So 
birds’ comprising guilds were assigned to the three structural, functional and 
compositional categories based on resource review. (Dayyani, 1996; DOE, 2002 and 
O’Connell, 2000). Table 3 shows the guilds and the metrics in sub-classes of the main 
three guild categories that were used to develop the index of integrity. Increasing the 
number of variables in developing of the Index, improves the degree of differentiation 
of various attributes. So, tolerant and intolerant guilds as well as shanon-winer index 
were added to the variables. Tolerant guilds of birds are the ones that their relative 
abundance did not change by increasing trend of disturbance, but intolerant guilds 
decreased by disturbance increase.  

We sampled transects twice the year, once in spring 2011(mid-April) and the next in 
summer 2011 (mid-July) when vegetation cover in Miankaleh is at its phonologically 
optimal condition for the resident birds of the region. The same eight transects that were 
already considered for determining the disturbance gradient were purposely used to 
count the bird guilds. Multi-count method was used to measure bird abundance through 
each transect and within a 50-m radius around it. Any bird species and their abundance 
were recorded based on the number of heard and seen ones along each transect. The 
sampling began early in the morning and took until 9am.  

Karr and Chu’s method (1999) was used but we utilized the relative abundance of 
bird guilds instead of individual species to quantify the index of integrity. Changing 
trends of all selected variables in each sampling transects were depicted through the 
gradient of disturbance in scatter plots. Ascending or descending trend of each bird 
guild through the gradient of disturbance in scatter plot visually showed their sensitivity 
to disturbance. Sensitive variables to disturbance gradients were applied to develop the 
index of integrity. 
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    Table 3. Potential metrics in developing index of integrity 

Main Classes 

of Bird Guilds 
Sub-classes of Bird Guilds 

Function 

Carnivore 

Insectivore 

Herbivore 

Omnivore 

Structure 

Forest 

Grassland 

Open land 

Wetland and Surrounding 

Canopy nester 

Open Ground nester 

shrub nester 

Composition 

Resident 

Migrant 

Tolerant Guilds 

Intolerant Guilds 

 
 
Selecting the sensitive metrics, we divided the recorded range of each metric to three 

levels (Diffendorfer et al., 2007 and Karr and Chu, 1999). Score of 1, 3 or 5 assigned to 
each level using conventional method that Barbour (2000), Diffendorfer et al. (2007), 
and Karr and Chu (1999) had used in their studies.  These triple thresholds were 
achieved by statistical trisection of the range of values in observed metrics. Then the 
scores of each metric in all sampling transects were investigated. Score one showed the 
highest range of degradation and then scores three and five represented the lower and 
the lowest level, respectively. 

The last step in developing the index of integrity is to sum a collection of metrics to a 
single value in a way that gauges the integrity of the whole ecosystem. Simple sum of 
different metrics was used as the easiest and most transparent way to estimate the IBI 
metric. 

Accuracy and precision of the developed index were evaluated using various 
statistical hypotheses. Mean Comparison, cluster analysis, Pearson rank correlation as 
well as paired sample t-test was applied to evaluate the performance of the index 
statistically. 

Cluster analysis; ward's methodology in SAS statistical program was used to 
recognize different groups of sampling transects based on value of different integrity 
metrics in them. It was important to know which transects were categorized in different 
groups of integrity.  

One-Way ANOVA in SPSS 16 was applied to compare means of estimated Integrity 
Index in various clusters of integrity. For assessing the stability of IBI a paired Sample 
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t-test was conducted to assess stability of IBI in the two sampling efforts, using means 
of IBI in clusters. 

Pearson correlation method was used to assess correlation of IBI to the different 
landscape metrics that were applied to define disturbance gradient in the study area. 

Results 

Investigating FRAGSTAT output table, the changes in landscape metrics around 
each transect were evaluated. Table 4 demonstrates the results of the change happened 
in amount of each landscape metric for forest patches and patches of bare areas inside 
each depicted polygon. The result from the cluster analysis using Ward's method with 
R-Square=0.98 suggested that sampling transects can be placed in three distinctive 
clusters based on level of disturbance. According to the result of clustering, the area that 
changed from dense shrub-lands to bare area was recognized as high disturbed areas. In 
contrast, the area that showed the same density of shrub-lands were considered as 
natural areas and the condition between these two state were regarded as the area of 
medium  level of disturbance. Three of eight transects; transects 1, 2, and 3; were 
located in intact condition. It named as disturbance level 1, that showed the lowest level 
of disturbance .Three of transects; transects 4,5 and 6 were in medium disturbed  
condition called level 2 and two of them;7 and 8 were  in areas with high level of 
disturbance that named disturbance level 3. In fact, landscape metrics were applied to 
confirm this disturbance gradient quantitatively. 
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2 -170.37 74.07 -8.46 3.68 -75.96 2.86 -2.71 8.8 40.92 -4992.54 -2.47 8.04 -0.5 6.87 

3 -280.44 6.03 -14.1 -0.3 -58.75 -1 -4.17 4.8 5.05 -7184.95 -3.96 -4.87 -0.04 -5.17 

4 -420.84 282.78 -21.1 14.14 -40 4.88 -9.8 21.9 797.4 -82946.07 -8.72 19.38 -3.32 27.23 
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Table 5 shows the summary of the results derived from field measurement. Detail of 
the field measurement is enclosed in an excel spreadsheet.
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Table 5. Summary of the results of the field Measurements in April and July 2011 
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Transect 8 0.2 0.15 0 0.65 0 0.1 0.71 0.18 0.08 0.87 0.05 0.9 0.1 3.05 3.72 0.28 11 
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Responsive metrics of bird guilds to disturbance gradients were selected using their 
distributions through scatter plots in both sampling efforts. Figure 1 shows two 
examples of the scatter plots from the two samplings. Sharp responses of the metrics 
relative to disturbance gradient either positively or negatively show their sensitivity to 
disturbance. Carnivores, insectivores, herbivores and omnivores as functional guilds, 
forest guilds, grassland guilds, open land guilds, guilds of wetland and surrounding, 
canopy nesters, shrub nesters and open ground nester as structural guilds and tolerant 
guilds, intolerant guilds and Shannon Winer ‘s Index as compositional guilds were very 
keen to the gradient of disturbance and so were finalized for the estimation of biotic 
integrity.  

 

 
(a) 

 
(b) 

Figure 1. Scatter plots of potential metrics with linear regressions. (a) Shows how the relative 

abundance of canopy- nesters change through gradient of disturbance in July sampling.(b) 

shows the changes of relative abundance of herbivores in  April Sampling. 

 
 
Scoring of each metric through all sampling process, were followed by summing of 

them in each transect to develop the quantitative index of integrity.  
The result of estimated index of integrity in sampling transects was a value between 

26 and 68 in a way that value of 26 showed the most degraded transect and value of 68 
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showed the transect with lowest amount of disturbance in its integrity. Table 6 shows 
this result in both sampling times.  

 
Table 6. Results of IBI scores in both sampling times 

Sampling 

Transects 

IBI Scores 

Spring Sampling 

IBI Scores 

 Summer Sampling 

Transect 1 68 64 

Transect 2 64 64 

Transect 3 66 66 

Transect 4 50 42 

Transect 5 46 48 

Transect 6 44 44 

Transect 7 28 28 

Transect 8 03 62 

 
 
Analyses were conducted on the reliability and stability of IBI in calculation of 

integrity for the Miankaleh Peninsula.  
Cluster Analysis:  The result of this analysis could show the performance of the 

developed index in distinguishing the condition of different areas from integrity point of 
view. Again Ward's method in SAS showed sampling transects can be placed in three 
distinctive clusters with R-Square = 0.98 and based on the level of integrity. Results of 
clustering of the transects in the spring sampling  showed that transects 1,2 and 3 
formed one cluster ,transects 4,5 and 6 made the second cluster and finally transect 7 
and 8 created the last cluster. The same grouping appeared in cluster analyses at 
summer sampling, which contributes to validating the IBI index developed for the study 
area. 

Mean Comparison in different clusters of integrity: The results showed mean of 
integrity scores in clusters were significantly different in results of the both sampling.  
For the first sampling, mean of integrity scores was  66 in the first cluster, 46.66 in 
second cluster and 29 in third cluster with  f =146.63 and sig <0.001 .Results of the 
second measurement showed mean of integrity with 64.66, 44.66 and 27 in clusters 1, 2 
and 3 respectively with f =187.30 and sig < 0.001 .   

Seasonal stability of IBI: Results of Paired Sample t-test showed that a significant 
correlation existed between integrity values in the two samplings (r = 0.97 and P= < 
.001).The result of a Paired Samples Test is a clear evidence for a non-significant 
difference (s=0.17, t=1.51) among integrity measures in the two samplings. This would 
be an approval on stability of the index. 

Correlation of IBI and disturbance measuring metrics: Table 7 shows the result of 
Pearson analysis to assess correlation of IBI to the different landscape metrics that were 
used to assess degree of disturbance around each sampling transects. It shows index of 
biotic integrity were highly correlated to disturbance measuring metrics. 
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    Table 7. Correlation of IBI with disturbance measuring metrics 

R Correlation Factors No. 

0.88 IBI and  metric CA 

Forest 

1 

0.82 IBI and metric PLAND 

Forest 

2 

0.84 IBI and metric 

Area_MN Forest 

3 

0.82 IBI and metric  PLADJ 

Forest 

4 

0.84 IBI and COHESION 

Forest 

6 

-.090 IBI and SPLIT Forest 7 

0.85 IBI and AI Forest 8 

Discussion 

Three categories of bird guilds (structure, function and composition) were used to 
build an index of integrity .Quantifying the landscape structure and analyzing the 
composition and configuration of shrub-lands as the main habitat of the resident birds in 
Miankaleh, we depicted a gradient of disturbance in biological state of the study area.  
The analysis on landscape metrics showed that spatial pattern of habitat patches in the 
study area has changed in a way that large areas of shrub-lands were converted to bare 
areas or divided in smaller patches of shrub-lands and in contrast,  accumulation of bare 
area increased through the time.   

 Cluster analyses showed that integrity in different sampling transects could be 
classified in to three distinctive categories. Results showed biotic integrity in parts of 
the Miankaleh Peninsula was far from the intact condition. Shrub lands in these areas 
intensively converted to bare areas. Thus, serious deterioration of natural habitat had 
happened in these parts.  

 However, some parts of the Peninsula still exhibit an ecological integrity similar to 
its natural but not fully intact state. Indices showed that despite of some disturbance 
forces in such parts, there were a high variety of structural, functional and 
compositional guilds in them. This confirmed that they could maintain their balance 
condition. Abundance of intolerant guilds, canopy nesters and herbivore guilds were 
high in ecologically integrated parts of the Miankaleh. It implied restoration capability 
in shrub lands has been saved so that they could tolerate grazing forces. 

Developed indices of integrity indicated that some parts of Miankaleh are in a 
condition of moderate integrity. These areas are under threats of degradation in near 
future. Relative abundance of herbivores and forest dependent guilds in these areas were 
lower while on the other hand ground nester guilds and dependent guilds to open-land 
were more abundant in these parts.  
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Findings of this research showed division and fragmentation of shrub lands had a 
strong correlation with developed index of integrity. Fragmentation metrics like PLADJ, 
COHESION and AI indicated a decline in connectivity of shrub-lands through the time 
in the belt transects with resultant lowered integrity score. Thus, fragmentation of shrub 
patches causes a fall in suitability of habitat for dependent bird guilds in the Miankaleh 
peninsula .So its ecological services especially decreased from habitat point of view.  

This study demonstrated that bird guilds can be used in developing an ample index of 
integrity to quantify the ecological condition of a natural ecosystem. Their relatively 
inclusive nature allows a comprehensive approach toward measuring integrity. Such an 
index is more complete and flexible than single species approach. Besides it is 
technically easier and economically more effective than using different taxa to develop 
an index of biotic integrity while it covers assessment of many ecological attributes.  
Correlation of structure and function of the Miankaleh ecosystem were possible using a 
multi-index of bird guilds that were dependent to the spatial attribute of the Miankaleh 
landscape. Obviously, no management action would be effective unless a proper 
understanding of the area's real ecological condition exists. Then such an ecological 
index can help to assess effects of the disturbance factors on the natural ecosystem of 
Miankaleh to prioritize the best actions for restoring this ecosystem.  Since integrity is a 
scale dependent subject, a complementary study in higher scale and regional level is 
suggested to develop a regional index of integrity. 
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Abstract. Eggplant is considered as one of the healthiest vegetables due to its nutritional values. A 2-year 
open field experiment was set up in 2011 and 2012 to observe the effects of heat stress and different 
irrigation volumes on the amount of phenolic compounds, fibre and dry matter in eggplant fruits. The 
optimal irrigation volume (IO) was calculated from the daily potential evapotranspiration and was 
compared to a treatment utilising 50% of the optimal water volume (I50). We concluded that there was no 
significant difference between the irrigation levels in the aspect of total polyphenol and dry matter, but 
there was a decrease in fibre content. Yield was increased by 19.6% with irrigation in 2011 and by 4.44% 
in 2012. The effect of heat stress is closely related to harvest time. In our study we proved that more heat 
stress resulted in more total polyphenol content in eggplant, the equation describing this relation is 
y=39.322+0.501x. Heat stress also stimulated dry matter and fibre content, and this influence was also 
significant. 
Keywords: eggplant, abiotic stress, fibre content  

Introduction 

The harvested area of eggplant was estimated at 1.72 million hectare worldwide, in 
2010, and 1.82 million in 2011. The vast majority of production is in China and India 
(Faostat, 2012). In Bangladesh economically eggplant is the most important vegetable, 
because it provides direct income throughout the year for family farmers, even in 
extreme hot and humid seasons (Rashid et al., 2003) and counts as one of the main 
vegetables in Iran (Khanamani et al., 2014). It is cultivated in greenhouses, even in 
soilless culture (Hamdy et al., 2004) on the field alike (Acciarri et al., 2002; Muñoz-
Falcón et al., 2008), with conventional and organic agricultural practices (Luthria et al., 
2010). Even though there are plenty of studies concerning eggplant few of them explain 
how growing conditions can enhance the amount of polyphenol substances, fibre and 
dry matter in the fruits as they have beneficial properties for human health (Ma et al., 
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2011; Kritchevsky et al., 1975). In this study we conducted an experiment to investigate 
the relationship between an abiotic stress (heat) and total polyphenol, fibre, dry matter 
content of eggplant fruits at two different irrigation levels.  

Review of literature 

Nutritional value of eggplant 

It is well documented that the quantity and quality of phenolic substances present in 
the fruits of eggplant are not homogeneous (Whitaker and Stommel, 2003). Noda et al. 
(2000) found that the peel had the highest value of nasunin that belongs to the 
flavonoids and induces its dark purple colour. According to Matsuzoe et al. (1999) 
nasunin is responsible for 70%-90% of total anthocyanin in the peel. As well as the 
peel, the pulp is also rich in polyphenols, particularly in chlorogenic acid, which 
belongs to the hidroxybenzoic acids and gives the 70-95% of the total phenolic content 
in the flesh (Stommel and Whitaker, 2003).  

Cai et al. (2004) measured 166.9 μmol/100 g antioxidant capacity (Trolox Equivalent 
Antioxidant Capacity, TEAC) in dry weight and 1.08 g GAE/100g in dry weight total 
phenolic content of the fruit. They also revealed a positive and highly significant linear 
correlation between the amount of total polyphenol content and antioxidant capacity by 
testing different herbs, including eggplant as well. Stefanovits-Bányai et al. (2005) 
reported 1.37-2.27 mmol/l ascorbic acid equivalent antioxidant capacity (Ferric 
Reducing Ability of Plasma, FRAP) from the fresh juice of the fruit. The calyx, pulp 
and peel has different antioxidant activity, according to Boubekri et al. (2012) the dark 
purple cultivar’s peel contained 66.78 mg/g followed by the pulp 16.54 mg/g and then 
the calyx 14.82 mg/g, expressed in ascorbic acid antioxidant capacities.   

Eggplant also counts as a potassium, calcium and phosphate rich vegetable (Raigón 
et al., 2008; Flick et al., 1978). The measurements of Inthichack et al. (2013) range the 
value of potassium of the fruits among 3.29% and 4.69% per dry weight. 
Adamczewska-Sowińska and Krygier (2010) compared the dry matter content of 
optimal mature and overripe fruits in five commercial cultivars; they concluded the 
optimal mature crop contained significantly higher dry matter, while the difference of 
the cultivars were not significant. Eggplant is also known as a fibre source vegetable 
its fibre content was reported to be 6,6 g/100g (Dhingra et al., 2012; Hanson et al., 
2006), but different coloured varieties show different contents of crude fibre (Flick et 
al., 1978). 

 
Storage and processing occured changes 

After slicing up eggplant fruits the cutting surfaces suffer natural browning which is 
caused by the activation of polyphenol oxidase enzyme (Ramírez et al., 2002). A 
principal breeding aim is to moderate the degree of browning beside maintaining the 
high amount of polyphenol content, since a positive correlation exists among the 
concentration of phenol substances and the degree of browning (Prohens et al., 2007). 
The experiment of Boubekri et al. (2013) investigated the effect of freezing and drying 
on the total polyphenol content separately on the peel, and on the whole fruit. They 
concluded the fresh peel of purple cultivar contained the most (548.77 mg GA/g), after 
the frozen (106.11 mg GA/g) and the least was measured in the dried sample (93.48 mg 
GA/g). Scalzo et al. (2010) found that an exact cooking process resulted in richer 



Helyes et al.: The simultaneous effect of heat stress and water supply on total polyphenol content of eggplant  
- 585 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(2): 583-595. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: 10.15666/aeer/1302_583595 

 2015, ALÖKI Kft., Budapest, Hungary 

chlorogenic and caffeic acid content fruit comparing to the raw eggplants. A study on 
storing eggplant found the fruits kept at 10 °C were intact, while the others kept at 5 °C 
and 0 °C suffered chilling injury (Concellón et al., 2004). 
 
Health protective effect of eggplant 

Crude extract of eggplant against several pathogenic microorganisms show potential 
inhibitory effect, especially the extract from the fruit and root of the plant (Al-Janabi 
and Al-Rubeey, 2010). Hepatoprotective effect was described by Akanitapichat et al. 
(2010). They also found a significant correlation between hepatoprotective activities 
and total phenolic content. An in vitro experiment by Kahlon et al. (2007) concluded 
that eggplant has positive bile acid binding ability. Anti-cancer effect was described by 
Azevedo et al. (2007) they found that the anthocyanin content of the peel has a 
reducing effect on cell mutagenity, also Node et al. (2000) found oxigen scavenger 
function of nasunin which is the major component of anthocyanin in the peel. Phenolic 
compounds extracted from eggplant significantly lowered cholesterol-level in rats 
(Sudheesh et al., 1997).  Kritchevsky et al. (1975) reported a hypocholesteremic effect 
in rabbits with the absorption of dietary cholesterol. The findings of Kwon et al. (2008) 
and Hanhineva et al. (2010) revealed eggplant has an impact on Type 2 diabetes by 
controlling glucose absorption. 
 
Polyphenol in stress context  

The ability of polyphenol synthesis is genetically determined, so a particular 
eggplant variety shows consistent phenolic content among years (Prohens et al., 2007). 
However, the circumstances of the cultivation including temperature, water supply and 
soil conditions influence the development of eggplant fruits and consequently effects 
polyphenol content as well (Ajay et al., 2009). Previous observations showed that plants 
are able to adapt to stress by changing certain biochemical pathways and evolve 
resistance by synthesizing polyphenol compounds (Wang et al., 2014). Several studies 
have shown that abiotic stress stimulates the accumulation of polyphenols in various 
plants (Abdallah et al., 2013; Khavari-Nejad et al., 2006). After pesticide utilization a 
high activity of polyphenol oxidase was measured to reduce toxic substances in tomato 
(Nasrabadi et al., 2011). An experiment on apples after fungal infection indicates elated 
chlorogenic acid and phloridzin concentration as a defensing mechanism in apple peel 
(Schovankova and Opatova, 2011). 

Rivero et al. (2001) found that growing tomato at optimal temperature resulted in 
lower amount of polyphenols than at cooler and warmer temperature treatment levels. 
According to Lee et al. (2013) on chicory and garland chrysanthemum the optimum had 
a greater influence than the unfavourable temperature on flavanoid and total polyphenol 
content. In lettuce Boo et al. (2011) found that the lowest 13/10°C day/night 
temperature resulted in the highest total anthocyanin content, however in strawberry the 
highest 30/22 °C day/night temperature set caused the most phenolic content as well 
(Wang and Zheng, 2001). 
 
Optimum temperature of eggplant 

The optimum temperature of eggplant is 22±7 ºC, this is the temperature range 
under which the plant is not suffering any damage caused by temperature as Markov 
and Haev had described (Somos, 1983). However, according to Boyer (1982) the 
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optimum temperature of eggplant ranges between 22-30 ºC. Moreover, different 
eggplant varieties are likely to have different optimum temperature ranges as suggested 
by others (Minghua et al., 2001; Li and Yu, 2004). An experiment with temperature 
alternations in different developmental stages showed that optimal daytime temperature 
is between 20-31.3 ºC, whereas optimal night temperature varies between 15-20 ºC for 
proper vegetative growth. They also revealed that the combination of 25/15 ºC 
day/night temperatures resulted in the lowest amount of dry matter in eggplant 
(Inthichack et al.,  2013). 

Materials and methods 

Experimental field conditions 

The study was conducted at the experimental field of Institute of Horticulture, Szent 
István University, located in Gödöllő, Hungary (lat. 47°61’ N, long. 19°32’ E). The soil of 
the experimental field is sandy loam classified as Cambisol with 1.8-2% humus content 
and pH value around 7. Electric conductivity was measured as 0.26 dS/m in 2011, and 
0.18 dS/m in 2012. The inorganic content of the soil are represented in Table 1.  

 
Table 1. The average (n=3) of inorganic content of the experimental field in 2011 and 2012. 

All values are given in mg/kg. 

 

 
The climate of this area is dry continental; climatic parameters (daily temperature 

and precipitation) were logged by a Campbell CR21X meteorological instrument 
(Campbell Scientific Inc., Loughbourgh, U.K.) throughout the study. Figures 1-2 show 
the minimum and maximum temperature (ºC) and precipitation (mm) for the whole 
vegetation in 2011 and 2012. 

In both years we used Barcelona F1 hybrid, which fits to the Hungarian market 
demand, because it has medium sized, drop-shaped, dark purple coloured fruits, and 
prickeless calyx. The colour of the skin remains vivid purple even in hot temperature. It 
is also characterized with strong vegetative growth, well-yielding and early ripening. It 
gives quite long storable fruits after harvest (Semillasfito, 2012). Seeds were sown at 
the end of April, while transplantation of the seedlings was made at the beginning of 
May each year in simple row with a plant density of 4.2 plants/m2. Irrigation was 
applied using drip irrigation tubes, one lateral for each row, with discharge rates of 4 
L/h. Half of the culture received optimal water supply (irrigation optimal: ‘IO’), 
whereas the other half obtained 50% water supply (irrigation 50%: ‘I50’) after 
transplantation. IO plants were irrigated to daily potential evapotranspiration of 
eggplant. The algorithm of the irrigation is the following one:  

 
 

 Etpot                                             (Eq.1) 
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The amount of potential daily evapotranspiration (Etpot) was estimated from the sum of 
the expected daily maximum (Tmin) and maximum (Tmax) temperature (in °C) divided by 
two and multiplied with 0.2 and after expressed in millimetre according to a previous 
study of Helyes and Varga (1994). Plants were irrigated with the calculated amount of 
water in the morning of every Monday, Wednesday and Friday until harvesting. Total 
amounts of available water were 489 and 331 mm (including 131 mm precipitation) in 
2011, and 596 and 408 mm (including 240 mm precipitation) in 2012 for plants in the 
IO and I50 treatments, respectively. 

Technical ripened eggplant fruits were harvested every week from July 26th to 
October 6th in 2011, and from July 28th to October 10th in 2012. Samples for the 
analytical measurement were collected on July 26th and October 6th in 2011 and Aug 
30th and October 10th in 2012. In both irrigation treatment groups four replicates were 
formed, each consisted of the fruits of 10 plants, which were transported for analytical 
preparation immediately after harvesting. Marketable yield was calculated from the 
weight of marketable (i.e. no sign of physical injury or any diseases) eggplant fruits in 
these replicates and summarized for each harvest time and extrapolated to one hectare.  

 
Chemical analysis 

For all analytical measurements we used all harvested fruits in each replicate. After 
arrival the laboratory the samples were immediately cleaned, chopped into small pieces 
and freeze-dried. After lyophilisation, samples were allowed to equilibrate in open air 
and ground to pass a 0.5-mm sieve. The samples were stored at -25 oC for less than 2 
months until analysed. Analytics included the measurement of total polyphenol, dry 
matter and fibre content. Total dry matter content was measured by A.O.A.C. (1984) 
method. 5 g of each sample was dried at 105 °C until constant weight to calculate dried 
fruit weight, which then was used to estimate dry matter content as the proportion of 
fresh and dried fruit weight. 

The analyses of total polyphenols were completed according to Folin-Denis method 
by spectrophotometry at 760 nm using catechin as standard and Folin-Ciocalteu’s 
phenol reagent (A.O.A.C., 1990). 20 ml 60% ethanol was added to 1 g lyophilised 
eggplant powder, mixed well and then filtered. Folin-Denis reagent (0.5 ml) was added 
to 1 ml filtered sample and the content of the tube was mixed thoroughly. After 3 min, 1 
ml of saturated Na2CO3 was added. The mixture was completed to 10 ml with distilled 

water and it was allowed to stand for 30 min at room temperature. The absorbance was 
determined at 760 nm using catechin as standard. Total polyphenol contents are given 
as mg/100 g fresh weight. Fibre content was measured by a digestion treatment 
following the protocol of A.O.A.C. 985.29 Megazyme International Ireland Limited, 
Total dietary fibre assay procedure (2000). For the measurement a Megazyme TDF K-
TDFR 01/05 Total Dietary Fiber Assay Kit was used consisting heat stable alpha-
amylase (gelatinize), protease (remove protein) and amyloglucosidase (remove starch). 
Fiber content data are corrected with protein and ash content of the sample. All values 
are given in 100 g fresh weight (Table 2). 
 
Calculation method 

Besides the irrigation treatment, we also investigated how weather conditions 
contributed to the potential differences in total polyphenol content of eggplant in this 
experiment. We adopted Markov-Haev temperature range (Somos, 1983) where 22±7 
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ºC was considered as optimum to calculate heat stress values for each harvest time in 
both years. According to the applied method, we used the minimum and maximum daily 
temperatures of each day (Tmin and Tmax, respectively) in an 8 day-long period before 
each harvest time, and calculated the stress values as follows:  

 
 
  (Eq.2) 

  
 
 
 

On those days when Tmax was lower than 29 ºC and/or Tmin was higher than 15 ºC, the 
corresponding term in the equation was set to zero.  

In all tests α was set to 0.05. We fitted linear models (LM) for total polyphenol, fibre 
and dry matter as dependent variables and included ‘irrigation level’ (as fixed factor), 
‘heat stress’ (as covariate), and their interaction as potential predictors. We applied a 
stepwise backward elimination procedure to choose the best model. Prior to model 
fitting residual homogeneity and the normally distribution was checked by plot 
diagnostic. One data point was removed, and detected as an outlier (Table 2. October 
10th 2012, IO irrigation treatment). Statistical analyses were performed in IBM SPSS 22 
software (IBM Co., New York) and Microsoft ® Excel 2007 Analysis Toolpack 
(Microsoft Corporation., Redmond, Washington). 

Results 

Table 2. Mean and standard deviation of the measured total polyphenol, fibre and dry 

matter contents (n=4). All value is given in 100 g fresh weight.  IO is the optimal irrigation 

set, I50 indicates half of optimal irrigation level. 

Harvest 
Irrigation 

treatment 
Fibre [g/100g] Dry matter [g/100g] 

Total polyphenol 

[mg/100g] 

July 26th 2011 
I50 3.42 ±0.42 6.98 ±0.26 45.4 ±2.92 

IO 2.60 ±0.21 6.86 ±0.17 46.5 ±1.69 

October 6th 2011 
I50 4.29 ±0.30 8.64 ±0.61 66.6 ±9.73 

IO 4.67±0.67 8.40 ±0.74 72.7 ±6.69 

August 30th 2012 
I50 4.06±0.19 9.36±0.40 52.8±9.72 

IO 3.73±0.21 8.12±0.43 48.6±1.93 

October 10th 2012 
I50 4.19±0.42 8.14±0.58 61.9±3.33 

IO 5.01 ± 0.56* 8.49 ± 1.13* 63.73 ± 12.35* 

*(n=3)  

 
 
We found a significant effect of the heat stress value on total polyphenol content in 

eggplant fruits (F1,31=61.375, p<0.001): the higher the stress values calculated for each 
harvest, the more polyphenol the fruits contained. The highest polyphenol amount was 
observed in 2011 October 6th in the optimal irrigation with 72.7 ± 6.69 where the 
corresponding heat stress value was 59. In 2012 October 10th the total polyphenol 
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content decreased to 63.73 ± 12.35 with a 46 heat stress value in the optimal irrigation 
set. The difference between the weather conditions are indicated in Figures 1-2.  

 

0

5

10

15

20

25

-5

0

5

10

15

20

25

30

35

40

0
1

. 
0

5
.

0
6

. 
0

5
.

1
1

. 
0

5
.

1
6

. 
0

5
.

2
1

. 
0

5
.

2
6

. 
0

5
.

3
1

. 
0

5
.

0
5

. 
0

6
.

1
0

. 
0

6
.

1
5

. 
0

6
.

2
0

. 
0

6
.

2
5

. 
0

6
.

3
0

. 
0

6
.

0
5

. 
0

7
.

1
0

. 
0

7
.

1
5

. 
0

7
.

2
0

. 
0

7
.

2
5

. 
0

7
.

3
0

. 
0

7
.

0
4

. 
0

8
.

0
9

. 
0

8
.

1
4

. 
0

8
.

1
9

. 
0

8
.

2
4

. 
0

8
.

2
9

. 
0

8
.

0
3

. 
0

9
.

0
8

. 
0

9
.

1
3

. 
0

9
.

1
8

. 
0

9
.

2
3

. 
0

9
.

2
8

. 
0

9
.

0
3

. 
1

0
.

Precipitation (mm) Minimum (°C) Maximum (°C)

Daily minimum ( C) and maximum ( C) temperature and 

precipitation (mm) during the vegetation in 2011

 
 

Figure 1. Daily minimum and maximum temperature (ºC) and precipitation (mm) during the 
vegetation period of eggplant in 2011. The y-axis on the left side shows the temperature scale, 

the y-axis on the right the amount of precipitation. 

 
 
The fluctuation before the autumn harvest in 2011 was among 5-10°C in the previous 

nights of the harvest, in 2012 the minimum reached -1°C for one night and even 
increase to 14°C. To understand the relationship of the measured total polyphenol and 
heat stress value a linear regression was made (Figure 3). 

The equation describing the relation is y=39.322+0.501x (r2=0.679). The calculated 
heat stress value and its influence on total polyphenol content showed a positive linear 
relation. Irrigation, on the other hand, had no significant effect either alone (F1,31=0.219, 
p=0.644) or in interaction with heat stress values (F1,31=0.878, p=0.357).  

Irrigation negatively affected fibre content as it was expected. The amount of fibre is 
significantly influenced by the interaction of heat stress and water supply (F1,31=10.614, 
p=0.003). Figure 4. shows the relation of heat stress and fibre content separately by 
irrigation treatments. When IO was set, the heat stress determined 73.9% of fibre 
content, in the case I50 this value was 48.7% which difference came from the 
interaction, so the irrigation affected in different ways because of the heat stress. 



Helyes et al.: The simultaneous effect of heat stress and water supply on total polyphenol content of eggplant  
- 590 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(2): 583-595. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: 10.15666/aeer/1302_583595 

 2015, ALÖKI Kft., Budapest, Hungary 

 

0

5

10

15

20

25

30

35

40

45

-5

0

5

10

15

20

25

30

35

40

0
1

. 0
5

. 

0
6

. 0
5

. 

1
1

. 0
5

. 

1
6

. 0
5

. 

2
1

. 0
5

. 

2
6

. 0
5

. 

3
1

. 0
5

. 

0
5

. 0
6

.

1
0

. 0
6

.

1
5

. 0
6

.

2
0

. 0
6

.

2
5

. 0
6

.

3
0

. 0
6

.

0
5

. 0
7

.

1
0

. 0
7

.

1
5

. 0
7

.

2
0

. 0
7

.

2
5

. 0
7

.

3
0

. 0
7

.

0
4

. 0
8

.

0
9

. 0
8

.

1
4

. 0
8

.

1
9

. 0
8

.

2
4

. 0
8

.

2
9

. 0
8

.

0
3

. 0
9

.

0
8

. 0
9

.

1
3

. 0
9

.

1
8

. 0
9

.

2
3

. 0
9

.

2
8

. 0
9

.

0
3

. 1
0

.

0
8

. 1
0

.
Precipitation (mm) Maximum (°C) Minimum (°C)

Daily minimum ( C) and maximum ( C) temperature and 

precipitation (mm) during the vegetation in 2012

 

Figure 2. Daily minimum and maximum temperature (ºC) and precipitation (mm) during the 
vegetation period of eggplant in 2012.The y-axis on the left side shows the temperature scale, 

the y-axis on the right the amount of precipitation. 

 
 

In the case of dry matter heat stress had significant effect (F1,31=12.201, p=0.002). 
There was a bigger difference (Table 2) between the summer and autumn harvested 
fruits in 2011 than in 2012. The highest amount was measured in 2012 October 10th 
9.36±0.4 at the I50 treatment, the lowest value was 6.86±0.17 in 2011 at IO treatment. 
Irrigation, on the other hand, had no significant effect either in itself (F1,31=1.282, 
p=0.267) or in interaction with heat stress values (F1,31=0.228, p=0.637). 

Comparing yield parameters of IO and I50 in 2011; 83 t/ha, 69.4 t/ha and in 2012; 47 
t/ha, 45 t/ha was calculated. IO gave 19.6% more yield in 2011; while in 2012 it gave 
4.44% more yield than the less irrigated treatment. 



Helyes et al.: The simultaneous effect of heat stress and water supply on total polyphenol content of eggplant  
- 591 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(2): 583-595. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: 10.15666/aeer/1302_583595 

 2015, ALÖKI Kft., Budapest, Hungary 

 
Figure 3. Heat stress value determined 67.9% (r

2
=0.679) of total polyphenol content of the 

eggplant fruits. Confident interval of 95% is indicated. 

 
 

 
Figure 4. When optimal irrigation was set (A), the heat stress determined 73.9% of fibre 

content (r
2
=0.739), but in the case of 50% of optimal irrigation volume (B) this value 

decreased to 48.7% (r
2
=0.487). Confident interval of 95% is indicated. 
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Discussion 

According to our results the of the measured total polyphenol content in 2011 and 
2012 a better quality eggplant could be harvested in autumn after some relatively cold 
days, than in the summer season under our climate. Our results regarding the relation of 
total polyphenol and heat stress is consistent with the findings of Rivero et al. (2001). 
Each harvest has a different calculated heat stress value, and in both years the value was 
higher in autumn than in the summer harvest period. From another point of view the 
total polyphenol content showed a wide range of standard deviation in our 
measurements, which is undesirable for statistical analysis. The finding of Whitaker and 
Stommel (2003) draws attention on the uneven distribution of polyphenol contents in 
the different parts of the pulp and in the whole fruit which possibly cause difficulties 
that we experienced at the analytical measurements. The content of fibre was influenced 
by the interaction of irrigation and heat stress, so neither the irrigation levels nor the 
heat stress can be accountable in an unequivocal way to explain the fibre content. 
To maintain profitable yield in eggplant irrigation is essential (Aujla et al., 2007). The 
optimal water supply gave 19.6% and 4.44% more yield (in 2011 and 2012 
respectively) than the less irrigated plots.  

As a conclusion considering the effect of the IO and I50 on total polyphenol and dry 
matter we could not detect significant differences, so the irrigation levels in our 
utilisation was not a matter of the quality of eggplant. Therefore half volume irrigation 
was enough to provide the same quality as the optimal for eggplant crop.  
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Abstract. Tropical and subtropical reservoirs are considered to be a strong anthropogenic source of 
methane (CH4) emissions worldwide due to high temperature, augmented carbon and nutrient loadings. 
Thus, CH4 emission estimation from tropical/subtropical reservoirs is critical for preparation of green 
house gas emission budgets. The Present study estimates CH4 flux from a subtropical freshwater man-
made Okhla reservoir located on the river Yamuna, National Capital Region, India. Results showed that 
Okhla reservoir transformed into a potential CH4 emission source after flooding as the CH4 flux 
increased by 3.81 orders of magnitude with a net contribution of 171.96 mgm-2d-1. Enhanced CH4 flux is 
primarily attributed to elevated organic and nutrient loadings to reservoir via river’s inflow water, high 
percentage of shallow areas and presence of dense aquatic vegetation mainly Eichhornia crassipes and 
Typha angustifolia. These aquatic weeds not only facilitate vascular CH4 transport but also provide 
substantial amounts of biomass for methanogens to generate CH4. Results also revealed that the summer 
season exhibited significantly higher CH4 flux (Kruskal-Wallis H-Test; p < 0.05) as compared to 
monsoon and winter seasons due to prevalence of more favorable water and soil conditions for CH4 
emissions including temperature, redox potential, water depth, dissolved oxygen, biological oxygen 
demand and plant biomass. 
Keywords: artificial wetlands, semi-static chamber technique, macrophytes, total organic carbon, 

eutrophic conditions 

Introduction 

Reservoirs principally represent artificial wetlands which are used for storage, 
regulation and control of water resources. Construction of reservoirs through 
interrupting the river by dams and barrages, refurbish the entire lotic water system (river 
system) into the lentic water system (reservoirs) leading to pronounced impacts on 
physico-chemical characteristics, nutrient loading besides floral and faunal composition 
of the river water. Organic enrichment after the impoundment results in anaerobiosis 
that supports the generation and release of green house gases including methane (CH4), 
carbon dioxide (CO2) and nitrous oxide (N2O) etc. due to the increased decomposition 
of biomass and nutrient loadings of carbon, nitrogen and phosphorus.  

Methane (CH4) emissions from the reservoirs vary widely depending upon reservoir 
specific characteristics including surface area, age, shape and depth of the reservoir, 
water residence time in the reservoir, water quality, organic loading by tributaries and 
rivulets, surface flow from the surrounding areas, the quantity and quality of vegetation 
of flooded and surrounding areas (St. Louis et al., 2000; Guerin et al., 2006).  

Reservoirs also show extensive variations in CH4 emissions due to changes in the 
local climate. Guerin et al. (2006) estimated CH4 emissions from three tropical 
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reservoirs including Petit Saut reservoir (France), Balbina and Samuel reservoir (Brazil) 
in the range of 33.60 – 80 mgm-2d-1. Likewise, Karin Grandin (2012) calculated CH4 

emissions from three Brazilian tropical reservoirs consisting of Funil reservoir, Santo 
Antonio reservoir and Tres Marais reservoir. The total measured CH4 fluxes in three 
reservoirs varied from 5.28 to 1155.36 mgm-2d-1 with mean flux of 36.96 mgm-2d-1 from 
all the three reservoirs. Tremblay et al. (2005) did CH4 emission studies for boreal 
reservoirs of northern Canada reporting that CH4 flux varied from 0 to 20 mgm-2d-1. 
Soumis et al. (2004) focused on the estimation of CH4 emissions from temperate 
reservoirs of the western United States and measured diffusive CH4 flux from 3.20 to 
9.50 mgm-2d-1. Wang et al. (2013) reported flux values for two subtropical reservoirs in 
Taiwan including Liyutan Reservoir (CH4 flux: 0.72 to 28.80 mgm-2d-1) and 2nd 
Baoshan Resevoir (CH4 flux: 0.72 to 9.60 mgm-2d-1). These studies apparently show 
that reservoirs in the tropical and subtropical regions show higher CH4 emissions as 
compared to temperate and boreal reservoirs due to nutrient enrichment, high carbon 
loadings and increased water temperatures. St. Louis et al. (2000) estimated that 90 % 
of global reservoir CH4 emissions were from reservoirs in tropical regions; however 
Bastviken et al. (2011) attribute freshwater ecosystems located in tropics contribute 
about 49 % of the total CH4 emissions.  Consequently, considering varying reservoir 
characteristics and local climate, more intensive work is required to quantify the 
contribution of tropical and subtropical reservoirs to CH4 budgets.  

In India, a large number of dams and barrages have been constructed since 
independence for storage, flood control, irrigation and hydro-electricity generation. 
These man-made water storages can significantly contribute towards CH4 emission. 
Surprisingly, most of the published data related to CH4 fluxes in India mainly comprises 
CH4 emissions from lakes and rivers such as Verma et al. (2002) from Vembanad Lake, 
Purvaja et al. (2004) from unpolluted mangrove, Rajkumar et al. (2008) from Adyar 
River, Khoiyangbam et al. (2008) from Lakshmi and Antiya Lake, Mallick and Dutta 
(2009) in the Bhalsawa Lake. Methane (CH4) emission studies from the reservoirs are 
highly sporadic. Narvenkar G. et al. (2013) estimated dissolved CH4 emissions from 
eight reservoirs and measured surface water CH4 concentrations in the range of 0.0028 – 
0.305 µM. It is apparent that the present study is the first comprehensive dataset on air-
water interface CH4 flux from an Indian reservoir i.e., Okhla reservoir located in 
floodplains of river Yamuna on Delhi-Uttar Pradesh border, India. Current study 
attempts to quantify and seasonally describe the CH4 flux for the Okhla reservoir as it is 
an important fresh water subtropical reservoir heavily infested by various types of truly 
aquatic, amphibious and terrestrial vegetation with extreme anthropogenic pressure in 
terms of high pollutant and organic loadings from nearby urban, agricultural and 
industrial areas.  

Material and Methods  

Study Area 

Present research work has been carried out in the Okhla reservoir which is a man-
made fresh water reservoir created after the construction of Okhla Barrage on river 
Yamuna on 8th May, 1990 for the purpose of irrigation and flood control in the 
surrounding areas. Okhla reservoir was notified as Okhla Bird Sanctuary (OBS) by the 
Uttar Pradesh government under the Wildlife (Protection) Act, 1972 (Management Plan 
for Okhla Bird Sanctuary, 2011-2021). The most important sources of input water that 
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enters the reservoir includes Yamuna water released after Wazirabad Barrage, Hindon 
water discharged from Hindon Barrage and runoff generated from Delhi area. The 
major outflows include water released into the Agra canal and downstream into river 
Yamuna heading towards Uttar Pradesh.  

Okhla reservoir is under extreme anthropogenic pressure due to high load of 
pollutants discharged into it from the nearby residential, agricultural and industrial 
areas through river’s inflow water (Yamuna river and Hindon river). Yamuna 
water entering the sanctuary is highly polluted due the waste discharges from 19 
major drains including Najafgarh drain between Okhla and Wazirabad. Okhla 
reservoir also receives agricultural and industrial waste from Uttar Pradesh through 
Hindon river via Hindon Cut.  

Even though the Okhla reservoir receives high pollution load and is greatly 
influenced by human disturbances, it provides breeding ground to a large number of 
species of birds, reptiles, mammals, amphibians and is occupied by a variety of aquatic, 
amphibious and terrestrial plants including Eichhornia crassipes, Pistia stratiotes, 

Typha angustifolia, Kyllinga squamulata, Alternanthera sessilis etc.  Thus, this 
reservoir represents a human intervened sub-tropical freshwater artificial wetland which 
can act as one of potential source of CH4 emissions predominantly due to high pollution 
load and heavy vegetation infestation. Major features of Okhla reservoir are enlisted in 
Table 1 whereas the location of the study site is shown in Figure 1.  
 

Table 1. Main characteristics of Okhla Reservoir, Gautam Budh Nagar, National Capital 

Region, India 

Characteristics Reservoir 

Country India 

Location Delhi-Utttar Pradesh Border, National Capital 
Region (NCR)  

Date of Creation/ approximate age 8th May, 1990/ ~ 24 years 

Geographic Location Latitude: 28° 32’ 56.3” N and Longitude: 77° 18’ 
56.6” E from Delhi site and Latitude: 28° 32’ 43.5” 
N and Longitude: 77° 18’ 41.7” E from Uttar Pradesh 
site  

Altitude  200 m 

Area 400 hectares (flooded area: 370 hectares; roads and 
bunds: 30 hectares) 

Annual Rainfall 660-670 mm 

Water Depth  0.15 - 3m (water expanse and its depth varies with 
season) 

  Source: Management Plan for Okhla Bird Sanctuary (2011-2021).  

 

 

Sample collection and analysis  

To assess the net contribution of the Okhla reservoir to CH4 flux, CH4 emission 
estimation was accomplished for two different zones including exposed soil zone (ESZ) 
and water zone (WZ). Water surface CH4 concentration in any reservoir is mainly 
described as a function of soil sediments that gets impounded after flooding the 
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reservoir as the methane is generally derived from the organic matter present in 
terrestrial soils inundated during impoundment (Kemens et al. 2011). 

 

 

Figure 1. Map to show location of Okhla Reservoir, Gautam Budh Nagar, National Capital 

Region, India  

 

 
Therefore, terrestrial soil present in the reservoir (ESZ) was assumed as the reference 

site for pre-impoundment CH4 flux estimation whereas WZ was selected for post-
impoundment CH4 flux calculation. The ESZ mainly included the water-logged soil and 
terrestrial soil (reed beds and sand beds) present inside and along the reservoir 
periphery/edges. To consider for inhomogeneity of water body i.e., shallow and deep 
stratified reservoir areas, WZ was further sub-divided into two zones i.e., shallow water 
zone (SWZ; depth < 200 cm) and deep water zone (DWZ; depth ≥ 200 cm). CH4 
emissions estimations were done on seasonal basis i.e., monsoon (July -October 2010), 
winter (November-March 2010-2011) and summer season (April –June 2011) deploying 
semi-static chamber technique. 
 
Gas fluxes: sampling and analysis  

For each zone, CH4 gas sampling was made using semi-static chamber technique 
(Figure 2) which measures the total CH4 emissions including diffusive as well as 
ebullitive CH4 emission. To collect gas samples from water and soil surface, perspex 
chambers with dimensions 36.25 cm × 33.00 cm × 53.75 cm (Length × Breadth × 
Height) were used.  Homogenous mixing of air inside the chambers was maintained 
through battery-operated fans. Gas samples were collected in pre-evacuated 50 ml air 
tight plastic syringes through a vent provided at the top of the chamber. For each zone, 

Image source: Google Earth; Dated: 04-09-2014 
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gas sampling was carried out twice a day and thrice in a season in 3-4 replicates at the 
intervals of 0, 15, 30, 45 and 60 min.  

 

 

Figure 2. Semi-static chamber technique to collect gas samples from a) air-water  interface, 

and b) soil surface at Okhla reservoir 

 
 
Gas chromatograph (model no. 6890, Agilent Technologies, USA) fitted with Flame 

ionized detector (FID) and wide bore HP-PLOT Q capillary column was used to analyze 
CH4 gas samples. The column, inlet and detector were maintained at temperatures of 45, 
250 and 250° C respectively. CH4 peak was identified at retention time of 2.4 min. The 
column flow was maintained at 3.0 ml/min with the spilt ratio of 1 ml/min. 
Concentration of CH4 gas in the samples was calculated by calibrating gas 
chromatograph with  two CH4 standards of 1.8 ± 0.2 ppmv CH4 in nitrogen (procured 
from MAINZ, Germany) and 10.1 ± 0.1 ppmv CH4 in nitrogen (procured from Spectra 
Gas, USA). Daily gas concentration in the chambers was estimated by applying the 
temporal decrease and increase of CH4 mixing ratios inside the chambers following the 
equation mentioned below (Singh et al., 1998; Chakraborty et al., 2011): 
 

CH4 (mg m
-2 

d
-1

) = [(BVSTP×CCH4×M×1000×60) / (10
6×22400×A×t)] × 24 

 
 
Where  
   BVSTP  (Box Air Volume in cm3 at standard temperature and pressure) = 

(BV×BP×273)/ [(273+T)×760] 
   BV (Box volume) for water surface = (H-h) × L × W – (volume of biomass inside the 

chamber); H = chamber height in cm, h = water level above the channel cm; L = 
chamber length in cm; W = chamber width in cm  

   BV (Box volume) for soil surface = (H+h) × L × W – (volume of biomass inside the 
chamber); H = chamber height in cm, h = channel height above soil surface in cm; L= 
chamber length in cm; W = chamber width in cm  

   M = molecular weight of CH4  
   BP = barometric pressure (mm Hg) at the time of sampling  
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   T = chamber air temperature at the time of sampling in Kelvin (K; 273 + temp in °C) 
   CCH4 = change in CH4 concentration in (ppm) from 0 min. sampling to the t min. 

sampling  
   A= wetland area covered by the chamber in m2. 
 
Water and soil quality 

Water samples were collected in 2 litre bottles from the well mixed zone of 0.3 m. 
Water DO (Dissolved oxygen), Eh (Redox potential), pH and WT (Water temperature) 
were predicted in the field at the time of gas sampling deploying portable DO, Eh and 
pH meter (model: HACH-HQ30D) and portable Infra Red Thermometer (model: 
OAKTON: Infra Pro® 5) respectively. Water depth (WD) was estimated using a well-
marked wooden pole. Phosphate (PO4

3-), Nitrate (NO3
-), and BOD (Biological oxygen 

demand) were analyzed using the standard methods for analysis of water and waste 
water (APHA, 2005). TOC (Total organic carbon) was estimated using TOC analyzer 
which consisted of two units, namely, a) Digester (model: HACH-DRB 200) for 
digesting water samples, and b) Calorimeter (model: HACH-DR 900) for taking 
readings.  

Soil samples were collected in air tight plastic vials using soil tube auger (Singh et 
al., 1999) at the depth of 22.08 cm to analyze various soil quality parameters. Soil Eh, 
soil pH, and soil temperature (ST) were estimated following the same analytical 
methods as used in case of water analysis. Soil organic carbon (SOC) was analyzed 
using Walkley and Black Method (Walkley and Black, 1934).  

GARMIN etrex -12 channel Global Positioning System was used to mark the 
location of each sampling point in the field. The floral compositions were analyzed 
using a Quadrat Method (APHA, 2005) deploying quadrat of 1 × 1 m2. The plant 
biomass was measured by harvesting plant species from 1 × 1 m2 plots. Fresh weight of 
each plant sampled was noted in the field and then oven dried at 105°C over night to 
obtain the dry weight.  
 
Statistical analysis  

Temporal variability in CH4 emissions was evaluated using non-parametric statistics 
in both ESZ and WZ (Kruskal-Wallis H-test) as the temporal CH4 values neither 
achieved homogeneity of variances (Levene’s Test for Equality of Variances; p < 0.05) 
nor exhibited normal distribution (Kolmogorov-Smirnov Test; p < 0.05). On the other 
side, importance of various environmental variables including soil, water and vegetation 
in regulating temporal CH4 emissions, was assessed by conducting Pearson correlation 
matrix analysis. All statistical work was performed in SPSS-12.0 statistical software for 
Windows.  

Results and Discussion 

CH4 flux measurements  

The annual averaged CH4 emissions from each zone of the Okhla reservoir were 
estimated by integrating the daily emissions throughout the year for each zone which 
were then extrapolated to the maximum reservoir inundated area of 370 hectares in 
order to compare with previous estimates. Pre-impoundment and post-impoundment 
CH4 fluxes were found to about 61.13 mgm-2d-1

 and 233.09 mgm-2d-1
 respectively. 
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Results for reservoir CH4 flux values are summarized in Table 2. It was opined from the 
results that the Okhla reservoir exhibited the high degree of temporal variability in CH4 
emissions as the summer season showed significantly higher CH4 flux (Kruskal-Wallis 
H-Test; p=0.000 < 0.05 for ESZ and p=0.005 < 0.05 WZ) followed by monsoon season 
and least during winter season in both the zones. High CH4 flux during summer season 
can be corroborated by high temperature which results in increased decomposition rates 
leading to more reduced and anoxic conditions. Enhanced above ground plant biomass, 
low WD and DO, high Eh and BOD on the advent of summer season further support 
high CH4 flux values observed during summer season in comparison to monsoon and 
winter season.  

 
Table 2. CH4 flux (value ± standard error of mean) estimated for Okhla reservoir 

*Pre-impoundment CH4 Flux was represented by ESZ  
**Post-impoundment CH4 Flux was represented by WZ (SWZ+DWZ) 
***Total wetland area for Okhla Reservoir is 400 hectares but only 370 hectares has been included in CH4 emission 
estimation excluding 30 hectares which mainly comprise of roads and bunds (Management plan for Okhla Bird 
Sanctuary, 2011-2021) 
****Area covered by the SWZ was about 65% of total wetland area (Manral et al., 2012) 
*****Area covered by the DWZ was about 35% of total wetland area (Manral et al., 2012) 

 
 
It was also observed that the flooding of landscape to create reservoir triggers the 

CH4 generation largely because of anaerobic decomposition of the terrestrial soils and 
plants inundated during impoundment. Different landscapes contain different amounts 
of stored organic carbon in soils and vegetation (Schlesinger, 1997), and so the potential 
for CH4 production and loss varies from site to site characteristics (St. Louis et al., 
2000). In the present investigation, high soil organic carbon (0.83 ± 0.005%) and above 
ground plant biomass (36.47 ± 6.06 g DW m-2

)
 estimated in the exposed soil of Okhla 

reservoir represents the most probable source of labile organic carbon for CH4 

Pre -impoundment CH4 Flux (mgm
-2

d
-1

)* 

Wetland 

zone 

Monsoon 

2010 

 

Winter 2011 

 

Summer 

2011 

 

Annual 

mean value   

 

Total 

wetland 

area *** 

(Hectares) 

 

ESZ 

(Exposed 

soil zone) 

 
26.17 ± 3.59 

 
10.71 ± 0.84 

 
137.77 ± 
11.92 

 
61.13 ± 
13.41 

 
370.00 

Post -impoundment CH4 Flux (mgm
-2

d
-1

)** 

 

SWZ**** 

(Shallow 

water zone) 

 
105.73 ± 
44.63 

 
92.53 ± 22.79 

 
431.25 ± 
48.38 

 
209.84 ± 
39.49 

 
240.50 

 

DWZ**** * 

(Deep water 

zone) 

 
19.20 ± 2.97 

 
17.47 ± 3.49 

 
33.42 ± 1.92 

 
23.25 ± 2.52 

 
129.50 

   Total  CH4 

flux from 

WZ 

233.09 370.00 
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generation before flooding. Results showed that this carbon stock further increased after 
impoundment due to the surplus organic load contributed by river’s inflow water as 
total organic carbon (20.06 ± 1.04 mg l-1), and macrophytic vegetation as aquatic plant 
biomass (16.81 ± 2.74 g DW m-2) supporting the total CH4 flux of 233.09 mg m-2 d-1. 
Thus, the post-impoundment CH4 flux was higher than pre-impoundment CH4 flux with 
a net contribution of 171.96 mg m-2 d-1. The net CH4 emissions from Okhla reservoir 
(171.96 mg m-2 d-1) exceeded the value of 83. 80 mg m-2 d-1 estimated for a eutrophic 
reservoir by Gunkel (2009) but was below the value of 300 mg m-2 d-1 reported by St. 
Louis et al. (2000) for tropical reservoirs.  

In addition, in comparison with the other estimates (Table 3), Okhla reservoir 
exhibits significantly higher mean CH4 flux values (116.60 mg m-2 d-1) after flooding 
owing to i) excessive input of the allochthonous organic carbon from surrounding areas 
through Yamuna and Hindon river as indicated by high BOD (21.50 ± 1.31 mg l-1) and 
TOC values (20.06 ± 1.04 mg l-1) , ii) enhanced autochthonous organic carbon 
production by heavy aquatic vegetation infestation in the lake, and iii) high percentage 
of low water depth non-stratified shallow areas (nearly 65% of total wetland area) 
contributing about 90.03% of total post-impoundment CH4 flux whereas DWZ emits 
only 9.97% of total post-impoundment CH4 flux occupying the only 35% of total 
wetland area. However, total surface emissions after integrating the point measurements 
to the entire water surface of the reservoir, CH4 flux values for Petit Saut, Balbina, 
Lokka, Laforge 1, Shasta, Three Gorges reservoir exceeded the CH4 emissions obtained 
for Okhla reservoir mainly due to the large surface areas.  

 
Table 3. Air-water interface CH4 flux for Okhla and some other important reservoirs 
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Factors controlling CH4 flux   

It is amply clear from the present investigation and other reported studies that the 
CH4 emission potential in reservoirs is highly site specific and varies with particular 
reservoir characteristics such as surface area, age, water residence time, physico-
chemical properties of river’s inflow water, soil quality and type of vegetation being 
submerged during the progressive impoundment or being present in and around the 
reservoir after impoundment.  
 
Reservoir age, area and water retention time  

Newly constructed and large reservoirs are expected to release more CH4 as 
compared to older and small reservoirs. The most probable cause for this observation is 
that newly flooded labile carbon (present in plant leaves and litter) decompose at a 
higher rate as compared to older more recalcitrant organic carbon including soil organic 
carbon (SOC). But the present study showed that it is complicated to quantify flux-age 
and flux-area relationship in the reservoirs like Okhla reservoir where most of the 
reservoir area is shallow and occupied by heavy macrophytic vegetation.  

In Okhla reservoir, dense macrophytic vegetation in shallow areas, floating 
vegetation in deeper areas and dense terrestrial vegetation present along reservoir 
periphery facilitates the continuous supply of fresh labile carbon to methanogens. Thus, 
though the Okhla reservoir is older (~ 24 yrs.) and occupies the small flooded area of 
370 hectares, it produces a substantial amount of CH4 independent of age and area. So, 
these two parameters were not found to be the sole controlling factors for CH4 
production and emission in case of Okhla reservoir. Sturm et al. (2013) also mentioned 
that the older reservoir examined in south east Queensland exhibited higher CH4 

emission rates than younger reservoirs suggesting that reservoir age is not a key 
parameter for controlling CH4 flux.  

Water retention time is another important morphometric characteristic which 
significantly determines the rate of CH4 production within the reservoir. Fearnside 
(2005) expressed that the longer the water retention time, lower the oxygen 
concentration in the reservoir leading to enhanced CH4 production. Thus, reservoir with 
long retention time like Okhla reservoir (water retention time ~ 12 months) is prone to 
high nutrient/organic loadings and remained anoxic almost throughout the year 
supporting high rates of CH4 production.   
 

Floral composition  

Twenty important plant species (including aquatic, semi-aquatic and terrestrial 
species) have been identified in all the three zones (SWZ, DWZ and ESZ) of Okhla 
reservoir (Table 4). The total above-ground plant biomass/aquatic plant biomass (Table 

5) was also estimated to find out the role of vegetation in controlling the CH4 emission 
rates. It was observed that high plant mediated CH4 flux due to the presence of dense 
vegetation (aquatic and terrestrial) at Okhla reservoir discriminate this reservoir from 
many other tropical/subtropical reservoirs as most of the studied reservoirs include 
hydroelectric dams where CH4 emissions are either restricted by absence of aquatic 
vegetation or presence of limited aquatic vegetation.  

Aquatic vegetation mainly regulates the CH4 emissions by providing easily 
degradable organic substrates to methanogens and by facilitating CH4 to move out of 
the water column to atmospheres via vascular transport. Floral composition analysis for 
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Okhla reservoirs demonstrate that SWZ was heavily invaded by macrophytic vegetation 
including Eichhornia crassipes, Typha angustifolia, Pistia stratiotes etc. Eichhornia 

crassipies which is a most widespread floating fresh water plant is 4-11 times as active 
in CH4 emission as the rice paddies and release the bulk of CH4 from leaf blades and 
much less through the petiole (Banik et al., 1993; Rady, 1979). The large plant biomass 
of Eichhornia crassipies (3.66 ± 0.83 g DW m-2) and Typha angustifolia (4.04 ± 0.70 g 
DW m-2) on decomposition enrich the aquatic sediments with labile plant substrates for 
CH4 generation. Moreover, continuous semi-stagnant mats of Eichhornia crassipies 

(water hyacinth) with sediment- rooted emergent macrophytes including Alternanthera 

philoxeroides, Paspalum distichum, Alternanthera sessilis etc. present in shallow 
regions of reservoir periphery, also facilitate the increase in CH4 flux after flooding due 
to boosted CH4 vascular transport and additional aquatic plant biomass input of 16.81 ± 
2.74 g DW m-2.  

 
Table 4. Flora identified at Okhla reservoir 

 
 
   

Table 5. Plant biomass estimation for ESZ, SWZ and DWZ at Okhla reservoir 

 
* Annual mean value ± standard error of mean, **g DW m2  = grams of dry weight per meter square, ***total 
plant biomass is equivalent to above ground plant biomass in ESZ (Exposed soil zone) and aquatic plant biomass 
in SWZ (Shallow water zone)/DWZ (Deep water zone) 

 

 

In contrast, DWZ was devoid of macrophytic vegetation except few floating mats of 
Eichhornia crassipies which were not considered noteworthy in CH4 emissions. The 
plausible explanation for this observation is that the floating vegetation is not much 
efficient in CH4 vascular transport as they are not stagnant and their time of residence at 
one place was not enough to absorb and eliminate the substantial amounts of CH4 from 
the water column to the atmosphere. Consequently, SWZ released more CH4 than DWZ 
proving the observation of Singh et al. (2000) which vowed that vegetated water surface 
emits more CH4 than non-vegetated water surface. Thus, aquatic plant biomass show 
strong positive correlation of r=0.62; p<0.01 zone wise. Temporally, in SWZ, aquatic 
plant biomass exhibit comparatively weak correlation (r=0.44; p<0.05) with seasonal 
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CH4 flux. This may be due the observation that monsoon and summer seasons displayed 
nearly similar aquatic plant biomass as both monsoon and summer seasons exhibit 
optimal conditions for plant growth including temperature, moisture content, nutrient 
availability etc. On the contrary, aquatic plant biomass was lowest during the winter 
season because of cold damage induced by low temperature (Table 5). No correlation 
was attempted for DWZ as it was devoid of sediment rooted macrophytic vegetation.  

ESZ at Okhla reservoir was also densely occupied by various amphibious and 
terrestrial plants including Cynodon dactylon, Oplismenus burmannii, Alternanthera, 

sessilis, Sacchrum spontaneum etc. Vegetation of exposed soil chiefly affects the rates 
of CH4 production by determining the amount of plant litter that can be added directly 
or washed away from exposed soils to reservoir water during rainfall events. Therefore, 
to find out the contribution of vegetation of exposed soil to CH4 flux, above ground 
plant biomass was estimated. Results showed that vegetation present in exposed soils of 
Okhla provided organic matter in the form of above ground plant biomass of 36.47 ± 
6.06 g DW m-2 to support the high CH4 flux values observed at this reservoir. Above 
ground plant biomass showed positive correlation (r=0.83; p<0.01) with seasonal CH4 
flux. Enhanced above ground plant biomass provided increased availability of plant 
substrates for CH4 generating bacteria to support high CH4 flux values during summer 
season (Table 5).  
 
 Soil and water quality of reservoir  

Soil and hydrological characteristics of Okhla reservoir were found to be in 
conformity with high CH4 flux values emitted by reservoir surface. It was observed that 
the metabolism of organic matter (allochthonous and autochthonous) is the primary 
source of CH4 emission within the reservoirs as the soil organic carbon (SOC) and total 
organic carbon (TOC) are the main indicators of high organic carbon loadings in the 
reservoirs. Annual mean values for SOC (0.83 ± 0.005%) at Okhla reservoir indicated 
that soil present at Okhla reservoirs are highly organic in nature and support pre/post 
impoundment CH4 production of 61.13 mg m-2 d- and 233.09 mg m-2 d-1 respectively. 
On the other hand, high TOC value (20.06 ± 1.04 mg l-1) observed at Okhla reservoir 
was one of the key reasons for enhanced CH4 flux following the impoundment. High 
TOC values in Okhla reservoir can be attributed to the allochthonous organic carbon 
imported to reservoir through Yamuna and Hindon river tributaries and autochthonous 
organic matter produced by the dense macrophytic vegetation present in littoral zones of 
the reservoir.  

SOC and TOC did not follow any significant seasonal trend with CH4 flux. SOC is a 
stable soil property which does not fluctuate seasonally. Amount of TOC in Okhla 
reservoir was primarily dependent on organic carbon imported to reservoir by Yamuna 
river that cannot be defined seasonally as Yamuna river receive polluted water from 
various non-point and point sources (Figure 3b, 4b, and 5c). Consequently, both SOC 
and TOC showed no significant correlations with seasonal CH4 emissions (r=-0.02; 
p>0.05 for SOC and r= -0.25; p>0.05 for TOC).  

Data analysis in the present research also suggests that CH4 emission in tropical and 
subtropical reservoirs is also contingent on water depth (WD), dissolved oxygen (DO) 
and biological oxygen demand (BOD) content of the reservoir water. In Okhla reservoir, 
to find out the relationship between CH4 flux and WD, CH4 estimation was carried out 
for shallow water zone (SWZ) and deep water zone (DWZ). Results brought out that 
that SWZ exhibited high CH4 flux values (209.84 ± 39.49 mg m-2 d-1) than DWZ (23.25 
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± 2.52 mg m-2 d-1) due to increased upward CH4 diffusion at low WD (105.13 ±  6.04 
cm) and heavy macrophytic infestations leading to high plant mediated CH4 flux. In 
contrast, in stratified non-plant DWZ (210.87 ± 11.26 cm ), flux of CH4 from water 
surface to the atmosphere is highly constrained by high CH4 oxidation rates because of 
well-mixed oxygenated conditions prevalent in surface water and lack of aquatic 
vegetation. King (1990) and Laanbroek (2010) also reported that surface water is 
normally oxic and approximately 90% of CH4 emitted through diffusion and ebullition 
gets oxidized before reaching the atmosphere.  

High CH4 flux values from Okhla reservoir are further supported by low DO (3.88 ± 
0.24 mg l-1) and high BOD (20.51 ± 0.90 mg l-1) values as low DO values create 
anaerobic conditions and high BOD support high microbial activity for increased CH4 
production rates in tropical/subtropical reservoirs. Similar relationship among CH4 flux, 
DO and BOD have also been reported by Das et al. (2005) for wetlands in the state of 
Orissa, India. In addition to this, negative Eh (redox potential) values (-77.76 ± 5.66 mV 
for ESZ and varied from -162.29 ± 1.95 mV to -49.38 ± 4.70 mV for WZ) obtained at 
Okhla reservoir also support anaerobiosis leading to more reduced conditions and hence 
increased CH4 flux.  

 

Figure 3. Temporal variability in pre-impoundment CH4 flux with respect to various soil quality 

parameters at Okhla reservoir 

 
 
It can also be opined from the results that WD, DO and Eh were found to be 

negatively correlated (r=-0.70; p<0.01 for WD; r=-0.75; p<0.01 for DO; r=-0.93; 
p<0.01 for Eh in ESZ and r=-0.60; p<0.01 for Eh in WZ) and BOD was found to be 
positively correlated (r=0.73; p<0.01) with seasonal CH4 flux supporting high CH4 flux 
values in summer season. High temperature in summer season supports high microbial 
activities. This will lead to enhanced decompositions of organic matter causing severe 
DO depletion, high Eh and BOD values. WD depth also falls down during summer 
season because of increased evaporation rates resulting in accelerated CH4 flux in 
summer season (Figure 4a, 4c, 5a, 5b, and 5c).  

The results of the current work have also shown that reservoir soil pH (8.57 ± 
0.05) and water pH (7.40 ± 0.05 – 7.78 ± 0.18) varied from neutral to alkaline 
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range and lied within the optimum pH range for CH4 production i.e., 5.2 -9.2 
(Buchanan and Gibbons, 1975; Banik et al., 1993). With respect to seasonal CH4 
flux variations, soil pH and water pH exhibited insignificant correlation with CH 4 
emissions (r=-0.02; p>0.05 for soil pH and r=-0.18; p>0.05 for water pH). Both 
soil pH and water pH remained constant throughout the year and showed no 
specific seasonal pattern (Figure 3a, 4c, and 5c).  

 

Figure 4. Temporal variability in post-impoundment CH4 flux with respect to various water 

quality variables in Shallow water zone (SWZ) at Okhla reservoir 

 

 

Soil temperature (ST) and water temperature (WT) were also found within the 
congenial range for methanogenesis (25°C - 35°C; Wassman et al., 1998; Dubey, 2005) 
as mean values for ST and WT were about 28.83 ± 1.10 °C and 28.34 ± 0.68 °C 
respectively.  Seasonally, both ST and WT were found to be positively correlated with 
CH4 flux (r=0.68; p<0.01 for ST and r=0.49; p<0.01 for WT) due the direct simulation 
of methanogenic activity at high temperatures in summer season leading to enhanced 
CH4 emission rates (Figure 3a, 4b, and 5a).  
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Reservoir water also exhibited high annual mean concentrations of nutrients 
including PO4

3- (1.29 ± 0.14 mg l-1) and NO3
- (4.23 ± 0.87 mg l-1) indicating existence 

of eutrophic conditions in the reservoir. These nutrients primarily enter the reservoir 
through river’s inflow water enriched in domestic, agricultural and industrial wastes. 
Addition of excess nutrients mainly results in high biomass production particularly in 
the form of dense macrophytic growth. Thus, high nutrient levels further support high 
CH4 flux in a eutrophic Okhla reservoir due to accelerated plant productivity.  
Seasonally, PO4

3- showed insignificant correlation with CH4 flux (r=-0.14; p>0.05) as 
the PO4

3- content of WZ remained nearly stable throughout the year with slightly higher 
concentration during winter season. On the other hand, NO3

- was found to be negatively 
but weakly correlated with seasonal CH4 flux (r=-0.36; p<0.05). This may be due the 
reason that NO3

- content was found to be higher in the winter season but during 
monsoon and summer season NO3

- content was almost same (Figure 4d and 5d).  
 

Figure 5. Temporal variability in post-impoundment CH4 flux with respect to various water 

quality variables in Deep water zone (DWZ) at Okhla reservoir 
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Maximum NO3
- and PO4

3- loadings during winter season might be due to the 
discharge of nutrient rich untreated wastewater into the reservoir from the unidentified 
non-point source (industrial units) as Okhla reservoir is surrounded by the Okhla 
industrial area. In addition to this, NO3

- content increases during winter due to enhanced 
contribution from nitrogen rich sediments under high oxygen status during winter 
season. Contrary, NO3

- values during monsoon and summer season were principally low 
because of increased biotic utilization by macrophytes.  

Conclusions and future outlook  

Present research work has brought out vividly that the Okhla reservoir represents a 
strong CH4 emission source as the emissions from this reservoir far exceeded the CH4 
flux values reported for a eutrophic and other temperate, boreal, sub-tropical and 
tropical reservoirs. Higher CH4 emissions are attributed to long water retention time, 
enhanced organic and nutrient loadings from Yamuna and Hindon river, high primary 
productivity especially macrophytes and high percentage of low depth shallow areas. 
The CH4 emissions in Okhla reservoir exhibits a significant seasonal trend with 
maximum emissions during summer season and minimum during winter season in line 
those reported for various other tropical and subtropical reservoirs. This was due to the 
occurrence of suitable conditions of temperature, Eh, DO, BOD, WD and plant biomass 
during summer season.  

In conclusion, this study demonstrated that the tropical/subtropical shallow reservoirs 
heavily infested with aquatic vegetation (like Okhla reservoir) can contribute significant 
amounts (171.96 mg m-2 d-1) of CH4 to the atmosphere after flooding. Thus, for 
sustainable use of tropical/subtropical reservoirs, CH4 emission estimation from these 
reservoirs should constitute an integral part of environmental impact assessment studies 
prior to construct any reservoir in the hot tropical and subtropical areas. Further, based 
on this study some of the important management strategies can be adopted for 
regulating CH4 emissions in tropical and subtropical reservoirs: 1) Assessment of total 
carbon stock (soil organic carbon and  plant biomass), organic and pollutant loadings of 
inflow water  and CH4 production potential of reservoir area before submersion, 2) 
Maintenance of oligotrophic conditions in the reservoir after submersion by upholding 
appropriate water depth, checking growth of highly proliferating aquatic weeds 
including Eichhornia crassipes and Typha angustifolia, and organic/pollutant load of 
water to be discharged into the reservoir after flooding. Therefore, considering the 
paucity of substantial CH4 emission data in tropical reservoirs, in future, CH4 flux data 
obtained in Okhla reservoir may be used as an indicator for planning appropriate 
management strategies to minimize the CH4 emissions from tropical and subtropical 
reservoirs. 
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