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Abstract 

 

Numerous studies showed that habitat fragmentation can affect the constitution of 

species by impairing living conditions, impeding gene flow and thereby reducing 

genetic variability. However, populations of the same species may react less 

sensitive to fragmentation in the core than in the periphery of its distribution range. In 

the core they are assumed to be more euryoecious compared to the periphery, 

where they are assumed to be stenoecious with lower genetic diversity and higher 

genetic differentiation. We tested this hypothesis by comparing the genetic variability 

of 215 individuals of ten populations of Lacerta viridis from fragmented habitats within 

its distribution center in Bulgaria using genotype data of 19 microsatellite loci. We 

could not detect significant alteration of genetic variation, regardless of patch size 

and isolation by distance, indicating that fragmentation indeed did not had a strong 



 

impact on L. viridis in the core area of its historical and recent distribution range. We 

cannot rule out that the time elapsed since habitat fragmentation occurred was too 

short to yield a genetic response. However, in a similar study on L. agilis, which is 

stenoecious in Bulgaria, all genetic diversity indices declined with patch size. This 

provides indications that fragmentation at present does not have a strong effect on 

the genetic variation of Bulgarian L. viridis populations. 

 
 
1. Introduction 

 

Genetic differentiation occurs on several hierarchical levels: between individuals, 

among populations within a common area and between geographic regions. There 

are numerous studies that have assessed genetic differentiation at a large 

geographic scale (e.g., Arenas et al., 2012; Dudaniec et al., 2012; Eckert et al., 2008; 

Vucetich and Waite, 2003). Likewise, many studies addressed the effects of genetic 

variation at the local scale (e.g. Böhme et al., 2007b; Branch et al., 2003, Delaney et 

al., 2010; Delicour et al., 2011; Hoehn et al., 2007). In contrast, there are few studies 

that considered that environmental effects on genetic differentiation among 

populations at the local scale may depend on large scale geographic factors, such as 

the position of the populations at the periphery or core of the distribution area of the 

species (but see e.g. Arenas et al., 2012; Henle et al., 2017). 

Studies at a large geographic scale showed that peripheral populations frequently 

have lower genetic diversities and higher genetic differentiation than populations in 

the core region (Böhme et al., 2007b; Dudaniec et al., 2012; Eckert et al., 2008) 

though the speed of range shifts may modify this pattern (Arenas et al., 2012). 

According to Kühnelt’s principle of regional stenoecy, species with a large distribution 

range tend to be stenoecious at the periphery of their distribution area and more 

euryoecious in the core, (Böhme, 1978; Prieto Ramirez et al., 2018). For example, 

the two congeneric lizard species, the sand lizard (Lacerta agilis) and the eastern 

green lizard (L. viridis), have low genetic variability and narrower ecological niches at 

the periphery of their distribution (Bulgaria for L. agilis; East Germany for L. viridis) 

but higher variability and broader niches towards the core of their distribution (East 

Germany for L. agilis; Hungary and Bulgaria for L. viridis) (Böhme, 1978; Böhme et 

al., 2007b; Henle et al., 2017, Prieto Ramirez et al., 2018). 



 

At the local scale, loss and fragmentation of once contiguous habitats is among the 

most pervasive human driven processes in the Anthropocene that influence the 

dynamics, genetic variability and differentiation among populations and ultimately 

persistence (Settele et al., 1996; Hanski & Gilpin 1997; Henle et al. 2004a, Young 

and Clark, 2000). Nevertheless, species with a broad habitat tolerance or fast 

adaptation ability can persist in fragmented landscapes without loss of genetic 

variability even for a long time (Branch et al., 2003; Henle et al., 2017; Meek, 2020). 

Commonly, the abundance and dispersal among isolated sites of a species correlate 

with the quality of the environmental conditions. This creates a tendency in 

distribution patters of many large populations in the center and progressively less, 

smaller and more isolated populations towards the periphery (Brussard, 1984; 

Lawton, 1993; Vucetich and Waite, 2003). Therefore, populations of the same 

species might react differently to habitat fragmentation depending on their location 

within the distribution area, an effect well known when comparing species with 

different degrees of specialization (Henle et al., 2004b; Hoehn et al., 2007; Keinath et 

al., 2017). Hence, fragmented central populations should experience fewer loss of 

genetic variation and genetic differentiation following loss and fragmentation of their 

habitat than peripheral populations, but this prediction has rarely been assessed. 

Reptiles are excellent indicators for these processes (Meek, 2020). Due to their 

limited mobility compared with other taxa like birds or small mammals, lizards are 

restricted in their ability to migrate from one habitat patch to another through the 

matrix (Díaz et al., 2000; Hoehn et al., 2007; Jellinek et al., 2004). Therefore, lizards 

may be particularly sensitive to isolation of suitable habitat areas resulting from 

fragmentation (Díaz et al., 2000; Sarre et al., 1995).  

Lacerta agilis is a stenoecious habitat specialist in Bulgaria whereas L. viridis is a 

euryoecious habitat generalist and found very commonly all over the country 

(Biserkov et al., 2007). Nevertheless, in some regions like the Thracian plain the 

habitat of the green lizard occurs as more or less fragmented patches within an 

intensively used agricultural landscape and is further isolated by roads. This might 

exert a negative pressure upon the genetic variability of the fragmented populations, 

due to reduced population sizes and a possible reduction in the dispersal of 

individuals among populations. In a previous study Böhme et al. (2007b) showed that 

this species shows low genetic variability and high genetic differentiation among 



 

populations in habitat patches in close proximity at the northern periphery of its 

distribution area. 

This study investigates the potential effects of fragmentation on the genetic structure 

of L. viridis populations in fragmented landscapes in the core area of its distribution 

range. We hypothesized that, in contrast to L. agilis, local L. viridis populations were 

connected by dispersal (e.g. through the matrix) to some extent despite 

fragmentation of their habitat, thus possessing relatively high genetic diversity and 

low genetic differentiation. However, populations that were more isolated might have 

experienced less gene flow than those in closer proximity to each other due to 

isolation by distance. Furthermore, reduction of habitat size might have influenced 

genetic diversity, as population size shrank and inbreeding increased. 

 

 

2. Methods 

 

2.1 Study area and field sampling 

 

We focused our study on the Thracian plain in Bulgaria. Bulgaria has undergone an 

intensive period of urbanization and modification over the last 65 years (Ganev, 

1989), resulting in highly fragmented landscapes. The area of interest included 

populations within the city of Plovdiv and populations in surrounding areas (Mollov, 

2011). 

Potentially suitable lizard habitats were identified based on Google Earth maps and 

on personal observation in the field, following the habitat description reported in the 

literature. Subsequently, patches with suitable habitat were surveyed for lizards and 

final sampling sites were chosen based on abundance of individuals and spatial 

distribution of patches. Thus, an appropriate sample size per patch was assured and 

the extent of the study area was covered as much as possible (Fig. 1). 

 

 

 

 

 

 



 

Figure 1: Sample sites of the 10 investigated populations. Light brown outlines illustrate the 

city boundary of Plovdiv (Map data © OpenStreetMap contributors). For abbreviations of 

sampling sites see Table 1. 

 
 

Overall, 215 individuals from 10 populations were sampled. The populations “Kapitan 

Dimitrievo” and “Gorno Brystovo” served as unfragmented controls as the 

surrounding landscapes consisted of suitable habitat with more than 6 km2 in size. All 

other habitat patches were considered as fragmented. Five populations were 

sampled in 2010, another six populations in 2015. The habitat fragment at Trilistnik 

(TN) was sampled in both years; the sampled areas overlapped substantially, and 

the samples of the two years did not differ significantly in any genetic parameter (see 

results). Therefore, we combined the two samples for comparisons with other 

populations. 

The size of each habitat patch and geographic distances between sampling sites 

were calculated using ArcGIS 10 (ESRI, Redlands, CA). Degree of isolation was 

measured as the distance between sampling areas and the next patch of suitable 

habitat within the landscape. In case of strong barriers within a suitable habitat area, 

such as rivers or major roads, we considered habitats on both sides of the barrier as 

separate patches. Sampling areas differed in size between 0.1 km2 and 9.5 km2 with 

isolation ranging from 8 m to 714 m (Tab. 1). 

 

 

 

 



 

 

Table 1: Abbreviations of the site names for the investigated populations in Bulgaria, sample 

areas, patch size, degree of isolation to the next suitable area of habitat measure edge-to-

edge and geographic coordinates averaged for the sampled individuals. 

(*) For non-fragmented control populations, that belong to the same continuous habitat only 

sample area was estimated. (**) Corresponds to isolation distance of a population 

surrounded by a river, which represents a strong barrier. 

Population ID/ name Sample size Latitude Longitude Patch size (km2) Isolation (m) 
TN (Trilistnik North) 42 42.225583N 24.853214E 5.27 347 
 VI (Vinitsa) 20 42.145567N 25.140667E 3.75 206 
GR ( Gradina) 19 42.145533N 25.183450E 4.87 526 
PC (Plovdiv Center) 16 42.156056N 24.763611E 0.10 714 
PW (Plovdiv West) 19 42.139513N 24.695156E 1.71 339 
RO (Rogosh) 19 42.153294N 24.885640E 0.74 18 
PE (Plovdiv East) 17 42.162449N 24.797865E 0.46 8** 
YA ( Yagodowo) 22 42.138650N 24.869379E 0.40 27 
KD (Kapitan 
Dimitrievo)* 

21 42.087033N 24.335733E 6.55  

GB (Gorno Brystovo)* 20 41.930450N 25.314217E 9.49  
 

Animals were captured with permits of the issuing authorities (please refer to the 

Acknowledgements) by hand or with a fishing rod and handled according to the 

guidelines of the Herpetological Animal Care and Use Committee of the American 

Society of Ichthyologists and Herpetologists. GPS coordinates and elevation records 

in situ (reference system WGS 84) were taken for each lizard sampled. 

A small tissue sample was taken from the tail tip and afterwards the wound was 

disinfected. Samples were stored in 98% ethanol at -20°C. 

 

2.2 DNA extraction, amplification and fragment analysis 

 

DNA was isolated using “NucleoSpin® Tissue” Kit (Macherey-Nagel) following the 

manufacturer’s protocol. Microsatellite loci were amplified with polymerase chain 

reaction (PCR) (Mullis and Faloona, 1987) using previously established primers of 

Laube and Kuehn (2006) and Böhme et al. (2005) (Appendix II, Tab. A2.1). In total 

24 loci were amplified. Forward primers were fluorescently labelled with FAM, HEX, 

NED or Atto550. Microsatellite PCR was conducted in a total volume of 25µl 

containing 0.2mM of each dNTP, 2.5µl of 10x Dream TaqTM-Buffer including 25mM 

MgCl2, 1U Dream TaqTM Green DNA polymerase, 0.4µM for each forward and 

reverse primer and 0.5µl DNA-extract on an Eppendorf Mastercycler under the 



 

following conditions: initial denaturation at 95°C for 15 min, followed by 35 cycles of 

30s denaturation at 95°C, 30s annealing phase at primer specific temperatures and 

30s extension at 72°C, the final elongation step lasted for 10 min at 72°C. Each 

microsatellite locus was amplified separately (one primer pair per reaction). 

Amplified products with different labels and non-overlapping size ranges were 

multiplexed and electrophoresed on the ABI 3130xl at the Interdisciplinary Centre for 

Clinical Research of the Leipzig University. Allele sizes were scored against the 

internal size standard GeneScanTM 500 ROXTM using Peak ScannerTM v1.0 (Applied 

Biosystems, USA). Missing data ranged from 0.5% to 2.3% per locus. At least 14 loci 

(>73%) could be genotyped for each sample. All individuals were included in the 

subsequent analyses (n=215). 

 

2.3 Statistical Analyses 

 

Microsatellite data were screened for the presence of null alleles, allelic dropout and 

stutter bands using the software Micro-Checker v2.2 (Van Oosterhout et al., 2004). 

Loci fulfilling at least one of these criteria were excluded from the data set. The 

remaining loci were tested for Hardy-Weinberg-Equilibrium and pairwise linkage 

equilibrium using Genepop v4.2 (Raymond and Rousset, 1995) with default 

parameter values. P-values of linkage disequilibrium were corrected using the FDR-

method (Benjamini and Hochberg, 1995). 

 

Heterozygosity and the number of alleles per locus (NA) were calculated using 

Cervus v3.0.7 (Kalinowski et al., 2007). The allelic richness and number of private 

alleles were determined with the rarefaction method in HP RARE v1.1 (Kalinowski, 

2005), normalized to the least number of diploid individuals per population carrying 

genetic information. FIS values (Weir and Cockerham, 1984) were estimated using 

FSTAT v2.9.3 (Goudet, 1995). 

An analysis of variance (ANOVA) was conducted in PAST v3.16 (Hammer et al., 

2001) to examine differences in heterozygosity, allelic richness and private allelic 

richness among populations and between the groups of populations (fragmented vs. 

non-fragmented). When Levene’s test of homogeneity was significant (p < 0.05), the 

Welch F-Test was used. 

 



 

FST values were calculated with FreeNA (Chapuis and Estoup, 2007) both with and 

without using the ENA method of Chapuis and Estoup (2007) to exclude excessive 

null alleles with the implemented Expectation-Maximization algorithm of Dempster et 

al. (1977) and a bootstrapping of 10,000 (confidence interval of 95%). Pairwise FST 

as values for genetic distance (linear transformation) and geographic distance (edge-

to-edge of fragmented sampling sites) were correlated with IBD v1.52 (Bohonak, 

2002), using reduced major axis (RMA) regression and the Mantel test. Implications 

of patch size (only fragmented areas) and isolation on genetic diversity 

(heterozygosity, allelic richness, FIS) were analyzed by linear regression models with 

the package stats in RStudio v1.2.1335 (R Core Team, 2019). The graphical output 

for all correlation models was generated in R with the packages ggplot2 (Wickham et 

al., 2016) and gridExtra (Auguie, 2017). 

An analysis of molecular variance (AMOVA) was carried out with Arlequin v3.5.2 

(Excoffier and Lischer, 2010). 

 

To assess genetic structuring among the populations we carried out a principal 

component analysis (PCA) on allele frequencies using the package adegenet v2.1.2 

(Jombart, 2008; Jombart and Ahmed, 2011) in RStudio v1.2.1335 (R Core Team, 

2019). 

In addition, we performed a Bayesian cluster analyses with STRUCTURE v2.3.4 

(Pritchard et al., 2010) but because of the low genetic variability explained by the 

population level (see results) and thus uncertainty whether the results reflect 

primarily the genetic variation or the geographic location of individuals, we provide 

the analysis, for comparative purposes, only in Appendix I. 

 

 

3. Results 

 

We detected allelic variation at 21 out of 24 loci and compared it for 215 individuals 

of 10 populations. Three loci (Lvir6, Lvir14 and LacVirK) exhibited different fragment 

lengths in 2010 and 2015 and therefore were excluded from the analyses. One locus 

(Lvir11) showed an excess of homozygotes indicating the presence of null alleles 

and was omitted from subsequent analyses. One pair of loci (LacVirS, LacVirSY) 

deviated from linkage disequilibrium despite FDR correction. Consequently, we also 



 

excluded locus LacVirSY from the dataset. The final data set contained 19 

microsatellite loci (Appendix II, Tab. A2.1). 

 

3.1 Comparison of samples collected in different years 

 

Individuals from a population near Trilistnik North were sampled in 2010 and again in 

2015. The samples lacked significant differences in all diversity parameters [two 

sample t-tests, using PAST v3.16 (Hammer et al., 2001)]: HObs: p = 0.99, HExp: p = 

0.63, AR: p = 0.08, FIS: p = 0.55. 

 

3.2 Comparison of fragmented with control areas 

 

Based on patch sizes we divided the investigated populations into fragmented (< 6 

km2) and non-fragmented populations (> 6 km2). Although diversity parameters were 

larger and FIS values were smaller for the control areas than for the fragmented areas, 

ANOVA revealed no significant differences between these groups regarding 

heterozygosity, allelic richness and FIS (Appendix II Fig. A2.1, Tab. A2.2). 

 

3.3 Genetic differentiation 

 

The lowest genetic differentiation (FST = 0.015) could be observed between 

population GR and population KD (Tab. 2; for locations see Fig. 1). Population PC 

and PW differed the most with FST = 0.088. Overall population PC was most different 

from all other populations, with FST ranging from 0.052 to 0.088. Despite the fact that 

the two control populations KD and GB were both located within the same large area 

of continuous suitable habitat, they were separated by 100.45 km (not included in 

Tab. 2) and treated as individual populations. They differed genetically with a FST = 

0.028. For comparison, the samples collected five years apart in the population 

Trilistnik North showed only minimal differentiation (FST = 0.012). 

 

 

 

 



 

Table 2: Geographic and genetic distances. In the lower triangle, the genetic distances using 

FST and the ENA method are shown. In the upper triangle, pairwise geographic distances 

between the populations are shown in kilometers, measured from edge-to-edge of each 

sampling area. For the control populations KD and GB no distances could be determined as 

surrounding landscape represents large area of suitable habitat without clear boundaries. 

Fragmented populations 
 TN VI GR PC PW RO PE YA 
TN - 30.49 33.69 13.63 17.02 9.60 10.94 10.09 
VI 0.020 - 2.50 40.00 44.16 25.61 28.00 36.22 
GR 0.025 0.017 - 43.96 48.13 29.57 32.05 40.16 
PC 0.083 0.081 0.086 - 3.28 7.92 11.45 2.10 
PW 0.039 0.042 0.055 0.088 - 12.02 15.45 6.10 
RO 0.026 0.023 0.026 0.052 0.033 - 0.12 4.45 
PE 0.043 0.058 0.052 0.061 0.054 0.023 - 8.08 
YA 0.036 0.037 0.041 0.087 0.051 0.020 0.049 - 
Non-fragmented populations 
 TN VI GR PC PW RO PE YA KD 
KD 0.024 0.027 0.015 0.073 0.042 0.025 0.043 0.040 - 
GB 0.023 0.022 0.025 0.086 0.055 0.026 0.052 0.042 0.028 
 

The Mantel test revealed no significant correlation between the geographic distances 

and genetic distances (ENA: Z = 26037.61, r = 0.01, p ≤ 0.40; no ENA: Z = 26082.81, 

r = 0.6e-3, p ≤ 0.43, Fig. A2.2). An additional Mantel test without site PC, to prevent 

bias by this very small and isolated population, also lacked significance (ENA: Z = 

16862.06, r = 0.23, p ≤ 0.17; no ENA: Z = 16762.36, r = 0.20, p ≤ 0.21). 

 

The AMOVA revealed that most of the genetic variation could be found within 

individuals over all populations (92.83%; Sum of squares: 1408.50, Variance 

components: 6.60). The remaining variance was roughly similar within populations 

(3.13%; Sum of squares: 1433.35, Variance components: 0.22) and among 

populations (4.04%; Sum of squares: 172.22, Variance components: 0.29). 

 

3.4 Genetic diversity 

 

The values of expected heterozygosity ranged between 0.64 and 0.75, while the 

observed heterozygosity varied between 0.57 and 0.75 (Tab. 3). Both values did not 

differ significantly among populations (ANOVA: HObs: F = 1.02, df1 = 9, df2 = 180, p = 

0.42; HExp: F = 0.62, df1 = 9, df2 = 180, p = 0.78). Overall the mean values of 

heterozygosity were relatively high, except those of population PC, which exhibited a 



 

smaller number of heterozygous individuals (HObs = 0.57). FIS values ranged between 

-0.04 in population VI and 0.10 in population PC. A Wilcoxon Signed Rank Test 

revealed that only the calculated FIS of population PC differed significantly from 0 (p = 

0.04). Furthermore, the ANOVA showed no significant differences among 

populations (F = 1.42, df1 = 9, df2 = 72.53, p = 0.19). The allelic richness, averaged 

over all loci, varied from 5.86 to 8.11, with a different number of private alleles 

ranging from 0.18 to 0.73. Population PC showed overall the lowest values of 

heterozygosity and allelic richness as well as the highest value of FIS. 

 

Table 3: Measurements of genetic diversity per population for all loci with standard deviation. 

Populations KD and GB are considered non-fragmented (marked with *). Pop. – 

Abbreviations for sampled population, HObs - observed heterozygosity, HExp - expected 

heterozygosity, AR - allelic richness, ARP – percentage of private alleles, FIS Inbreeding 

coefficient by Weir and Cockerham (1984). 

Pop. HObs HExp AR ARP FIS 
TN 0.70 ± 0.19 0.73 ± 0.18 8.11 ± 2.97 0.73 ± 0.57 0.0 4 ± 0.09 

VI 0.75 ± 0.18 0.72 ± 0.18 7.41 ± 3.17 0.18 ± 0.31 -0. 04 ± 0.13 
GR 0.70 ± 0.22 0.71 ± 0.22 7.54 ± 3.42 0.45 ± 0.53 0.0 2 ± 0.11 
PC 0.57 ± 0.28 0.64 ± 0.22 5.86 ± 2.36 0.28 ± 0.44 0.1 0 ± 1.15 
PW 0.66 ± 0.22 0.67 ± 0.21 7.56 ± 3.52 0.35 ± 0.41 0.0 2 ± 0.16 
RO 0.69 ± 0.21 0.73 ± 0.18 7.59 ± 3.73 0.52 ± 0.94 0.0 6 ± 0.14 
PE 0.68 ± 0.25 0.70 ± 0.21 6.67 ± 2.52 0.35 ± 0.79 0.0 0 ± 0.12 
YA 0.72 ± 0.20 0.75 ± 0.15 7.70 ± 3.25 0.23 ± 0.32 0.0 3 ± 0.15 
KD* 0.71 ± 0.14 0.75 ± 0.15 7.75 ± 3.02 0.46 ± 0.40 0.0 5 ± 0.14 
GB* 0.72 ± 0.21 0.72 ± 0.20 7.68 ± 3.44 0.35 ± 0.39 0.0 0 ± 0.17 
 

Regression models revealed that observed and expected heterozygosity decreased 

significantly with isolation distance to the next putative habitat whereas observed 

heterozygosity and allelic richness increased with patch size (Tab. 4, Fig. A2.3). 

Expected heterozygosity also decreased with isolation distance but increased only 

marginally with patch size. Neither the number of private alleles nor FIS were 

influenced by the degree of isolation or by patch size. 

 

 

 

 

 



 

Table 4: Regression of heterozygosity, FIS, Allelic Richness and Private Allelic Richness to 

the habitat size (area) in km2 and degree of isolation in m. HObs – observed heterozygosity, 

HExp – expected heterozygosity, AR – Allelic Richness, ARP – Private Allelic Richness, df – 

degrees of freedom. Significance codes: ***: < 0.001; **: < 0.01, *: < 0.05 

 Estimate Standard Error  t-value Pr(>|t|) 
HObs ~ Isolation + Area 
Intercept 0.70 1.50E-2   46.44 8.74E-8 *** 
Isolation -1.74E-4   3.79E-5   -4.58   0.006 ** 
Area 1.69E-8   4.59E-9    3.68   0.014 * 
Residual standard error 0.03 on 5 df 
HExp~Isolation + Area 
Intercept 0.72 1.20E-2 60.18 2.4E-8 *** 
Isolation -1.22E-4 3.04E-5 -4.00  0.010 * 
Area 8.68E-9 3.68E-9  2.36 0.065  
Residual standard error 0.02 on 5 df 
AR ~ Area + Isolation 
Intercept 7.23 0.28 25.62 1.69E-6 *** 
Area 2.51E-7 8.66E-8 2.90 0.034 * 
Isolation -1.69E-3 7.15E-4 -2.37 0.064  
Residual standard error 0.47 on 5 df 
ARP ~ Area + Isolation 
Intercept 0.31 0.11 2.78 0.039 * 
Area 4.26E-8 3.40E-8 1.25 0.266  
Isolation -4.89E-5 2.81E-4 -0.17 0.869  
Residual standard error 0.18 on 5 df 
FIS ~ Area + Isolation 
Intercept 3.91E-2 2.05E-2 1.91 0.115  
Area -1.32E-8 6.29E-9 -2.10 0.090  
Isolation 9.11E-5 5.19E-5 1.80 0.140  
Residual standard error 0.03 on 5 df 
 

3.5 Population structure 

 

The PCA reflected only minor proportions of variation in the microsatellite data set. 

The first and second component accounted for less than 8% of variation (PC1: 4.27%, 

PC2: 3.50%). This is in line with the results from the AMOVA that indicated the 

highest variation between individuals within populations and low genetic 

differentiation among populations.  

Although distinct clusters are lacking in the scatterplots, the PCA results suggest that 

the population located in the center of the city of Plovdiv (PC) slightly differed 

genetically from the populations of the surrounding landscape (Fig. 2). Populations 

from the rural landscape (TN, GR, RO, VI, YA) showed very similar allelic patterns to 

the unfragmented control populations (KD, GB). The analyses with program 

STRUCTURE also indicated that the population PC diverged most from other 

populations but grouped the remaining two urban populations (PW, PE) with two rural 



 

populations downstream the river Mariza (see Appendix I, Fig. A1.2), which is 

inconsistent with the PCA analyses (Fig. 2). 

 

Fig: 2 Principal component analysis (PCA) of microsatellite frequency data. PCA based on 

allele frequencies from 10 populations. Populations are color-coded according to the colors 

used in Fig. 1. The bar plot represents the distribution of the calculated Eigenvalues per 

component 1 to 50. 

 
 

 

4. Discussion 

 

The present study aimed to investigate the effects of fragmentation on genetic 

diversity and variation of Lacerta viridis populations in the core of its distribution 

range in Bulgaria. As hypothesized all investigated populations showed relatively 

high genetic diversity, similar to a L. viridis population in Hungary (Böhme et al., 

2007b) and L. agilis populations in Germany (Henle et al., 2017) but in contrast to 

fragmented populations at the periphery of the distribution range of L. viridis in 



 

Germany and the Czech Republic (Böhme et al., 2007b). Furthermore, nine of the 

ten Bulgarian populations showed FIS close to 0, which implies absence of inbreeding. 

Despite the limited dispersal capacity of L. viridis (Grimm et al., 2014; Schneeweiss, 

2001) and distances between the populations of up to 48 km, our results indicate 

high genetic variability within (93%) and low differentiation among populations (4%). 

Large population sizes limit genetic drift and can prevent genetic isolation and 

differentiation (Frankham, 2005). Alternatively, genetic similarity implies widespread 

gene flow between the populations that are part of a larger metapopulation. 

Interconnecting populations that were not included in this study may facilitate gene 

flow within this population network. Suitable structures and possible matrix 

permeability may enable migration between habitat patches independent of 

geographic distance (Henle et al., 2017) as no evidence for isolation by distance 

could be found. Moreover, L. viridis populations in Bulgaria inhabit a greater variety 

of habitat types than those in the periphery of its distribution range (Prieto-Ramirez et 

al., 2018). Consequently, individuals in the core are considered euryoecious and may 

be able to cross areas of inappropriate vegetation (Öckinger et al., 2010; Prieto-

Ramirez et al., 2018). 

 

The selected sampling areas varied considerably in size and surrounding landscape 

intentionally to investigate the implication of the degree of isolation and habitat size 

on population structure. Fragmented populations showed decreased heterozygosity 

with increasing distance to surrounding suitable habitat. A reduced distance between 

potential habitat patches may facilitate migration and hence gene flow (Hanski & 

Gilpin, 1997; Jellinek et al., 2014). The patch size was positively correlated with 

heterozygosity and allelic richness of the remnant populations. Despite these 

significant relationships, populations in fragments did not differ significantly from 

populations in unfragmented control sites in any genetic parameter. With only two 

control areas available in the study region, the resolution power may have been 

insufficient to provide significance for small differences between control areas and 

fragmented areas. The similarity of samples collected in 2010 and 2015 near 

Trilistnik North, which did not differ significantly between sampling years in any 

genetic parameter, indicates that the process of differentiation proceeds at slow pace. 

The strong overlap of the populations on the first and second PCA axes also 

indicates that the process of loss of genetic variability and genetic differentiation is 



 

still at an early stage despite the study region having experienced an intensive period 

of urbanization and modification over the last 65 years (Ganev, 1989), resulting in 

highly fragmented landscapes. Nonetheless, some of the chosen fragmented 

patches presumably are still large enough to provide resources like non-fragmented 

habitats for an euryoecious species like L. viridis in the core of its distribution area. 

However, in the smallest one, the population in Plovdiv Centre (PC), limited 

inbreeding has been revealed, diversity diminished, and differentiation to other 

populations is already appearing. Small populations are often more vulnerable to 

effects of inbreeding or genetic drift (Lesica and Allendorf, 1995). Furthermore, the 

population’s genetic exchange with other populations may be weakened due to its 

location on an island within the river Mariza and dense buildings in most of the 

surroundings. This may also explain why this population is the most differentiated 

one, though the differentiation remained small. 

 

Böhme et al. (2007b) investigated L. viridis edge populations in Brandenburg 

(Germany) and the Czech Republic. All of the edge populations exhibited reduced 

genetic diversity, higher genetic differentiation and reduced genetic variance on 

individual level compared to their central population in Hungary and our investigated 

populations in Bulgaria. These differences between regions may result from their 

location in the distribution range. As living conditions diminish from the center to the 

edge of the range, also matrix conditions become subsequently more hostile. 

Reduced patch sizes and stronger separation of suitable habitat may have stronger 

implications on peripheral populations, which can lead to a reduced gene flow (Eckert 

et al., 2008; Franklin et al., 2002; Henle et al., 2017). Furthermore, they experience 

more rapid cycles of extinction and recolonization accompanied by bottlenecks or 

founder effects (Eckert et al., 2008). Central populations inhabit areas with better 

environmental conditions and a variety of suitable habitats. Thus, it is not surprising 

that the L. viridis populations studied by us in Bulgaria exhibited higher genetic 

diversity and lower differentiation and are less sensitive to fragmentation compared 

to the edge populations studied by Böhme et al. (2007b). 

 

During glacial periods in Europe, both L. agilis and L. viridis had refugia in the 

Balkans (Böhme et al., 2007a; Kalyabina et al., 2013). Whereas L. agilis shifted its 

range and Bulgaria became the periphery, L. viridis retained the core of its 



 

distribution range in Bulgaria. Therefore, populations in Bulgaria of both species 

should not have experienced a reduction in genetic variation due to historical range 

expansion. Remarkably, Henle et al. (2017) showed that peripheral L. agilis 

populations in Bulgaria are more vulnerable to habitat fragmentation than populations 

in the central regions of their recent distribution range in Central Europe, despite the 

fact that their historical distribution center was also located in the Balkans. Albeit the 

opposite dispersal history, these contrasting sensitivities to habitat fragmentation of 

the two species in Bulgaria indicate that fragmentation of habitats may affect the 

genetic variation of populations substantially differently depending on whether it 

occurs at the edge or the core of the extant distribution area. This different sensitivity 

needs to be assessed in a large number of species and be accounted for in 

conservation strategies.  
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Highlights 1 
 2 
Lacerta viridis populations in core range show high genetic diversity 3 
Low differentiation between core populations 4 
Areas of suitable habitat or vegetation may serve as migration corridors 5 
Populations are probably part of a larger metapopulation network 6 
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