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Abstract Endangered species worldwide exist in remnant

populations, often within fragmented landscapes. Although

assessment of genetic diversity in fragmented habitats is

very important for conservation purposes, it is usually

impossible to evaluate the amount of diversity that has

actually been lost. Here, we compared population structure

and levels of genetic diversity within populations of spot-

ted suslik Spermophilus suslicus, inhabiting two different

parts of the species range characterized by different levels

of habitat connectivity. We used microsatellites to analyze

10 critically endangered populations located at the western

part of the range, where suslik habitat have been severely

devastated due to agriculture industrialization. Their

genetic composition was compared with four populations

from the eastern part of the range where the species still

occupies habitat with reasonable levels of connectivity. In

the western region, we detected extreme population struc-

ture (FST = 0.20) and levels of genetic diversity (Allelic

richness ranged from 1.45 to 3.07) characteristic for highly

endangered populations. Alternatively, in the eastern region

we found significantly higher allelic richness (from 5.09 to

5.81) and insignificant population structure (FST = 0.03).

As we identified a strong correlation between genetic and

geographic distance and a lack of private alleles in the

western region, we conclude that extreme population

structure and lower genetic diversity is due to recent habitat

loss. Results from this study provide guidelines for conser-

vation and management of this highly endangered species.
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Introduction

Population fragmentation and isolation may have detri-

mental effects both on the fitness and viability of extant

populations (Frankham et al. 2002). Local bottlenecks can

reduce genetic variation, thus compromising the ability of a

population to respond to environmental change (Amos and

Balmford 2001). Numerous papers describe the effects of

habitat loss on changes of genetic composition of popula-

tions, from Western Europe, North America, Australia or

places identified as biodiversity hotspots. However, results

of habitat degradation are already detectable also in the less

industrialized regions of Eastern Europe (Honnay et al.

2007; Rosenbaum et al. 2007; Barnett et al. 2006; Ramirez

et al. 2006). This study, concerning the effect of habitat

fragmentation on the genetic diversity of critically endan-

gered spotted suslik Spermophilus suslicus, is one of the

first examples of using molecular markers in planning the

conservation management programme in Eastern Europe.

Species with low dispersal ability, like rodents, are espe-

cially sensitive to the effects of habitat fragmentation.

Hirota et al. (2004) proved higher levels of population

structure in Japanese field mouse populations from frag-

mented suburban areas in comparison to more continuous

habitat. Lowered genetic diversity was also found in two

subspecies of Idaho ground squirrel Spermophilus brunn-

eus (Garner et al. 2005).

Spotted suslik is a medium sized rodent species that

inhabits dry meadows, steppes and pastures of the Ukraine,

Moldova, the European part of Russia and Poland. Polish
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populations are the westernmost populations of this spe-

cies. Over the last 50 years, rapid development of

agriculture and industrialization has led to an exceptionally

fast loss of semi-natural habitats, such as extensively used

meadows or pastures, which in turn caused a dramatic

reduction in both distribution and abundance of spotted

suslik in the western part of its range. Most populations

became extinct and the extant ones became severely

depleted in numbers and separated by intensively used

agricultural landscapes. Presently, spotted suslik is con-

sidered as one of the rarest mammal species in Poland. Out

of the 143 colonies noted in 1954 (Surdacki 1963), there

are only seven left (Gondek 2004). The species is strictly

protected under Polish and Bern Convention Laws and is

listed as endangered in the Polish Red Data Book, under

IUCN categories (Głowaciński and Męczyński 2001).

Spotted suslik is also listed in the EU Habitat Directive

and, importantly, Polish populations of this species are the

only colonies in the European Union.

The assessment of the loss of variability is often ham-

pered by a lack of information, about the genetic variation

of threatened populations prior to fragmentation and

demographic bottlenecks. The comparison of the pattern of

genetic diversity before and after environmental or demo-

graphic perturbances is usually not possible. While Polish

populations of spotted suslik are restricted to small, rem-

nant, isolated colonies, the eastern part of the species range

still sustains many small colonies densely distributed

across suitable habitat (Lobkov 1999), providing a rare

opportunity to investigate the natural processes shaping the

population structure and gene flow among populations and

to compare them with populations strongly affected by

habitat deterioration.

In this study, we used microsatellite markers to investi-

gate genetic diversity, population genetic structure and gene

flow among and within spotted suslik colonies in two parts

of its range, that differ in terms of levels of habitat con-

nectivity and suitability. We compared the measures of

population diversity and population structure of threatened

populations, from the western part of the species range

located in Poland and western Ukraine, with the diversity of

populations from the main range situated in south-eastern

Ukraine. We predicted that due to barriers to dispersal and

recent extinctions of neighbouring populations in the wes-

tern region, distances between populations increased, and

consequently gene flow between remaining populations is

likely to be seriously reduced or even absent. Combined

with low population sizes and known size bottlenecks, due

to deteriorated habitat quality and historical processes typ-

ical for peripheral populations, spotted suslik may suffer

from decreased levels of genetic diversity and elevated

levels of population structure.

Materials and methods

Sample collection

During the years 2003–2005, tip tail tissue samples were

collected from 251 individuals of spotted suslik from 14

populations, covering two separate regions from the species

range. We sampled six populations from the western region

located in eastern Poland, in the area of the town of Zamość

and four located in the neighbouring area in Ukraine, about

10–15 km from the Polish border. Another four populations

located near the town of Odessa represented the eastern

region. Sampling details are presented on Fig. 1 and in

Table 1. Field procedures were carried out according to the

Ethical Committee decision no.: 48/OP/2002 and the Polish

Ministry of Environment permit no.: DOPog–4201-04-73/

03/jr and DOPog–4201-04-22/04/jr). Individuals were

captured in wire-mesh tubes placed at the entrance of bur-

rows. The traps were spread evenly throughout the area to

avoid non-random sampling of related individuals.

DNA extraction and microsatellite typing

Genomic DNA was extracted from ethanol-preserved tail

tips. Samples were dried in 70�C for at least 5 h and the

DNA was extracted by Nucleospin Tissue Kit (Macherey

and Nagel, Germany) according to the manufacturer’s

instructions. Individual samples were genotyped at nine

microsatellite loci described in Gondek et al. (2006) and

two additional loci developed for Marmota marmota (locus

MS53, Hanslik and Kruckenhauser 2000) and Spermophilus

brunneus (locus BP1, May et al. 1997). PCR reactions were

carried out in a PTC-200 thermocycler (MJ Research). All

PCR reactions were performed in a 10 ll volume contain-

ing 19 PCR buffer with (NH4)2SO4 (Fermentas), 2.0 mM

MgCl2, 0.2 mM of each dNTP, 2 pmol of each primer,

0.5 U of Taq polymerase (Fermentas) and 5 ng of template

DNA. One primer of each pair was fluorescent dyed. PCR

conditions were as described in Gondek et al. (2006).

Amplification products were resolved on an ABi Prism

310 Genetic Analyser (Applied Biosystems, USA).

Data analysis

Tests for Hardy–Weinberg equilibrium HWE and linkage

equilibrium between all pairs of loci for all the populations

sampled and for all the data pooled together, were com-

pleted with the FSTAT (Goudet 2002) software. The

deviations from HWE were expressed as an inbreeding

coefficient FIS at each locus in each population and the

significance was determined through permutation. The
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significance of linkage equilibrium was assessed with exact

test and permutation scheme. Resultant P-values were

corrected for the number of tests via sequential Bonferroni

correction and significance level was adjusted for 0.05.

Standard diversity indices have been calculated for each

population. Observed and expected heterozygosities for

each population were calculated using the FSTAT (Goudet

2002). Since allelic diversity is strongly affected by sample

size, allelic richness (R) and private allelic richness (Rpriv)

were obtained with the HP-rare (Kalinowski 2005) soft-

ware. Corrected estimates of allelic richness and private

allelic richness were based upon the smallest sample size

(n = 5). To compare the levels of genetic diversity from the

western, ‘‘fragmented’’ and eastern ‘‘continuous’’ popula-

tions, we analyzed the means of observed and expected

heterozygosity, inbreeding coefficient FIS, allelic richness

and relatedness coefficient (Queller and Goodnight 1989),

for both regions using the FSTAT option for comparing

groups of samples. For this purpose average indices for

each group, over samples and loci, were calculated. The

significance was assessed through permutation scheme as

Fig. 1 Geographic distribution

of sampled spotted suslik

populations; abbreviations as in

Table 1

Table 1 Sampling localities, estimated population sizes and number

of sampled individuals of spotted suslik

Population

symbol

Regions Estimated

population size

Number of

sampled

individuals

CHPL Western region 300 28

TYPL 70 33

POPL 50 16

HUPL 15 5

WYPL 15 6

SWPL 11,000 44

BOU approx. 500 18

SAU approx. 200 13

MUU approx. 500 17

HOU approx. 300 15

ODG Eastern region few hundreds 13

ODP few hundreds 10

ODD few hundreds 10

ODO few hundreds 23
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implemented in FSTAT. Whole samples were allocated at

random to different groups and P-value of the test was

taken as the proportion of randomized datasets giving a

value larger than observed. To test if the difference in

population structure between regions originated from

differences in spatial extent of sample collection, for

between-regions FST comparison we used only CH, BO,

SA, MU and HO populations from western region, which

are spatially distributed similarly to those from eastern

region (ODO, ODG, ODD and ODP). Due to low juvenile

dispersal (Titov 2003), spotted suslik can form cryptic

population substructure, and hence, for the relatedness

coefficient, we used the Pamilo’s (1985) correction for the

increased relatedness due to structuring of population

(Chapuisat et al. 1997). For all the parameters except

allelic richness, the average was weighted by sample size.

In order to test the hypothesis that genetic diversity is

higher and the relatedness is lower in the populations

from the habitat with higher levels of connectivity for

observed and expected heterozygosity and allelic richness,

we used a one-sided test, stating that these parameters are

higher in the eastern populations and the relatedness

coefficient is higher in western populations. For the

inbreeding coefficient, we used a two-sided test as its

value can be affected not only by breeding of relatives but

also by cryptic population structure. To assess the sig-

nificance of the tests a permutation scheme was used.

Population differentiation was estimated with pairwise

and overall FST (Weir and Cockerham 1984), along with

their significance determined with a permutation test as

implemented in FSTAT. Partitioning of the genetic diver-

sity among regions, among populations within regions and

within populations, was investigated with a hierarchical

analysis of molecular variance AMOVA (Excoffier et al.

1992) in Arlequin 3.01 (Schneider et al. 2000), with pair-

wise FST as the distance measure. To assess how the genetic

variation is partitioned within each region we also performed

AMOVA analysis for eastern and western populations sep-

arately. Bayesian assignment test of STRUCTURE 2.0

(Pritchard et al. 2000) was used to assign individuals to

clusters based on multi-locus genotypes with no prior pop-

ulation information. The analyses were performed

independently for the western and eastern regions. In order

to determine the most probable number of genetically

distinct populations (K) within our dataset, we ran a sim-

ulation for each K (2–12) for western populations and K

(1–6) for eastern populations with 100,000 burn-in itera-

tions and 100,000 data iterations. The most likely value of

K is the one that maximizes the log-likelihood of obtaining

the observed sample of multilocus genotypes (Pritchard

et al. 2000). A model with correlated allele frequencies and

admixture among populations was used for both regions.

Individuals were assigned to respective populations based

on percentage of membership. To test for isolation by

distance, we performed a regression analysis of Slatkin’s

(1995) linearized FST transformation (FST/1 - FST), on the

natural log of geographical distance (Rousset 1997) for

populations from the western and eastern region separately.

In the western region, analyses were performed with the

exclusion of population SW, which is known to be estab-

lished by translocation of individuals from a different

geographic location. The significance of this relationship

was determined with a Mantel test (Mantel 1967) (10,000

permutations) using FSTAT. To check if known reductions

in population sizes of Polish spotted suslik populations, or

possible reductions of other populations, resulted in a

decline of intrapopulation genetic variability, we per-

formed a test of homozygosity excess using a Bottleneck

software (Piry et al. 1999). During a population bottleneck,

allelic diversity is lost more rapidly than heterozygosity

(Nei et al. 1975; Maruyama and Fuerst 1985). Thus, a

method for detecting recently bottlenecked populations is

to compare the Hardy–Wienberg expected heterozygosity

in a sample with the heterozygosity expected for mutation

drift equilibrium. This heterozygosity excess should be

detectable for approximately 0.2–4 Ne generations, where

Ne is the effective population size. We tested for a het-

erozygote excess with a one-tailed Wilcoxon sign-rank test.

We performed the analysis under the two-phase mutation

model TPM with 90% of one-step mutations and 10% of

multistep mutations, which is thought to most closely fol-

low microsatellite mutation (Di Renzo et al. 1994).

Second, we calculated Garza and Willamson’s (2001) ‘M’

value, implemented in Arlequin 3.01, relating the mean

number of alleles to the total range in allele size. This

method allows to distinguish stronger or more ancient size

reductions than Bottleneck software (Garza and Willam-

son’s 2001).

Results

All 11 microsatellite loci were polymorphic. The total

number of alleles varied from 3 to 15 per locus and overall

locus heterozygosity ranged from 0.37 to 0.69 with an

average 0.54 (SD = 0.112). Estimates of FIS at each locus in

each population showed significant HW departure when

Bonferroni correction was applied only in two out of 154

comparisons (Table 2). Genetic diversity indices are sum-

marized in Table 3. The tests of HWE showed significant

homozygote excess in three western populations (WY, SW

and HO) but also in three eastern populations (ODG, ODO

and ODP). There was no evidence for linkage disequilib-

rium. Genetic diversity was lower in the western populations

than in eastern ones. Average values of observed and

expected heterozygosity, as well as allelic richness, were
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significantly higher in populations from the eastern region.

There was no significant difference for the average relat-

edness and FIS coefficient between the two regions as

reported in Table 4.

Patterns of genetic differentiation among populations

differed between the regions. For western populations, the

values of FIT, FST and FIS were respectively 0.28, 0.20 and

0.10 while for eastern colonies, the same indexes were as

high as 0.20, 0.03 and 0.10, thereby displaying a much

weaker structure at the interpopulation level in this region.

As a measure of genetic divergence among populations, we

used pairwise FST and assignment tests. All colony pairs in

the western region showed significant and very high genetic

differentiation expressed by high interpopulation FST,

ranging from 0.05 (HO–MU) to 0.35 (BO–WY), with an

average 0.21 (SD = 0.07). In the eastern region, pairwise

FST values ranged from 0.01 (ODO-ODD) to 0.05 (ODG–

ODD and ODG–ODP) and in four comparisons, the value

obtained was significantly different from 0. A hierarchical

AMOVA, which examines the partitioning of genetic vari-

ation among populations versus regions, indicated that

regions accounted for 18.37% of the total variability, 12.81%

of variation was partitioned between populations within

regions and 68.63% within populations (Table 5). The var-

iation on each level was highly significant (P \ 0.0001).

AMOVA performed in each region separately resulted in a

partitioning 27% of variation among populations in the

western region while variation at the same level in the eastern

Table 2 Estimates of inbreeding coefficient FIS at 11 microsatellite loci in 14 spotted suslik populations. All but two values are insignificant

n CHPL TYPL POPL HUPL WYPL SWPL BOU SAU MUU HOU ODG ODO ODD ODP

28 33 16 5 6 44 18 13 17 15 13 23 10 10

Ssu1 0.44 0.34 0.22 0.27 0.11 0.00 0.08 0.23 -0.02 0.19 0.13 -0.03 -0.12 0.30

SSu3 0.02 -0.30 - – - 0.00 0.15 0.44 -0.08 0.23 0.54 0.46 0.20 0.32

SSu5 -0.17 -0.16 -0.35 0.27 0.61 0.19 -0.06 0.11 -0.14 -0.01 -0.10 0.06 -0.17 0.02

Ssu7 -0.10 -0.05 -0.20 – NA 0.00 0.25 -0.02 -0.07 0.20 0.09 0.09 0.44 0.23

Ssu8 0.11 0.35 -0.05 -0.14 0.75 0.31 -0.09 0.30 0.31 0.23 0.25 0.36* 0.06 0.33

Ssu13 0.01 0.33 -0.09 -0.50 0.60 0.39 0.08 0.05 0.02 0.05 0.09 0.55* 0.00 0.50

Ssu15 -0.35 – – – 0.06 0.06 0.00 0.11 -0.03 -0.02 0.22 0.00 0.13 0.33

Ssu16 0.40 -0.30 -0.03 – -0.25 -0.13 0.11 0.22 0.36 0.26 0.04 0.03 0.40 0.29

Ssu17 0.36 0.07 – -0.60 -0.25 -0.10 -0.24 0.11 0.16 0.26 -0.15 -0.14 0.23 0.19

MS53 0.24 -0.11 -0.05 – 0.75 0.15 0.30 0.12 0.27 0.26 0.21 0.40 0.18 0.38

BP1 -0.27 0.25 0.72 – 0.61 0.51 -0.05 0.25 0.16 0.36 0.24 0.01 -0.02 0.10

* Values significant after applying Bonfferoni correction (number of tests; n = 154) at the P = 0.05 level; (–) FIS not estimated due to locus

monomorphism

Table 3 Estimates of genetic diversity for spotted suslik populations

at 11 microsatellite loci, based upon the number of monomorphic loci

(Lmon), allelic richness (R), mean expected heterozygosity (He; Nei

1978), mean observed heterozygosity (Ho) per population and

homozygote excess (FIS)

n Lmon R Rpriv He Ho FIS

CHPL 28 0 2.95 0.01 0.49 0.45 0.09

TYPL 33 1 2.68 0.08 0.47 0.46 0.05

POPL 16 3 2.03 0.00 0.31 0.32 0.02

HUPL 5 6 1.45 0.00 0.20 0.25 -0.12

WYPL 6 2 2.18 0.11 0.38 0.28 0.37*

SWPL 44 0 2.37 0.00 0.44 0.40 0.11*

BOU 18 0 3.05 0.02 0.44 0.42 0.07

SAU 13 1 2.76 0.08 0.45 0.39 0.17

MUU 17 0 3.06 0.00 0.54 0.51 0.08

HOU 15 0 3.07 0.16 0.57 0.48 0.19*

ODG 13 0 5.81 0.38 0.72 0.64 0.15*

OGO 23 0 5.69 0.43 0.72 0.62 0.16*

OGD 10 0 5.45 0.16 0.70 0.65 0.12

ODP 10 0 5.09 0.21 0.70 0.52 0.27*

* Values significant after Bonferroni correction at P \ 0.05
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region, accounted for only 3.76% of total variability. The

Bayesian assignment test of STRUCTURE was used to

identify the number of population clusters and simulta-

neously assign individuals to each of the identified clusters.

Obtained clustering likelihoods supported a model with eight

clusters in the western region and two clusters in the eastern

region. The identified groups and the mean individual

assignment proportions (q mean) are given in Tables 6 and 7

for the western and eastern region respectively. For each

individual, the proportion of assignment to each cluster was

also estimated. The highest proportion of membership for

western populations was found in clusters representing

individuals originating from those populations and this is

consistent with the extremely high population structure. Only

individuals from populations PO and HU were grouped in a

single cluster. In Polish populations from the western region,

no individual was assigned as a migrant with a proportion

higher than 0.9. In Ukrainian populations from this region,

individuals originating from population MU were assembled

in two different clusters, representing individuals from two

neighbouring populations (SA and HO). This result suggests

recent migrations between these three populations. Also, one

individual originating from population CH was identified as a

migrant to the MU population (q [ 0.9). In the eastern region,

although two clusters were detected, individual admixture

proportions indicated that most individuals were admixed

between clusters. This pattern suggests high proportion of

migrants or their progeny in each population (Table 8).

The Mantel test of matrix congruence revealed a sig-

nificant positive correlation between pairwise FST and the

geographical distance between colonies in the western

region (r = 0.72, P \ 0.0001; Fig. 2), while there was no

correlation for the same coordinates in eastern region.

The Bottleneck test, reflecting the evidence of the recent

reductions of effective population sizes, indicated signifi-

cant (P \ 0.005) heterozygosity excess in six out of 10

western populations. We did not find significant heterozy-

gosity excess in CH, BO, SA and MU populations from

western region. The M ratio higher than 0.8 indicates that

population bottleneck was found in two western populations

(TY; M = 0.82 and SW; M = 0.84). In eastern region only

ODP population showed significant heterozygosity excess

and no population displayed M ratio higher than 0.8, i.e. the

test failed to indicate the bottleneck events.

Table 4 Comparison of genetic diversity of spotted suslik popula-

tions between western and eastern regions

G1 G2 P

R 4.45 2.31 0.01a

Ho 0.63 0.41 0.02a

He 0.75 0.46 0.02a

FIS 0.16 0.11 0.39b

Rel -0.39 -0.24 0.40a

F 1
ST 0.03 0.13 0.01a

The comparison was based on mean regional allelic richness (R),

expected heterozygosity, observed heterozygosity (Ho), homozygote

excess (FIS) and corrected relatedness coefficient (Rel), G1 – eastern

populations, G2 – western populations.
a One tailed significance test
b Two tailed significance test
1 For FST comparisons only BO, SA, MU, HO and CH populations

from the western region were used

Table 5 Levels of genetic differentiation measured by pairwise FST between spotted suslik populations. Pairwise FST values above the

diagonal, significance denoted below the diagonal

FST CHPL TYPL POPL HUPL WYPL SWPL BOU SAU MUU HOU ODG ODO ODD ODP

CHPL – 0.18 0.27 0.33 0.27 0.20 0.21 0.17 0.10 0.12 0.29 0.28 0.29 0.28

TYPL *** – 0.24 0.26 0.25 0.26 0.21 0.14 0.11 0.16 0.28 0.28 0.29 0.30

POPL *** *** – 0.17 0.18 0.25 0.32 0.30 0.21 0.24 0.37 0.34 0.39 0.38

HUPL *** *** *** – 0.24 0.29 0.35 0.28 0.27 0.30 0.34 0.33 0.37 0.36

WYPL *** *** *** ** – 0.26 0.31 0.23 0.18 0.21 0.27 0.26 0.29 0.28

SWPL *** *** *** *** *** – 0.14 0.18 0.14 0.15 0.29 0.26 0.31 0.31

BOU *** *** *** *** *** *** – 0.15 0.12 0.19 0.29 0.26 0.30 0.34

SAU *** *** *** *** *** *** *** – 0.06 0.11 0.24 0.24 0.24 0.29

MUU *** *** *** *** *** *** *** ** – 0.05 0.22 0.21 0.22 0.25

HOU *** *** *** *** *** *** *** *** ** – 0.18 0.20 0.20 0.21

ODG *** *** *** *** *** *** *** *** *** *** – 0.04 0.05 0.05

ODO *** *** *** *** *** *** *** *** *** *** *** – 0.01 0.02

ODD *** *** *** ** *** *** *** *** *** *** ** ns – 0.01

ODP *** *** *** *** *** *** *** *** *** *** ** ns ns –

* Value significant at the level P \ 0.01; ** Value significant at the level P \ 0.001; *** value significant at the level P \ 0.0001 ns, Value not

significant (P [ 0.01)
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Discussion

We used microsatellite markers to investigate the genetic

diversity, population genetic structure and gene flow

among colonies of spotted suslik in two separate regions

characterized by different levels of habitat connectivity.

Due to the fact that spotted suslik populations from the

western border of its range are highly endangered because

of habitat loss, but still numerous and connected in the

eastern part of the range, we had a rare opportunity to

compare the patterns of genetic diversity and the levels of

gene flow in populations of the same species in two dif-

ferent habitats and to assess the impact of habitat loss on

the genetic structure of populations. We used genetic

diversity measures to test the hypothesis that changes in

land use led to a reduction of genetic diversity within

western populations. As those populations are located at

the end of the species range, we tried to distinguish

between the effects of recent and historical factors shaping

the population structure of these populations.

Diversity and divergence of studied populations

The values of population diversity indices were markedly

lower in the western region (Table 4). The observed

Table 6 Bayesian assignment test for K = 8 in the western region without using any prior population information

Number of

individualsampled 28

CHPL TYPL POPL + HUPL WYPL SWPL BOU SAU MUU + HOU

1 2 3 4 5 6 7 8

CHPL 28 0.75 0.04 0.02 0.03 0.03 0.05 0.06 0.02

TYPL 33 0.02 0.88 0.03 0.02 0.01 0.01 0.02 0.01

POPL 16 0.01 0.01 0.81 0.13 0.01 0.01 0.01 0.01

HUPL 5 0.01 0.04 0.90 0.02 0.01 0.01 0.01 0.00

WYPL 6 0.02 0.01 0.06 0.86 0.01 0.01 0.01 0.01

SWPL 44 0.03 0.01 0.02 0.02 0.82 0.03 0.04 0.02

BOU 18 0.02 0.01 0.02 0.01 0.04 0.80 0.07 0.01

SAU 13 0.01 0.02 0.01 0.01 0.01 0.02 0.88 0.07

MUU 17 0.13 0.01 0.07 0.07 0.01 0.05 0.36 0.30

HOU 15 0.02 0.01 0.01 0.02 0.02 0.01 0.03 0.88

Columns indicate the clusters and each row indicates the mean percentage of membership of individuals from each population assigned to a

cluster

Table 7 Bayesian assignment test for K = 2 in the eastern region

without using any prior population information

Number of

individuals

sampled

ODG ODO + ODD + ODP

1 2

ODG 13 0.86 0.14

ODO 10 0.52 0.48

ODD 10 0.45 0.55

ODP 23 0.22 0.78

Columns indicate the clusters and each row indicates the proportion

of individuals from each population assigned to a cluster

Table 8 Posterior probabilities of different cluster numbers (K) cal-

culated in STRUCTURE

Western region Eastern region

K K Ln P(D) K K Ln P(D)

2 -3,892 1 -2,152

3 -3,797 2 -2,084

4 -3,693 3 -2,173

5 -3,530 4 -2,167

6 -3,438 5 -2,206

7 -3,417 6 -2,264

8 -3,386

9 -3,435

10 -3,535

11 -3,647

12 -3,730

The highest probabilities are bolded
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heterozygosities of western populations are characteristic

for endangered populations (Frankham et al. 2002; Hazlitt

et al. 2006). Five out of ten populations from this region

are fixed in at least one locus and the HU population is

fixed in six out of 11 loci studied, while no monomorphic

loci were detected in the eastern region. We also identified

significantly lower, in comparison to the eastern region,

values of allelic richness. This parameter is the most

valuable indicator of the genetic condition of the popula-

tion, as it reflects population ability to adapt to ecological

perturbations (Lowe et al. 2003).

Microsatellite analysis revealed, not surprisingly, that

spotted suslik from two different regions form two geneti-

cally different groups. All the analyses of inter population

diversity proved very different levels of structuring in the

two regions. Extremely strong divergence over short dis-

tances between populations in the western region contrasts

with the relative genetic uniformity of populations in the

eastern region. Although some degree of genetic differen-

tiation between spotted suslik populations is expected

because of its small dispersal ability, structure level in the

western region is representative of strongly isolated popu-

lations. The values of population differentiation we obtained

are comparable with those observed in the island popula-

tions of tuatara Sphenodon spp. (McAvoy et al. 2007) or

Komodo dragon (Ciofi and Bruford 1999).

A number of different processes may potentially explain

the patterns of microsatellite diversity and divergence that

we observed in both regions. Lowered values of genetic

diversity parameters in western populations could be

explained by higher habitat fragmentation and extinction of

many local populations over the last 50 years. It is also

documented that all Polish populations of spotted suslik

experienced recent population bottlenecks due to habitat

loss (Męczyński 1991).

On the other hand, the effects of anthropogenic frag-

mentation in Polish populations of spotted suslik may be

obscured by their location at the edge of the species range.

Compared with populations from the central part of a spe-

cies range, peripheral populations tend to be characterized

by low density, high temporal variation and low effective

population size (Gyllenberg and Hanski 1992; Schwartz

et al. 2003; Vucetich and Waite 2003). Since all of these

processes have contributed to current patterns of genetic

diversity, the genetic signatures of these events could the-

oretically overwhelm population genetic changes, due to

very recent anthropogenic fragmentation. Although Polish

populations indeed are located at the edge of the species

range, in our opinion the recent habitat deterioration was an

important factor shaping the contemporary population

structure in the western region. First, distribution of spotted

suslik in Poland reported from the first surveys made by

Surdacki (1963), before habitat destruction started, indicate

that populations formed a system of abundant and well

connected local populations. Second, despite strong diver-

gence in the western region, we observed a significant

correlation between geographic and genetic distance, indi-

cating the existence of isolation by distance pattern. The

lack of private alleles and very low private allelic richness

in western populations also support recent interconnectivity

between the populations in the western region (Slatkin

1985).

The results of traditional interpopulation differentiation

analyses, such as pairwise FST and AMOVA, are also sup-

ported by Bayesian clustering. Assignment tests revealed

much higher levels of admixture in eastern populations,

suggesting considerable intensity of migration between

them. In contrast, assignment of individuals to clusters in the

western region almost perfectly matched their populations

of origin. Only in case of populations PO and WY, despite

high pairwise FST, individuals were placed in common

cluster. This again could indicate gene flow between them in

the recent past. Interestingly, individuals from the MU

population from the western region, located in the Ukraine,

were assigned to two different clusters characteristic for two

neighbouring populations. This might result from the recent

colonization of this population from adjacent populations or

strong, directional gene flow between them.

Although we detected strong differences in population

structure between regions we are aware that to some

degree, this can result from larger spatial extent of sample

collection in western region. Larger between-populations

distances in this region could be the explanation of stronger

population structure detected. Hence, for comparison of

pairwise FST values between two regions we excluded all

remote western populations and used for comparison only

populations BO, SA, MU, HO and CH, which represent

spatial span similar to this from eastern region. We proved

that even if only mentioned populations are used the dif-

ference in mean pairwise FST is still significantly higher in

the western region. Although there was no correlation

between geographic and genetic distance in the eastern

region, all pairwise FST values were lower than for western

region despite similar geographic scales for mentioned

populations (Fig. 2). What is more, the differences in

sampling extent are forced by present day situation in

western region. Populations we sampled their are the only

extant ones and large distances between them are caused by

extinction of neighbouring colonies. On the other hand,

distances between eastern populations represent spatial

extent similar to this observed in western region before

habitat destruction started.

We detected significant excess of homozygotes in a few

populations in both regions. Although we are aware of possible

occurrence of null alleles in microsatellite amplifications, we

can rather rule out this phenomenon in our study. First, none of
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the loci have shown consequent deviation from Hardy–

Weinberg equilibrium in the populations studied (Table 2).

Furthermore, heterozygosity excess was detected in some loci

and populations, however the deviation was statistically sig-

nificant only in two out of 154 comparisons. Second, even in

the populations with the most pronounced deficiency of het-

erozygotes, we obtained good quality PCR amplification for all

samples in all loci. The most likely explanation of homozy-

gosity excess is the mating between related individuals, which

can be caused by various factors. Spotted suslik exhibit weak

juvenile dispersal (Titov 2003) which may lead to creation of

strong within population substructure. Although we were

aware of these obstacles and performed animal sampling with

special care, we cannot rule out completely the possibility of

sampling some related individuals due to very small popula-

tion sizes in some cases.

The extent to which genetic variability is lost in a

population undergoing a demographic bottleneck is

dependent on a number of factors: the scale and pattern of

the loss of habitat, duration of the bottleneck, population

numbers and the presence of fine-scale genetic structure

(Frankel and Soulé 1981). Over longer periods, the com-

bined effects of isolation and reduced migration would

further influence this genetic variability.

The detection of genetic bottlenecks based on hetero-

zygosity excess that detect the most recent bottlenecks is,

in general, in accordance with the demographic bottlenecks

documented in Polish populations (Męczyński 1991;

Męczyński et al. 2001). It is known that all Polish popu-

lations experienced demographic bottlenecks and we

detected significant heterozygote excess in five out of six of

them. Two of these colonies also show an M ratio char-

acteristic for a severe bottleneck, which is probably caused

by a severe population reduction (Męczyński 1991; Męc-

zyński et al. 2001). Interestingly, the only Polish

population that did not exhibit any signs of bottleneck is

population CH, located only a short distance from the

Ukrainian ones. Together with the finding of possible

migrants of Ukrainian origin in this population, we can

assume that the observed reduction in size did not leave a

footprint in the genetic data due to migrations from

neighbouring populations. With the means of both tests, we

detected significant size reduction in the SW population,

despite its current number exceeding 11,000 individuals.

This result can be easily explained by the ‘founder effect’

that surely took place when the population was established.

The SW population was unexpectedly found in a grassy

airport, further west outside the former spotted suslik range

at the beginning of the 1990s. Thanks to perfect habitat

conditions and the absence of natural predators, it grew in

numbers very rapidly. Although we have no data on the

historical demography of Ukrainian populations from both

regions, the genetic bottleneck detected in four of them

(two from the western region and two from the eastern),

accompanied by relatively high genetic variation could

probably be attributed to cyclic population size fluctuations

or stochastic events, which is typical for many rodents. In

population of Arvicola terestris, significant heterozygote

excess was detected at the end of a low-density phase

(Berthier et al. 2006).

Conservation guidelines

Conservation efforts to rescue extant spotted suslik popu-

lations were undertaken a few years ago and they comprise

of restoring appropriate habitat through grass mowing,

removal of higher vegetation and the tending of cattle in

the places occupied by susliks. These practices are indis-

pensable for the short-term preservation of endangered

populations, but also in order to enable the long-term

survival of spotted suslik in the western part of its range,

genetic management should be undertaken. A few Polish

populations, such as WY or HU are now extremely small

and do not grow in numbers despite intensive habitat res-

toration efforts. The results reported here indicate that

those populations also exhibit extremely low levels of

genetic diversity. We cannot exclude the possibility that it

is inbreeding depression that hampers the recovery of these

populations; thus the exchange of individuals between the

least numerous populations should be undertaken to

increase the chances of the populations’ survival.

Within the active protection programme, the establish-

ment of new populations in specially prepared reserves is

also planned. This programme assumes utilizing individu-

als from the only large, self-sustaining population in

Poland; namely population SW. However, as both our

results and traditional subspecies classification based on

morphological features do not indicate any obstacles for

translocation of individuals between populations within the

western area, this action should be carefully monitored.

According to our findings, the SW population have recently

undergone an extremely strong demographic bottleneck.

Therefore, to maximize the chance of a successful rein-

troduction of genetic variation in the newly established

populations, interbreeding with individuals from other

Polish or western Ukrainian populations is recommended.

Future conservation activities should focus on the

improvement of connectivity between existing populations,

by restoring dispersal corridors with the added possibility

of establishing stepping stone populations. Since Poland

entered the European Union in 2004, this goal could be

now partially achieved by modifying the EU’s agricultural

programmes with more subsidiaries paid for maintaining

pastures.
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Męczyński S (1991) Występowanie susła perełkowanego Spermophi-
lus suslicus w Polsce i koncepcje jego ochrony. Ochrona

przyrody 48:207–237
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