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Abstract Urbanization is a pervasive process causing hab-
itat fragmentation, spatial isolation of populations, and re-
duction of biological diversity. In this study, we applied 11
microsatellite loci and Bayesian analyses to investigate ge-
netic diversity and population structure in marsh frogs
(Pelophylax ridibundus) living in two types of environ-
ment—highly fragmented urban landscapes, and landscapes
characterized by the presence of a river and artificial canals.
Our results show reduced genetic diversity, lower effective
population sizes, and higher genetic differentiation for spa-
tially isolated urban populations in comparison with popu-
lations outside intensely urbanized areas. Reduction of
allelic diversity in urban localities isolated for 13–37 gen-
erations is more conspicuous than reduction of expected

heterozygosity. Populations living close to the River
Danube, its branches, and artificial canals are genetically more
homogenous. Our results also suggest that the Danube in
Bratislava is not a natural barrier to gene flow. In contrast, it
acts as a natural corridor for water frog dispersal. Population
structure of P. ridibundus also shows higher genetic connec-
tivity within water paths than between them, suggesting lim-
ited overland dispersal, and reflects the historical landscape
structure associated with the distribution of the lost river
branches.
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Introduction

Urbanization is an important cause of landscape change, hav-
ing strong impact on biological diversity. Frequent outcome of
urbanization is loss of habitats and subsequent fragmentation
of the remaining habitat matrix, thereby influencing species
composition and population dynamics (Pillsbury and Miller
2008; Sutherland et al. 2010). The effects of fragmentation
vary with many factors including the size, quality and age of
habitat patches, the vagility and life history of the species, and
the characteristics of the landscape matrix between the patches
(Keyghobadi et al. 2005; Pavlacky et al. 2009; Delaney et al.
2010; Jarošík et al. 2011). From a population genetics point of
view, if dispersal and gene flow between the patches are
restricted or impeded, populations become genetically isolated
with increasing risk of inbreeding, loss of genetic diversity,
and even local extinction (Allendorf and Luikart 2007). Small
and isolated populations are more prone to loss of genetic
variation through drift than large and more connected
populations.
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The response of population genetic structure to habitat
change and fragmentation is not immediate as landscapes
typically change much faster than the genetic structure of
organisms (Whitlock and McCauley 1999; Holzhauer et al.
2006; Orsini et al. 2008; Richmond et al. 2009). Populations
that have been isolated only recently are not expected to be
at equilibrium between migration and drift and will carry the
genetic signature of historical landscape connectivity. The
response of genetic changes to population subdivision
depends on the rate of genetic drift and dispersal (Crow
and Aoki 1984). As genetic drift drives allele frequencies
within subpopulations to fixation, genetic variation is re-
moved and heterozygosity within the subpopulations is re-
duced. Gene flow counteracts the effect of subdivision and
maintains homogenized populations. While genetic diver-
gence between subpopulations increases rapidly as a result
of isolation, loss of genetic variation decreases slower
(Keyghobadi et al. 2005). Of two components of within-
population variation, allelic diversity and heterozygosity, it
is the allelic diversity that is lost more readily. The extent of
heterozygosity may remain relatively high even when the
loss of allelic diversity is substantial (Allendorf and Luikart
2007).

In the present study, we investigated population genetic
structure of the marsh frog, Pelophylax ridibundus (Pallas,
1771), former name Rana ridibunda Pallas, 1771, in urban
landscape characterized by intensive changes throughout the
last century. These changes included regulation of the
Danube River, loss of the river tributaries, and intensifica-
tion of urbanization, leading to a reduction of landscape
permeability and spatial isolation of populations. On the
other hand, man-made gravel pits connected by artificial
canals may increase landscape permeability and allow
marsh frogs to colonize new sites. The outcomes of land-
scape changes on population genetic structure are species
specific and strongly depend on life histories, habitat pref-
erence, and dispersal abilities. P. ridibundus is a large water
frog species of the family Ranidae widely distributed in
lowlands of central Europe. It inhabits larger, sparsely veg-
etated water bodies near rivers such as oxbow lakes, back-
waters with stagnant or slowly flowing water, gravel pits,
and canals characterized by high levels of dissolved oxygen,
low salinity, and near-to-neutral pH (Rybacki and Berger
1994; Plénet et al. 2000; Pagano et al. 2001a, b; Schmeller et
al. 2007). Marsh frogs are bound to water bodies throughout
the year, including both breeding and hibernation (Berger
1982). Adult dispersal between ponds is limited to several
hundred meters in continuous terrestrial habitats: dispersal
rate decreases with increasing pond-to-pond distance and
degree of pond isolation (Holenweg Peter 2001). This lim-
ited terrestrial dispersal together with high site fidelity and
strong homing behavior (Holenweg Peter et al. 2001) should
result in reduced gene flow between spatially isolated

ponds. On the other hand, the occurrence of small rivers,
canals, and water bodies between breeding ponds should
facilitate dispersal, making populations genetically more
homogenous (Holenweg Peter 2001; Pagano et al. 2001a).

The main aim of the present study was to test three
hypotheses: (1) If anthropogenic structures like buildings
and busy roads are barriers to gene flow, then populations
isolated with the urbanization of intervening habitat should
have a reduced level of genetic diversity and their genetic
differentiation should be larger due to genetic drift. (2) The
Danube in the Bratislava city is a large river with strong
current. If the Danube is a natural barrier to dispersal, this
should result in genetic differentiation between the right and
the left bank populations. (3) If river backwaters and artifi-
cial canals facilitate dispersal and gene flow, populations
connected by these water corridors should be genetically
more homogenous and genetically diverse than isolated
urban populations.

Material and methods

Sampling

A total of 494 samples of marsh frogs were obtained from
17 sampling localities in the years 2006–2008 (Table 1).
Localities are situated in an area of approximately 130 km2

and cover virtually all known breeding sites of this species
in Bratislava and its vicinity. The shortest straight distance
between two ponds was 420 m; the farthest ponds within the
study area were 18.5 km apart. Most sampling sites were
man-made gravel pits, oxbow lakes, and artificial canals
with stagnant water situated on the right (DRA, CHOR),
as well as the left (all other sites) bank of the river Danube
(Fig. 1). Four breeding sites, referred here as urban, are
ponds situated within the city (STR, ROH, ZLP, KAL).
These ponds are surrounded by buildings and isolated by
four-lane highways. Other breeding sites (suburban) are in
close vicinity of the Danube (referred as the Danube local-
ities) and artificial canals (referred as the “canal” localities).
Besides P. ridibundus, one or two other water frog taxa,
Pelophylax lessonae and/or Pelophylax esculentus, live in
three localities (KOP, CHOR, DEV), but they are less
abundant.

Landscape structure

Landscape development in the city of Bratislava was influ-
enced by three main processes during the last two centuries:
urbanization; the regulation of the course of the Danube,
connected with loss of the river braiding; and the construc-
tion of artificial canals and gravel pits. During the eighteenth
and nineteenth centuries, more than 30 river braids formed a
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Fig. 1 Population genetic structure of P. ridibundus in Bratislava and
its vicinity. GENELAND assigned all individuals to three clusters
(black, red, and yellow) associated with the river Danube, the lost Mill
side channel, and the canals. BIS, VRA, and ZLP were assigned to

separate clusters in BAPS. Arrows between localities indicate non-
significant Fst values. Pairwise Fst comparisons between all other
localities were statistically significant

Table 1 Geographical coordi-
nates of 17 sampling sites
in Bratislava and its vicinity,
Slovak Republic

Acronyms correspond to those
used in the figures; N represents
the number of samples included
in microsatellite genotyping for
each locality

Locality Acronym Latitude Longitude N

Podunajské Biskupice–the Lesser Danube BIS 48.135811 17.185248 27

Chorvátske rameno CHOR 48.099863 17.129868 21

Devín DEV 48.174470 16.977125 33

Malý Draždiak DRA 48.109312 17.119684 31

Ivánka—Dunajek IVD 48.191801 17.247285 29

Ivánka—gravel-pit IVS 48.175576 17.262583 33

Kalné jazero KAL 48.192893 17.178978 30

Kopáč KOP 48.091387 17.154448 29

Rohlík ROH 48.153927 17.154247 30

Šprinclov majer SPR 48.216359 17.185061 30

Štrkovec STR 48.158007 17.147595 20

Šúr SUR 48.229229 17.203880 32

Vajnorské jazero VAJ 48.192998 17.210712 29

Vajnory—near the Šúrsky canal VAK 48.205263 17.228921 30

Vrakuňa—near the airport VRA 48.160212 17.220815 29

Zelená voda ZEL 48.161012 17.254565 33

Zlaté piesky ZLP 48.184539 17.190223 28
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dynamic river system strongly influenced by regular floods
(Pišút 2011). Most of these alternate river paths (braids)
have been cut off the Danube. The modern Danube in
Bratislava is now a channeled 300-m-wide river with a
strong current and mean annual discharge of 2,024 m3/s
(Pišút 2002). Two branches of the Danube are the most
important ones for understanding the water frog distribution
and their present-day population structure (Figs. 1 and 2).
The Lesser Danube branch splits from the Danube in the
south-eastern part of the city. The second branch is the Mill
side channel (Mühlauer Donau Arm, Mlynské rameno)
whose path in the eighteenth and nineteenth centuries split
from the Danube flowing eastward to join the Lesser
Danube. At the end of nineteenth century, the uppermost
section of the Mill channel was buried, but the lower section
remained connected to the Lesser Danube up to the begin-
ning of 1970s, when the channel was lost completely to
urbanization (Pišút 2002). In the 1960s, the gravel pits STR
and ROH were built in close vicinity to the Mill channel; at
sites where small ponds with high abundance of water frogs
once occurred. Thus, marsh frog populations STR and ROH
have been isolated from the Danube for about 113 years, i.e.,
approximately 37 frog generations (marsh frog generation
time was taken as 3 years according to Zeisset and Beebee
2003; Socha and Ogielska 2010), and about 40 years (13
generations) from the Lesser Danube. The frogs at these
sites appear to have been isolated from each other for about
40 years by construction of a four-lane highway and housing
estates. The eastern part of the study area was not so strong-
ly influenced by the Danube. The origins of two localities,
fishery ponds SUR and SPR, date back to the seventeenth
and eighteenth century, respectively. Other sampling sites in
this part of the study area were formed mainly in the second
half of the twentieth century after gravel mining. The sites
ZLP, KAL, and VAJ have been isolated from each other by
buildings and four-lane highways for about 40 years (13
generations). The gravel-pit localities are situated several
meters to 4 km from the Šúrsky canal, which was built
between 1941 and 1943 as a drainage canal flowing from
SUR to the Lesser Danube. Several smaller drainage canals
neighbor the Šúrsky canal in the northern part of the study
area.

DNA extraction and genotyping

Tissue samples from 20 to 33 individuals per locality were
obtained by toe clipping and stored in 96 % ethanol. Total
genomic DNA was extracted using Wizard SV Genomic
DNA Purification System (Promega, USA) following the
manufacturer’s protocol.

Eleven microsatellite loci, originally developed for P.
ridibundus and P. lessonae (Garner et al. 2000; Zeisset et
al. 2000; Christiansen and Reyer 2009; Holsbeek et al.

2009), were applied in this study. These markers were
amplified in two multiplex PCRs (multiplex 1—Res14,
Res15, Res17, Res22, Rrid059A, Rrid082A, and Rrid171A;
multiplex 2—Rrid169A, RLCA1b6, RLCA1b20, Ga1a19)
using Qiagen multiplex PCR kit. PCR was performed in a
total volume of 10 μL containing 1× Qiagen Master Mix, Q
solution (only in multiplex 2), 2 μL of DNA and 0.3 μM
(RLCA2a34), 0.2 μM (Res14), or 0.1 μM (rest loci) of each
primer pair (forward primers were fluorescently labeled with
FAM, VIC, NED, and PET). PCR amplification involved an
initial cycle of denaturation at 95 °C for 15 min and 33
subsequent cycles of 94 °C for 30 s, 60 °C for 90 s, and
72 °C for 60 s, followed by a final extension step at 60 °C for
30 min. PCR products were run on an ABI 3130 genetic
analyzer (Applied Biosystems) with a LIZ-500 size standard.
Peaks were visualized using the software GeneMapper 3.7
(Applied Biosystems) and scored manually by a single
observer.

Genetic diversity, bottleneck, and effective population
size (Ne)

Genotypes were checked for stuttering, large allele dropout,
and null alleles with Micro-Checker 2.2.3 (Van Oosterhout
et al. 2004). A maximum-likelihood estimate of the frequen-
cy of null alleles for each locus and population was then
calculated using individual inbreeding model (IIM) imple-
mented in the program INEst (Chybicki and Burczyk 2009).
Number of alleles (Na), their frequencies, and observed
(Ho) and expected (He) heterozygosity were calculated us-
ing GenAlEx 6.1 (Peakall and Smouse 2006). Allelic rich-
ness (AR) and tests for Hardy–Weinberg (H–W) equilibrium
and linkage disequilibria (LD) were calculated using FStat
2.9.3.2 (Goudet 2001). Coefficient of inbreeding (FIS), de-
fined as a probability that the two alleles at a locus are
identical by descent, was corrected for the presence of null
alleles and estimated using the program INEst (Chybicki
and Burczyk 2009). Differences among urban and suburban
localities for Ho, He, and AR were carried out using two-
sided permutation tests implemented in FStat 2.9.3.2
(Goudet 2001).

To test for bottlenecks, we applied the program
Bottleneck (Cornuet and Luikart 1996). This program uses
coalescent simulations to generate gene diversities for each
population and locus that are expected from the observed
number of alleles given the sample sizes and assuming
mutation–drift equilibrium. The calculated average expected
gene diversity is then compared to the observed gene diver-
sity to assess whether there is gene diversity excess or
deficit at each locus. Populations that have undergone recent
bottlenecks show gene diversities that are excessive relative
to that expected given the observed number of alleles

836 Eur J Wildl Res (2012) 58:833–845



Fig. 2 Historical map of Bratislava showing position of present-day localities in association with the Danube River, the Mill side channel, and the
Lesser Danube. Map sheets of the Ist Military mapping of the Habsburg Empire, 1782–1785, original scale 1:28,800 (ARCANUM 2004)
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because allele number declines more rapidly than heterozy-
gosity during bottlenecks. The stepwise mutation model
(SMM) and the two-phase model (TPM) of microsatellite
evolution were employed in making calculations using
Wilcoxon signed-rank tests (Luikart and Cornuet 1998) with
2,000 iterations. Under the TPM of mutation, 95 % single-
step mutations (12 % variance of multi-step mutations) were
used as suggested by Piry et al. (1999).

For estimation of effective population sizes (Ne), we
applied two approaches—a linkage disequilibrium (LD)
method implemented in the program LDNE (Waples 2006)
and approximate Bayesian computation (ABC) framework
implemented in the program ONeSAMP (Tallmon et al.
2008). Because bias in Ne estimation using LD might be
expected if allele frequencies are close to zero (Waples
2006), we excluded all alleles with intra-population frequen-
cies less than 0.05.

Population genetic structure

Population differentiation was measured using Fst statistics
following the method of Weir and Cockerham (1984) imple-
mented in FStat 2.9.3.2 (Goudet 2001). A test of population
differentiation was based on 10,000 permutations, standard
Bonferroni correction and did not assume Hardy–Weinberg
equilibrium within samples. Then, the unbiased Fst values
using the ENA (excluding null alleles) correction for null
alleles were calculated with the program FreeNA (Chapuis
and Estoup 2007). Isolation-by-distance (IBD) was estimat-
ed using correlation between matrices of pairwise Fst and
Euclidian log-transformed geographic distances (Mantel
test), as implemented in the program SpaGeDi 1.3 (Hardy
and Vekemans 2002).

To assess genetic structure among samples, two Bayesian-
based methods implemented in the programs BAPS 5.2
(Corander et al. 2003, 2008a, b; Corander and Marttinen
2006) and GENELAND 3.1.4 (Guillot et al. 2005a, b) were
applied. These programs assign individuals into the K clusters
with minimized Hardy–Weinberg and linkage disequilibria.
Both programs also include geographical information in the
inference of population structure. In Geneland, first we ran
analyses with K free to vary, to infer the optimal value of this
parameter. Then the algorithm was run again with K fixed at
the previously inferred value as recommended by Guillot et al.
(2005a, b) in order to estimate the other parameters, mainly
the assignment of individuals to the inferred populations. We
ran the analysis 10 times to verify the consistency of the
results, with the following parameters: 500,000 MCMC iter-
ations, maximum rate of Poisson process fixed to 100, zero
uncertainty of coordinates, minimum and maximum K fixed
to 1 and 20, respectively, maximum number of nuclei in the
Poisson–Voronoi tessellation fixed to 300, and null allele and
uncorrelated allele models. All 10 replicates revealed the

maximum a posteriori estimate of K03. Then we ran the
MCMC 100 times with K fixed to 3 and similar parameter
settings. The run with the highest log probability was chosen
for post-process analyses. The posterior probability of popu-
lation membership for each pixel of the spatial domain and for
each individual was then computed with 420 pixels along the
X axis and 330 pixels along the Y axis. The modal population
of each individual, maps of population membership, and maps
of probability of population membership were finally
computed.

Using BAPS 5.2, a mixture model for spatial clustering
of groups was chosen (Corander et al. 2008a), followed by
an admixture analysis (Corander and Marttinen 2006;
Corander et al. 2008b). Five replicates for every upper level
of K (5, 10, 15, and 20) were run. When estimating individ-
ual ancestry coefficients via admixture analysis, only clus-
ters (based on the mixture analysis) that had at least 20
individuals present within them were analyzed. The number
of iterations that were used to estimate the admixture coef-
ficients for the individuals, and the number of reference
individuals from each population was 200. The number of
iterations that were used to estimate the admixture for the
reference individuals was set to 20. In addition to analyses
with the number of clusters free to vary, BAPS 5.2 allows
assignment of individuals to a fixed number of clusters.
Another set of analyses was performed with a fixed number
of clusters K03, as inferred by GENELAND. A mixture
model for spatial clustering of groups was replicated 10
times and followed by admixture analyses.

Results

Genetic diversity, bottleneck, and effective population size
(Ne)

The 11 microsatellite loci contained between four and 19
alleles, with a mean of 10.91 alleles per locus (Table 2).
Estimated null allele frequencies per locus ranged from
0.007 to 0.131, with frequencies averaged over loci varying
from 0.053 to 0.118 depending on the population (Table 3).

Urban localities ZLP, ROH, KAL, and STR showed
significantly lower mean values of allelic richness (AR,
mean03.927, P00.016) and expected (He, mean00.549,
P00.027) but not observed (Ho, mean00.554, P00.351)
heterozygosity in comparison with suburban localities
(Table 3). The highest values of genetic diversity (Na, AR,
He) were from localities near the Danube River (DEV,
CHOR, KOP, DRA). Significant deviation from H–W equi-
librium was observed in 10 out of 17 populations.
Coefficient of inbreeding (FIS), estimated simultaneously
with null allele frequencies, varied from 0.005 to 0.015
depending on the population (Table 3).
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LD was found in all but not in two populations (CHOR,
ZEL). The highest LD between pairs of loci was found in
IVD, VRA, and VAK (Appendix 1). Pairwise LD values
estimated over all samples were sufficiently low that we
assume the studied microsatellite loci are physically un-
linked or freely recombining.

We found no evidence that any of the populations have
been subjected to a recent bottleneck under both the SMM
and TPM mutation model (Table 4). All locality samples

exhibited some loci with higher than expected heterozygos-
ity given the observed number of alleles. The highest num-
ber of loci with a heterozygosity excess was found in two
urban samples STR and ROH; however, none of the local-
ities showed a significant (P<0.05) deviation from equilib-
rium expectations.

Effective population sizes estimated from locality sam-
ples ranged from 2.6 to 201.5 (LD method) and from 15.0 to
72.7 (ABC method), respectively (Table 5). Ne values cal-
culated by the ABC approach were usually lower than those
generated from the LD method, with tighter 95 % confi-
dence intervals. Correlation between ABC- and LD-based
Ne values was highly significant (Spearman rank order
correlation, r00.831, P<0.001). Three localities with the
highest LDs (IVD, VRA, VAK) had the smallest LD-based
Ne, not confirmed using the ABC method. Ne estimates for
urban locality samples STR, ROH, ZLP, and KAL were
lower compared to many of the other localities.

Population genetic structure

Global Fst over all loci and localities revealed significant
genetic differentiation (Fst00.056, P<0.001, range 0.003–
0.142). Out of 136 pairwise comparisons, only 7.35 % were

Table 3 Average number of alleles (Na), allelic richness (AR), fre-
quency of null alleles estimated using the individual inbreeding model
(NullIIM), observed (Ho) and expected (He) heterozygosity, test for
Hardy–Weinberg equilibrium (P), and coefficient of inbreeding (FIS)
corrected for the presence of null alleles

Locality Na AR NullIIM Ho He P FIS

BIS 4.385 4.179 0.093 0.546 0.562 0.013 0.012

CHOR 6.923 6.671 0.118 0.599 0.700 0.000 0.012

DEV 6.231 5.603 0.072 0.626 0.640 0.169 0.009

DRA 5.923 5.347 0.086 0.607 0.636 0.028 0.006

IVD 4.385 4.057 0.053 0.653 0.579 0.977 0.005

IVS 6.077 5.316 0.087 0.595 0.627 0.001 0.007

KAL 4.231 4.030 0.083 0.536 0.544 0.215 0.010

KOP 6.846 6.295 0.114 0.573 0.670 0.000 0.013

ROH 4.154 3.918 0.063 0.631 0.587 0.652 0.007

SPR 5.154 4.649 0.087 0.550 0.591 0.005 0.011

STR 4.154 4.084 0.118 0.540 0.592 0.037 0.009

SUR 5.769 5.023 0.096 0.539 0.593 0.000 0.007

VAJ 4.538 4.168 0.081 0.533 0.544 0.151 0.010

VAK 5.231 4.640 0.081 0.525 0.583 0.001 0.015

VRA 4.846 4.680 0.087 0.649 0.626 0.906 0.009

ZEL 5.615 5.021 0.108 0.563 0.626 0.001 0.008

ZLP 3.923 3.677 0.066 0.508 0.472 0.943 0.008

Table 4 Wilcoxon signed-rank tests for heterozygosity excess in 17
locality samples of marsh frogs under a SMM and TPM mutation
models

Locality TPM SMM

Hex/Ht P Hex/Ht P

BIS 4/10a 0.461 4/10 0.652

CHOR 2/11 0.998 1/11 0.999

DEV 2/11 0.994 2/11 0.997

DRA 4/11 0.861 3/11 0.959

IVD 5/11 0.517 3/11 0.638

IVS 5/11 0.861 4/11 0.913

KAL 6/11 0.319 5/11 0.994

KOP 3/11 0.990 3/11 0.998

ROH 7/11 0.350 7/11 0.483

SPR 4/11 0.926 4/11 0.949

STR 7/11 0.139 7/11 0.465

SUR 4/11 0.926 2/11 0.990

VAJ 4/11 0.517 5/11 0.768

VAK 3/11 0.966 2/11 0.994

VRA 6/11 0.206 4/11 0.449

ZEL 3/11 0.817 4/11 0.926

ZLP 5/11 0.711 4/11 0.628

Hex/Ht represents the ratio of the number of loci with a heterozygosity
excess to the total number of analyzed loci where P is the statistical
significance of any deviation from equilibrium expectations
a Locus Res17 was monomorphic in this locality

Table 2 Number of alleles (Na) in microsatellite loci, their size range
in base pairs, and frequency of null alleles estimated using the individ-
ual inbreeding model (NullIIM) implemented in INEst

Locus Na Range (bp) NullIIM

Res14 6 133–150 0.059

Res15 10 244–286 0.131

Res17 4 160–176 0.091

Res22 13 82–125 0.007

Rrid059A 9 111–139 0.043

Rrid082A 11 161–184 0.020

Rrid169A 14 178–216 0.131

Rrid171A 19 157–214 0.068

RLCA1b6 14 79–123 0.036

RLCA1b20 6 82–95 0.093

Ga1a19 14 103–159 0.023
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not statistically significant (Appendix 2). Fst values cor-
rected for the presence of null alleles were consistent with
those calculated using standard approach. Relatively low
genetic differentiation was observed between localities near
the Danube River and in the vicinity of the canals. For
instance, KOP and CHOR, lying on the opposite river
banks, were not differentiated (Fst00.006). Similarly, no
significant differentiation was found between sites SUR
and ZEL (Fst00.010), almost 8 km distant, but connected
by an artificial canal. In contrast, the two urban samples
STR and ROH were significantly differentiated (Fst00.070,
P<0.001) in spite of their close geographic proximity
(420 m). Similarly, geographically close ZLP and KAL
(Fst00.089, P<0.001) and ZLP and VAJ (Fst00.062, P<
0.001), isolated from each other by a four-lane highway and
buildings, were genetically differentiated.

Mantel test revealed no correlation between genetic (Fst)
and geographic distances (b-slope0−0.002, a-intercept0
0.059, r200.002, P00.857), corroborating the fact that geo-
graphically close populations were often as genetically dif-
ferentiated as distant populations.

GENELAND assigned all individuals to three clusters.
Cluster 1 comprised localities near the Lesser Danube and
canals (BIS, IVD, IVS, KAL, SPR, SUR, VAJ, VAK, ZEL,
ZLP). Cluster 2 was composed of individuals from urban
localities ROH and STR, plus VRA. Finally, all marsh frogs

from localities situated near the Danube River (DEV,
CHOR, KOP, DRA) were assigned to cluster 3 (Figs. 1
and 3).

BAPS assigned all individuals to six clusters with a
probability of 0.999. Clusters 1, 2, and 3 were mostly
identical with those defined by GENELAND except that
individuals from BIS, VRA, and ZLP were assigned to
separate clusters 4, 5, and 6 (Figs. 1 and 3). When the
BAPS analysis was performed with a fixed number of
clusters, K03, assignment results were consistent with
GENELAND except BIS that was assigned to the Danube
cluster. Eight out of the 17 localities (BIS, VRA, ZLP, IVD,
KAL, ROH, STR, DRA) showed uniform cluster assign-
ment across individuals. Two individuals from DEVand one
individual from IVS were assigned to clusters 4 (BIS) and 6
(ZLP), respectively, with a probability higher than 0.80.
Only 3.64 % of individuals had unclear assignments to
clusters.

Discussion

Our study suggests that landscape structure has a substantial
effect on population genetic structure of the water frog
species P. ridibundus. Spatially isolated urban breeding sites
reveal lower genetic diversity, lower effective population
sizes, and higher genetic differentiation in comparison with
sites not exposed to intensive urbanization. Breeding sites in
proximity to the Danube, its branches, and artificial canals
are genetically more homogenous. Population structure
reflects higher genetic connectivity within water paths than
between them, indicating limits to overland dispersal. The
present-day distribution of marsh frog genetic structure also
reflects landscape changes that took place during the last
century, resulting from urbanization, canalization of the
Danube, and the creation of artificial ponds and canals.

Genetic diversity and effective population size

The lowest allelic diversity measured as an average number
of alleles (Na) and allelic richness (AR) were observed in
urban localities ROH, STR, ZLP, and KAL, but the loss of
expected heterozygosity (He) in urban samples was not so
considerable. The loss of allelic diversity in subdivided
populations is expected to be faster than the loss of expected
heterozygosity, which occurs mainly when populations are
extremely small (Allendorf and Luikart 2007). When we
compare the two urban locality samples ROH and STR with
the Danube localities (DEV, DRA, KOP, CHOR), with
which they were connected by the river branch about a
century (37 frog generations) ago, we find that Na and AR
are 35.9 % and 33.1 % lower, while He is only 10.9 %
lower. Our findings are thus in agreement with theoretical

Table 5 Effective population sizes (Ne) with parametric 95 % confi-
dence interval (CI) in marsh frogs calculated using LD implemented in
the program LDNE and ABC method implemented in the program
ONeSAMP

Locality Ne–LD 95 % CI Ne–ABC 95 % CI

BIS 37.2 19.1–134.5 24.1 18.4–35.5

CHOR 47.4 23.9–250.0 34.0 26.7–50.8

DEV 37.2 22.7–76.1 36.3 29.4–53.3

DRA 94.1 44.4–1468.7 45.4 36.1–68.8

IVD 2.6 2.1–3.2 20.3 15.9–29.5

IVS 80.9 39.8–551.6 47.8 37.9–74.1

KAL 24.5 14.0–53.8 19.6 15.5–26.8

KOP 201.5 191.4–infinite 48.5 34.6–100.2

ROH 19.6 12.7–33.5 17.6 14.1–23.4

SPR 43.5 24.1–122.8 44.0 32.7–88.9

STR 17.3 9.0–45.3 15.5 12.4–21.1

SUR 144.9 58.4–infinite 72.7 53.3–206.4

VAJ 46.9 21–555.4 41.4 32.0–78.9

VAK 13.4 9.2–20.2 33.9 26.9–49.8

VRA 5.7 3.2–8.2 20.0 15.5–27.5

ZEL 32.9 19.6–68.8 27.5 20.3–37.0

ZLP 22.1 11.3–61.8 15.0 11.4–20.9

“Infinite” values in estimation of CI mean there is no evidence for any
LD caused by genetic drift due to a finite number of individuals
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expectations that the loss of allelic diversity in isolated
populations is faster and earlier detectable than the loss of
heterozygosity (Allendorf and Luikart 2007; Broquet et al.
2010). In contrast to urban sites, higher values of allelic
diversity and heterozygosity were observed in localities
associated with the Danube River and artificial canals most
likely due to extensive current or past gene flow. Our results
add to the weight of evidence for lower genetic diversity in
amphibians living in human-dominated and fragmented
landscape (Andersen et al. 2004; Arens et al. 2007; Noël
and Lapointe 2010; Noël et al. 2007).

A significant deficit of heterozygotes was detected in 10
out of 17 localities and can indicate either inbreeding or the
presence of null alleles (Chybicki and Burczyk 2009). We
suppose that a heterozygote deficit in our sampling sites was
more likely caused by null alleles in specific loci than by
inbreeding. First, FIS values corrected for the presence of
null alleles were low, indicating that null alleles rather than
inbreeding caused deviations from Hardy–Weinberg equi-
librium. Second, a significant deficit of heterozygotes was
found mainly in suburban populations and not in isolated
and small urban populations as we could expect

Fig. 3 Maps of posterior probability of population membership using GENELAND (above) and a bar plot of the proportional membership of
individuals for each of the six inferred clusters using BAPS (below)
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theoretically. It would seem that the effective population
sizes of populations living in the urban localities STR,
ROH, ZLP, and KAL are sufficient to avoid inbreeding.

In three localities (CHOR, DEV, KOP), P. ridibundus
lives together with other water frog taxa, P. lessonae and a
hybridogenetic hybrid P. esculentus (for details of hybrid-
ogenetic reproduction of water frogs, see Graf and Polls
Pelaz 1989; Plötner 2005). P. ridibundus shows the highest
number of alleles and expected heterozygosities in these
three ponds. Despite both P. lessonae and P. esculentus are
less abundant in CHOR, DEV, and KOP, we can infer that
high genetic diversity in these three localities might be
influenced by introgression of “lessonae” genes into the
genepool of P. ridibundus mediated by hybrids. P. esculen-
tus is a hybridogenetic hybrid forming “ridibundus” game-
tes in most of its range, including western Slovakia
(Mikulíček and Kotlík 2001). Its mating with syntopic P.
ridibundus may result in P. ridibundus progeny. If a hybrid
forming “ridibundus” gametes with introgressed “lesso-
nae” genes mates with P. ridibundus, the resulting P. rid-
ibundus progeny may share “lessonae”-specific genetic
traits. However, interspecific gene flow between P. ridibun-
dus and P. lessonae in western Slovakia was either not
documented (allozymes; Mikulíček and Kotlík 2001) or
was very low (AFLP markers; Mikulíček, unpublished data).
The finding that introgression of “lessonae”-specific genes
into the genepool of P. ridibundus is an infrequent process can
be inferred also from the absence (CHOR) or low rate (DEV,
KOP) of linkage disequilibria (comparable to other popula-
tions) found in the course of this study. If the rate of intro-
gression would be high, the influx of “lessonae” genes into
the genepool of P. ridibundus should generate increased link-
age disequilibria (Szymura and Barton 1986; Goodman et al.
1999; Macholán et al. 2007). Thus, we argue that low rate of
introgression would have a lower impact on genetic diversity
of P. ridibundus in Bratislava, in contrast to limited landscape
permeability decreasing genetic diversity and increasing ge-
netic differentiation between urban localities.

Effective population size (Ne) is defined as the size of an
ideal population that has the same rate of genetic drift as the
observed population (Allendorf and Luikart 2007). In this
study, we used two single-sample estimators of contempo-
rary Ne—the linkage disequilibrium (LD) method (Hill
1981) and approximate Bayesian computation (ABC) based
on summary statistics (Tallmon et al. 2008). In general, both
methods provided similar and correlated values, although
Ne calculated by the ABC approach was generally lower.
Effective population size estimates in studied localities were
similar to values found in P. ridibundus in Britain (Ne0
15.8–48.4 individuals, Zeisset and Beebee 2003). In our
study, three sites (IVD, VRA, VAK) revealed high LD and
consequently low LD-based Ne. The principle of the LD
method is that as Ne decreases, genetic drift with few

randomly mating individuals generates nonrandom associa-
tions among alleles at different loci, i.e., linkage disequilib-
rium. Estimation of Ne based on LD requires that the source
of LD is derived from small Ne. However, in natural pop-
ulations LD between unlinked loci can be generated by
other processes, such as population substructure, immigra-
tion, extensive inbreeding, epistatic selection, and overlap-
ping generations (Luikart et al. 2010). We suggest that high
LD in some studied populations were likely influenced by
factors other than low Ne and therefore the ABC method
may be a better estimate of Ne in these populations.

Genetic differentiation and landscape permeability

Marsh frogs are highly aquatic species spending most of
their life in or near water. They occupy permanent ponds
and their movement though the terrestrial environment is
limited. Taking into account habitat preferences, limited
dispersal, strong site fidelity, and homing (Holenweg Peter
2001; Holenweg Peter et al. 2001), it is not surprising that
genetic differentiation was detected between most of the
breeding sites. Global genetic differentiation measured by
Fst in this study was relatively low (Fst00.056), but statis-
tically significant. Relatively low values of Fst reflect the
limited differentiation of these populations at the small
geographic scale and the high microsatellite diversity.
Studies of Arioli et al. (2010) and Christiansen and Reyer
(2011) found a positive correlation between geographic and
genetic distances (an isolation by distance pattern), not
shown at the scale of the current study. The localities we
sampled in the Bratislava city and its vicinity are likely not
in migration–drift equilibrium due to historical factors in-
cluding the colonization of newly formed ponds (in the
vicinity of the Šúrsky canal) and establishment of man-
made barriers preventing gene flow.

Bayesian methods assigned each individual to one of
three clusters, associated with the river Danube (CHOR,
DEV, DRA, KOP, partially BIS), the lost Mill side channel
(ROH, STR, VRA), and to the Šúrsky canal (the rest sites)
built in the 1940s (Figs. 1 and 2). On the basis of these
results, it could be assumed that gene flow among breeding
sites within water paths is higher than gene flow between
them and that the population genetic structure is influenced
by historical landscape characterized by the presence of the
river branches. Notable locality with genetics reflecting
more historical than present-day landscape structure is the
VRA, lying near the Lesser Danube, but genetically similar
to urban sites STR and ROH (GENELAND). All these three
sites were associated with the lost Mill channel flowing
from the Danube to the Lesser Danube up to the end of
nineteenth century. The lower section of the Mill channel
was connected as a backwater of the Lesser Danube until the
beginning of 1970s (Pišút 2002). This suggests the VRA
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sample retains genetic similarity to urban localities it has
likely been separated from for 40 years (13 frog generations).

Marsh frogs probably disperse more readily through wa-
ter (canals, rivers and their braids) than overland. Breeding
ponds situated near the water corridors thus should not be
necessarily equivalent to genetically distinct units and
whereas ponds in close proximity isolated by man-made
barriers may have a different genetic structure. Sites SUR
and ZEL, about 8 km distant but connected by the artificial
canal, are genetically not differentiated. Although marsh
frogs have limited dispersal abilities in the terrestrial envi-
ronment, they can disperse up to several hundred meters in a
continuous habitat. The maximal distance recorded for the
marsh frog during a field study of Holenweg Peter (2001)
was 1,760 m (see also Smith and Green 2005). According to
our results based on genetic differentiation of locality sam-
ples (Fst), dispersal distance taking into account the use of
water corridors seems a better predictor for gene flow. Our
results are in agreement with other studies, which showed
that water corridors facilitate dispersal and gene flow be-
tween breeding sites of tree frogs and pool frogs (Ficetola
and De Bernardi 2004), the salamanders of the families
Ambystomatidae and Dicamptodontidae (Spear et al. 2005;
Purrenhage et al. 2009; Mullen et al. 2010) and the Great
plains toads (Jungels et al. 2010). On the other hand, urban
areas and busy highways represent barriers to gene flow,
allowing localities distant by only several hundred meters,
to genetically differentiate: STR and ROH are only 420 m
apart but genetically highly differentiated. In general, urban
land cover and roads provide high landscape resistance and
have been identified as important barriers to gene flow in
many species of amphibians (Vos et al. 2001; Lesbarreres et
al. 2006; Goldberg and Waits 2010; Safner et al. 2011).

The 300-m-wide Danube River with its strong current is
definitely not a suitable habitat for active marsh frog dis-
persal, but passive transport during floods may explain the
low genetic differentiation of breeding sites lying near the
river (on the same as well as on opposite banks). Our results
are in agreement with other population genetics studies,
which showed that the rivers are not barriers for amphibians
(Gascon et al. 1998; Spear et al. 2005; Jungels et al. 2010).
In contrast, Marsh et al. (2007) found that even streams
contributed to population genetic differentiation of the low
dispersal salamander Plethodon cinereus. However, other
studies either provided an ambiguous outcome that the
rivers are barriers to gene flow between amphibian popula-
tions (Zhao et al. 2009) or found large rivers playing an
important role in a biogeographical pattern of frogs leading
to the allopatric distribution of phylogenetically closely
related species (Zeisset and Beebee 2008). It could be con-
cluded that the effect of rivers on genetic differentiation of
amphibian populations is not uniform across studies and
most likely depends on the characteristics of the rivers (their

width, current, the distance from headwaters, flood occur-
rence) and species-specific traits (aquatic or terrestrial mode
of life, dispersal abilities).

Urbanization represents a significant threat to biodiversity
because it causes degradation and fragmentation of habitats,
and changes species communities and structure of popula-
tions. This is particularly acute in areas where cities straddle
rivers. Our study confirms that the river Danube shapes pop-
ulation structure of amphibians making their breeding sites
genetically homogeneous. Historical and present-day changes
associated with urbanization and the river regulations have a
negative impact on genetic diversity of studied species. Water
corridors between remnants of river braids seem to be neces-
sary to keep populations interconnected.
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