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Abstract We have attempted to describe the genetic

structure and variability of the striped field mouse popu-

lation inhabiting 17 locations in and around Warsaw,

Poland, within a gradient of anthropopressure and discuss

the possible factors that could potentially form the

observed pattern. Ecological characteristics of the striped

field mouse prevent decreases in genetic variability within

local urban populations. High population density, ability to

cross environmental barriers and to use ‘‘green corridors’’

allows this species to maintain gene flow in fragmented

urban landscape. However, genetic variability and gene

flow were efficiently reduced in the central part of the city.

The results indicated that the degree of human pressure,

defined based on the level of vegetation cover, is a good

indicator of isolation. In the studied striped field mouse

population, genetic interactions among particular locations

(local populations) are modified in comparison with pop-

ulations inhabiting natural areas, by replacement of the

isolation-by-distance pattern of differentiation with the

‘‘isolation-by-infrastructure’’ pattern. As indicated by

Bayesian analysis, the urban population from the right side

of the Vistula river form common genetic cluster with ex-

urban population located northward from the city, while the

population from the left side of the river probably

exchanges genes with neighbouring northern and southern

ex-urban populations. However local populations at loca-

tions within the highest zone of anthropopressure are

clearly isolated, and presently constitute separate genetic

units.

Keywords Apodemus agrarius � Anthropopressure �
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Introduction

In general, urban populations of wild animals have been

considered fragmented, with groups of individuals inhab-

iting patches of suitable habitat being more or less isolated,

depending on the mobility of the species and its ability to

cross environmental barriers. The process of fragmentation

and isolation, followed by subsequent genetic drift and

increased relatedness among individuals, has been con-

firmed not only in the case of animals of low mobility (e.g.

Noël et al. 2007; Noël and Lapointe 2010; Mikulič and

Pišút 2012; Munshi-South et al. 2013), but also for mobile

‘‘active colonizers’’ (Wandeler et al. 2003; Rasner et al.

2004; Evans et al. 2009). However, there are many other

examples including small mammals (Mossman and Waser

2001; Gardner-Santana et al. 2009; Munshi-South and

Kharchenko 2010), which suggest that genetic variability

within an urban environment may not necessarily be

decreased in comparison with ex-urban populations. These
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observations may be explained by an after-effect of

ongoing immigration to urban areas, multiple sources of

colonization and/or sufficiently large effective population

sizes to maintain a high level of genetic variation within

suitable habitat patches. However, it is also possible that

heterogeneity of the urban environment allows a high level

of genetic variability to be maintained in some areas (large

suitable habitat patches connected with ex-urban areas),

whereas in other areas that have been more drastically

changed by man (heavily built-up sites containing small

patches surrounded by busy roads and/or by large areas of

unsuitable habitat), the level of genetic variability is clearly

reduced. Unfortunately, few studies have examined the

relationship between the level of habitat modification

(anthropopressure) within cities and the level of genetic

variability of urban populations (Rutkowski et al. 2005;

Munshi-South 2012).

Less ambiguous results were obtained when the level of

genetic structuring of urban populations was analyzed.

Almost all studies underlined the much higher genetic

differentiation among populations within urban areas

compared to the natural environment (e.g. Desender et al.

2005; Gardner-Santana et al. 2009; Björklund et al. 2010;

Delaney et al. 2010; Vangestel et al. 2011; Munshi-South

et al. 2013; Unfried et al. 2013).

Some studies have also indicated that genetic drift is a

much stronger factor shaping the population genetic

structure of fragmented urban populations than mutation

and gene flow (Wood and Pullin 2002; Noël et al. 2007;

Munshi-South and Kharchenko 2010; Unfried et al. 2013).

Since at least some of the studied species exhibit little

genetic structure in natural areas (e.g. Munshi-South and

Kharchenko 2010; Gortat et al. 2013), it appears that

urbanization is a particularly potent factor affecting genetic

differentiation compared to natural fragmentation of the

environment.

There have been relatively few studies investigating the

population genetics of city-dwelling rodents (e.g. Hirota

et al. 2004; Gardner-Santana et al. 2009; Gortat et al. 2013),

and knowledge of the factors that contribute to the distri-

bution of genetic variability within urban populations of

these animals is still fragmentary. Thus, this study was ini-

tiated to investigate how the highly specific environmental

conditions in a big city influence the genetic structure and

genetic variability of wild living animal species. For the

reasons outlined below, Warsaw was selected as the model

city and the striped field mouse (Apodemus agrarius), as the

model species. The principal goal of the study was to,

describe the genetic structure and variability of the urban

mouse population taking into account the heterogeneity of

habitat, expressed in the form of an anthropopressure gra-

dient (from natural ex-urban sites located out of the city to

the heavily transformed city center) and discuss the possible

natural (Vistula river, geographic distance) and anthropo-

genic (city infrastructure) factors that could potentially form

the observed pattern.

Methods

Study species

The striped field mouse occurs in many habitats including

woodland edge, grasslands, cultivated fields, as well as

green spaces in urban areas such as gardens and parks

(Babińska-Werka and Garbarczyk, 1981; Gliwicz and

Kryštufek 1999). Its ability to cross environmental barriers

and use ‘‘green corridors’’ traversing distances as long as

1,000 m or even more, allows this species to invade green

areas in fragmented suburban landscape (Liro and Szacki

1987). For this reason, it represents a very good model

species for studies on the synurbization process. The first

record of it in Warsaw is from the end of the nineteenth

century (Wałecki 1881). In the 1920s, it was described as a

frequent species in the city (Sumiński 1922), so the syn-

urbization process of this species in Warsaw dates back

almost 100 years. Since the 1970s it has become the

dominant wild rodent species in city parks, reaching very

high densities (Andrzejewski et al. 1978; Liro 1985).

Study area and field methods

There are several reasons why the city of Warsaw is a very

good model for studying the effects of urban habitat het-

erogeneity on wild animal species. The city is large enough

to contain habitats representing different degrees of an-

thropopressure (population of about 2 million people, area

of 517 sq km). It is located on both sides of the Vistula

River, which may constitute a potential natural habitat

barrier that could prevent gene flow what was found in

some small mammal populations separated by rivers (Aars

et al. 1998; Gerlach and Musolf 2000). Moreover, the two

parts of the city located on right (east) and left (west) sides

of the river differ with respect to the type of housing. On

the right side green patches cover a relatively large area

and form green belts extending into the city. Also, the

riverside in this part of the city has retained a more natural

character and is a potential ecological corridor for animals

entering the city. In contrast, the left side of central War-

saw is densely built-up, covered by a well developed net-

work of wide streets with heavy traffic and contains

relatively small and isolated green areas—mainly well-

maintained parks. Thus, the left and right sides of Warsaw

may be considered as two types of urban agglomeration,

characterized by different spatial structures, located in

close proximity to one another.
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Studies were carried out in and around the city of

Warsaw (Fig. 1). The mouse populations were examined in

17 locations comprising green areas such as parks and

gardens on both sides of the Vistula river, situated at var-

ious distances from the city center. The selected sites

contained habitats representing different degrees of human

pressure according to a five-degree scale, as proposed by

Sudnik-Wójcikowska (1988), where 1 is the lowest and 5

the highest degree of human pressure. This scale is based

on the dominant vegetation type and the intensity of direct

and indirect human interference defined as the percentage

of the area potentially covered by vegetation: zone 1

(Z1)—natural vegetation covering 100 % of the area

(corresponds to an ex-urban habitat); zone 2 (Z2)—almost

natural vegetation covering[95 % of the area (not present

within the study area); zone 3 (Z3)—semi-natural vegeta-

tion covering C95 % of the area; zone 4 (Z4)—synan-

thropic vegetation covering 70–95 % of the area; zone 5

(Z5)—synanthropic vegetation covering \70 % of the

area. According to these criteria the degree of anthropo-

pressure for each 1.5 by 1.5 km square covering the whole

area of Warsaw has been evaluated (Sudnik-Wójcikowska

1988). The average daytime level of noise produced by city

traffic (cars, buses, trams etc.) expressed in decibels (dB)

was used as an additional, direct indicator of anthropo-

pressure (VIEP 2013) (Fig. 1) that could act as important

stress-producing factor and strongly prevent movements of

animals. Since the correlation between the noise level in

close vicinities to our study areas and the degrees of an-

thropopressure based on soils and vegetation types was

very strong and positive (r = 0.9841, P\ 0.001), we

concluded that both indicators can be used in analysis

concerning the anthropopressure level.

The degree of anthropopressure of each particular sam-

pling site was the same as that of the square in which it was

located. The distances between locations within the city

ranged from 2 to approximately 20 km, and the area of

green spaces comprising the urban sites varied from about

27 ha to more than 600 ha. Four of the studied locations

were situated outside the city, two to the north and two to the

south, on opposite banks of the river. All of the non-urban

(ex-urban) locations were exposed to the lowest degree of

human pressure. The distance between the two most widely

separated ex-urban locations was about 50 km.

Fig. 1 Map of the study area.

Z1 to Z5—different zones of

anthropopressure. L1 to L9 and

R10 to R17—sampling

locations on the left (L) and the

right (R) banks of the Vistula

river, respectively. Dash dotted

lines represent genetic clusters

of local populations of the

striped field mouse, indicated by

BAPS
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Trapping sessions were carried out in September 2010 and

2011 over 7 subsequent days at each location. At each site, a

line was marked along which live traps for small mammals

were placed. On each transect of approximately 600 m in

length, 2 traps were located every 20 m (30 trapping points in

total). The captured rodents were individually marked and an

ear lobe sample was collected for genetic analysis before

they were set free at the trapping site. Overall 502 mouse

individuals were captured and genetic analyses were suc-

cessfully performed for 490 of them (Table 1).

DNA isolation and amplification of microsatellite

markers

Genomic DNA was extracted from mouse ear lobe samples

using a Genomic Mini Isolation Kit (A&A Biotechnology)

according to the manufacturer’s instructions.

A total of 17 previously described microsatellite loci

were analyzed (Gockel et al. 1997; Makova et al. 1998;

Ohnishi et al. 1998; Harr et al. 2000; Wu et al. 2008). All

of the markers were amplified in three (I–III) independent

multiplex PCRs (I: MSAA-5; GTTF9A, GACAD1A, GA-

CAB3A; GTTC4A. II: TNF, GATAE10A, SFM3; CAA2A,

SFM6; MSAf-22, GCATD7S. III: SFM14; SFM9; As-7,

SFM1, SFM7). Each reaction contained 1 ll of template

DNA, 6.25 ll 29QIAGEN Multiplex PCR Master Mix

(Qiagen), 1.25 ll 59Q-Solution (Qiagen), 1.25 ll of

109primer mix (containing each primer at 2 lM), plus

RNase-free water (Qiagen) to give a total volume of

12.5 ll. All reactions were carried out in a C-1000 Thermal

Cycler (Bio-Rad) with the following conditions: 94 �C for

15 min, followed by 30 cycles of 94 �C for 30 s, 57 �C for

3 min, 72 �C for 1 min, and a final extension at 68 �C for

15 min.

The forward primers were labelled with one of the

fluorescent Well Read labels (Sigma-Aldrich): Dye2, Dye3

or Dye4. Negative PCR controls were always included in

each set of reactions. No amplification product was

detected in any negative control after electrophoresis on an

agarose gel or analysis in an automatic sequencer.

The precise size of the amplified fragments was mea-

sured using a CEQ8000 Beckman Coulter automatic

sequencer. The data were analyzed using Beckman Coulter

Fragment Analysis Software.

Statistical analysis

Initially we assessed the observed heterozygosity (HO),

unbiased expected heterozygosity (HE) (Nei and Roy-

choudhury 1974) and performed a probability test for

deviation from the Hardy–Weinberg equilibrium using

Genepop on the Web version 4.0.10 (Raymond and

Rousset 1995; Rousset 2008) for each locus at each of the

17 sampling sites. Significant heterozygote deficiency was

Table 1 Summary of mean genetic variability indices in 14 microsatellite loci of Apodemus agrarius from 17 sampling locations (n = 490)

River bank Z Location n A R Ne Ap PAR HO HE HWE FIS

L 1 Z1–L8 32 7.43 6.31 4.33 0.29 0.16 0.629 0.668 *** 0.073

L 1 Z1–L9 21 6.71 6.20 4.10 0.07 0.05 0.651 0.689 ** 0.079*

L 3 Z3–L7 15 6.64 6.56 3.82 0.14 0.17 0.700 0.696 ns 0.029

L 3 Z3–L1 17 6.07 5.81 3.68 0.21 0.19 0.616 0.657 *** 0.094*

L 4 Z4–L2 41 6.07 4.98 3.26 0.14 0.08 0.609 0.626 ns 0.039

L 5 Z5–L3 21 6.00 5.55 3.66 0.07 0.22 0.656 0.668 ns 0.041

L 5 Z5–L4 49 6.93 5.67 3.93 0.00 0.01 0.673 0.687 ** 0.030

L 5 Z5–L5 53 6.07 4.91 3.51 0.00 0.03 0.618 0.636 *** 0.039

L 5 Z5–L6 19 5.29 4.88 3.04 0.00 0.00 0.586 0.583 ns 0.022

R 1 Z1–R15 25 6.79 5.85 3.61 0.14 0.10 0.644 0.644 ns 0.020

R 1 Z1–R16 24 6.86 6.06 4.20 0.07 0.05 0.699 0.694 ns 0.014

R 3 Z3–R10 24 6.43 5.75 4.06 0.07 0.08 0.729 0.678 ns -0.054

R 4 Z4–R11 28 7.07 6.21 4.32 0.07 0.10 0.690 0.691 ns 0.020

R 4 Z4–R12 27 6.29 5.46 3.34 0.07 0.06 0.625 0.623 ns 0.016

R 4 Z4–R13 35 6.93 5.79 4.04 0.00 0.04 0.679 0.665 ns -0.006

R 5 Z5–R14 35 5.57 4.84 3.22 0.14 0.09 0.629 0.628 ns 0.013

R 5 Z5–R17 24 5.29 4.89 3.47 0.00 0.00 0.648 0.603 ns -0.054

L/R left/right side of the river, Z zone of anthropopressure, n number of individuals, A allelic diversity, R allelic richness, Ne effective number of

alleles, Ap mean private alleles, PAR private allelic richness, HO observed heterozygosity, HE expected heterozygosity, HWE significance of

HWE exact test for heterozygote deficiency/excess (** P\ 0.01, *** P\ 0.001), FIS inbreeding coefficient (* values significant after Bon-

ferroni correction, 4,760 randomization, adjusted P value = 0.00021). Sampling site abbreviations are as in Fig. 1
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found in the case of the markers SFM3, SFM14 and As7 at

the majority of the sampling sites (9, 15 and 10 of the sites,

respectively) (online Appendix A). It was assumed that

such a regular pattern resulted from the presence of null

alleles, so these three loci were excluded from further

analysis. Therefore, we finally estimated the genetic vari-

ability and differentiation in the studied mouse population

based on 14 microsatellite markers.

Genetic variability, estimated based on microsatellite

polymorphism, was assessed at a few levels. Firstly,

separately for each sampling site we determined allelic

diversity (A), mean number of private alleles (Ap),

observed heterozygosity (HO) and unbiased expected

heterozygosity (HE) (Nei and Roychoudhury 1974), using

GenAlEx version 6.0 (Paekall and Smouse 2001). Allelic

richness (R) (Petit et al. 1998) was estimated using

FSTAT version 2.9.3.2 (Goudet 2002), and private allelic

richness (PAR), using HP-RARE (Kalinowski 2005). The

inbreeding coefficient (FIS) was calculated for each sam-

pling site and its significance was tested using the ran-

domization procedure and Bonferroni correction for

multiple comparisons. These analyses were performed

using FSTAT.

Genotypic linkage disequilibrium between all pairs of

loci, as well as the probability test for deviation from the

Hardy–Weinberg equilibrium were evaluated using Gene-

pop on the Web version 4.0.10 (Raymond and Rousset

1995; Rousset 2008). The analyses were then performed

for each anthropopressure zone. The significance of dif-

ferences between mean values of allelic richness (calcu-

lated across separate sampling sites within each

anthropopressure zone), FIS, FST, observed heterozygosity

and relatedness (calculated using an estimator equivalent;

Queller and Goodnight 1989) in anthropopressure zones

were tested using the permutation procedure as imple-

mented in FSTAT. Similar comparisons were also per-

formed between the river banks. Genetic differentiation

between sampling sites was estimated using FST. Overall

FST (Weir and Cockerham 1984) for each anthropopressure

zone and the river banks, as well as the pairwise FST among

all sampling sites, were evaluated using FSTAT. The 95 %

confidence intervals for overall FST were also estimated

with FSTAT. We also estimated contemporary gene flow

among sampling sites: migration rates among pairs of

localizations, as well as fraction of ‘resident’ individuals

within each localization were calculated using BayesAss

3.0 (Wilson and Rannala 2003). We performed five inde-

pendent runs, using different random number seeds and

different number of iterations. The convergence among

runs were analysed using Tracer 1.6 (Rambaut et al. 2014).

The highest convergence was reached at 10,000,000 iter-

ations. The mixing parameters were adjusted according to

authors’ recommendations (Wilson and Rannala 2003).

The Bayesian-based method implemented in BAPS

(version 6.0; Corander and Marttinen 2006; Corander et al.

2008a, b) was used to analyze the spatial clustering of

groups, followed by admixture analysis. Five replicates

were run for every upper level of K (7, 14, 21 and 28). The

number of iterations that were used to estimate the

admixture coefficient for the individuals and the number of

reference individuals from each location was 50. The

number of iterations used to estimate the admixture for the

reference individuals was set to 15.

In order to determine (1) the relationship between the

genetic distance and the geographic distance separating the

local populations (separately for each bank of the river) and

(2) the relationship between the genetic distance and the

geographic distance separating groups of local populations

inhabiting the same anthropopressure zones (the same

degree of anthropopressure), linear regression and Pear-

son’s product-moment correlation coefficient (r) were cal-

culated, and the significance of the regression was

evaluated by analysis of variance (ANOVA). The rela-

tionship between the genetic distance and geographic dis-

tance was calculated according to the method proposed by

Rousset (1997) and based on FST/(1-FST) index and nat-

ural logarithm of distance (ln m). Differences between

regression slopes were evaluated using the global linear

model (GLM III type of sum square calculation, without

contrasts). GLM was also used (1) to determine whether

the relationships between genetic distance [FST/(1-FST)]

and geographic distance (ln m) separating local mouse

populations were significantly different on both banks of

the river, and (2) to determine the relationship between the

genetic distance [FST/(1-FST)] of local populations and the

degree of anthropopressure.

Results

All of the analyzed microsatellites were polymorphic, with

5–25 alleles per locus (online Appendix B). The mean

number of alleles per locus (A) in the sampling sites ranged

from 5.29 to 7.43. The highest A values ([7 alleles per

locus) were observed in two sites, whereas values below

6.0 were found in only three locations in Z5. Allelic rich-

ness (R) was the highest in Z3–L7. R values exceeding 6.0

were also found in three sampling sites in Z1 and in one

from Z4. Values of R of below 5.0 were found in three sites

from Z5 and one from Z4 (Table 1). Private alleles were

found in 12 of the 17 analyzed locations. The highest mean

number of private alleles was found on the left side of the

river (Z1–L8 and Z3–L1). No private alleles were found in

four of the six studied sites in Z5 and in one from Z4 on the

right side of the river (Table 1). The observed heterozy-

gosity (HO) was the highest in two locations from Z3 as

Conserv Genet (2015) 16:649–659 653
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well as in Z1–R16. The lowest value of HO was found in

Z5–L6 (Table 1). Of the 17 studied sampling sites, 5 were

not in Hardy–Weinberg equilibrium (HWE). Significant

heterozygote deficiency was found exclusively in sites on

the left side of the river. Among these sites, significant

values of FIS were found only for Z1–L9 and Z3–L1

(Table 1).

Upon comparing genetic variability among sampling

sites grouped according to anthropopressure zone, we

found significantly lower allelic richness in Z5 (R = 5.13)

than in Z1 or Z3 (R = 6.01 and 6.04, respectively) (one-

sided test, 1,000 permutations, P\ 0.01). Moreover,

observed heterozygosity was significantly lower in Z5

(HO = 0.638) than in Z3 (HO = 0.687, one-sided test,

1,000 permutations, P\ 0.05). The relatedness coefficient

calculated for Z5 (relat = 0.211) was significantly higher

than those for Z1 (relat = 0.096, P\ 0.001), Z3

(relat = 0.104, P\ 0.05) and Z4 (relat = 0.118,

P\ 0.05). The values of R and HO were not significantly

different between Z5 and Z4 (R = 5.61 and HO = 0.648).

Also, there was no statistically significant difference

between Z1, Z3 and Z4 when pairwise comparisons were

made for R, HO and relat. The value of FIS ranged from

0.012 (Z3) to 0.047 (Z1) and did not differ significantly

among the all anthropopressure zones.

The level of genetic variability was similar on both sides

of the river (R = 5.652 and 5.608; HO = 0.636 and 0.667;

relat = 0.158 and 0.125, for the left and right sides,

respectively), but FIS was significantly higher (one-sided

test, 1000 permutations, P\ 0.001) on the left side

(FIS = 0.046) than on the right (FIS = -0.030).

The overall genetic differentiation in the analyzed

striped field mouse population was moderate (FST =

0.085, 95 % CI 0.075–0.097). Despite the fact that sam-

pling sites in Z1 were located on opposite sides of the city

or different sides of the river (Fig. 1), the overall genetic

differentiation in this group of sites was the smallest

(FST = 0.053, 95 % CI 0.037–0.069), but it was not sig-

nificantly different from the overall genetic differentiation

in Z3 (FST = 0.055, 95 % CI 0.043–0.067) and Z4

(FST = 0.064, 95 % CI 0.045–0.086). The overall genetic

differentiation in Z5 (FST = 0.120, 95 % CI 0.099–0.142)

was significantly higher than in all of the other zones (one-

sided test, 1,000 permutations, P\ 0.05). There was no

significant overall genetic differentiation between Z3 and

Z4.

Pairwise genetic differentiation ranged from 0.026 to

0.181 (FST) (Table 2). The highest value was found

between individual sampling sites in Z5, located on dif-

ferent banks of the Vistula River. The lowest differentia-

tion was found between Z3–L7 and Z1–L9 (locations in

bordering zones on the left side of the river, south of the

city center) and Z4–R11 and Z4–R12 (directly bordering

locations on the right side of the river.)

For almost all sites, estimated fraction of migrants was

very low and ‘residents’ clearly dominated (67–92 %,

online Appendix C). We did not find clear evidence for

asymmetric pattern of gene flow, besides location Z4R12,

which seems to be a source of immigrants for ex-urban and

adjacent urban localizations. In general, the fraction of

residents increased towards the city centre: while in Z1 and

Z3 fraction of residents does not exceed 68 %, in all sites

from Z5 the fraction was much higher (81–92 %, online

Appendix C).

The relationship between genetic distance and geo-

graphic distance (for all sites independent of their location

in relation to the river, i.e. left or right bank) calculated in

groups of local populations inhabiting the same zone of

human pressure was positive, but not statistically signifi-

cant. However, the genetic distance was significantly

dependent on the degree of anthropopressure (GLM:

F = 9.89, P\ 0.001). The highest values of genetic dis-

tance were found in locations with the highest degree of

anthropopressure and values of this index declined in spite

of the increase in distance (Fig. 2).

On both banks of the Vistula River, the genetic distance

decreased with increasing geographic distance, and on the

left bank this relationship was statistically significant

(r = -0.4196, ANOVA: F = 7.260, P\ 0.01), while on

the right side it did not differ significantly from zero

(r = -0.1459, ANOVA: F = 0.570, P[ 0.46). In addi-

tion, the relationship between genetic and geographic dis-

tance was significantly different on both banks of the river

(GLM, F = 6.893, P\ 0.01) (Fig. 3).

BAPS assigned all individuals to nine genetic clusters

with a probability of 0.997. The first cluster (green patches,

Fig. 4) was found north of the city center and on the right

side of the river in Z1–Z4, except site Z1–R16, which was

assigned to another cluster (beige patches) together with

two other locations south of the city center. Moreover,

BAPS divided the mice from sites in Z5 (plus Z4–L2) into

seven separate clusters (Figs. 1, 4).

Discussion

Genetic variability: urban versus ex-urban populations

The results obtained showed that the level of genetic var-

iability is not clearly reduced in urban populations in

comparison with ex-urban areas, indicating that only the

most heavily modified zones of the city exhibit a significant

decrease in the number of microsatellite alleles and

increased relatedness among individuals. A similar pattern
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has also been observed in other rodents (Gardner-Santana

et al. 2009; Munshi-South and Kharchenko 2010). In the-

ory, the genetic variability of urban populations should be

decreased due to habitat fragmentation and the low effec-

tive size of populations inhabiting limited patches of suit-

able habitat (Evans et al. 2010). However, these two factors

seem to have limited effects on urban rodents. Probably,

the high population densities in small habitat fragments

prevent the loss of genetic variability. Very high densities

have been reported for local populations of the striped field

mouse inhabiting city parks in Warsaw (Andrzejewski

et al. 1978; Liro 1985; Izdebska 1997). Similarly, the

white-footed mouse was found at much higher densities in

fragmented habitats—including the urban environment—

than in undisturbed habitats (e.g. Nupp and Swihart 1996;

Rytwinski and Fahrig 2007).

The presence of green spaces within the urban envi-

ronment could be another factor limiting the decrease in

genetic variability of city-dwelling species (Munshi-South

2012). Hence, we assume that in the case of the striped

field mouse, their high population densities, high abun-

dance plus the presence of green corridors for gene flow,

permit the retention of quite high levels of genetic vari-

ability in urban populations as a whole. Moreover, it was

suggested that the species could be relatively insensitive to

presence of environmental barriers, such roads and streets

(Rhim et al. 2003; Gortat et al. 2014). However, heavily

built-up areas, combined with a scarcity of ‘‘green corri-

dors’’ act as a very effective barrier to gene flow. Thus, we

observed a significant decrease in genetic variability in the

most transformed area of the city: Z5. This effect is the

clearest in the case of the number of microsatellite alleles.

Table 2 Genetic differentiation (FST) among 17 sampling locations from Warsaw city center and neighboring ex-urban areas

Z1–

L8

Z1–

L9

Z3–

L7

Z3–

L1

Z4–

L2

Z5–

L3

Z5–

L4

Z5–

L5

Z5–

L6

Z1–

R15

Z1–

R16

Z3–

R10

Z4–

R11

Z4–

R12

Z4–

R13

Z5–

R14

Z5–

R17

Z1–

L8

0.054 0.074 0.053 0.061 0.065 0.049 0.123 0.103 0.032 0.066 0.042 0.032 0.049 0.048 0.088 0.064

Z1–

L9

0.026 0.056 0.076 0.073 0.060 0.074 0.094 0.048 0.060 0.043 0.049 0.077 0.044 0.106 0.104

Z3–

L7

0.069 0.084 0.069 0.043 0.074 0.106 0.059 0.072 0.055 0.051 0.089 0.073 0.099 0.121

Z3–

L1

0.087 0.065 0.078 0.104 0.105 0.034 0.079 0.047 0.055 0.081 0.057 0.118 0.120

Z4–

L2

0.102 0.095 0.141 0.148 0.070 0.108 0.075 0.068 0.103 0.077 0.115 0.099

Z5–

L3

0.065 0.102 0.096 0.055 0.103 0.060 0.050 0.080 0.076 0.115 0.143

Z5–

L4

0.092 0.104 0.057 0.094 0.065 0.051 0.075 0.075 0.100 0.120

Z5–

L5

0.148 0.108 0.123 0.098 0.121 0.155 0.107 0.154 0.181

Z5–

L6

0.075 0.109 0.103 0.080 0.075 0.081 0.136 0.164

Z1–

R15

0.058 0.037 0.030 0.034 0.030 0.077 0.088

Z1–

R16

0.069 0.057 0.081 0.043 0.089 0.071

Z3–

R10

0.040 0.062 0.044 0.100 0.125

Z4–

R11

0.030 0.031 0.070 0.073

Z4–

R12

0.053 0.098 0.091

Z4–

R13

0.081 0.081

Z5–

R14

0.111

All values of (except one shown in bold) were significant after Bonferroni correction (2,720 randomizations, adjusted P value = 0.004)
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When genetic drift in isolated populations reduces genetic

variability at neutral loci, the effect could be more easily

detected in the number of alleles than in the heterozygosity

level (Nei et al. 1975). Indeed, we usually did not detect

private alleles in locations from Z5. The isolation of local

populations from highest anthropopressure zone is also

confirmed by significantly higher values of the relatedness

coefficient compared with those calculated for other sites.

Thus, our results show that local populations from central

parts of Warsaw, despite the high densities of individuals

observed in some cases, suffer from decreased genetic

variability, mainly due to isolation. The movement of

individuals during the seasonal emigration is probably

largely restrained by the surrounding unsuitable habitat,

leading to increased relatedness. These effects are most

clearly expressed in sites located on the left bank of the

Vistula River in the central zone, as this part of Warsaw is

more heavily built-up and devoid of green areas.

Genetic differentiation within anthropopressure zones

We detected significant differences in the level of differ-

entiation only for comparisons with Z5. This result sup-

ports the effective isolation of populations inhabiting the

center of the city, but not those within Z3 and Z4.

According to Schtickzelle and Baguette (2003) sharp eco-

tonal boundaries (e.g. between green park areas and streets

or a heavily built-up housing estate) can cause individuals

to cluster inside the patch, thus producing so-called ‘‘fence

effect’’. Our results indicate that in the case of Z5, a ‘‘fence

effect’’ could be an explanation for the observed distribu-

tion of genetic variability. On the other hand, genetic dif-

ferentiation within Z3 and Z4 was very similar to that

among ex-urban sampling locations. We suggest that the

presence of the appropriate level of vegetation cover has

ensured gene flow, thus preventing an increase in genetic

differentiation.

Genetic differentiation among sampling sites

Genetic differentiation among sampling sites within an

urban environment usually loses the isolation-by-distance

pattern observed in the same species within a natural

environment (Wood and Pullin 2002; Noël et al. 2007;

Munshi-South and Kharchenko 2010; Gortat et al. 2013).

This observation is supported by the results of our study.

The relationship between geographic and genetic distances,

calculated separately for groups of local populations

inhabiting different anthropopressure zones, clearly shows

that for subpopulations separated by similar geographic

distances, those situated in the zones of higher anthropo-

pressure display higher genetic differentiation. Munshi-

South (2012) found that the pattern of isolation-by-effec-

tive distance (IED), calculated based on the percentage of

tree canopy cover, was the best model explaining the

intensity of gene flow among urban populations of the

r = 0.4014, p>0.12

r = 0.3061, p>0.51
r = 0.7026, p>0.40

r = 0.5245, p>0.24
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Fig. 2 The relationship between genetic distance [FST/(1-FST)] and

natural logarithm of geographic distance (ln m) in groups of local

populations inhabiting the same anthropopressure zones

r = - 0.4196, p<0.01

r = - 0.1539, p>0.45
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Fig. 3 The relationship between genetic distance [FST/(1-FST)] and

natural logarithm of geographic distance (ln m) on the left (black

points and solid line) and right (white points and dotted line) banks of

the Vistula river

Fig. 4 Nine genetic clusters inferred using the spatial model in BAPS

6.0. Axes represent spatial X, Y coordinates of the proportional

membership of individuals for each of the nine inferred clusters.

Numbers from 1 to 17 denote a particular location (see Fig. 1)
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white-footed mouse. Our analysis can support the validity

of this pattern, because the level of genetic differentiation

in the striped field mouse was partially explained by the

degree of anthropopressure, defined based on vegetation

characteristics (Sudnik-Wójcikowska 1988). Moreover, on

the left bank of the Vistula River a negative correlation

between geographical and genetic distance was observed,

because the highest FST values were found for pairs of

local populations located in close proximity but separated

by the dense buildings and busy streets in the city center.

Water bodies, such as lakes (Kozakiewicz et al. 2009;

Gortat et al. 2010; Taylor and Hoffman 2010) and rivers

(Aars et al. 1998; Gerlach and Musolf 2000) can act as

effective natural barriers preventing gene flow. However,

we found that genetic differentiation between pairs of ex-

urban sampling sites located on opposite sides of the river

was small, suggesting the existence of gene flow. At the

same time, pairs of sampling sites located across the river

but close to the city center, differed significantly from each

other. This means that the river acts as a more effective

barrier within the city than beyond its limits. The higher

effectiveness of the barrier within the city center might be

due to the highly developed left bank of the river in this

part of the city, which precludes the access of animals to

the riverside. Moreover, the presence of islands in the river

both north and south of the city, giving better connectivity

across the river beyond the city limits, could produce the

observed pattern of differentiation.

Population genetic structure

The Bayesian method applied to analyze genetic structure

suggested higher genetic homogeneity on the right side of

the Vistula River. The undisturbed river bank in this part of

the city probably constitutes an important ecological cor-

ridor for mammals. In addition, as discussed above, local

populations on the right side of the river are less isolated

from each other than those on the left side. Indeed, Wa-

hlund effects seem to be weaker in the ‘‘right-side’’ pop-

ulation than in the ‘‘left-side’’. This is suggested by the

significantly lower FIS value, indicating no heterozygote

deficiency due to population subdivision on the right side

of the Vistula.

The BAPS analysis also suggested that ex-urban popula-

tions of the striped field mouse are separated by the city. The

‘‘northern cluster’’ penetrates Warsaw much further within the

urbanized landscape than the ‘‘southern cluster’’, especially on

the right side of the river (Fig. 1). This may indicate that this

part of Warsaw is better connected by gene flow with the

northern than with the southern ex-urban populations. Two

sites from Z5 are differentiated from the other locations on the

right bank due to isolation and subsequent genetic drift, but

their genetic relationship with the ‘‘right-side locations’’ is still

visible, as indicated by FST values. On the left side of the Vis-

tula, the reach of both ‘‘northern’’, and ‘‘southern’’ clusters

appearstobemuchshallower.Therefore,wesuggest thatonthe

left side of the river ex-urban locations are connected by the

gene flow only with neighbouring urban sites while central

locations experienced rapid differentiation due to isolation and

genetic drift, and presently constitute separate genetic units, as

indicated by BAPS. It is also possible, that presently observed

genetic distinctiveness might be an effect of admixture events

between northern and southern genotypes in a central contact

zone.Anyway, thepatternsofgeneticdifferentiationonthe left

and right sides of the river are different. (Fig. 1).

The analysis of fractions of ‘resident’ and ‘migrating’

individuals within each localization calculated using Baye-

sAss 3.0 (Wilson and Rannala 2003) is fully consistent with

the results of BAPS analysis and indicates that isolation of

local populations increases towards city centre. Moreover, it

also showed that recently on the right side of the river the

location Z4R12 plays a crucial role in shaping the genetic

structure of almost whole population by sending reasonably

large groups of migrants to other adjacent localities. Since

this location also shows a high gene flow to location Z1L9

belonging to another genetic cluster and located on the

opposite bank of the river, it could be suggested that the

striped field mouse is able within one or, at least, a couple of

generations to reach even distant locations and cross the river.

On the left side of the river there is no such a source locality

as Z4R12, probably because of stronger isolation of local

populations by city infrastructure, especially located close to

the city centre. Therefore, it seems that anthropopressure

explains the gene flow between locations not only as specific

variable within patches, but mainly as one of the variables

that makes habitat between patches (city infrastructure) more

or less permeable. It can be therefore concluded that in the

studied striped field mouse population, genetic interactions

among particular local populations are modified in compar-

ison with populations inhabiting natural areas, by replace-

ment of the isolation-by-distance pattern of differentiation

with the ‘‘isolation-by-infrastructure’’ pattern.
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