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Abstract We analyse the genetic variability in the yellow-
necked mouse (Apodemus flavicollis) population in the city of
Warsaw, Poland, and its surroundings - a species that has begun
to occupy the city only in the last 30 years.We also compare the
genetic variability of this species with corresponding data col-
lected in the same time and areas for another species - the
striped field mouse (Apodemus agrarius). The results indicate
a gradual decrease in genetic diversity and increase in related-
ness in the population of A. flavicollis from non-urban locations
towards sites with the highest anthropopressure. The genetic
structure was more pronounced in the 'recent invader'
(A. flavicollis) than in the 'permanent inhabitant' (A. agrarius),
which has a much longer city colonization history (more than
100 years). In general, FST was higher in A. flavicollis, which
may indicate different and independent ways of city coloniza-
tion by the species. The process by which urban areas are set-
tled by a new, typically forest-dwelling species such as
A. flavicollis, more 'sensitive' to the conditions of life in a city,
probably includes not only successful events of penetration of

the city by small groups of individuals (the founder effect), but
also temporary extinctions of local urban populations of
A. flavicollis or at least marked fluctuations in species popula-
tion numbers. Suitably planned areas at the city borders could
play an important role as 'gateways' through which individuals
from non-urban populations could migrate into the city and join
urban populations.
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Introduction

The process of urbanization is one of the most important factors
affecting natural ecosystems at the beginning of the 21st century
(Ricketts and Imhoff 2003; Goddard et al. 2010). Urban areas
of the world are expected to absorb all the human pop-
ulation growth expected over the next four decades (United
Nations 2011), and as urban populations expand, so do urban-
ized landscapes.

In general, the development of cities and other urbanized
areas is the leading cause of habitat loss, threatening the exis-
tence of many wild species (Dearborn and Kark 2010). On the
other hand, several studies have demonstrated that urban areas
can harbour diverse habitats, simultaneously supporting high
biodiversity (e.g. Muratet et al. 2007; Kadlec et al. 2008).
Seeking a better understanding of how an urban environment
can affect population processes in various species, molecular
genetics methods have long been applied to analyse gene flow
within urbanized landscapes and among urban landscapes and
surrounding rural areas, as well as to estimate genetic variabil-
ity in urban populations of wild species (e.g. Noël et al. 2007;
Gardner-Santana et al. 2009; Gortat et al. 2013, 2015a;
Munshi-South et al. 2013).
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Although it is now obvious that the genetic after-effects of
colonizing and/or living within an urban environment strongly
depend on many factors, including the size and age of habitat
patch, species mobility, and the characteristics of the matrix
between patches, some general conclusions have been reached:
(i) low-mobility species (e.g. amphibians), often related to a
specific environment, such as water bodies, exhibit decreased
genetic variability due to isolation and intensified genetic drift
(Hitchings and Beebee 1998; Noël et al. 2007; Noël and
Lapointe 2010; Mikulič and Pišút 2012; Munshi-South et al.
2013; Zak and Pehek 2013, but see also Saarikivi et al. 2013);
(ii) mobile species able to cross environmental barriers seem to
maintain a high level of genetic variability, probably avoiding
complete isolation between patches of habitat within the city as
well as between urban and rural areas (Desender et al. 2005;
Gardner-Santana et al. 2009; Rutkowski et al. 2009; Bj rklund
et al. 2010; Munshi-South and Kharchenko 2010); (iii) urban
populations, usually fragmented into local subpopulations
inhabiting small patches of suitable habitats (e.g. green spaces),
exhibit pronounced genetic structure (Rubin et al. 2001; Wood
and Pullin 2002; Wandeler et al. 2003; Desender et al. 2005;
Gardner-Santana et al. 2009; Bj rklund et al. 2010; Delaney
et al. 2010; Munshi-South and Kharchenko 2010; Vangestel
et al. 2011; Gortat et al. 2013, 2015a; Munshi-South et al.
2013; Unfried et al. 2013).

Studies of urban populations have been focused mainly on
species that have inhabited urban areas for a long time, or were
even trapped by urban expansion and forced to exist in this
transformed environment since its beginning (Chiappero et al.
2011; Munshi-South and Nagy 2014). Only a few studies, on
the other hand, have looked at the distribution of genetic var-
iability in species that have colonized cities recently. One such
study investigated the population of foxes (Vulpes vulpes) in
Zurich approx. 15 years after a significant increase in the
number of animals within the city borders, and reported a
small but significant genetic differentiation between urban
and rural sampling sites, as well as slightly reduced genetic
variability within urban populations, probably due to the foun-
der effect (Wandeler et al. 2003). In another such study, the
genetic variability of a breeding population of European kes-
trel (Falco tinnunculus) recently founded (in the 1970s) in the
city of Warsaw was compared with rural populations and no
differences were found, suggesting undisturbed gene flow be-
tween the relatively new urban population and birds from non-
urban areas (Rutkowski et al. 2009).

The aim of our study was to analyse the distribution of
genetic variability in the urban population of the yellow-
necked mouse (Apodemus flavicollis) in Warsaw (Poland),
which has long been numerous in the areas surrounding the
city but appeared in Warsaw only very recently (approx. 30
years ago) and has colonized several patches within the city
borders (Andrzejewski et al. 1978; Gliwicz 1980; Babińska-
Werka and Malinowska 2008; Gortat et al. 2014). Moreover,

given that another rodent species, the striped field mouse
(A. agrarius), having a much longer city colonization history
(more than 100 years), had previously been investigated in
exactly the same locations (Gortat et al. 2015a), we were able
to compare the results for the two species, using the same set
of molecular markers. A. flavicollis and A. agrarius are very
common species in Poland. A. flavicollis is a typical forest
species while A. agrarius is habitat generalist and can occupy
different kinds of green areas (Pucek 1984). We assumed that
genetic processes, such as genetic drift, the founder effect,
increased relatedness and genetic differentiation among local
populations in the yellow-necked mouse population would be
especially prominent in areas with a high degree of
anthropopressure, i.e., located in the city centre, where anthro-
pogenic barriers confine the rodents into small, spatially iso-
lated green spaces. Moreover, because of fluctuations ob-
served in small, isolated populations of A. flavicollis
(Bujalska and Grüm 2005) we expected to see the genetic
effects of population bottlenecks. We also assumed that the
river cutting across the city, forming a natural barrier, would
additionally limit the gene flow between the yellow-necked
mouse populations settling areas on its opposite sides.
Moreover, we anticipated that since the yellow-necked mouse
has been inhabiting the city for a much shorter time than the
striped field mouse, genetic differences between local popu-
lations of the first species would be much weaker.

Materials and methods

Study area and sample efforts

The study was carried out in the city of Warsaw (52°12'N,
21°02'E) and neighbouring non-urban areas (Fig. 1a). The city
is located in the central part of Poland and its area covers 517
sq. km. The human population is estimated at 1.800.000. The
Vistula River and a dense network of roads run through the
city. Small green areas, as parks and gardens within the city
are surrounded by dense urban buildings. Farther from the city
centre, the urban infrastructure grows less developed, and so
green areas situated at various distances from the city centre
are exposed to different degrees of human pressure. Sudnik-
Wójcikowska (1988), based on two main criteria – the inten-
sity of human interference and the dominant vegetation type –
distinguished five degrees of anthropopreassure, where ‘1’
means the lowest and ‘5’ the highest degree of human pres-
sure. Particular degrees were defined as the percentage of the
area potentially covered by vegetation: 1 zone (Z1) – natural
vegetation covered 100% of the area; 2 zone (Z2) – almost
natural vegetation covered more than 95% of the area; 3 zone
(Z3) – seminatural vegetation covered not less than 95% of the
area; 4 zone (Z4) – synanthropic vegetation covered 70-95%
of the area; 5 zone (Z5) - synanthropic vegetation covered less
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than 70% of the area. Based on these criteria, Warsaw has
been divided into a grid of squares (1.5 by 1.5 km) covering
the area of the city and the degree of anthropopressure
(anthropopressure zone) has been designated for each square
in the grid (Sudnik-Wójcikowska 1988).

We also assumed that city noise is an important stress-
producing factor which can strongly restrict movements of
rodents. For this reason the average daytime level of noise
produced by city traffic expressed in decibels (dB) was used
as an additional, direct indicator of anthropopressure (VIEP
2013) (Fig. 1b). Because in our study areas the correlation
between the noise levels and the degree of anthropopressure
proposed by Sudnik-Wójcikowska was very high and very
strongly positive (r=0.9841; F=491.94, P<0.001) we decided
to use both indicators (see also Gortat et al. 2015a).

Rodents were trapped at a total of 17 sites located on the
right (R) and left (L) bank of the Vistula River (Fig 1a).
Distances between particular locations within the city ranged
from 2 km to about 20 km, and the overall surface area of the
green spaces where the urban sites were located varied from
about 27 ha to more than 600 ha. We assumed that the degree
of anthropopressure at a particular trapping site was the same
as that of the grid square in which it was located. In most
cases, the degree of anthropopressure at the sites investigated
decreased with growing distance from the centre of the city
(r=0.9132; F=80.33, P<0.001). Four of them (#8, #9, #15,
#16) were situated out of the city, two to the north and two
to the south, on both sides of the river. All the non-urban
locations were situated at the edge of large wooded areas
and were exposed to the lowest degree of human pressure.

The distance between the two farthest non-urban locations
(#8 and #16) was about 50 km (Fig 1a).

Rodents were trapped at times of high densities of individ-
uals (in September 2010 and 2011). At each site, a line run-
ning about 600 m was marked out, along which live traps for
small mammals were placed. 30 trapping points were located
along this line at each site, with 2 traps at each point. The
trappings were carried out for 7 subsequent days in each lo-
cation. Animals caught were individually marked and set free
at the trapping site (prior approval for the study was obtained
from the First Warsaw Local Ethics Committee for Animal
Experimentation, no. 21/2010). Part of the ear of each animal
was removed for molecular analysis.

Molecular analysis

Genomic DNAwas extracted from the ear lobe samples of the
yellow-necked mouse using the Genomic Mini Isolation Kit
(A&A Biotechnology), according to the manufacturer’s
instructions.

Ten microsatellite loci previously described by other au-
thors (Gockel et al. 1997; Makova et al. 1998; Ohnishi et al.
1998; Harr et al. 2000) were analysed. All the markers
(MSAf-3, MSAf-8, MSAf-22, CAA2A, GTTC4A,
GACAD1A, GCATD7S, TNF, MSAA-5, As-7) were ampli-
fied in three independent multiplex reactions. PCR amplifica-
tions were performed in 12.5 μl reaction volume containing:
1 μl of template DNA, 6.25 μl 2x QIAGEN Multiplex PCR
MasterMix (Qiagen), 1.25μl Q-Solution 5x (Qiagen), 1.25μl
of 10x primer mix (containing each primer at 2 μM), 2.75 μl

Fig. 1 Scheme of the study area
a and zones of anthropopressure
b – in the city of Warsaw and
neighbouring non-urban areas.
Numbers on the maps denote
particular locations where traps
for small mammals were placed.
Black points show locations
where the number of A. flavicollis
trapped was sufficient to include
them in the genetic analysis.
White points and cross points,
respectively, denote locations
where the number of individuals
trapped was very small and
locations where the mouse did not
occur. Z1-Z5 – different zones of
anthropopressure. NR – number
of location. NL – noise level (dB)
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of RNase-free water (Qiagen). The reaction conditions were as
follows: 94°C for 15 min, 30 cycles at 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. All reactions were carried out using a C-1000 Thermal
Cycler (Bio-Rad).

Forward primers were labelled with one of the fluorescent
WellRead labels (Sigma-Aldrich): Dye2; Dye3; Dye4.
Negative PCR controls were always included for each set of
reactions. No amplification product was found in any negative
controls after electrophoresis in agarose gels and analysis in an
automatic sequencer.

The length of the amplified fragments was measured using
a CEQ8000 Beckman Coulter automatic sequencer. The
data were analysed using Beckman Coulter Fragment
Analysis Software.

Statistical analysis

Apodemus flavicollis

We assessed the observed heterozygosity (HO), unbiased ex-
pected heterozygosity (HE) (Nei and Roychoudhury 1974),
and performed a probability test for deviation from Hardy-
Weinberg equilibrium using Genepop on the Web version
4.0.10 (Raymond and Rousset 1995; Rousset 2008) for each
locus within each of the sampling sites. Additionally, the fix-
ation index (FIS) for each locus within each sampling site was
calculated and its significance was tested under randomization
procedure and Bonferroni correction for multiple comparison,
using FSTAT version 2.9.3 (Goudet 2001). Although we
found significant heterozygote deficiency in some loci, these
deviations were not regularly observed across sampling sites –
different loci exhibit heterozygote deficiency in different lo-
calizations. Moreover, significant FIS was found only in two
cases: locus MSAf-3 at #1, and GTTC4A at #13.

Genetic variability, estimated based on microsatellite poly-
morphism, was evaluated at several levels. Firstly, we assessed
allelic diversity (A), allelic richness (R; Petit et al. 1998), mean
number of private alleles (P), private allelic richness (RP), ob-
served heterozygosity (HO), unbiased expected heterozygosity
(HE) (Nei and Roychoudhury 1974) and relatedness coefficient
r (Queller and Goodnight 1989) separately for each sampling
site. The fixation index (FIS) for each sampling site was also
calculated and its significance was tested under randomization
procedure and Bonferroni correction for multiple comparisons.
These analyses were performed using GenAlEx version 6.0
(Paekall and Smouse 2001), FSTAT and HP-RARE
(Kalinowski 2005). The genotypic linkage disequilibrium be-
tween all pairs of loci, as well as probability test for deviation
from Hardy-Weinberg equilibrium, were evaluated using
Genepop on the Web version 4.0.10 (Raymond and Rousset
1995; Rousset 2008) for each sampling site. Then the analyses
were performed for each anthropopressure zone. The

significance of differences between mean values of allelic rich-
ness (calculated across separate sampling sites within each
anthropopressure zone), FIS, FST, observed heterozygosity
and relatedness in anthropopressure zones were tested using
the permutation procedure as implemented in FSTAT. Similar
comparisons were performed between river banks.

Effective population sizes for different populations were
estimated from the sample data using LDNE (Waples and Do
2008). The programwas run for each value of the lowest allele
frequency used: 0.05, 0.02 and 0.01.

Evidence of recent effective population size reductions
were investigated using Bottleneck 1.2 (Cornuet and Luikart
1996). Microsatellite data were tested under the stepwise mu-
tation model (SMM) and Two-Phase Model (TPM) (Di
Rienzo et al. 1994), with 95% SMM and variance of 12%
(Piry et al. 1999). The significance of heterozygote excess
was assessed by the Wilcoxon sign-rank test.

Genetic differentiation between sampling sites was estimat-
ed using FST. Overall FST (Weir and Cockerham 1984) for
each anthropopressure zone and for each side of the river were
obtained with FSTAT, as well as pairwise FST among all sam-
pling sites studied. The 95% confidence intervals for overall
FST were also estimated in FSTAT.

The relationship between the genetic distance and
geographic distance was calculated according to the method
proposed by Rousset (1997) and based on FST/(1−FST) index
and natural logarithm of distance (ln m). In order to determine
the relationship between the genetic and geographic distance
of the population, the linear regression and Pearson product-
moment correlation coefficient (r) were calculated, and the
significance of the regression was evaluated by analysis of
variance (ANOVA).

To obtain a picture of genetic differentiation among sites,
we analysed our data using Principal Component Analysis
(PCA) (PCA, Jombart et al. 2008), performed in Adegent
1.2-3 (Jombart 2008).

We also used the BAYESASS 3.03 program (Wilson and
Rannala 2003), with default and adjusted settings, to assess
recent migration rates and the direction taken by migration
among sites (Wilson and Rannala 2003). We adjusted mixing
parameters for allele frequencies (ΔA), inbreeding coefficients
(ΔF) and migration rates (ΔM) so that the acceptance rates
were 38%, 45% and 44% respectively. MCMC was run for
10.000.000 steps, with 1.000.000 steps discarded as
burn-in, and with sampling every 100th step. Convergence
and mixing were inspected visually using Tracer v.1.5, with
effective sample sizes greater than 100 assured for all the
recorded parameters.

The STRUCTURE software package (version 2;
Pritchard et al. 2000) was used to examine how well the
predefined sampling sites corresponded to genetic groups
(K). STRUCTURE was run 15 times for each user-defined
K (1–10), with an initial burn-in of 50.000 and 100.000
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iterations of the total data set. The admixture model of ances-
try and the correlated model of allele frequencies were used.
Sampling location was not used as prior information. Then we
examined ΔK statistics that identify the largest change in the
estimates of K produced by STRUCTURE, as ΔK may pro-
vide a more realistic estimation of K than those based on
likelihoods (Evanno et al. 2005). As the method of Evanno
et al. (2005) usually finds the uppermost level of genetic struc-
ture within a given dataset, the analysis was performed for the
second time on genetic clusters, identified in analysis of the
total data set. To visualize the STRUCTURE results, we used
STRUCTURE HARVESTER (Earl and von Holdt 2011).
Then we applied CLUMPP (Jakobsson and Rosenberg
2007) to average the multiple runs given by STRUCTURE
and correct for label switching. The output from CLUMPP
was visualized with DISTRUCT v 1.1 (Rosenberg 2004) to
display the results.

Comparison of A. flavicollis and A. agrarius

Analysing two different rodent species in the same urbanized
area, using microsatellite loci common for both species, gave
us an opportunity to directly compare the results obtained.
Hence, the genetic data about A. flavicollis obtained in the
present study were directly compared to the results of micro-
satellite genotyping of A. agrarius, described in detail in an-
other paper (Gortat et al. 2015a). We compared the levels of
genetic variability and genetic differentiation found for the
two species, sampled in exactly the same locations in
Warsaw. In this analysis we included only microsatellite loci
common for both species, namely: CAA2A, GTTC4A,
GACAD1A, GCATD7S, TNF and MSAf-22. The signifi-
cance of differences between mean values of allelic richness,
FIS, FST, observed heterozygosity and relatedness between
species were tested using the permutation procedure as imple-
mented in FSTAT.

Results

Genetic structure of Apodemus flavicollis

In total, we caught 295 individuals of A. flavicollis. The mouse
was found to occupy 14 of the 17 locations covered by the study
(Fig. 1). However, an insufficiently small number of individuals
of the species (N<10) were caught at 4 sites, and so genetic
analysis was performed on the basis of individuals caught at
the 10 locations where number of individuals were higher and
generally similar (20-26 mice) – with one exception (location
#7, Fig. 1a), where 47 individuals were caught. Locations where
we discovered no rodents or where the number of individuals
was small were mostly situated in the areas with the highest
degree of human pressure (zones Z4 and Z5, Fig. 1b).

We successfully amplified 10 microsatellites in 264 indi-
viduals of A. flavicollis. All loci were highly polymorphic in
all investigated locations, with 10–22 alleles per locus. The
highest allelic diversity and allelic richness were found in non-
urban locations (Z1, Table 1). The lowest number of micro-
satellite alleles was identified in location #4, grouped in zone 5
of anthropopressure, on the left side of the Vistula River
(Table 1). Allelic richness, calculated for locations from Z1
(R = 8.463), was significantly higher (two-sided test, 1000
permutations, P = 0.002) than allelic richness in pooled urban
locations (Z3–Z5, R = 6.484). Comparing locations from par-
ticular zones, we found only significant differences (P=
0.002) in R between Z1 (R= 8.463) and Z4 (R = 6.023).
However, in these pairwise comparisons, allelic richness was
always slightly higher in zones with lower anthropopressure
level, with the exception of #14, which showed a higher mean
number of alleles than each of the locations from Z4. There
was also no significant difference in R between sites from the
left and right river bank.

There was no clear relation between the number of private
alleles and zones of anthropopressure (Table 1). The highest
mean number of private alleles was found in #1 and #9, and
the lowest in #8 and #4. In the remaining zones, private alleles
and private allelic richness were similar, ranging from 0.10 to
0.30.

Heterozygosity was observed to be below 0.70 only at
three locations in the zones of highest anthropopressure: two
from Z4 and one from Z5 (Table 1). The highest values were
found in #9 and #16. Heterozygosity was not significantly
different either between non-urban and urban locations (HO

= 0.756 and 0.707 for non-urban and urban, respectively, two-
sided test, 1000 permutations, P>0.05), or in any other com-
parisons among zones and river sides. Similarly, we did not
find significant differences in FIS values. Considering partic-
ular locations, values of FIS were generally low and insignif-
icant after the Bonferroni correction, except #14 and #13,
respectively, from zones Z5 and Z4 on the right bank of the
Vistula River. Among the 10 investigated locations, 5 were
not in Hardy-Weinberg equilibrium (Table 1).

We found a clear relation between anthropopressure and
effective population size Ne (Table 1). The highest values of
Ne were found in non-urban locations; however, similar values
were also found in adjacent urban areas from Z3 and Z4 (#7
and #12). The lowest Ne was found in sites with the highest
anthropopressure on both sides of the river, as well as in #13
from Z4.

The relatedness coefficient was significantly lower in non-
urban locations than in urban ones (r = 0.176 and 0.254 for Z1
and Z3-Z5 respectively, P = 0.045) and significantly higher in
Z5 than in Z1 (0.309 and 0.176, respectively, P = 0.001).
When relatedness was compared among individuals in partic-
ular locations (Fig. 2), a clear pattern was observed, indicating
a statistically significant gradual increase in mean relatedness
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as anthropopressure increased (r=0.9295; F=57.18,
P<0.0003). In all locations, mean relatedness among individ-
uals was higher than value expected for random mating.

We found no evidence of a recent bottleneck in non-urban
and urban locations, independently of anthropopressure zone.

The overall genetic differentiation was high (FST = 0.134,
95% CI 0.118–0.149). Only 13% of pairwise comparisons
indicated FST lower than 0.10. The higher percentage of
values (58%) ranged from 0.101 to 0.15. Values over 0.20,
suggesting strongly reduced gene flow, were found only in
four cases (9% of all comparisons), all for pairwise compari-
son between #4 and locations on the right side of the river
(#12, #13, #14, #16 Table 2, Fig. 1). The smallest values of
pairwise differentiation (FST, Table 2) were found for compar-
isons of non-urban locations (Z1) and the nearest urban loca-
tions on the same river side (#9 - #7, #8 - #1, #16 - #13 –
Fig. 1). Small genetic differentiation was also found for com-
parison of locations from Z1 – only three comparisons
exceeded the value of 0.10, corresponding to sampling sites
located on opposite river banks and sides of the city (#9 - #15,
#8 - #16, #9 - #16 – Fig. 1.). Genetic differentiation (FST) was
significantly lower in non-urban (Z1) than in all urban loca-
tions (0.100 and 0.149, respectively, P = 0.045) and in Z1 than
Z4 (0.100 and 0.188, respectively, P = 0.004). There were no
significant differences between Z3 and Z4, and Z1 and Z3, or
between the left and right river bank.

The relationship between genetic distance (FST/1- FST) and
geographic distance (ln m) calculated for all locations was
negative but not statistically significant (r = -0.2665,
ANOVA: F = 3.286329, P=0.07) (Fig. 3). The highest values

of genetic distance were found in 3 locations situated close to
each other in zones of the highest degree of anthropopressure
(Z4-Z5), the smallest between the most geographically distant
locations situated on the opposite sides of the city from Z1
(Figs. 1 and 3).

We found a low level of gene flow among the locations
investigated (additional data are given in Online Resource 1).
In the majority of cases, the ratio of resident individuals
exceeded 85%. Only in #9 and #16 from Z1 did we find the
fraction of migrants per generation to be higher than 15%. In
both of these non-urban locations, the migrants derived from
zones with higher anthropopressure, suggesting that gene flow
occurred from urban locations into the nearest/neighbouring
non-urban locations.

PCA (Fig. 4) suggested the presence of three groups of
locations. The first, with negative eigenvalue scores, consists
of two non-urban sampling sites located to the north of
Warsaw on both river banks (#15 and #8 from Z1) plus one
Z3 location (#1), also to the north of the city centre. The
second group consists of three locations from the left river
bank, located southwards of the city centre (#4, #7, #9). The
third group consists of four sampling sites in right-bank
Warsaw, including three urban sites (#12, #14, #13) plus an
non-urban one (#16), located to the south of the city centre.

The STRUCTURE results (analysis of the total data set)
indicated a gradual increase in mean likelihood from K=1 to
K=9 (Fig. 5a).ΔK indicated the presence of two genetic clus-
ters (Fig. 5b), and analysis of individual probability of ances-
try suggested that these clusters strictly correspond to opposite
river banks (Fig. 5c). However, in the non-urban sampling

Table 1 The genetic variability, estimated using 10 microsatellite loci, of A. flavicollis from 10 sampling locations (n = 264) in Warsaw and
neighbouring rural areas.

Ne

River bank Z Location N A R PA PAR HO HE HWE FIS 0.05 0.02 0.01

L 1 #8 24 8.50 7.92 0.00 0.05 0.712 0.745 *** 0.066 68.3 [42.6–128.5] 78.3 [46.4–163.3] 78.3 [46.4–163.3]

L 1 #9 24 9.60 9.08 0.40 0.43 0.788 0.788 ns 0.022 50.6 [29.3–133.3] 74.0 [44.7–181.7] 74.0 [44.7–181.7]

L 3 #1 31 8.30 7.32 0.50 0.45 0.739 0.740 *** 0.018 37.5 [23.6–71.5] 45.2 [30.6–76.5] 63.2 [42.1–113.7]

L 3 #7 47 8.00 6.74 0.30 0.24 0.753 0.726 ns -0.026 46.5 [32.3–73.6] 71.2 [50.1–113.5] 96.4 [64.4–173.9]

L 5 #4 23 4.90 4.77 0.00 0.07 0.657 0.638 ns -0.006 21.3 [11.9–50.0] 30.5 [16.8–83.7] 30.5 [16.8–83.7]

R 1 #15 23 8.90 8.50 0.10 0.15 0.757 0.775 ns 0.047 ∞ 67.7 [39.9–178.7] 67.7 [39.9–178.7]

R 1 #16 22 8.60 8.35 0.30 0.29 0.771 0.789 *** 0.047 26.5 [16.1–54.5] 34.2 [22.7–60.2] 34.2 [22.7–60.2]

R 4 #12 26 7.10 6.65 0.30 0.30 0.758 0.741 ns -0.003 27.0 [17.8–46.9] 30.7 [20.8–51.4] 39.9 [26.2–73.1]

R 4 #13 20 6.70 6.65 0.10 0.14 0.646 0.718 *** 0.127* 8.8 [6.2–12.3] 15.9 [11.3–24.0] 15.9 [11.3–24.0]

R 5 #14 24 7.20 6.78 0.20 0.21 0.623 0.686 *** 0.113* 8.8 [6.4–12.1] 12.3 [9.9–15.5] 12.3 [9.9–15.5]

All 264 15.90 – – – 0.725 0.851 *** 0.150*

L/R left/right side of the river), Z zone of anthropopressure, N number of individuals; A number of alleles, R allelic richness, PA private alleles, PAR
private allelic richness, HO heterozygosity observed, HE heterozygosity expected, HWE significance of HWE exact test for heterozygote deficiency/
excess (*** P < 0.001); FIS fixation index (* – values significant after Bonferroni correction, 2000 randomization, adjusted P-value = 0.0005), Ne
effective population size estimated using LDmethod. Mean values are given with 95% CI in parenthesis. 0.05, 0.02, 0.01 correspond to the lowest allele
frequency used.
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locations from the left side of the river, a small portion of
individuals had higher probability of ancestry from the right-
bank cluster. In #14, one individual of mixed origin from both
clusters was indicated.

The analysis performed on data from the left bank of the
river (Fig. 6a, b and c) pointed to a division into three or five
genetic clusters (Fig. 6b). In the three-clusters scenario, the
population from the left bank non-urban sites from south
and north were combined into common clusters with adjacent
urban areas (Fig. 6c). Individuals assigned to northern cluster
(#1 and #8) were additionally found in #9 (southward of
Warsaw). Individuals from a location in the centre of the city
(#4 from Z5) were assigned to a separate cluster (Fig. 6c). In
the five-clusters scenario, in turn, genetic groups correspond
to particular locations, with some signs of admixture between
#8 and #1, and between #7 and #9 (Fig. 6c).

The analysis performed on the data from the right bank of
the river (Fig. 7a, b and c) indicated the presence of four or
five genetic groups. In the four-clusters scenario, two sites,
located southward of the centre of Warsaw, were combined
into single group. In the five-cluster scenario, genetic groups
corresponded to particular locations (Fig. 7c). In both cases, in
non-urban sites, we found individuals from the other non-

urban clusters. Additionally, the results suggested that #13 site
has some individuals from #14 (Fig. 7c).

Comparison of the genetic structure of A. flavicollis
and A. agrarius

The analysis based on microsatellites limited to loci success-
fully amplified in both species (data for A. agrarius from
Gortat et al. 2015a) indicated higher genetic variability in
A. flavicollis in the area involved in the study. Allelic richness
in 6 microsatellites was significantly higher in A. flavicollis
than in A. agrarius (Table 3, ‘All sampling sites’). Similarly,
higher heterozygosity was observed in A. flavicollis. The dif-
ference in genetic variability between species was identified
for non-urban sampling sites (Table 3, ‘Non-urban sampling
sites’), as well as for urban locations from Z3–Z5 (Table 3,
‘Urban sampling sites‘), but a significant difference was ob-
served only in the case of heterozygosity. The heterozygosity
observed was significantly higher in A. flavicollis both on the
left and right side of the river, while the allelic richness was
significantly higher only on the right bank of the river
(Table 3, ‘All sampling sites (left bank)’ and ‘(right bank)’).
In non-urban locations (Z1), differences in the genetic vari-
ability were significant on both sides of the river (Table 3,
‘Non-urban sampling sites (left bank)‘ and ‘(right bank)’),

Fig. 2 Meanwithin-location pairwise relatedness (r) ofA. flavicollis. Mean and 95% confidence intervals of r, obtained by 1000 bootstrap replicates, are
presented. Red bars indicate the 95% of upper and lower limits of expected values of r if reproduction was random across locations

Table 2 Genetic differentiation among 10 sampling locations of
A. flavicollis from Warsaw and neighbouring non-urban areas.

#1 #4 #7 #9 #15 #12 #14 #13 #16

#8 0.071 0.188 0.144 0.099 0.076 0.162 0.154 0.138 0.124

#1 0.154 0.114 0.105 0.102 0.124 0.130 0.143 0.129

#4 0.142 0.137 0.181 0.214 0.222 0.226 0.206

#7 0.047 0.147 0.157 0.148 0.166 0.160

#9 0.102 0.120 0.152 0.144 0.117

#15 0.109 0.124 0.115 0.085

#12 0.117 0.120 0.120

#14 0.101 0.125

#13 0.053

Above diagonal – in the sense of Weir and Cockerham (1984). All FST
values were significant after Bonferroni correction (900 permutations,
adjusted P-value = 0.001)

Fig. 3 The relationship between genetic distance [FST/(1−FST)] and natural
logarithm of geographic distance (ln m) calculated for all locations.
Triangles and white dots represent pair of locations from highest (Z4-Z5)
and lowest zones (Z1-Z3) of anthropopressure, respectively. Black dots
show remaining pairs of locations
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while in the urban (Z3–Z5) locations, significant differences
in R and HO were found only on the right side of the river
(Table 3, ‘Urban sampling sites (left bank)’ and ‘(right
bank)’). If locations within each species were not divided into
urban and non-urban, the inbreeding coefficient FIS was sig-
nificantly different between A. flavicollis and A. agrarius only
on the left bank of the Vistula River, with lower value for the
former species (Table 3, ‘All sampling sites (left bank)’).
There were no significant differences in FIS when comparing
non-urban sites, but the value was always lower for
A. flavicollis (Table 3, ‘Non-urban sampling sites’). In the case
of urban sampling sites, a significant difference in FIS was
found only on the right bank of the river, with the lower value
for A. agrarius.

Except for comparison of urban sampling sites from the
right side of the Vistula River, the relatedness coefficient r
was always clearly higher in A. flavicollis, although signifi-
cant differences were only found for all sampling sites, all
sampling sites on the left bank, and in comparison of all
non-urban sampling sites (Table 3).

A direct comparison of the genetic differentiation between
species was performed based on overall FST values. We found
that the genetic differentiation was more pronounced in
A. flavicollis. Significantly higher FST values for A. flavicollis
than A. agrarius, indicating more restricted gene flow in the
former species, were found in the case of comparison of all
sampling sites and all sampling sites from the left bank of the
river (Table 3). In general, FST was higher in A. flavicollis,
independently of sampling site grouping, except for urban sites
from the right bank of the Vistula River, where values for both
species were very similar (Table 3).

Discussion

The process of colonization of a new area by a species is
usually interlinked with one-time or serial events, involving
migrations of a small number of individuals. In theory, the
establishment of a population within a newly colonized area
subsequently leads to a reduction in genetic variability due to
the founder effect and the appearance of pronounced local
genetic differentiation (Chakraborty and Nei 1977; Avise
1994). However, such a founder effect is significantly less
intensive when colonization involves multiple source popula-
tions, which exchange gene pools after immigration into the
new area (Slatkin 1977; Whitlock and McCauley 1990).
Moreover, when a newly established population starts to ex-
pand rapidly and is continuously connected with source pop-
ulations by a gene flow, the effect of colonization on genetic

Fig. 5 Estimated likelihoods, ln P(D), of each number of inferred genetic
clusters a, the correspondingΔK curves as a function ofK b in population
of A. flavicollis fromWarsaw and neighbouring rural areas, and Bayesian
assignment of individuals to genetic groups, indicated byΔK c. Each bar

represents the estimated posterior probability of each individual
belonging to each of the two inferred clusters. Solid black lines define
the boundaries between the local populations used in the analysis. Results
for 10 populations, analysed altogether

Fig. 4 Principal component analysis (PCA) of A. flavicollis fromWarsaw
and neighbouring rural areas, based on microsatellite genotypes
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diversity of a founding population may be limited (McCauley
1991). This is evident in species with an ability for long-range
dispersal or in cases when the area colonized borders on the
territory of the source population (Dlugosch and Parker 2008).

Based on our genetic study of A. flavicollis in Warsaw, we
found that, in a species colonizing the urban environment,
genetic diversity gradually decreases from non-urban sites to-
wards locations within the central area of the city. In this
respect, our data confirmed the previous results for another
rodent species in Warsaw, A. agrarius (Gortat et al. 2015a).
Such a pattern occurs when groups of rodents become isolated
within patches of habitat, surrounded by unsuitable areas, and
subsequently, isolation induces genetic drift, decreasing the
genetic variability. Indeed, in A. flavicollis, we found very

low gene flow among the investigated sites. A decrease in
genetic diversity was clearly interlinked with an increase in
relatedness and smaller effective size of populations.
Similarly, this could be an after-effect of intensified isolation,
but could also be interlinked with colonization of the urban
habitat by small groups of animals from neighbouring non-
urban locations, as ‘stepping stones’, with simultaneous foun-
der effects. Such a pattern of expansion usually leads to re-
duced genetic diversity in individuals inhabiting newly colo-
nized areas as compared to source population (Dlugosch and
Parker 2008). Indeed, we found higher genetic diversity in
non-urban than pooled urban sampling sites. This corresponds
to the history of A. flavicollis in Warsaw and the surroundings
of the city: sites within the urban environment have been

Fig. 6 Estimated likelihoods, ln
P(D), of each number of inferred
genetic clusters a, the
corresponding ΔK curves as a
function of K b in population of
A. flavicollis from Warsaw and
neighbouring rural areas, and
Bayesian assignment of
individuals to genetic groups,
indicated by ΔK c. Each bar
represents the estimated posterior
probability of each individual
belonging to each of the two
inferred clusters. Solid black lines
define the boundaries between the
local populations used in the
analysis. Results for populations
located on the left bank of the river

Fig. 7 Estimated likelihoods, ln
P(D), of each number of inferred
genetic clusters a, the
correspondingΔK curves as a
function of K b in population of
A. flavicollis from Warsaw and
neighbouring rural areas, and
Bayesian assignment of individuals
to genetic groups, indicated byΔK
c. Each bar represents the estimated
posterior probability of each
individual belonging to each of the
two inferred clusters. Solid black
lines define the boundaries
between the local populations used
in the analysis. Results for
populations located on the right
bank of the river
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colonized very recently, whereas the species had inhabited
natural (forest) areas around Warsaw long before colonizing
the city (Andrzejewski et al. 1978; Gliwicz 1980; Babińska-
Werka and Malinowska 2008). Interestingly, significant dif-
ferences were confirmed only in terms of microsatellite al-
leles, but not in the comparison of heterozygosities. As pre-
dicted by theory, genetic drift in isolated populations acts
more efficiently on the number of alleles than the level of
heterozygosity (Nei et al. 1975). Hence, we can assume that
30 years is too short a period to significantly reduce the
level of heterozygosity, even in the most isolated loca-
tions from Z5. A similar pattern was also found in A. agrarius,
but in this species, significant differences between Z5 and less
isolated locations were indicated also for heterozygosity
(Gortat et al. 2015a). Obviously, this reflects the much longer
(over one hundred year) history of the urban population of
A. agrarius in Warsaw.

Genetic differentiation of A. flavicollis within the city area
was high and significantly higher than the differentiation
among non-urban locations, despite the smaller geographic
distance separating the urban sites. The existence of sub-
structuring within the urbanized landscape reflects the isola-
tion of suitable habitat patches by artificial barriers, such as

roads, heavily built-up areas, etc. In the investigated species,
these barriers seem to be very efficient, as supported by the
analysis of gene flow (BayesAss). Such a pattern has been
suggested for many other species, including rodents (e.g.
Gardner-Santana et al. 2009; Munshi-South and Kharchenko
2010; Munshi-South et al. 2013; Gortat et al. 2013, 2015a).
However, given the very recent colonization of Warsaw by
A. flavicollis, a clearly pronounced genetic structure was rath-
er unexpected. Similar results were obtained during a study of
recently founded urban population of Norway rat (Rattus
norvegicus) (Kajdacsi et al. 2013), where they were explained
more in terms of rapid population turnovers occurring in urban
rodents than the social structure of the species.

According to Bujalska and Grüm (2005), the distinctive
social and spatial organization of populations of the yellow-
necked mouse, involving a lack of territorial behaviour in ma-
ture females, may be a cause for the frequent uncontrolled
peaks and subsequent dramatic decreases of population
numbers. This leads to poor winter survival rates and
frequent very low concentrations in spring, which may result
in extinction events of species populations (Bujalska and
Grüm 2006, 2008) and, simultaneously, in saturation dispersal
of groups of individuals during periods of high population

Table 3 Direct comparison of genetic variability indices and genetic differentiation (estimated as FST) between A. flavicollis (N = 264) and A. agrarius
(N = 280) from 10 locations in Warsaw and neighbouring non-urban areas.

A. flavicollis A. agrarius P A. flavicollis A. agrarius P A. flavicollis A. agrarius P

All sampling sites All sampling sites (left bank) All sampling sites (right bank)

N 264 280 N 149 134 N 115 146

R 6.602 5.563 0.007 R 6.462 5.803 Ns R 6.741 5.323 0.012

HO 0.727 0.608 0.001 HO 0.730 0.628 0.026 HO 0.723 0.590 0.007

FIS 0.013 0.024 Ns FIS -0.023 0.035 0.068 FIS 0.057 0.013 Ns

r 0.231 0.147 0.011 r 0.228 0.098 0.034 r 0.176 0.160 Ns

FST 0.132 0.081 0.022 FST 0.126 0.053 0.064 FST 0.101 0.088 Ns

Non-urban sampling sites (Z1) Non-urban (Z1) sampling sites (left bank) Non-urban (Z1) sampling sites (right bank)

N 93 102 N 48 53 N 45 49

R 7.489 5.674 0.002 R 7.669 5.845 0.039 R 7.309 5.503 0.041

HO 0.770 0.595 0.002 HO 0.781 0.607 0.031 HO 0.759 0.582 0.031

FIS -0.001 0.047 Ns FIS -0.021 0.048 Ns FIS 0.020 0.046 Ns

r 0.189 0.065 0.082 r 0.193 0.043 Ns r 0.162 0.080 Ns

FST 0.105 0.035 Ns FST 0.105 0.023 Ns FST 0.090 0.043 Ns

Urban sampling sites (Z3–Z5) Urban (Z3–Z5) sampling sites (left bank) Urban (Z3–Z5) sampling sites (right bank)

N 101 178 N 101 81 N 70 97

R 6.010 5.489 Ns R 5.658 5.775 Ns R 6.362 5.203 0.061

HO 0.703 0.616 0.04 HO 0.705 0.642 Ns HO 0.700 0.595 0.068

FIS 0.021 0.011 Ns FIS -0.024 0.027 Ns FIS 0.081 -0.003 0.039

r 0.255 0.197 Ns r 0.261 0.119 Ns r 0.195 0.218 Ns

FST 0.149 0.110 Ns FST 0.147 0.065 Ns FST 0.116 0.122 Ns

The comparison was based on 6 microsatellite loci (A. flavicollis – this study, A. agrarius - data from Gortat et al. 2015a), common for both species.
Significance of differences was tested using two-sided test and 1000 permutations, using FSTAT.

R allelic richness, HO observed heterozygosity, FIS fixation index, r relatedness coefficient, FST genetic distance
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numbers (Lidicker 1975), leading to colonization of new sites.
In their long-term study of a population of that species settling
a lake island with area of 4.5 ha, Bujalska and Grüm (2008)
noted several extinction events, followed by recolonization.
Gortat et al. (2015b) also found dramatic seasonal Bbooms
and busts^ in the population size and genetic diversity in a
population of yellow-necked mouse inhabiting an island of
similar size. It can therefore be expected that, in a city envi-
ronment as examined herein, repeated extinction and recolo-
nization events of local (island) populations of the yellow-
necked mouse will take place, and the existence of permanent
populations of the species within a city will be possible only in
green spaces such as parks and woods of suitably large area,
much greater than 4.5 ha. Simultaneously, frequent decreases
in numbers of local populations of the species, leading to
random loss of genetic diversity (the bottleneck effect) and
to the recolonization, by small groups of dispersers, of habitat
patches in which local populations went extinct (the founder
effect) will contribute to a constant level of genetic variability
and strongly pronounced genetic structure of the city popula-
tion of the species. In the investigated locations we did not
confirm genetic after-effects of population bottlenecks. This
suggests that the sampled populations are rather stable, as is
further supported by the clear genetic structure. Moreover, it
can be expected that the occurrence of multiple paternity in
A. flavicollis could partly compensate for the loss of genetic
diversity by avoidance of inbreeding and increasing of off-
spring survival (Gryczyńska-Siemiątkowska et al. 2008). In
contrast, A. agrarius was found in all of the 17 locations
studied (Gortat et al. 2015a). This species is characterized by
critical density values above which sexual maturity of
females is delayed and therefore only a limited number
of mature females is observed in these populations (Bujalska
1981). This adaptation, as well as multiple paternity which
was also found in A. agrarius (Baker et al. 1999), may be
the important factors supporting the existence of local popu-
lations in the cities where green areas are usually small and
spatially isolated.

We found a few possible patterns explaining the genetic
differentiation among the investigated subpopulations of
A. flavicollis. Firstly, the results of the STRUCTURE analysis
indicate the existence of two genetic groups (clusters) in the
studied population of A. flavicollis, occurring on opposite
sides of the river (Fig. 5). This is undoubtedly a result of the
population being divided by an effective natural barrier
preventing gene flow, such as a river may pose for small
rodents (Aars et al. 1998; Gerlach and Musolf 2000; Booth
et al. 2009; Gortat et al. 2015a). The effect is much stronger
within the city borders than outside, as is shown by the PCA
and STRUCTURE results. The river probably has a similar
effect in urban and non-urban areas but in tandem with the
impact of additional barriers (as roads, buildings, unsuitable
habitats, etc.) the effect of genetic isolation of local

populations is higher in the city. A similar gene flow pattern
in the city population of rodents in Warsaw was found by
Gortat et al. (2015a) for the striped field mouse.

Secondly, genetic differentiation was the smallest between
a given non-urban location and the closest urban location,
suggesting ongoing gene flow between these two areas. As
indicated by BayesAss and STRUCTURE, gene flow occurs
more from urban locations to the non-urban environment than
in the opposite direction. This suggests that areas of the city
with a lower level of anthropopressure (Z3) constitute a
‘tempting’ and suitable environment for rodents; however,
during dispersal, individuals tend to migrate to zones of dif-
ferent anthropopressure level and then penetrate the urban
environment more deeply. Most probably, the direction of
migration was affected by the presence of barriers and larger
areas of unsuitable habitat towards zone 4. This, in turn, sug-
gests that migrations towards the city centre are rather scarce,
resulting in isolation and reduced genetic diversity of groups
of A. flavicollis in the highly transformed urban habitat.

Our analysis indicated that within the investigated area,
spreading over the city ofWarsaw and its environs, the genetic
structure is much more pronounced in A. flavicollis than in
A. agrarius. Although comparison between species was based
on a relatively small number of microsatellites, we suggest
that the results (direct comparison of FST values,
STRUCTURE) did not confirm the hypothesis that the much
shorter presence of the yellow-necked mouse in the city, as
compared to that of the striped field mouse, should entail
smaller genetic differences between local populations of the
former species. It may be speculated that the reason for this
may lie in the city having been colonized in different and
independent ways by the yellow-necked mouse. Unlike the
yellow-necked mouse, the striped field mouse has been pres-
ent in Warsaw for more than 100 years (Walecki 1881;
Suminski 1922) and it forms stable local populations in many
green areas in the city, including ones in the highest
anthropopressure zone (Gortat et al. 2014). The genetic struc-
ture of the urban population of this species is most strongly
expressed in the central part of the city, where particular local
populations are strictly isolated from one another by city in-
frastructure (Gortat et al. 2015a). In parts of the city where
anthropopressure is lower, and in non-urban areas, the genetic
structure of the species is not so distinct.

The previous investigation of A. agrarius population from
Warsaw indicated that, in left-bank Warsaw (a more trans-
formed environment), non-urban populations were connected
by gene flow only with the neighbouring locations, while
more central sampling sites were highly differentiated due to
isolation and genetic drift (Gortat et al. 2015a). In the present
study, we have confirmed this pattern also in A. falvicollis.
PCA indicated the presence of two genetic groups on the left
side of the Vistula River (northern and southern), separating
the city (Fig. 4). However, on the right side of the river (less
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transformed and with several large patches of green space,
often connected with each other by green corridors) we found
a contrasting pattern of grouping. Whereas in A. agrarius the
northern non-urban population exchanges genes with urban
locations as far away as the southern border of the city
(Gortat et al. 2015a), in A. flavicollis the right-side locations
seem to be better connected with the genetic pool of the south-
ern non-urban population (Fig. 4). The differences between
the two species as to gene exchange between their local pop-
ulations may be connected with their different habitat require-
ments. The striped field mouse is quicker to move through
green spaces irrespectively of their afforestation rate. For the
yellow-necked mouse, in turn, the prevalence of woodlands
(such as in the areas on the right bank of Vistula to the south of
the city) may be crucial for attempts to settle new habitat
patches. A. flavicollis, as a forest species, is behaviourally less
inclined to migration through open areas, and requires more
‘comfortable’ corridors which are rear in heavily built-up
areas. Another factor preventing it from expansion into urban
areas, could be its diet, composed preferably of large tree
seeds (Pucek 1984) often not available in sufficient quantities
in the cities. We do not know why A. flavicollis has only
recently started to colonize the city. The species has been
present in areas surrounding Warsaw for a long time and it
might be suggested that the processes of urban growth and
development could be one of the possible reasons explaining
its recent invasion of urban areas.

Both species of mice may be treated as model species
representing the group of small mammals, differing from
one another not only in terms of important elements of ecol-
ogy, but also as to their history and manner of settling the city.
However, irrespectively of those differences, our analysis of
microsatellite polymorphism within and among urban and
non-urban populations of the two mouse species suggests that
the urban environment increases genetic diversity among local
populations living in suitable habitat patches within a city, and
between those inhabiting city and rural areas. It seems that
suitably planned areas at the city borders could play an impor-
tant role as ‘gateways’ through which individuals from subur-
ban populations could migrate into the city and join urban
populations. This would permit conservation of high diversity
of species in cities, and would prevent disadvantageous de-
creases in genetic variability in populations of particular spe-
cies due to the fragmentation and isolation of local urban local
populations (Saarikivi et al. 2013). However, it is necessary to
carefully plan the urban infrastructure so as to preserve a net-
work of ecological corridors connecting local green areas
(Szacki et al. 1994). Our data suggest that the genetic drift
and founders’ effects are the main processes influencing the
genetic structure of urban populations. For this reason, it
seems to be crucial for the conservation of genetic diversity
to enable even small groups of individuals to migrate between
particular subpopulations within the city. This is a strong

argument in favour of the construction of ecological networks
in cities in order to prevent the loss of genetic diversity in
synurbic species populations and to improve the quality of life
of people inhabiting these cities.
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