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Abstract

Large mammals have been colonising urban areas throughout the world. This process is often ac-
companied by genetic and behavioural changes, and as a result, urban populations may form distinct
entities within continuous range of the species. In this paper, we present the results of an analysis of
the spatial distribution of genetic variation in urban/suburban populations of wild boars Sus scrofa.
We used a genetic variation of 12 microsatellite markers to analyse the population structure of
wild boars inhabiting a large city (Kraków, Poland) and its rural surroundings. We discovered a
profound differentiation between urban and rural areas, with urban individuals forming a distinct
genetic group within an otherwise more continuous range of the species. The genetic distinctive-
ness of the urban wild boar population seems to be maintained not only by physical barriers but
plausibly by behavioural differences. Although the chronology of the highway bypass construction
may partly explain some of the genetic relatedness between wild boar populations, our results sug-
gest attitudes towards humans may be an important factor influencing immigration to the areas of
increased human presence. We discuss possible implications for the management of the wild boar
in the city.

Introduction
In the urban-sprawl era, it becomes increasingly important to under-
stand how the process affects wildlife. Human development influences
wildlife in a number of ways, e.g. through habitat fragmentation and
modification, anthropogenic subsidies and human presence (Marzluff
et al., 2001; McKinney, 2002). As a result, some species suffer from
habitat degradation and human disturbance, while others adapt to the
novel conditions and successfully exploit anthropogenic resources (re-
viewed by Lowry et al., 2013). Within the latter group, more ecolo-
gically flexible species prevail (Chace and Walsh, 2006; Duduś et al.,
2014; Lowry et al., 2013). City-dwelling animals often display beha-
viours that differ from those of their rural conspecifics (e.g. Ditch-
koff et al., 2006; Evans et al., 2010; Kitchen and Price, 2010; Šálek et
al., 2015). It has been suggested that genetic differences may partially
shape this behavioural variation between urban and rural wildlife pop-
ulations (Partecke et al., 2004, 2005). Moreover, behavioural changes
in urban populations may enhance genetic divergence. For instance,
modifications to breeding behaviour may facilitate reproductive isola-
tion, and some ethological adaptations to urban habitats are advantage-
ous when competing with new immigrants from the neighbouring, less
altered environments (Slabbekoorn and Ripmeester, 2008). As a result,
city-dwelling animals may form behaviourally and genetically distinct
urban subpopulations (Ditchkoff et al., 2006; Šálek et al., 2015; Still-
fried et al., 2017a,b).
Another process that may enhance the diversification of urban wild-

life subpopulations is their physical isolation from the surrounding
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rural subpopulations. Non-favourable habitats and human infrastruc-
ture, such as roads, fences and settlements, constitute obstacles for an-
imal movement (Tucker et al., 2018). Urban areas are often surroun-
ded by such anthropogenic infrastructure (e.g., major roads) that pre-
vents animals moving into and out of the cities. Patches of suitable
habitats within the cities may form isolated islands for wildlife sub-
populations (Stillfried et al., 2017a,b), which may have profound con-
sequences for their demography, health, and genetics (Bradley and Alt-
izer, 2007; Mossman and Waser, 2011; Noël et al., 2007).

Wild boar Sus scrofa is one of the most ecologically flexible ungu-
late species in the world. It inhabits a huge variety of environments,
from vast forests to large cities (Cahill et al., 2012; Podgórski et al.,
2013). Due to its fast reproduction and non-specialised habitat require-
ments, it became one of the most widespread wild ungulates in the
northern hemisphere (Apollonio et al., 2010; Bieber and Ruf, 2005).
In human-dominated landscapes, wild boars living in anthropogenic
environments often adjust their spatio-temporal patterns of behaviour
to avoid encounters with people while maximising the use of anthro-
pogenic food sources (Podgórski et al., 2013; Thurfjell et al., 2009).
Wild boars can successfully exploit any locally abundant food source,
which often creates conflicts with humans (e.g., Schley et al., 2008).
In addition, the species harbours several wildlife diseases that pose a
threat to humans and domestic animals, including the African Swine
Fever (Acevedo et al., 2007; De la Torre et al., 2015). This creates a
potential for human-wild boar conflicts, particularly in agricultural and
urban areas (Frank et al., 2015; Geisser and Reyer, 2004). Long-term
management plans based on knowledge of colonisation processes and
connectivity of urban populations are necessary to effectively minimise
these conflicts (Gamelon et al., 2012; Massei et al., 2015).
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Genetic di�erentiation of urban wild boar population

Figure 1 – Sampling locations and population delineation of the wild boars in the area of Kraków city and its surroundings (Poland).

Two possible scenarios are commonly considered for urban wildlife
populations. The first scenario assumes that animals in the cities com-
prise descendants of individuals that initally colonised the urban areas.
Such a group is now isolated from their conspecifics inhabiting areas
outside the city or forms a source of individuals dispersing outside the
city. The alternative scenario states that city-dwelling individuals con-
stantly disperse from adjacent rural areas due to urban habitats acting as
attractive sinks (Wandeler et al., 2003). Analyses of genetic variation
offer an efficient tool to understand both colonisation history and the
present connectivity of urban wildlife populations. They may help to
develop management plans for the city-dwelling populations (Stillfried
et al., 2017a).
The aim of this study was to investigate the history, current status

and mechanisms shaping the genetic diversity of an urban population
of wild boar in a large city. By comparing population genetic structure
and diversity of city-dwelling individuals and their rural conspecifics,
we aimed to assess the degree of isolation of the urban population from
the neighbouring areas. We also discuss plausible mechanisms and
consequences of isolation between wild boar populations.

Materials and methods
Study area
Kraków (50°3′ N, 19°56′ E), with its ca. 800000 inhabitants and 327
km2, is the second-largest city in Poland. The westernmost part of
the city comprises a large share of meadows, marshes, and decidu-
ous forests, protected as Bielańsko-Tyniecki Landscape Park. Kraków
is surrounded mainly by a mosaic of the agricultural landscape, small
built-up areas and only a few larger towns. The city’s western, south-
ern and in part eastern borders are delineated by a highway bypass built
between 1988 and 2016 (Fig. 1). Areas to the northeast of Kraków are
covered by agricultural landscape with a very small fraction of forest
cover. The city is intersected by a major river, the Vistula. A small
national park (Ojców National Park, 21.5 km2) north of Kraków is
covered by deciduous forests and surrounded by agricultural landscape.
The wild boar has been observed in Kraków continuously since

1993 (Tomek, 2003). The population is managed by hunting conduc-
ted within hunting clubs of the Polish Hunting Association. Genetic
samples of hunted individuals were collected within the administrat-
ive borders of Kraków (two hunting clubs) and 16 hunting clubs (total
area ca. 1600 km2) in the adjacent suburban areas up to 20 km from the
city borders (Fig. 1). During the study period, the numbers of hunted

individuals within the city increased from 50 in the hunting season of
2009–2010 to 181 in 2014–2015. In the suburban hunting clubs, the re-
spective numbers were 217 and 445 individuals (data of Polish Hunting
Association).

The individuals were grouped into seven populations based on the
location of the hunted animals. A network of main roads and stretches
of built-up areas (mostly along themain roads), as well as uninterrupted
areas of typical wild boar habitat were also accounted for when group-
ing individuals (forests, meadows, marshes and agricultural landscape;
Fig. 1).

Laboratory procedures
Tissue samples were obtained in 2011–2015 from hunted animals
(muscle, tongue) and individuals captured for radio-collaring (buccal
epidermis collected on cotton swabs, permit of 1st Local Animal Re-
search Ethics Committee no 88/2009). The samples were stored in an
ethanol:isopropanol (4:1) mixture. Once brought to the laboratory, the
samples were stored at −20 ◦C until isolation. Before DNA isolation,
the samples were desiccated at 60 ◦C overnight. The genetic mater-
ial was extracted using the NucleoSpin Tissue Kit (Macherey & Nagel,
Germany) according to the manufacturer’s protocol. The quantity and
purity of DNA were controlled in Nanodrop 1000 Spectrophotometer
(Nanodrop, USA), and the concentration of DNA was equilibrated to
10 ng µL−1.

Twelve microsatellite loci (S005, S0068, S0226, Sw0155, Sw122,
Sw24, Sw240, Sw2410, Sw632, Sw72, Sw857 and Sw936) were amp-
lified in two multiplex reactions as described by Costa et al. (2012).
Two loci (S0101 and Sw 2008) from the original panel were rejected
due to either ambiguous banding pattern or poor amplification. The re-
action mixture compositions and thermal profiles were as reported in
the original paper. Amplification products were separated in the auto-
matic genetic analyser Applied Biosystems 3130XL (Applied Biosys-
tems, USA) along with GenScan 600 LIZ dye Size Standard (Ther-
moFisher Scientific, USA). The lengths of the amplified fragments
were estimated in GeneMapper 4.0 (Applied Biosystems).

Statistical analyses
All the statistical analyses were performed using R computer environ-
ment ver. 4.0.4 (R Core Team, 2009). The script used in the analysis is
available as Supplementary Material. The analysed loci were tested for
the presence of null alleles using package PopGenReport ver. 3.0.4

35



Hystrix, It. J. Mamm. (2022) 33(1): 34–40

Table 1 – Summary of the genetic diversity estimates and their 95% bootstrap confidence intervals (CI) in seven wild boar populations in Kraków city and its surroundings, southern
Poland. N: number of samples, HO : observed heterozygosity, HS : Nei’s gene diversity, RS : allelic richness, H : Shannon diversity index, FIS inbreeding coe�cient. The population names
are explained in Fig. 1.

Population N HO 95% CI HS 95% CI RS 95% CI HZ 95% CI FIS 95% CI

KR1 26 0.655 0.577–0.728 0.672 0.612–0.728 4.278 3.448–5.135 1.310 1.095–1.524 0.025 −0.046–0.100
OPN2 19 0.701 0.614–0.781 0.662 0.608–0.711 4.358 3.548–5.226 1.304 1.114–1.498 −0.056 −0.139–0.028
RUD 41 0.664 0.581–0.749 0.714 0.635–0.789 5.315 4116–6.610 1.538 1.241–1.843 0.073 0.030–0.107
WIS 23 0.666 0.590–0.738 0.690 0.618–0.755 4.841 3.748–5.982 1.425 1.162–1.688 0.037 0.000–0.071
MOG 11 0.749 0.627–0.855 0.698 0.597–0.785 4.990 4.037–6.017 1.467 1.202–1.731 −0.070 −0.162–0.012
SWI 19 0.713 0.633–0.790 0.722 0.661–0.783 5.305 4.332–6.415 1.549 1.309–1.810 0.008 −0.074–0.098
NIE 30 0.661 0.572–0.744 0.692 0.601–0.769 5.380 4.296–6.566 1.510 1.233–1.791 0.037 −0.008–0.095

1 wild boars in Kraków city
2 wild boars in Ojców National Park

(Adamack and Gruber, 2014). Departures from Hardy-Weinberg equi-
librium were calculated using hw.test function from package pegas
ver. 1.0.1 (Paradis, 2010) with 9999 permutations. Basic diversity es-
timates such as observed heterozygosity (HO), gene diversity (HS; Nei,
1978), and allelic richness (RS; El Mousadik and Petit, 1996) were
calculated using package hierfstat ver. 0.5.7 (Goudet, 2005). Un-
biased Shannon diversity index estimator (HZ , Zahl, 1977) was calcu-
lated using ShannonGen function from ShannonGen package (Konop-
iński, 2020). Confidence intervals of the diversity indices were estim-
ated from 9999 bootstrap replicates over loci. Inbreeding coefficient,
FIS, was estimated using basic.stats function from the hierfstat
package. Significance of FIS departure from zero was established with
boot.ppfis function from hierfstat with 9999 bootstrap replic-
ates. Pariwise FST values (Weir and Cockerham, 1984) were estim-
ated with pairwise.WCfst function from hierfstat. Confidence
intervals were estimated by bootstrapping over loci (9999 replicates)
as implemented in boot.fst function (hierfstat), while statistical
significance of each estimate was established by comparing the actual
values to the simulated null distribution of FST values obtained by 9999
random reassignments of samples to populations for each population
pair. Components of genetic variation were tested with the analysis of
molecular variance (AMOVA, Excoffier et al., 1992) as implemented
in poppr.amova function from package poppr ver. 2.9.2 (Kamvar et
al., 2014).

The genetic structure of the population was analysed using three
methods based on different principles. First, individual clustering
was performed using a Bayesian algorithm that minimises deviation
from Hardy-Weinberg and linkage-disequilibrium as implemented in
Structure ver. 2.3.4 (Pritchard et al., 2000). Structure was run
assuming correlated allele frequencies and allowing for admixture
between populations. Because the diversity among the analysed pop-
ulations was small (see Results), the program was run with LOCPRIOR
option (Hubisz et al., 2009). To estimate the optimal number of
clusters, K=1–12 populations were assumed, with 20 repeats for each

K. The runs consisted of 106 Monte-Carlo Markov Chain iterations
preceded by 105 iterations as a burn-in period. The results were ana-
lysed using the Evanno et al. (2005) procedure as implemented in the
R package pophelper ver. 2.3.0 (Francis, 2017); the runs with the
most likely number of clusters (K) were concatenated using mergeQ
function.

Second, Geneland package ver. 4.9.2 (Guillot et al., 2005) was used
for clustering the georeferenced data. The program is based on sim-
ilar principles as Structure but also takes the spatial distribution of
the samples as a prior. The program was run in two modes: estimat-
ing the likely number of clusters with npopmax=12 and the number of
clusters set to the optimal number of groups resulting from the Evanno
et al. procedure for Structure runs. The analysis consisted of 107 iter-
ations, with the chain sampled every 105 iterations. The initial 10% of
sampled iterations were discarded as a burn-in period. The results of
the both assignment tests were plotted on maps using QGIS Desktop
ver. 3.2 (Quantum GIS Development Team, 2018).

Third, discriminant analysis of principal components (DAPC) was
performed using adegenet package ver. 2.1.3 (Jombart, 2008) with
the original populations used as a group factor. The optimal number of
principal components was established using cross-validation procedure
as implemented in the function xval, with 1000 replicates and 80%
of observations used for the training set. The results of DAPC were
presented as a scatter plot using scatter function from ade4 package
ver. 1.7.16 (Dray and Dufour, 2007). The individual assignments to the
populations were plotted using compoplot function from adegenet.

Results
A total of 169 samples were collected (Tab. 1, Fig. 1). No null al-
leles were found in the analysed loci and populations. Only four out
of 72 tests (locus/population combinations) for deviation from Hardy-
Weinberg expectations returned p-values smaller than 0.05, affecting
three different loci in three different populations. The lowest p-value
was 0.005 at locus S0005 in SWI population, and after Bonferroni cor-

Table 2 – Pairwise FST values with 95% bootstrap confidence intervals (above diagonal) and their p-values (below diagonal).

KR OPN RUD WIS MOG SWI NIE

KR
0.000

(0.000±0.000)
0.080

(0.0441±0.1201)
0.034

(0.0173±0.0543)
0.044

(0.0156±0.0773)
0.053

(0.0311±0.0773)
0.075

(0.0356±0.1203)
0.076

(0.0393±0.1152)

OPN 0.001
0.047

(0.0223±0.0755)
0.064

(0.0267±0.1025)
0.062

(0.0267±0.1005)
0.056

(0.0286±0.0832)
0.073

(0.0364±0.1182)

RUD 0.001 0.001
0.018

(0.0016±0.0386)
0.040

(0.0101±0.0826)
0.034

(0.0169±0.0519)
0.044

(0.142±0.0868)

WIS 0.001 0.001 0.002
0.021

(0±0.0468)
0.021

(0.0011±0.0399)
0.004

(-0.004±0.0129)

MOG 0.001 0.001 0.001 0.015
0.031

(0.0025±0.0603)
0.032

(0.0085±0.0592)

SWI 0.001 0.001 0.001 0.004 0.007
0.020

(0.0037±0.0415)

NIE 0.001 0.001 0.001 0.198 0.002 0.004
0.000

(0.000±0.000)
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Figure 2 – Heatmap of FST values between all population pairs.

rection was applied, no deviations from Hardy-Weinberg equilibrium
were found to be significant. The FIS values did not depart signific-
antly from zero, apart from the RUD population, where FIS was biased
towards positive values (Tab. 1).
The overall variation was relatively high, with mean gene diversity

ranging from 0.66 to 0.72, mean allelic richness ranging from 4.28
to 5.38 and mean Shannon’s HZ ranging from 1.30 to 1.55 (Tab. 1).
The lowest estimates of the genetic diversity were found in individuals
sampled within the city of Kraków (KR population, HO and RS) and
in Ojców National Park (OPN population, HS and HZ); however, the
confidence intervals overlapped between each pair of populations
According to the analysis of molecular variance, only 4.45% of the

overall diversity can be attributed to the inter-population differenti-
ation, while most of the variation results from intra-individual diversity
(93.56%). Wild boar populations from Kraków and OPN were most
genetically distinct from others in terms of mean pairwise FST , while
the remaining populations were less divergent from each other (Fig. 2).
Although FST values were often close to zero, of the 21 comparisons
only one pairwise FST (WIS/NIE) did not differ significantly from the
null expectations under full panmixia (Tab. 2). This was also the only
population pair for which the bootstrap confidence intervals spanned
zero.
The results from Structure showed genetic distinctiveness of the KR

population. According to the Evanno et al. procedure the most likely
number of genetic clusters wasK=2 for the analyses without population
prior and K=3 in the analyses with population prior included. Both
tests grouped wild boars from Kraków in a separate cluster, while the
remaining populations consisted only of individuals from outside the
city or contained a fraction of the Kraków cluster (Fig. 3). One of
the individuals hunted in Kraków was unambiguously assigned to the
rural population. Also, the OPN population appeared distinct from the
surrounding populations when the number of clusters was set to K=3.
The highest proportion of assignment to Kraków cluster was observed
in RUD population.
The results of Geneland clustering corroborated those fromStructure

in terms of the distinct character of KR population (Fig. 4). When set
to group the genotypes into K=2 and K=3 clusters, Geneland generated
similar results to the outcome of Structure: the division between urban
and rural areas remained both forK=2 andK=3, while a separate cluster
for individuals from OPN was predicted for K=3. When run without
the prior assumption on the number of populations, Geneland grouped
genotypes into K=10 different clusters. Besides the KR population, the
strongest genetic coherencewas observed in populations fromRUDand
the OPN. RUD population contained three genotypes belonging to KR
cluster (no. 8). On the other hand, the populations from south and
east of Kraków (WIS, MOG, SWI and NIE) seemed to be intermixed

with three widespread clusters (clusters 3–5) and a few smaller clusters
appearing within their range (Fig. 4).

The discriminant analysis of principal components (DAPC) per-
formed in adegenet also showed the genetic distinction of Kraków and
the ONP wild boar populations, although the ranges of all the clusters
overlapped considerably (Fig. 5). Reassignment of individuals to their
predefined populations usingDAPC analysis was stronger in KR (0.92),
RUD (0.83), and OPN (0.79), and weaker in SWI (0.68), NIE (0.60),
WIS (0.30) and MOG (0.09).

Discussion
Our study indicates that the urban population of wild boars inhabiting
the city of Kraków is genetically separated fromwild boars living in the
adjacent, rural or forested areas. The distinctiveness of the urban popu-
lation is supported by both frequency-based statistics (FST , DAPC) and
the probabilistic assignment methods (Geneland, Structure). The over-
all diversity between populations was small. The FST values were close
to zero; however, for all but one of the pairwise comparisons they were
higher than expected under single panmictic population. Although we
cannot rule out the possibility that the most optimal number of clusters
in Structure would be K=1, (a result that could not be achieved due to
Evanno et al. procedure limitations), the distinctiveness of the urban
wild boars indicated by the results of all statistical tests performed in
this study, does allow to classify this group as a separate population.
This isolation seems to be a consequence of both physical barriers,
mostly the highway bypass, and factors related to wild boar behaviour.

Figure 3 – Structure assignment of the individuals’ genotypes to K=2 (A) or K=3 (B)
clusters.
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Figure 4 – Geneland assignment of the individuals’ genotypes to K=2 (A), K=3 (B) and
K=10 (C) clusters.

Non-physical factors may also contribute to the genetic isolation of
the second most distinctive population, i.e. the wild boars inhabiting
Ojców National Park (OPN).
The chronology of the highway construction progress may explain

some of the genetic relatedness between wild boar populations in the
area. The genetic similarity between KR wild boars and the RUD pop-
ulation inhabiting the forested areas northwest of the city, coupled with
low similarity of KR population with its closely neighbouring WIS
population, are consistent with the timeframe of building the highway
bypass of Kraków. In the 1980s and early 90s, the first fragment of

the highway bypass was built along the western and south-western bor-
der of Kraków. This part of the road was joined with an older high-
way fragment leading to Kraków from the west that had intersected the
area occupied by the RUD and WIS wild boar populations since the
1980s. As a consequence, the first individuals colonising Kraków in
the early 1990s most likely originated from the RUD population that
remained connected with urban areas by patches of forested and un-
developed habitats until the late 90s. In 2003, the northern fragment of
the bypass was built across that connection; however, some potential
passages remained within the most likely ecological corridors between
KR and RUD population.

The highway bypass along the western and southern borders of the
city constitutes a movement obstacle for wild boars and therefore con-
tributes to the genetic distinctiveness of the urban population. How-
ever, a few genotypes from suburban populations were assigned to the
urban cluster, while one of the individuals hunted in southern Kraków
was unambiguously assigned to the suburban cluster. This suggests that
movement of the individuals across the highway bypass, both into and
out of the city, still occurs. Probably, wild boars cross the bypass while
moving along the rivers under the highway bridges or on the road over-
passes, which has been confirmed by visual observations (Grzegorz
Baś, unpublished). Although D’Amico et al. (2016) provided evidence
that wild boars avoid proximity of the roads and concentrate their activ-
ity in more remote areas, Frantz et al. (2012) found that the populations
in Belgium were not effectively isolated by a highway, where such isol-
ation was detectable in red deer in the same area. It is possible that wild
boars’ willingness to cross the roads change depending on the intensity
of human pressure (Podgórski et al., 2013), hence, the isolating effect
of the major roads or highways may be even smaller in urban and sub-
urban areas.

Based on our results, the Vistula river, which is ca 100 m wide in
Kraków, does not form an effective barrier to wild boar movement.
The urban population of the wild boar is consequently assigned to a
single cluster by all methods, regardless of which side of the river the
individual was sampled. Similarly, individuals from the ruralWIS pop-
ulation are grouped into a single cluster despite being divided by the
river. The urban population’s genetic uniformity could be attributed to
the low overall level of the genetic variation in Kraków. Still, the results
of a telemetry study showed that some individuals used home ranges
located on both sides of the river (Baś et al., 2017), which corroborates
the genetic results of our study.

Figure 5 – Results of the discriminant analysis of principal components computed in
adegenet. (A) Scatter plot of the first two discriminant functions explaining 34.8% and
24.4% of variance. (B) assignment of the genotypes to the population groups.
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The distinction of the KR population contrasts sharply with the uni-
formity of wild boar populations inhabiting vast areas south and east
of Kraków. This region is relatively densely populated, with a few ma-
jor roads and long stretches of built-up areas. Wild boars are known
to adapt easily to human-induced changes in the environment (Keuling
et al., 2008, 2009; Podgórski et al., 2013). Thus, populations outside
the city are likely to remain interconnected despite fragmenting factors
such as roads or human settlements, if no other isolation mechanisms
come into play. In the case of the suburban population, distance does
not seem to shape their genetic structure. Except for RUD and OPN
populations, reassignment to the population of origin is very weak in
suburban populations (0.09–0.68), while FST values between the most
distant WIS and NIE populations is at similar level as between other
populations between them.

Despite the large rural wild boar populations being connected with
the urban population through movement corridors (e.g. KR-WIS and
KR-RUD populations), our results show that urban and rural wild boars
are genetically distinct. Therefore, it seems plausible that the urban
population’s effective genetic isolation is not only a result of physical
barriers. The mechanisms causing isolation may include, for instance,
reduced fear towards humans, specific adaptation to local food re-
sources, and different circadian activity patterns or spatial use (Podgór-
ski et al., 2013; Stillfried et al., 2017b). Stillfried et al. (2017a) found
marked genetic isolation of the wild boar population in Berlin poten-
tially caused by behavioural adaptations to urban conditions.

The isolation of the second most distinct population, OPN, may shed
a light on the most important factors influencing the isolation of the
urban population. Assignment tests with the higher number of clusters
(K=3 or more) and DAPC analysis indicate marked isolation of the wild
boars inhabiting Ojców National Park. The distinctiveness of KR and
OPN populations can hardly be explained by reduced hunting pressure.
Wild boars are intensively hunted both in Kraków (181 individuals in
2014/2015) and Ojców National Park (88 individuals in 2014). Prob-
ably the OPN population is capable of exchanging individuals with
RUD population, which is only separated from OPN population by a
single-lane road. One of the individuals killed on the east side of the
road does not assign to an otherwise homogenousOPN cluster, suggest-
ing it did not originate from this population. Moreover, unlike in the
case of Kraków city, contrasting with its rural surroundings, no appar-
ent differences in habitat exist in OPN and RUD populations. Hence,
we hypothesise that other mechanisms are involved in the limited ge-
netic exchange between OPN and RUD populations. One potentially
significant difference between the RUD and OPN areas is the level of
human disturbance. Ojców National Park, despite its small size, is a
popular recreational spot, covered by a dense network of walking trails
(65 km), visited by ca 350000–420000 tourists yearly. In the case of
OPN and KRwild boar populations, the genetic isolation may be main-
tained by adaptation to intense human presence, which prevents im-
migration of individuals from less disturbed areas (Cook et al., 2017;
Schell et al., 2018). This ability may be obtained via social learning
and the characteristics of the environment where the young are raised
(Donaldson et al., 2012; Mazur and Seher, 2008; Slagsvold andWiebe,
2011). Wild boars live in matrilineal family groups, and piglets stay
with their mothers for at least the first year of their life (Boitani et al.,
1994). Therefore, similar to other social vertebrates, young individu-
als may learn from their groupmates to proficiently exploit resources in
urban environments (review: Galef and Giraldeau, 2001). Finally, fast
reproduction allows wild boars to compensate for individuals lost due
to hunting and other mortality factors (Bieber and Ruf, 2005). Both the
OPN and KR populations are the least variable populations among all
populations studied. The reduced genetic variation within KR popu-
lation might indicate a limited number of founder individuals, genetic
drift and/or reduced immigration to the urban habitat. The same may
hold true in OPN, which despite the lack of strong barriers to immig-
ration, remained less variable than the neighbouring RUD population.
Such results could have been expected if the young wild boars learn
their attitude towards humans from their relatives within the group
(Podgórski et al., 2014).

Conclusions and implications for management of the wild
boar population
Our results indicate that the wild boar population in Kraków is self-
sustaining despite the relatively high hunting pressure. This is cor-
roborated by an increase in wild boar numbers along with the hunting
quotas. Despite being a large, busy city, Kraków offers abundant habit-
ats that provide wild boars with shelter and food, including corn fields,
deciduous forests rich in beech and oak trees, grasslands and anthropo-
genic waste (Baś et al., 2017). City-dwelling wild boars tend to select
habitats and foods of natural character and efficiently exploit them des-
pite human disturbance (Stillfried et al., 2017b,b).

The self-sustainability of the urban wild boar population may deteri-
orate as a consequence of theMinistry of Environment’s recent decision
to substantially reduce wild boar densities to hinder the expansion of
the African Swine Fever virus. However, the results of our study show
that prevention of the spread of this disease would not legitimise an
increased hunting pressure on the urban population. Due to their isol-
ation, urban wild boar are less likely to be infected by the virus, and
could serve as a source population in case the ASF outbreak reduces
the population in the neighbouring areas.

Another threat for the urban wild boar population in the future may
relate to land-use changes within and around the city. Built-up areas of
Kraków are still expanding, occupying former grasslands, marshes and
fields, which constitute themost important wild boar habitats within the
city borders (Baś et al., 2017). As a consequence, we can expect further
fragmentation of the urban wild boar population and a decrease in the
availability of natural food sources. This process may negatively affect
the reproduction of wild boar and its genetic diversity and reduce the
population’s growth. It will likely contribute to an increase in human-
wildlife conflicts in the city.
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