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ORIGINAL ARTICLE

Demographic history, current expansion and future
management challenges of wild boar populations in

the Balkans and Europe

N Velickovi¢!, E Ferreira?, M Djan!, M Ernst’, D Obreht Vidakovi¢!, A Monaco* and C Fonseca?

Wild boar (Sus scrofa), one of the most widespread wildlife species, has entered a stage of continuous growth in Europe, and

could even be considered a pest species. We analysed microsatellite variability in 723 wild boars from across Europe, including the
northern Dinaric Balkans. Our aims were: (1) to define the population structure of wild boars in the Balkans and its relation with
other European populations; (2) to estimate effective populations sizes, levels of intra- and inter-population diversity, inbreeding
migration and gene flow patterns; (3) to test subpopulations for bottlenecks; (4) to interpret these results in light of current
knowledge about the demographic history of wild boars in Europe; and (5) to discuss the relevance of these findings for management
and conservation. Strong population structuring was observed and 14 subpopulations were revealed. High genetic diversity was
found, and besides the well-known identity of the Italian populations of Sardinia and Castelporziano, we bring new insights into
other potential relevant, refugial populations such as Littoral Slovenia, South Portugal, North-western Iberia and an entire cluster in
the Balkans. There was evidence of gene flow going from these refugial subpopulations towards less peripheral and more admixed
subpopulations. Recent population bottlenecks and expansions were detected, mostly in the peninsular refuge subpopulations.

The results are consistent with the fluctuations of wild boar numbers in Europe since the beginning of the twentieth century.

These results should be taken into account in future conservation and management plans for wild boar populations in Europe.
Heredity (2016) 117, 348-357; doi:10.1038/hdy.2016.53; published online 20 July 2016

INTRODUCTION

The wild boar (Sus scrofa) is one of the most important and
widespread wildlife species in the world. The geographical distribution
and present-day genetic diversity of wild boars across Europe has been
shaped by Quaternary glacial/interglacial cycles (Scandura et al., 2008;
Alexandri et al., 2012; Vilaga et al., 2014; Veli¢kovi¢ et al., 2015), and
also by human activities in the past centuries (Apollonio et al., 2010).
During the nineteenth and early twentieth centuries, the distribution
and numbers of wild boar populations in Europe were reduced,
mainly because of human overexploitation of both their habitat and
the species itself (Apollonio et al, 1988; Massei and Genov, 2000;
Apollonio et al., 2010; Linnel and Zachos, 2011). In the past four
decades, a remarkable increase in the European wild boar population
has been recorded that is mainly related to its high reproductive rate,
lack of large predators, reforestation, climate change, supplementary
feeding and decreased hunting across Europe (Saez-Royuela and
Telleria, 1986; Fonseca, 2004; Ferreira et al., 2009; Apollonio et al.,
2010; Scandura et al., 2011a; Massei et al., 2015). European wild boar
populations appear to have entered a stage of continuous growth.
Population expansions have affected human societies through the
spread of diseases, crop damage and vehicle collisions (Massei et al,
2015), causing human-wildlife conflicts (Frank et al, 2015). In some
cases, the wild boar is even considered a pest species.

Management strategies for wild boar populations should be based on
an appropriate understanding of the factors affecting current popula-
tion trends and consideration for its adaptation to a wide range of
environmental conditions (Scandura et al., 2011a; Massei et al., 2015).
Detailed information on the genetic diversity of wild boars is of great
importance, as wild boar populations are also a reservoir of genetic
variation of suid species and its conservation is important not only
for preserving the species itself, but also for preserving more diversity
for better breeding for future generations, as local European domestic
pig breeds are currently threatened (Frantz et al, 2016). Genetic data
can support population management and conservation by: defining
population structure (and thus management units); informing about
relevant demographic parameters such as levels of inbreeding, diversity
and effective population sizes; measuring gene flow between subpopu-
lations; and identifying potential risks associated with demographic
changes and inbreeding (Shafer et al., 2015). Of particular importance
is to understand whether the current patterns of structure and diversity
among wild boar populations are mostly influenced by human activities
or whether they actually retain the signature of past events such as
Quaternary climatic fluctuations and, consequently, are unaffected by
human-mediated demographic fluctuations and gene flow.

All these major concerns, together with the development of molecular
genetic tools for wildlife management and conservation, have stimulated
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a number of studies on the genetic diversity and phylogeography of
wild boar populations in Europe (Vernesi et al, 2003; Ferreira et al,
2006, 2009; Scandura et al., 2008, 2011a; Alves et al., 2010; Alexandri
et al., 2012; Kusza et al., 2014; Vilaga et al., 2014; Tacolina et al., 2016;
Sprem et al., 2016). One of the most recent study included data from
large areas in the northern Dinaric Balkans, providing evidence that the
Balkans represent an important genetic reservoir of European wild boar
and that the present-day genetic structure and geographical distribution
of wild boars across Europe arose from ancient processes during the last
glaciations, indicating that similar phylogeographic patterns emerged in
all southern European peninsulas and that all three peninsulas played
a similar role in the post-glacial recolonization of Europe by wild boar
(Velickovi€ et al., 2015). On the other hand, Frantz et al. (2016) pointed
out that in Western Europe, many local populations had gone extinct
and restocked with other wild boar populations. This process resulted in
loss of genetic diversity of wild boar populations in Europe compared
with that of domestic breeds and wild boars in Asia.

This study was designed in order to provide a more detailed insight
into the patterns of genetic variation and structure of wild boars across
Europe, especially in the Balkans, to infer the processes that gave rise
to the present-day genetic diversity and structure and to discuss their
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relevance in terms of the future management of wild boar in Europe.
Based on microsatellite analyses, we specifically aimed: (1) to define
the population structure of wild boars in the Balkans and its relation
with other European populations; (2) to estimate effective populations
sizes, levels of intra- and inter-population diversity, inbreeding,
migration and gene flow patterns; (3) to test subpopulations for
bottlenecks; (4) to interpret these results in light of current knowledge
about the demographic history of wild boars in Europe and the
possible influence of human interventions, besides the already well-
documented influence from Quaternary climatic fluctuations; and
(5) to discuss the relevance of these findings for management and
conservation, providing new insights through the determination of
management units.

MATERIALS AND METHODS

Material collection and DNA extraction

A total of 581 wild boar samples were collected from different localities across
Serbia, FYR Macedonia, Montenegro, Bosnia and Herzegovina, Croatia, Slovenia,
Italy, Portugal, Spain, Czech Republic, Germany, Slovakia and Romania during
regular hunting seasons (Figure 1). The analysis also included 142 wild boars
from Northern Italy, for which we retrieved complete genotypes from the study
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Figure 1 Map of Europe showing the distribution of wild boar sampling sites. Samples were divided into 21 subpopulations according to their geographic
proximity, the biogeographical features of the sampling areas and, when available, prior information on local genetic structure: 1, Dinaric Balkans; 2,
Peridinaric Balkans; 3, South Central Balkans; 4, Continental Slovenia; 5, Littoral Slovenia; 6, South Pannonia; 7, Central-western Iberia; 8, North Portugal;

9, South Portugal; 10, Castilla la Mancha; 11, Galicia; 12, Extremadura; 1
Italy; 17, Alps; 18, Sardinia; 19, Czech Republic and Slovakia; 20, Germany;

3, Andalusia; 14, Castelporziano; 15, Central-western Italy; 16, North-western
and 21, Romania.
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of Caratti et al. (2010) and these sampling sites are also included in Figure 1.
In addition, 35 domestic pig samples from two Iberian breeds (Bisaro and
Malhado de Alcobaga) were included. Total DNA was extracted using Proteinase
K digestion, followed by standard phenol-chloroform—isoamyl alcohol extrac-
tion (Sambrook and Russell, 2001) and saline extraction procedures (Bruford
et al., 1992).

Microsatellite genotyping

Multiplex PCR amplification of 11 tetranucleotide microsatellites was carried
out using the Animaltype Pig PCR Amplification Kit (Biotype AG, Dresden,
Germany) following the manufacturer’s reccommendations. Typing was done by
capillary electrophoresis on an ABI3730 x 1 Genetic Analyzer (Applied Biosystems,
Foster City, CA, USA). The PCR product fragments of these 11 microsatellites
were analysed using Peak Scanner v1.0 (Applied Biosystems) and Gene Marker
(Softgenetics, State College, PA, USA) software against an allelic ladder and a
control DNA sample (DL157) of known genotype provided by the kit
manufacturer.

Statistical analysis

All wild boar samples were divided into 21 a priori subpopulations according to
their geographic proximity, biogeographical features of the sampling areas and,
when available, prior information on local genetic structure: (1) Dinaric
Balkans (68 samples); (2) Peridinaric Balkans (26); (3) South Central Balkans
(33); (4) Continental Slovenia (36); (5) Littoral Slovenia (17); (6) South
Pannonia (79); (7) Central-western Iberia (26); (8) North Portugal (22);
(9) South Portugal (19); (10) Castilla la Mancha (20); (11) Galicia (20); (12)
Extremadura (10); (13) Andalusia (14); (14) Castelporziano (19); (15) Central-
western Italy (28); (16) North-western Italy (57); (17) Alps (120); (18) Sardinia
(16); (19) Czech Republic and Slovakia (77); (20) Germany (10); and (21)
Romania (6) (Figure 1). The two domestic pig breeds were treated as two
different a priori subpopulations. In order to verify whether stutter bands,
large allele dropout and null alleles have influenced microsatellite allele
frequencies and heterozygosity calculations, the programme MICRO-
CHECKER (Van Qosterhout et al,, 2004) was used to test our data set
for these potential error sources. Quality check was performed separately
for each a priori subpopulation in order to minimize the effect of structure
on the observed level of homozygosity. The number of different alleles,
observed and expected heterozygosity values, deviations from Hardy—Weinberg
equilibrium and inbreeding coefficients with confidence intervals were
estimated using the divbasic function of diveRsity package (Keenan et al,
2013) in R software (R Core Team, 2015). Deviations from linkage equilibrium,
analysis of molecular variance (AMOVA) and pairwise genetic distances among
the presumed groups (Fsy) were calculated using ARLEQUIN 3.5.1.2 (Excoffier
and Lischer, 2010). The significance level for multiple comparisons was
modified using Bonferroni correction (Rice, 1989). The rarefied private alleles
were calculated using ADZE (Szpiech et al., 2008) by setting rarefaction indexed
to the minimum sample size.

Genetic structure of populations throughout a species’ distribution range
might reflect past demographic and migratory events, rather than current
geographic distances among individuals or random-mating population units.
Therefore, we performed Bayesian cluster analyses implemented in STRUCTURE
2.3.4 (Pritchard et al., 2000; Falush et al., 2003, 2007; Hubisz et al., 2009) in order
to infer the number of distinct genetic clusters represented in our sample of wild
boars and domestic pigs in Europe. Three independent sets of STRUCTURE
runs were performed assuming different models: for the first set of runs, we
adopted an admixture model with correlated allele frequencies; for the second,
we assumed no admixture between K groups and no correlation between allele
frequencies; and for the third, we used a no admixture model with correlated
allele frequencies. Initially, all three analyses were done with a burn-in length of
100 000 followed by 1 000 000 Markov chain Monte Carlo iterations. Indepen-
dent runs from the first two sets of analyses were convergent using this number
of iterations, but the third analysis (that is, no admixture model with correlated
allele frequencies) had to be repeated with a burn-in of 200 000 followed
by 2 000 000 Markov chain Monte Carlo iterations to achieve convergence. For
all three analyses, we ran 3 replicates for each K ranging between 1 and 17.

Heredity

We estimated the most likely number of clusters through the AK method
(Evanno et al., 2005), using CLUMPAK (Kopelman et al., 2015) and STRUCTURE
HARVESTER (Earl and vonHoldt, 2012). CLUMPAK was also used for detailed
inspection of convergence between independent runs for each K and graphical
interpretation of the results. For the selected K-value, we evaluated the
population membership coefficient (Qpop) of the inferred clusters. For all three
models, the most probable number of genetic clusters always included K=3
and K=7. However, it has been shown that the AK method detects the
uppermost level of population structure when several hierarchical levels exist
(Evanno et al, 2005). Therefore, we have reason to assume that, with this
first round of analyses using the total sample set (758 individuals), we detected
the first two levels of structuring. In order to fully understand the genetic
structuring of wild boars in the Balkans and Europe, we performed additional
STRUCTURE analyses for some of the K groups inferred in the previous step
(see Results for more details).

The correlation between genetic distances among a posteriori-defined sub-
populations and geographical distances was tested using Mantel’s nonparametric
test on pairwise distance matrices (Mantel, 1967) using ARLEQUIN. In addition,
in order to better understand spatial distribution and possible geographic barriers
for wild boars in Europe, we performed spatial analyses of molecular variance
(SAMOVA) using SAMOVA 2.1 (Dupanloup et al, 2002). We performed
analyses for K = 2 to 20 to identify the most likely number of groups, with the
21 a priori subpopulations. The best K was determined when Fct value (degree of
differentiation among groups) reached plateau.

The basic genetic indices for a posteriori-defined subpopulations were
calculated in the same way as described for a priori subpopulations. In
addition, for a posteriori subpopulations, we estimated the Gsp (Nei, 1973)
and D (Jost, 2008) differentiation statistics and the relative migration network
using the functions diffCalc and divMigrate of diveRsity R package, respectively.
The latter implements the method described by Sundqvist ef al. (2016). The
networks were estimated using the statistics Ggr, D and Ny, (Slatkin, 1993,
estimated according to Alcala et al. (2014). Significant migration flows were
estimated based on a bootstrap procedure with 49999 replicates. This method
allows for the estimation of asymmetric migration among individual popula-
tions, assuming a finite island model (or one where migration has an
unconstrained dispersal kernel) with infinite number of alleles and low
mutation rates (Sundqvist et al, 2016). Mutation rates for porcine micro-
satellites average 7.52x 10> per locus per generation (Yue et al., 2002), and
can thus be considered small (p>< <p) in this context. Microsatellite loci are
considered neutral markers, but can be influenced by closely related adaptative
genes (Nei and Tajima, 1981; Ford, 2002). This effect should however be
diluted by using a set of independent markers. Effective population size (N;)
based on linkage disequilibrium was inferred using LDNE 1.31 (Waples and
Do, 2008). The 95% confidence intervals were obtained via a jackknife method
and estimates excluded all alleles with a frequency of <0.05 in order to correct
for known biases from rare alleles.

In order to gain an insight into the demographic history of wild boars in the
Balkans and Europe, each subpopulation was tested for recent bottleneck
events. We used two approaches, suggested as being particularly promising
(Williamson-Natesan, 2005). The first approach was based on the detection
of heterozygosity excess relative to the number of alleles, across all loci, under
a two-phased mutation model, as implemented in BOTTLENECK (Cornuet
and Luikart, 1996). The second approach was based on the analysis of the
M ratio described by Garza and Williamson (2001), using the executable
files M_P_VAL.exe and critical_M.exe, developed by the same authors. The
approach of Cornuet and Luikart (1996) is based on the heterozygosity excess
(relative to the number of alleles) that is expected to build up in a population
that has recently undergone a bottleneck. The Garza and Williamson (2001)
method is based on the ratio M between the number k of observed alleles of
a given locus and the range r of the distribution of allele sizes for that locus.
According to the authors, the number of alleles will be more strongly affected
by a bottleneck than the range of allele size distribution. The first approach
should be more efficient for the detection of more recent and short-term
bottlenecks, whereas the second would allow the detection of older and
prolonged bottlenecks (Williamson-Natesan, 2005).



RESULTS

Data quality and marker polymorphism

The majority of genotypes were successfully scored and missing
data amounted to 0.17% (0 to 0.9% per locus). We did not find
any significant evidence caused by allele dropout and only very
occasionally detected significant evidence for genotyping errors due
to stutter. This occurred only for four subpopulations, at one marker
per subpopulation (SBH13 or SBH22). However, after carefully going
through the electophoretograms, this possibility could be ruled out.
There was few or no evidence for the presence of null alleles for most
of the markers (up to two subpopulations, out of 23, per marker).
Only in two markers (SBH10 and SBH22) we found evidence of
null alleles in six or more subpopulations. Most of the evidence
for null alleles came from five subpopulations (Peridinaric Balkans, SC
Balkans, CW Iberia, Alps and Czech Republic and Slovakia) that were
later proven to include individuals from different gene pools. The
detection of null alleles is based on the expected proportions of
homozygotes that can also be affected by the presence of internal
population structure or admixture. After carefully going through the
electrophoretograms, we found no reason to suspect that these
nonsystematic deviations from the expected level of homozygosity
should be consequence of the presence of null alleles, rather than
other biologically meaningful processes causing population structure
or admixture. All loci showed high levels of polymorphism and
we found a total of 209 alleles across all loci. The number of observed
alleles per locus varied from 9 at locus SBH19 to 29 at locus SBH20,
with an average of 19 alleles per locus.

Genetic diversity and differentiation on a priori subpopulations
The total number of alleles per a priori-defined subpopulation varied
from 44 in Castelporziano to 144 in the Alps, whereas rarefied allelic
richness varied from 2.9 alleles in Castelporziano to 5.5 in South
Central Balkans (Supplementary Table S1). The lowest private allelic
richness was observed in Castelporziano subpopulation. The expected
heterozygosity varied from 0.46 in Castelporziano to 0.79 in the South
Central Balkans, Alps and Castilla La Mancha. The lowest observed
heterozygosity was 0.44 in Castelporziano, whereas the highest value of
Hp was found in Dinaric Balkans (Hp=0.74). The inbreeding
coefficients ranged from —0.037 to 0.172, and in 11 out of 21 a priori
subpopulations the Fig values were highly significant. Genetic distances
(FsT) between pairs of a priori-defined subpopulations were highly
significant for 250 out of 253 possible pairwise combinations among
subpopulations (P<0.001). Most estimated values corresponded
to moderate to high values of genetic differentiation (Wright, 1978),
and only 29 out of 253 combinations showed low levels of genetic
differentiation (Supplementary Figure S2). For the AMOVA, 21
a priori-defined subpopulations were merged into 4 geographical/
regional groups of wild boars (Balkans, Italy, Iberia and Central-eastern
Europe) and 1 group consisting of domestic pigs. The hierarchical
AMOVA showed the highest variability within subpopulations
(90.9%), whereas variability among groups was 1.9% and variation
among subpopulations within groups was 7.2% (P<0.001).

Genetic structure of wild boar in Europe

For each of three sets of STRUCTURE runs including all samples,
K=3 and K=7 were among the best K numbers of genetic clusters
(Table 1). At K= 3, regardless of the model, three genetic clusters were
found, each mainly associated with one of the southern European
peninsulas. There was consistent agreement among the results obtained
with the three models at K=7, despite differences in the proportions
of genomes attributed to each cluster, for the same subpopulations.
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As the AK method detects the uppermost level of population structure,
we conclude that K=3 is the first level of structuring present in wild
boars across Europe, suggesting the existence of three main gene pools
in Europe At K=3, domestic pigs are clustered with Iberian wild
boars, and at K=7 (Figure 2a) domestic pigs are clearly separated from
all wild boars in all three models, and also at this level of structure
there were some well-defined wild boar clusters. As for biological
conservation it is very important to understand the demographic
history of a species and regional levels of structuring, we also examined
lower levels of population structuring by running STRUCTURE on the
clusters defined in the previous analysis (Figures 2b-h).

For all tested models, the a priori-defined subpopulations of North-
western Italy and Alps represented one genetic cluster, but as we had
five sampling localities in that area we investigated genetic structuring
within this cluster. We found that NW Italy represents a distinct
genetic cluster, whereas the Alps represent an admixed cluster
(Figure 2). In all three models, Castelporziano+Central-western Italy
+Littoral Slovenia represented a consistent cluster and further
STRUCTURE analyses supported K=3, echoing the division into
the three sampling localities (Figure 2¢). In all tested models, wild boar
samples from Central-eastern Europe and Sardinia were clustered with
both the Balkan and Iberian peninsulas. Therefore, we ran STRUC-
TURE with samples from the Balkans (excluding Littoral Slovenia),
Iberia, Sardinia and Central-eastern Europe (Figure 2b). In this analysis,
two clusters were revealed: (1) Balkans+samples from Romania and
Slovakia and (2) Iberia+samples from Sardinia, Czech Republic and
Germany. Further analyses (Figures 2e-h) of these two clusters revealed
seven clearly distinct genetic clusters: (1) Dinaric Balkans, (2) Con-
tinental Balkans+Eastern Europe (Continental Slovenia, South Panno-
nia, Romania and Slovakia), (3) Sardinia, (4) North-western Iberia
(North Portugal and Galicia), (5) South Portugal, (6) Central South
Iberia (Central-western Iberia, Extremadura, Castilla La Mancha and
Andalusia) and (7) Central Europe (Czech Republic and Germany).
These analyses also evidenced two admixed clusters: Peridinaric Balkans
and South Central Balkans.

The SAMOVA corroborated results obtained by STRUCTURE. The
revealed best K was 14, and 11 defined groups matched a posteriori
subpopulations. Results from SAMOVA group Peridinaric Balkans
together with Continental Balkans+Eastern Europe. Subopulation
Central South Iberia was divided in two groups in SAMOVA analyses:
(1) Central-western Iberia+Andalusia and (2) Extremadura+Castilla
la Mancha. Mantel’s nonparametric test performed for a posteriori-
defined groups showed no significant correlation between genetic and
geographical distances of a posteriori subpopulations (r=—0.000003).

Genetic diversity and differentiation on a posteriori subpopulations
The basic parameters of genetic diversity were also calculated for each
a posteriori subpopulation. The lowest number of alleles, allelic
richness and private allelic richness (44, 3.5 and 0.028, respectively)
were found in Castelporziano subpopulation (Table 2). The highest
number of alleles and the highest private allelic richness were observed
in Alps, whereas the highest allelic richness was found in South and
Central Iberia. Observed heterozygosity for all loci varied between 0.44
and 0.72, with a mean of 0.65, whereas expected heterozygosity ranged
from 0.46 to 0.79, with a mean of 0.71. In 12 of the 14 a posteriori-
defined subpopulations, 1 to 5 loci showed significant deviations from
Hardy—Weinberg equilibrium and in these subpopulations signifi-
cantly positive inbreeding coefficients were observed. In 13 subpopu-
lations, 1 to 14 pairs of loci (out of 55 combinations) were in linkage
disequilibrium (Table 2). The highest Hardy—Weinberg equilibrium
and linkage equilibrium deviations were observed in the Central South
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Table 1 Best K number of clusters and a priori subpopulations assigned to each cluster for the three models tested in STRUCTURE

Model and simulated K Best K Clusters at K=3

(Evanno’s method)

Clusters at K=7

K=13 (AK=117.9)
K=3 (AK=111.7)
K=7 (AK=93.3)

Admixture+allele frequencies
correlated (K=1 to K=17)

K=2 (AK=2085.0)
K=3 (AK=760.6)
K=7 (AK=139.2)

No admixture +allele frequen-
cies
not correlated (K=1 to K=17)

+Rom (50%)

CzR_Sk (12%)

K=7 (AK=271.5)
K=3 (AK=235.6)
K=2 (AK=163.8)

No admixture +allele frequen-
cies
correlated (K=1 to K=17)

(1) Balkans +Ctl_Prz+ Rom (57%)+CW_lIta (55%)
+Ger and CzR_Sk (26%) + Sard (19%)

(2) NW_lta + Alps +CW_lta (31%)+Rom (26%)
+Sard (20%) + Ger and CzR_Sk (19%)

(3) Iberia + Domestic Pig+ Sard (61%) + Ger and
CzR_Sk (55%)+Rom (17%) +CW._lIta (14%)

(1) Balkans + Sard +Ger and CzR_Sk (72%)

(2) Italy + Rom (34%) + Ger and CzR_Sk (16%)
(3) Iberia + Domestic Pig+Rom (16%)+ Ger and

(1) Balkans + Ctl_Prz+ Rom (59%) + CW_lIta (52%)
+Ger and CzR_Sk (30%) + Sard (23%)

(2) NW_lta + Alps + CW_Ita (37%) + Rom (25%)
+Ger and CzR_Sk (15%) + Sard (13%)

(3) Iberia + Domestic Pig+ Sard (64%) + Ger and
CzR_Sk (55%)+ Rom (16%)+CW_lta (11%)

(1) Din_Blk+ SC_Blk (49%) + Per_BIk (22%)
+So_Pan (10%)

(2) Cnt_Slo+So_Pan (69%) + Per_Blk (49%)+SC_BIk
(16%) + Ger (10%) +CzR_Sk (15%) + Rom (41%)

(3) Ctl_Prz+CW_lta +Lit Slo+Rom (15%)

(4) NW_Ita + Alps + Rom (21%) + Ger (11%)

(5) No_Por+Gal + Ca_Ma + Ext+CW_lbr (68%)
+And (61%) + Per_Blk (10%) + Ger (14%)

(6) So_Por + Sard + Ger (55%) + CzR_Sk (64%)
+CW_Ibr (18%)+And (16%)+SC_BIk (16%)

(7) Domestic Pig

(1) Din_Blk+SC_Blk (46%)+ Lit_Slo (53%)
+Per_Blk (23%)

(2) Cnt_Slo+So_Pan + Per_Blk (58%)+ SC_Blk (23%)
+Rom (47%)

(3) Ctl_Prz+CW_lta+Lit_Slo (44%)

(4) NW_Ita + Alps + Ger (10%) + Rom (22%)

(5) No_Por + Gal + Ca_Ma + Ext + CW_Ibr (69%)
+And (68%) + Ger (13%)

(6) So_Por+Sard + CzR_Sk + Ger (65%) + Rom
(25%) + SC_BIk (22%)+CW_Ibr (26%)+And (17%)

(7) Domestic Pig

(1) Din_Blk+SC_Blk (50%) + Per_Blk (25%)
(2) So_Pan+Cnt_Slo +Per_Blk (56%)+ Rom (50%)
+ SC_BIk (15%)
(3) Ctl_Prz+CW_lta +Lit Slo+Rom (19%)
(4) NW_Ita + Alps + Rom (22%)
(5) lbr except So_Por +Ger (15%)
(6) So_Por+ Sard + CzR_Sk+ Ger (67%) + SC_BIk (24%)
(7) Domestic Pig

Abbreviations: Balkans: Cnt_Slo, Continental Slovenia; Din_Blk, Dinaric Balkans; Lit_Slo, Littoral Slovenia; Per_BIk, Peridinaric Balkans; SC_BIk, South and Central Balkans; So_Pan, South
Pannonia; Central Europe: CzR_Sk, Czech Republic and Slovakia; Ger, Germany; Rom, Romania; Iberia: And, Andalusia; Ca_Ma, Castilla La Mancha; CW_lbr, Central-western Iberia; Ext,
Extremadura; Gal, Galiza; No_Por, North Portugal; So_Por, South Portugal; Domestic Pig, Iberian domestic pig (Bisaro and Malhado de Alcobaga); Italy: Alps, Alps; Ctl_Prz, Castelporziano; CW_lta,

Central-western Italy; NW_Ita, North-western ltaly; Sard, Sardinia.

A priori subpopulations (or groups of populations) established a priori with <75% proportion of genome attributed to a single cluster (K=3 and K=7) are not in bold (if percentage of assignment

to that cluster is >10%).

Iberia and Alps subpopulations, also suggesting that these subpopula-
tions are highly admixed. The mean effective population size was 77.8,
and ranged from 22 in Sardinia to 223.1 in Central Europe (Table 2).
In one of 14 a posteriori subpopulations (Alps) we observed that N, is
smaller than mean harmonic sample size. The AMOVA indicated
higher intrapopulation (92.6%) than interpopulation (7.4%) varia-
bility (P<0.001). Genetic distances between pairs of subpopulations
were always highly significant (P<0.001). Most estimated values
corresponded to moderate to high values of genetic differentiation
(Wright, 1978). Only 17 out of 91 combinations showed low levels of
genetic differentiation (Figure 3).

Evidences for bottlenecks and directional migration flow

For theta values ranging from 0.01 to 5, significant evidence of a
bottleneck (M value for sample below critical M, value) was found for
the following subpopulations: Littoral Slovenia, Sardinia, Castelporziano,
South Portugal and North-western Iberia (Figure 4). We also
found significant evidence of a bottleneck for theta from 0.01 to 1 for
Peridinaric Balkans. For this subpopulation and theta=5, sample
M value was below the average M, value for populations at equilibrium,
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but was above the critical M, value. The significant excess of hetero-
zygosity that is expected in bottlenecked populations (Cornuet and
Luikart, 1996) was not observed in any of the a posteriori subpopula-
tions. However, we observed heterozygote deficiency in seven wild boar
subpopulations (Figure 4).

On average, differentiation estimates based on Ggr (average: 0.060;
range: 0.011-0.181) and D (average: 0.264; range: 0.051-0.560) were
low (Supplementary Figures S3 and S4) in the context of the estimation
of demographic parameters (Alcala et al, 2014). The analysis of
migration dynamics revealed the following patterns, regardless of the
differentiation statistic: (1) intense relative migration flows among wild
boar subpopulations (Supplementary Figures S5-S7), mostly within
more admixed and less peripheral subpopulations (for example, Czech
Republic and Germany, Continental Balkans and Eastern Europe,
Central South Iberia, Alps); (2) significant relative migration flows
(Figure 5 and Supplementary Figures S8-S10), with some subpopula-
tions functioning systematically as source of migration flows (Littoral
Slovenia, Castelporziano, Sardinia, South Portugal) whereas others
functioning systematically as sinks (Peridinaric Balkans, South Central
Balkans, Alps or Central South Iberia); and (3) no evidence of
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Figure 2 Hierarchical distribution of a priori wild boar subpopulations into the genetic clusters inferred using STRUCTURE. Results are presented for
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ertical line; a thin black line separates genotypes from different subpopulations.

The parameters of each STRUCTURE run are given above the representative STRUCTURE plot. DinBlk, Dinaric Balkans; PerBlk, Peridinaric Balkans; SC_BIk,
South Central Balkans; Cnt_Slo, Continental Slovenia; Lit_Slo, Littoral Slovenia; So_Pan, South Pannonia; CW_lbe, Central-western Iberia; No_Por,

North Portugal; So_Por, South Portugal; Ca_LMa, Castilla la Mancha; Gal

, Galicia; Ext, Extremadura; And, Andalusia; Ctl_Prz, Castelporziano; CW_lta,

Central-western Italy; NW_Ita, North-western Italy; Alps, Alps; Sard, Sardinia; CzR, Czech Republic; Ger, Germany; Rom, Romania; Rom_Sk, Romania and
Slovakia; NW_lbr, North-western Iberia; CS_lbr, Central South Iberia; Cnt_Eur, Central Europe; CntBlIk_EEur, Continental Balkans and Eastern Europe.

Table 2 General genetic diversity indices for 14 a posteriori wild boar subpopulations, based on 11 microsatellite markes

Population 2n Ne Allele Allele richness  Private alleles Ho He Fis Loci in HWD LD (pair loci/55)
number (rarefied) (rarefied) (out of 11)
Dinaric Balkans 136 85.2 115 7.2 0.342 0.740  0.780 0.045 2 5
Peridinaric Balkans 52 48.4 97 7.2 0.221 0.720 0.770 0.065 2 2
Cont. Balkans and East. Europe 250  129.3 135 7.6 0.083 0.690 0.760 0.089 3 5
South Central Balkans 66 57.4 107 7.7 0.362 0.720  0.790 0.092 2 3
Littoral Slovenia 34 25.5 53 4.2 0.219 0.500  0.580 0.136 1 1
Castel Porziano 38 23.6 44 3.5 0.028 0.440 0.460 0.041 0 2
Central-western Italy 56 52.4 87 6.4 0.295 0.640 0.720 0.121 3 2
North-western Italy 114 86.5 119 7.2 0.383 0.710  0.740 0.044 1 3
Alps 240 99.2 144 7.7 0.437 0.700  0.790 0.113 5 14
Sardinia 32 22.0 53 4.4 0.155 0.660  0.650 -0.015 0 1
North-western Iberia 84 93.1 89 6.5 0.309 0.710  0.750 0.053 3 2
Central South Iberia 140 93.8 123 7.9 0.320 0.650  0.790 0.174 2 13
South Portugal 38 49.4 65 5.0 0.231 0.560  0.630 0.098 1 0
Central Europe 166  223.1 124 7.7 0.234 0.690 0.750 0.082 2 6

Abbreviations: s, inbreeding coefficient; Hg, expected heterozygosity; Ho, observed heterozygosi
Ne, effective population size.
Statistically significant values (P<0.01) are in bold.

significant relative migration flow between Iberian domestic pig breeds
and wild boar subpopulations (Ny,) or significant only from wild boar
to domestic pig (Gst and D).

DISCUSSION

Genetic structure and migration patterns of wild boars in the
Balkans and Europe

Previous genetic studies of wild boars in Europe have shown that
populations are rarely homogenous and usually genetically differen-
tiated into subpopulations (Ferreira ef al., 2006, 2009; Scandura et al.,
2008, 2011a; Nikolov et al., 2009; Velickovi€ et al., 2012, 2015; Tacolina
et al., 2016). Thus, the first step in our comprehensive analysis was an

ty; HWD, Hardy-Weinberg disequilibrium; LD, linkage disequilibrium; 2n, number of gene copies;

assessment of genetic structure. The existence of three gene pools in
Europe was revealed. The geographical distribution of the three
clusters appears to be consistent with genetic differentiation among
the three southern European peninsulas (Balkans, Italy and Iberia),
whereas Central-eastern Europe evidences the admixture of the three
gene pools. These findings provide support to the hypothesis stated by
Velickovi€ et al. (2015) that all three refugees could have had a role in
the postglacial recolonization of Europe. Furthermore, hierarchical
AMOVA with a priori subpopulations showed more differentia-
tion among populations within peninsulas than among peninsulas,
suggesting that there are distinct gene pools in the peninsulas, but
there are common elements across all Europe. It may be concluded
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Figure 3 Matrix of genetic differentiation (pairwise Fst) for 14 a posteriori-
defined wild boar subpopulations in Europe. Colour gradient represents the
degree of genetic differentiation: low for Fgr<0.05, moderate for
0.05< Fs7<0.15, high for 0.15< Fs7<0.25 and very high for Fsr>0.25,
according to the criterion for genetic differentiation by Wright (1978).
DinBIk, Dinaric Balkans; PerBlk, Peridinaric Balkans; SC_BIlk, South Central
Balkans; CntBlk_EEur, Continental Balkans and Eastern Europe; Lit_Slo,
Littoral Slovenia; CS_Ibr, Central South Iberia; NW_lbr, North-western Iberia;
So_Por, South Portugal; Ctl_Prz, Castelporziano; CW_lIta, Central-western
Italy; NW_Ita, North-western Italy; Alps, Alps; Sard, Sardinia; Cnt_Eur,
Central Europe.

that some subpopulations establish the bridge among European
regions, consistent with a scenario of ‘refugial populations’ and ‘source
populations to the recolonization of Europe’ in the same regions, and
fitting ‘leading edge hypothesis’ proposed by Alexandri et al. (2012)
and Velickovi€ et al. (2015). In detail, structure analysis allowed us to
define 14 wild boar subpopulations, among which we found both
isolated, genetically distinct subpopulations and admixed subpopula-
tions (for example, Alps, Central South Iberia, Peridinaric Balkans).
A possible explanation for the admixed nature of Italian Alps
subpopulation can be the historical records reporting the recoloniza-
tion of North-western Italy by wild boars coming from France since
1919 (De Beaux and Festa, 1927).

We identified subpopulations that exhibited gene flow with Central-
eastern European subpopulations, whereas others are exclusively
peninsular and nonadmixed. This is the case of some Italian
subpopulations, such as Castelporziano and Sardinia, that are well
known for their distinctive genetic assembly, such as the presence
of E2 mitochondrial DNA clade haplotypes (Scandura et al, 2008;
Vilaga et al., 2014). Similar pattern was revealed in our study for two
subpopulations on the Balkans (Littoral Slovenia and Dinaric Balkans)
and two on Iberia (South Portugal and North-western Iberia) that had
not before been identified as distinct genetic clusters.

These patterns are also consistent with the detected migration flows.
As expected, according to the leading edge hypothesis, more intense
relative migration flows were detected within less peripheral, more
admixed, peninsular and central European subpopulations. However,
there were no significant relative migration flows within these sub-
populations. On the other hand, subpopulations like Littoral Slovenia,
Castelporziano, Sardinia or South Portugal were systematically identified
as source populations for less peripheral subpopulations, although
these latter subpopulations, more closely related with continental and
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Figure 4 M ratio values for all a posteriori-defined subpopulations. Critical
values (M), below which populations are considered to show significant
evidence of a bottleneck, and average (M,) values for equilibrium populations
are represented for different theta values. Subopulations of different regions
are represented by increasing order of sample size and by different symbols:
Iberia (white circles); Italy (grey circles); Balkans (black circles); and Central
Europe (grey triangles). The symbol ‘P indicates a significant heterozygote
deficiency detected using the BOTTLENECK software. DinBlk, Dinaric
Balkans; PerBlk, Peridinaric Balkans; SC_Blk, South Central Balkans;
CntBIk_EEur, Continental Balkans and Eastern Europe; Lit_Slo, Littoral
Slovenia; CS_lbr, Central South Iberia; NW_lbr, North-western Iberia; So_Por,
South Portugal; Ctl_Prz, Castelporziano; CW_lta, Central-western Italy; NW_lta,
North-western lItaly; Alps, Alps; Sard, Sardinia; Cnt_Eur, Central Europe.

other peninsular subpopulations, appear to function as sink popula-
tions. This source-sink dynamics occurred frequently among regions,
and more rarely within peninsulas.

These results appear counterintuitive, if we assume that the net gene
flow coming from the refugial subpopulations is contemporary. Namely,
Sardinia is an island and Castelporziano is a fenced subpopulation.
However, we suspect that this pattern probably reflects historical
contributions related with the Last Glacial Maximum (LGM) and is
consistent with the leading edge hypothesis of wild boar recolonization
of Europe (Alexandri et al., 2012; Velickovi€ et al., 2015). No significant
directional migration flows were detected among continental and
nonrefugial peninsular subpopulations because migration, within these
subpopulations, should have been essentially symmetric. This should
be true, even if the flows were asynchronous: a first migration flow from
north to south, towards the peninsulas, and then backwards, towards
continental Europe, as suggested by Velickovi¢ et al. (2015). If the
hypothesis advanced by these authors is correct, more peripheral
(refugial) peninsular subpopulations should have had a minor role in
these migratory exchanges. Nevertheless, the results here presented
suggest that even these refugial subpopulations were net contributors to
the contemporary gene pool of other peninsular and continental wild
boar subpopulations. The paradigm of postglacial colonization patterns
has been challenged in various species based on wider sampling across
refugial areas, and this is particularly the case in Iberia and the Balkans.



Figure 5 Network of relative migration levels between subpopulations, using
the Np, parameter. Only significant (after 49 999 bootstrap replicates)
relative migration levels were plotted in the network. Arrows indicate the
direction of gene flow. The numbers on arrows indicate relative migration
coefficients. Subopulations are coded by colours: Balkans, dark grey; Iberia,
white; Italy, black; Continental Europe, light grey. Codes for source
populations are written in bold and underlined, and for sink populations are
written in italics. DinBlk, Dinaric Balkans; PerBlk, Peridinaric Balkans;
SC_BIk, South Central Balkans; Cnt_Slo, Continental Slovenia; Lit_Slo,
Littoral Slovenia; So_Pan, South Pannonia; CW_lbe, Central-western Iberia;
No_Por, North Portugal; So_Por, South Portugal; Ca_LMa, Castilla la
Mancha; Gal, Galicia; Ext, Extremadura; And, Andalusia; Ctl_Prz,
Castelporziano; CW_lIta, Central-western Italy; NW_Ita, North-western Italy;
Alps, Alps; Sard, Sardinia; CzR, Czech Republic; Ger, Germany; Rom,
Romania; Rom_Sk, Romania and Slovakia; NW_Ilbr, North-western Iberia;
CS_lbr, Central South Iberia; Cnt_Eur, Central Europe; CntBlk_EEur,
Continental Balkans and Eastern Europe; Do_Pigs, domestic pig breeds.

Instead of regarding them as continuous and homogenous refugial areas,
each of those peninsulas seems to contain genetically diverse groups of
populations, leading to a more recent ‘refugia within refugia’ concept
(Gomez and Lunt, 2007; Feliner, 2011).

A genetic snapshot of wild boar subpopulations in the Balkans and
Europe

Because of the presence of distinct subpopulations, the Balkans and
other southern European peninsulas seem to harbour a greater extent
of wild boar genetic diversity in Europe. However, these subpopulations
are not necessarily more diverse per se. In fact, these relict subpopula-
tions are characterized by lower numbers of alleles, allelic richness,
private allelic richness and levels of expected heterozygosity compared
with less peripheral subpopulations. This is probably a consequence of
the admixture process itself, as admixed subpopulations are influenced
by different gene pools. As expected, levels of linkage disequilibrium
and Hardy—Weinberg deviations were also higher in central and eastern
European subpopulations and peninsular subpopulations of admixed
origin. We did not find similar patterns for the levels of inbreeding
that varied almost 10-fold among southern peninsular subpopulations.
The significantly high Fig values may also indicate the excess
of homozygosity, not only related to inbreeding, but also as a result
of admixture of different gene pools that is shown for Alps and Central
South Iberia subpopulations. The estimated effective population size
was higher than harmonic mean sample size for all subpopulations,
except Alps that can be consequence of deviation from linkage
disequilibrium observed in this subpopulation.

What can genetics tell us about wild boar expansion
N Velickovi¢ et al

Evidence of bottlenecks was biased towards southern subpopula-
tions, with Sardinia, Littoral Slovenia, Castelporziano, South Portugal
and North-western Iberia presenting significant evidence of bottle-
necks. This evidence came solely from the Garza and Williamson
(2001) approach, suggesting that we might be looking at older and
longer bottlenecks (Williamson-Natesan, 2005). We could be tempted
to interpret these results as an evidence of bottlenecks occurring during
the LGM (Velickovi¢ et al., 2015). However, two arguments challenge
this interpretation: (1) in this case, we should expect the opposite
pattern: peninsular subpopulations would be less affected by LGM
population bottlenecks than subpopulations from higher latitudes;
(2) M ratio should recover almost completely before 500 generations
had passed after the bottleneck, and hence this method would not be
able to detect bottlenecks >1000 years old (Garza and Williamson,
2001). A different interpretation is that the observed patterns are a
consequence of more recent bottlenecks, like those resulting from
generalized overhunting across Europe during the nineteenth and early
twentieth centuries (Fonseca, 2004; Ferreira et al., 2009; Apollonio et al.,
2010; Scandura et al, 2011a). Indeed, the effects of these bottlenecks
should be more evident in smaller populations, occupying smaller
geographic ranges, that would be more vulnerable to stochastic events
and genetic drift than larger and more widespread populations.

The significant evidence of heterozygosity deficiency found in several
subpopulations (Figure 4) might be an evidence of recent population
expansions (Cornuet and Luikart, 1996). This decline followed by
expansion is actually documented for Castelporziano (Imperio et al,
2010) and South Portugal (Vingada et al, 2010) subpopulations.
Despite prior evidence of a global wild boar population expansion
across Europe after the LGM (Veli¢kovi€ et al., 2015), we suspect that
the signal for population expansions detected here is linked to much
more recent events, such as the expansion occurring across Europe in
recent decades (Massei et al., 2015). It is therefore possible that wild
boar in Europe has gone through two large and widespread bottlenecks:
an historical one at the LGM (Veli¢kovié¢ et al, 2015), and a more
recent one probably related with generalized overhunt in Europe, as
evidenced here, through the use of fast-evolving microsatellite markers.

Management units and cross-border management of wild boars in
Europe

This study highlights two important issues about wild boar conserva-
tion and management: (1) European wild boars are divided into
several subpopulations; (2) the distribution range of several subpo-
pulations crosses national borders, particularly in the Balkans where
most of the subpopulations are distributed across borders.

The identification of different biological populations is highly
relevant for defining conservation or management units. Population
or disease monitoring and control and culling plans by local hunting
associations or forestry services have better chances of success if
applied to biological rather than administrative units. As an example,
the three genetic clusters previously identified in Portugal (Ferreira
et al., 2009) show very good agreement with the division of wild boar
into three distinct management units based on ecological differences
(that is, phenology) (Fonseca, 2004). According to these authors, more
effective management would be achieved if culling plans and hunting
seasons were defined at regional level rather than at a national level.

Integrating national approaches into cross-border management is
one of the major current conservation challenges (Fonseca et al., 2014).
We provide a first insight into potential cross-border wild boar’s
management units across Europe. For what concern the Balkans, we
found five genetic clusters, one of which (Continental Balkans and
Eastern Europe) includes territory in five countries: Serbia, Croatia,
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Slovenia, Romania and Slovakia. The ranges of another two Balkan
subpopulations also span different countries: (1) the Dinaric Balkans
subpopulation includes wild boars from Bosnia and Herzegovina and
Montenegro; (2) the South Central Balkans subpopulation includes
wild boars from the southern part of Serbia and from FYR Macedonia.
Thus, the specific emphasis should be put on transboundary manage-
ment in this region and should involve the authorities of different
countries. The Littoral Slovenia is clearly divergent from other wild
boars collected in Slovenia and, at the higher level of structuring,
it is more related to Italian subpopulations (Castelporziano and
North-western Italy; Table 1 and Figure 2). The wild boars from this
region are also phenotypically different. These boars have been
characterized as having ‘small boars’ because of low body weight
during the entire lifecycle, and accordingly investigations were
probably introduced into this part of Slovenia from Italy (Sila and
Koren, 2010). In addition, there are evidences of natural colonization
of Western Italian Alps from wild boars coming from Slovenia in the
1950s and 1960s of the past century (Monaco et al, 2007). Thus,
it should be important that future management of Slovenian and
Italian subpopulations include authorities of both countries.

Can humans manage wild boars or do we need another glaciation?
Recent studies are unanimous in stating that human actions might
have a strong impact on the demography but a limited impact on the
genetic make-up of the European wild boar (Scandura et al., 2008,
2011b; Vilaga et al., 2014; Velickovi¢ et al., 2015), despite the existing
evidence of introgression of domestic gene pool into wild boar
populations (Koutsogiannouli et al, 2010; Goedbloed et al, 2013)
and from wild boar into domestic stocks (Frantz et al., 2015). There is
a growing body of evidence that patterns of genetic diversity and
structure of wild boar in Europe have mostly been shaped by
Quaternary climate fluctuations (Scandura et al., 2008; Vilaga et al.,
2014; VeliCkovi€ et al., 2015). This does not mean that human actions,
such as long-distance translocations, overhunting or hybridization
with domestic pig breeds, do not interfere with the gene pools
of European wild boar subpopulations. However, these actions seem
to be relevant mostly on a local scale. On the other hand, the evidence
of recent bottleneck reported here is probably related with human-
mediated and widespread population decline across Europe, in the
beginning of the past century. However, the structure and migration
patterns of wild boar populations are consistent with a ‘refugia within
refugia’ theory (Gomez and Lunt, 2007; Feliner, 2011) and, this way,
preserve the genetic signature of more ancient events.

The population genetic structure and genetic diversity of wild boars
in Europe we detail here provides unique information for the
development of management strategies aimed to maintain the highest
possible level of genetic variation across the species distribution.
Particular attention should be paid to locally isolated subpopulations
such as Castelporziano, Sardinia, Littoral Slovenia, North-western Iberia
and South Portugal. Smaller, less diverse and peripheral subpopulations
are probably more susceptible to the effect of maladaptative hybridiza-
tion with domestic stocks (Lowe et al, 2015). In conclusion, each
defined subpopulation should be managed in an integrative way,
embedded on the concept of cross-border management plans. Despite
the limited overall impact confirmed by the present study, wild boar
management in Europe should avoid translocations, because of not
only genetic concerns, but also sanitary concerns as wild boar is a well-
known tuberculosis vector and carrier of other infectious diseases.
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