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Abstract

The European roe deer (Capreolus capreolus) is one of the most numerous and widespread
ungulate species in Europe, which has complicated the assessment of its genetic diversity on a
range-wide scale. In this study, we present the mitochondrial DNA control region (mtDNA CR)
genetic diversity and population structure of roe deer in Europe based on the analyses of 3010
samples, which were described as European roe deer individuals. Our analyses revealed two
main diversity hotspots, namely Eastern and Central Europe. We proposed that these hotspots
result from the Siberian roe deer (C. pygargus) mtDNA introgression and the secondary contact
of mtDNA clades, respectively. Significantly lower values of genetic diversity (nucleotide and
haplotype diversity) were recorded in the peripheral areas of the species’ range, including the
southernmost parts of the Last Glacial Maximum (LGM) refugial areas. Roe deer population in
Europe consists of 2-3 genetic groups according to SAMOVA, and 15-16 clusters identified by



GENELAND. The main driver of roe deer population structure in the eastern parts of the
continent has been introgression of mtDNA of C. pygargus. Spatial genetic analyses revealed a
complex structure of roe deer on a pan-European scale, which presumably results from post-
glacial recolonization of the continent from various parts of a large LGM refugial area by
different roe deer mtDNA clades and haplogroups.

Keywords: European roe deer, Introgression, Diversity, mtDNA, Control region

Introduction

The European roe deer (Capreolus capreolus) is a numerous and widely distributed ungulate
species in Europe (Andersen et al. 1998; Lovari et al. 2016), occurring throughout the Western
Palaearctic region, from the Iberian Peninsula eastwards to the Volga river and from
Fennoscandia to southern Greece. It is also recorded in Turkey, Syria, Iran, and Iraq (Lovari et
al. 2016). In Eastern Europe (the VVolga—Don rivers region in Russia) the range of European roe
deer overlaps with that of its sister species—the Siberian roe deer (C. pygargus) (Danilkin 1996,
2014).

Roe deer have been present in Europe for at least 600,000 years (Sommer et al. 2009) and
throughout that period its population size has changed in time and space. During the Last Glacial
Maximum (LGM, 26-19 Ka BP; Clark et al. 2009), roe deer survived in a large refugial area
stretching from the Iberian Peninsula and southern France, to the Apennine Peninsula and the
northern parts of Italy, the Balkan and the Carpathian regions, the northern shores of the Black
Sea, as far as the Caucasus Mts. (Barros et al. 2020; Lorenzini et al. 2014; Plis et al. 2022; Randi
et al. 2004; Sommer et al. 2009). After the LGM roe deer spread from refugia to most European
countries and even to the northern parts of the continent, including the then existing
Doggerland—a land bridge between the British Isles, Scandinavia, and mainland Europe. In
recent centuries roe deer have been affected by hunting, which probably caused extinctions of
local populations (e.g., in southern parts of the British Isles in the sixteenth century: Baker and
Hoelzel 2013; in Scandinavia in the nineteenth century: Randi et al. 2004). The local extinctions
of Finnish roe deer during the Little Ice Ages of the seventeenth and eighteenth centuries suggest
that climate fluctuations continued to impact demography of the species throughout the Holocene
(Pulliainen 1980). Population restoration occurred in many places due to natural processes (the
Scandinavian Peninsula: Thulin 2006) as well as reintroductions (the British Isles: Baker and
Hoelzel 2013; Finland: Pulliainen 1980, Helle 1996).

Demographic processes are important in population genetics and can influence various
parameters such as genetic drift (Caballero 1994) or effective population size (Kimura 1955;
Wright 1931). This can directly affect genetic diversity, which is one of the basic parameters
describing the evolutionary status and condition of a population (Clark 2001). Species and
populations that hold higher genetic variation can be better adapted to different environments



and have a greater potential to recover after population declines (Woodruff 2001). High
population genetic diversity is more likely in common species due to a combination of factors,
such as larger local population sizes and higher levels of gene flow (Hague and Routman 2016).
Although roe deer is widely distributed species in Europe, not many studies have evaluated its
genetic diversity on a range-wide scale. Previous analyses of incomplete mitochondrial DNA (D-
loop or cytochrome b) revealed three clades among the European roe deer (Lorenzini et al. 2014;
Plis et al. 2022; Randi et al. 2004) with a further subdivision into haplogroups, often
geographically separated (Baker and Hoelzel 2014; Barros et al. 2020; Gentile et al. 2009; Mucci
et al. 2012; Plis et al. 2022; Tsaparis et al. 2019). Studies which included the eastern part of the
continent, revealed a wide area, where hybridization between Siberian and European roe deer led
to introgression of the Siberian mtDNA into European roe deer populations (Lorenzini et al.
2014; Markov et al. 2016; Matosiuk et al. 2014; Olano-Marin et al. 2014; Zvychaynaya et al.
2013). The causes of this introgression are still under debate, but most probably both natural
processes (long-term overlapping of the ranges of these two species, Matosiuk et al. 2014) and
translocations of Siberian roe deer to Eastern Europe (Kashinina et al. 2018; Olano-Marin et al.
2014) resulted in the observed phylogenetic pattern. Matosiuk et al. (2014) stated that
introgression of mtDNA did not play any adaptive role in roe deer populations, but it affected the
genetic diversity of roe deer in Eastern Europe.

Most of the genetic studies concerning roe deer were performed at regional scales e.g. in Great
Britain (Baker and Hoelzel 2014), Slovenia (Buzan et al. 2020, 2022), Poland (Matosiuk et al.
2014; Olano-Marin et al. 2014), Italy (Gentile et al. 2009; Mucci et al. 2012), Germany
(Steinbach et al. 2018), Hungary and Bulgaria (Markov et al. 2016), Spain and Portugal (Barros
et al. 2020; Royo et al. 2007). Although all these studies quantified genetic diversity of roe deer
as high in local populations, an integrative assessment of genetic diversity pattern across the
whole species range is still missing. According to our previous study, (Plis et al. 2022) there are
contact zones of European and Siberian mtDNA lineages in the Central and Eastern part of the
continent, as well as three clades and several haplogroups of C. capreolus. Based on those
results, we hypothesised that the highest mtDNA genetic diversity of roe deer would occur in
Central and Eastern Europe. To test this hypothesis, we evaluated the genetic diversity across the
whole range of the European roe deer.

The objectives of the study were to: (1) describe the mtDNA diversity and its spatial pattern in
roe deer throughout the species’ range in Europe; and (2) determine the population genetic
structure of roe deer and define the factors affecting it.

Materials and methods

We analysed a fragment of the mtDNA control region (610 bp) of 3010 roe deer individuals. All
1469 sequences were obtained from our previous study (Plis et al. 2022) and combined with
1541 sequences available in GenBank and published by other authors (Baker and Hoelzel 2013,
Biosa et al. 2015; Gentile et al. 2009; Lorenzini et al. 2014; Randi et al. 2004; Royo et al. 2007;
see Supplementary Table S1). The study area ranged from Portugal to the European part of



Russia (6°35” W—43°23’ E) and from Greece to Finland (38°44° N—67°42 N). All samples were
divided into 14 demes according to their spatial distribution (demes 1-14, Fig. 1). Number of
samples in each deme varied from 24 (western France, deme 2) to 665 (central-northern Italy,
deme 6) (Table 1).

The sequences were aligned against a reference sequence of European roe deer (GenBank
accession number AY625869.1), manually edited in BioEdit v.7.0.5.3 and assigned to haplotypes
using Arlequin 3.5.1.3 software (Excoffier and Lischer 2010). All haplotypes were also checked
in NCBI Basic Local Alignment Search Tool (BLAST) to confirm their confirm their assignment
to C. capreolus or C. pygargus mtDNA lineage. All haplotypes were analysed in MEGA7
(Molecular Evolutionary Genetics Analysis version 7.0 for bigger datasets; Kumar et al. 2016) to
create a phylogenetic tree that would assign them to one of two roe deer lineages: the European
(Cc) or the Siberian roe deer (Cp) (for details see Plis et al. 2022). In further analyses, three sets
of data were used: all roe deer samples (N=3010), the subset composed of individuals assigned
to the European (C. capreolus) mtDNA lineage (N=2744), and the subset composed of
individuals assigned to the Siberian (C. pygargus) mtDNA lineage (N =266). We used Arlequin
3.5.1.3 software to calculate the following genetic diversity indices for each of the demes:
number of unique haplotypes (h), number of segregating (polymorphic) sites (S), haplotype
diversity (Hd), nucleotide diversity (). The average number of pairwise nucleotide differences
(k) was calculated in DnaSP 6 (Rozas et al. 2017). Additionally we included index B (Levins
1968) to express the diversity of haplotypes, using the formula B=1/>pi? where p; is the
proportion of samples with haplotype i in a deme. The minimum value of index B is 1, and its
upper bound is equal to the number of haplotypes in the sample.

In the next step, nucleotide diversity, average number of pairwise differences, haplotype
diversity and index B calculated for each of the demes were extrapolated on the area of whole
Europe to reflect the spatial gradient of mtDNA diversity of roe deer in the continent. We used
the Multilevel B-Spline Interpolation method implemented in the System for Automated
Geoscientific Analyses (SAGA) in QGIS 3.10.14 (QGIS Development Team 2020), which
predicts values to unknown points by multivariate interpolation of a known set of scattered
points.

The population genetic structure of roe deer in Europe was investigated using two clustering
methods. First, we used the spatial analysis of molecular variance, implemented in the software
SAMOVA 1.0 (Dupanloup et al. 2002), which calculates genetic structure based on the genetic
data and the a priori defined geographical locations representing maximum number of groups
(K). We ran SAMOVA for values of K from 2 to 14. To make sure that the results were
consistent between runs, we ran the analyses twice for each K-value. Second, we analysed
population genetic structure using a Bayesian model executed in a Markov chain Monte Carlo
(MCMC) scheme and implemented in the GENELAND, a computer package for landscape
genetics (Coulon et al. 2006; Guedj and Guillot 2011; Guillot et al. 2005). GENELAND offers
the opportunity to identify genetic clustering and to infer what influence the spatial pattern has
on the population structure (Coulon et al. 2006). It is commonly used in studies, where spatial



aspect plays an important role. GENELAND attempts to maximize Hardy—Weinberg and linkage
equilibrium and uses MCMC to estimate the number of clusters (K). The spatial location of
individuals are incorporated to elucidate the influence of geographic spread on e.g., gene flow,
history of demographic and spatial changes. The number of clusters in our study was determined
by running the MCMC iterations 50 times, allowing K to vary from 1 to 10, with the following
parameters: 1 000 000 MCMC iterations, maximum rate of the Poisson process equal to the
number of used samples, uncertainty attached to the spatial coordinates fixed at 5 km, maximum
number of nuclei in the Poisson—Voronoi set as a triple value of the number of used samples
(9030 for all roe deer samples and 8232 for the European lineage subset, respectively). To assess
the population structure irrespective of geographical coordinates, and hence provide a more
reliable, independent overview of genetic clusters, we performed PCA analyses in the adegenet
package (Jombart 2008) and visualized the results with the ggplot2 package (Wickham 2016) in
R ver. 4.1.3 software (R core team 2021).

For the genetic groups defined by the SAMOVA and GENELAND programmes, we calculated
pairwise FST values (Wright 1965) as a measure of population differentiation based on genetic
structure in Arlequin 3.5.1.3 software, and created the heatmap in the R statistic software 4.1.3
with the qgplot2 package. To evaluate possible models of expansion, we performed two
neutrality tests in DnaSP: Tajima’s D (Tajima 1989) and Fu’s Fs (Fu 1997). We also used
mismatch distribution with the sudden expansion model and goodness-of-fit tests (sum of
squared deviation — SSD; Harpending’s raggedness index R) calculated in Arlequin 3.5.1.

Results

Genetic diversity and its spatial pattern in roe deer population across the Europe

Most of the roe deer samples (91%) belonged to the European mtDNA lineage (Table 1).
Samples assigned to the Siberian lineage were present in 6 out of 14 demes, mainly in Central
and Eastern Europe (demes 8, 9, 11, 12, 13 and 14; Fig. 1). Among all analysed sequences, we
identified 327 haplotypes with 95 polymorphic sites. The highest number of roe deer haplotypes
(87) was detected in Central Europe (deme 10). The lowest number of haplotypes, and
polymorphic sites were found in southern England (deme 3; Table 1). The highest number of
haplotypes belonging to the Siberian lineage occurred in deme 13 in Eastern Europe, covering
the territory of Belarus, Lithuania, Latvia, and the European part of Russia. In demes where both
Siberian and European lineages occurred, the number of polymorphic sites was higher than in
those where only the European lineage occurred (Table 1).

Haplotype diversity was high among all roe deer samples (Hd=0.98), while the nucleotide
diversity was moderate (z=0.015; Table 1. Values for the Siberian lineage were lower than
those for the European one (Hd=0.83 vs. 0.98; #=0.010 vs. 0.011, respectively; Table 1). The
highest haplotype diversity among all roe deer individuals inhabiting Europe was detected in the
central part of the continent: from north-western Poland through the Czech Republic, and Austria
to Slovenia and the northern Balkan peninsula to south-western Ukraine (demes 9 and 10,



Hd = 0.98), while the lowest value was found in the northern Great Britain (deme 4, Hd = 0.66).
The similar spatial pattern of highest and lowest values was observed for the European lineage
subset (Table 1). The haplotype diversity of the Siberian lineage ranged from 0.83 (deme 14) to
0.60 (deme 9).

Nucleotide diversity in all roe deer peaked in the eastern parts of the continent (demes 13 and 14,
7=0.024 and 0.025, respectively; Table 1, Fig. 2). In the European lineage subset, the highest
values were found in Central Europe (demes 9, 10, and 12; Fig. 2). For both datasets, the lowest
values were detected in southern Italy (deme 7, 7= 0.004).

The average number of pairwise differences among all roe deer was 9.05, while in the European
and the Siberian lineages the difference values were 6.04 and 5.80, respectively (Table 1).
Among all roe deer the highest value of this parameter was recorded in Eastern Europe (deme
14, k=15.29; Fig. 2). In both subsets, the European and the Siberian lineage, the highest values
were found in South-Eastern Europe (southern Ukraine, Romania, southern Hungary, Serbia, and
Croatia; deme 9, k=6.57 and k=10.21 respectively; Table 1, Fig. 2). The lowest number of
pairwise differences occurred in southern Italy (deme 7, k=2.15, Table 1, Fig. 2). In the Siberian
lineage, the lowest value was found in North-Eastern Europe (deme 13, k=2.95).

Index B of diversity for all individuals and for the European lineage subset reached the highest
value in the central part of roe deer range (demes 9, 10 and 12; Fig. 2). The lowest values of the
index B for both datasets were recorded in northern Great Britain (deme 4, B=2.87, Table 1,
Fig. 2). Interestingly, in the Siberian lineage subset, the areas with the lowest (B=2.25) and
highest values (B =5.03) values were located close to each other (demes 9 and 14, respectively)
(Table 1).

Analysis of the spatial patterns of genetic diversity revealed that both all roe deer and the
European lineage subset reached the highest values of almost all diversity indices in the central
part of the continent (demes 9, 10, and 12; Fig. 2). The only exceptions were nucleotide diversity
and the average number of pairwise differences in the set of all individuals, which were low in
Western Europe and increased from central Poland towards the east (Fig. 2).

Genetic population structure and expansion processes

For roe deer inhabiting Europe, two genetic populations were identified with SAMOVA: SP1,
comprising individuals from northern, western, central and southern Europe (Fig. 3), and SP2 in
the eastern part of the continent (Fig. 3). The fixation index (Fst=0.361) between these two
populations was significant (p <0.001). When the Siberian lineage of roe deer was excluded,
SAMOVA indicated three genetic populations (S1-S3, Figs. 3 and S1), although suggestions for
11, 12 and 13 populations were almost as likely (see Figs. Sland S2). The range of S1 covered
almost all of Europe, except for individuals from southern Italy, which formed the second
population S2, and individuals from Bulgaria and Greece, which constituted the third population
S3. All roe deer samples that belonged to SP2, when the whole dataset was analysed, were now
included in one population S1. The highest value of pairwise Fst was between S2 and S3



(0.640), while the values between each of these populations and S1 were lower by about half
(S1-S2: 0.302; S1-S3: 0.301; p<0.001 in all cases).

PCA analyses grouped the roe deer samples by their phylogenetic origin. Most of the samples
were located in one panmixed population with a wide range of variation between individuals
(Fig. S3). It contained individuals belonging to the Central and Western clades (see Plis et al.
2022). Two clusters, which were located on the edges of the dataset, corresponded to the Eastern
clade and thesubspecies C.c.italicus (haplogroup C7 in the Central clade; Plis et al. 2022).
GENELAND indicated a more complicated genetic structure and spatial distribution of roe deer
populations defined by mtDNA determination. The whole dataset was divided into 16 or 15
genetic populations, while the European lineage subset was divided into 15 or 16 populations
(Figs. 3 and S4). Both divisions were characterized by a high level of admixture between
samples as well as low Fsr values between central and northern European populations
(populations 9, 10, 11, 12) and the rest of populations (Table 2, Fig. S5). Distinct genetic
populations were identified in the Iberian Peninsula, the British Isles, in Fennoscandia, Western
and Eastern Europe, the Apennine Peninsula, the Balkans, the Black Sea region, and the
Caucasus region. Genetic populations identified in the Iberian Peninsula (GP1, G1), Great
Britain (GP3, G3) and Fennoscandia (GP14, G13) were separated in the same way in both
analyses (including the whole data set and only the subset of European lineage) (Figs. 3 and S5).
Similar separation of genetic populations in the southern parts of Italy (GP6, G6) and Greece
(GP7, G7) was also indicated by the SAMOVA analyses (compare Fig. 3, 351-S3). This was
supported by the high and statistically significant values of Fst between each of them and the rest
of the GENELAND populations (Table 2, Fig. S5). Interestingly, GENELAND analyses of both
datasets (the whole dataset and the European lineage subset only) revealed three geographically
discontinuous populations (Fig. 3). One of them (GP14 or G13; Fig. 3) was divided between
western France and Fennoscandia. The second (GP2 or G2) and third (GP4 or G4; Fig. 3) one
were divided between Great Britain and the continental Western Europe.

The goodness-of-fit tests, which compared expansion model with the observed mismatch
distribution among individuals, showed evidence for demographic expansion in 7 out of 15
populations and spatial expansion in all populations of the European lineage defined by
GENELAND. v Fu’s FS tests confirmed the recent expansion (p <0.05) but Tajima’s D did not
(all p values > 0.05). Only three populations (2, 6 and 11) showed strong unimodal distributions
of the pairwise differences, which indicated one main expansion event in each case. All other
populations had multimodal distributions, which indicate multiple expansion events (data not
shown).

Discussion

Hot and cold spots of roe deer genetic diversity in Europe

Most of the European continent is inhabited by roe deer belonging to the European mtDNA
lineage, while the eastern part of the continent, harbours populations showing the evidence of



introgression of C. pygargus genes into the C. capreolus mtDNA genome (Plis et al. 2022; this
study). The overall haplotype diversity was high while the nucleotide diversity of roe deer in
Europe was moderate in comparison to other ungulate species from the Palearctic zone (Fig. S6).
Individuals possessing the mtDNA of the Siberian roe deer co-occur with those of the European
lineage in Eastern Finland, Lithuania, Estonia, Belarus, Ukraine, Russia, eastern regions of
Poland, Slovakia, Romania, and Hungary. The proportion of individuals with Siberian
haplotypes in roe deer population amounted to 80% in Western Russia (Zvychainaya et al. 2011).
In consequence, the nucleotide diversity and the average number of pairwise differences in roe
deer demes were highest in the eastern part of the continent. High nucleotide diversity estimates
in that region indicate that the C. pygargus mtDNA haplotype is rather divergent from C.
capreolus mtDNA.

Introgression between C. pygargus and C. capreolus has restored genetic diversity (i.e.,
haplotype diversity) to some extent, but apparently only marginally, because the populations at
either end of the contact zone were depleted and could exchange a limited number of haplotypes,
only. However, the highest values of the haplotype diversity and index B of diversity were
recorded in Central Europe and its vicinity (Poland, Ukraine, Slovakia, Czech Republic). This is
not only due to the presence of individuals with the Siberian mtDNA introgression, but mainly to
the overlapping distribution of the three main mtDNA clades (central, western, and eastern) of
European roe deer in this region (Plis et al. 2022). This is a novel finding, as previous studies
suggested the Balkan and the Iberian Peninsulas as the regions with the highest mtDNA genetic
diversity of European roe deer (Randi et al. 2004). We assume that Central Europe has been
colonized by roe deer from different refugia where the species survived the LGM. A similar
genetic pattern was recently reported in a phylogeographic study on wild boar (Sus scrofa) in
Central and Eastern Europe (Niedziatkowska et al. 2021). As palaeontological and
phylogeographic studies indicate, refugia for large ungulates were not only located in the
southernmost part of the continent, but also in the Carpathian region and the around the Black
Sea (Doan et al. 2021; Plis et al. 2022; Sommer and Nadachowski 2006).

In contrast, the remnant populations of the species occurring in the geographically isolated
southernmost areas of Italy, Greece and the northern parts of Great Britain had very low values
of the diversity indices. Low values of these parameters were also found in Fennoscandia and the
peripheral parts of Eastern Europe. The situation in Fennoscandia can be explained by the
founder effect, as roe deer recovered there after a significant bottleneck (Randi et al. 2004). In
the case of Eastern Europe, the low values of the genetic indices might be due to the low
densities of the species and the strong dominance of the one (Siberian) mtDNA lineage.

Spatial genetic structure of roe deer population in Europe

At a macrogeographic level, previous studies did not define any structuring among roe deer in
Europe, except for the subspecies C. c. italicus in southern Italy (Mucci et al. 2012; Vernesi et al.
2002). Moreover, Tsaparis et al. (2019) pointed out that roe deer in southern Greece are
significantly different from the mainland populations, while Barros et al. (2020) revealed



distinctiveness of the westernmost parts of Spain. In the Iberian Peninsula, there were signs of
admixture from the Central parts of Europe, while the Italian and Greek populations are most
probably endemic ones that did not spread from their LGM refugia. Similar endemic populations
in the southernmost areas of the continent were found in wolves (e.g. Stronen et al. 2013), red
deer (Doan et al. 2021) and wild boar (Niedziatkowska et al. 2021; Velickovi¢ et al. 2015).

The results of our analyses (performed in SAMOVA software) were similar for both datasets.
First, we noted the basic division into two clusters/groups: one dominated by specimens of the
Siberian mtDNA lineage and another belonging to the European lineage. When only the
specimens of the European lineage were considered, the two smaller clusters (southern Italian
and southern Greek) were separated from the third, large roe deer cluster covering most of the
Europe.

Division obtained in PCA analyses allowed to assess population structure irrespective of
geographical localizations of the populations. It revealed the basic phylogenetic structuring of
the roe deer population (see Plis et al. 2022). As could be expected, most of the individuals in the
SAMOVA population S2 and S3 fell into their respective phylogenetic clusters in PCA plot: S2
from southern Italy into PCA cluster grouping C.c.italicus, and S3 from the southern Balkans
and Greece (the region inhabited almost exclusively by the Eastern clade)—into PCA cluster
containing Easten clade roe deer.

Further analyses in GENELAND confirmed the distinctiveness of the "Siberian”, Italian, and
Greek populations, and revealed also a higher resolution of the genetic structure of roe deer in
Europe. First, we found more such local (“endemic™) genetic populations, which have limited
ranges and, more importantly, a high proportion of only one or two genetic haplogroups (comp.
Plis et al. 2022), which are hardly found elsewhere (see Fig. 3 lower panel: population G15 along
northern shore of the Black Sea; G14 in Lithuania, Belarus, and western Russia; G1 in the
Iberian Peninsula and G3 in Great Britain). Second, we recorded several highly diverse
populations in Central Europe, resulting from post-glacial recolonization by roe deer, with
different proportions of individuals belonging to the three main mtDNA clades (Western, Central
and Eastern). Finally, the GENELAND analysis identified some relocation events that gave rise
to new populations (see below).

Interestingly, the results of our analysis at the continental scale are consistent with those of
studies conducted at a regional scale. Buzan et al. (2020) found that roe deer in Slovenia are
divided into three genetic populations inhabiting separate areas in the north-eastern, central, and
south-western parts of the country. This division, supported by microsatellite analysis, was
explained by the presence of natural barriers (mountain ridges, coastal areas) as well as
anthropogenic barriers (urban areas, highways). In this area, we identified the same genetic
pattern (populations G4, G5 and G10; see Fig. 3) and showed similarities between the Slovenian
populations and roe deer inhabiting the neighbouring countries. Moreover, our GENELAND
analyses confirmed the division of the Italian roe deer into a northern and southern population
(G5, G6), already described by Gentile et al. (2009) and Mucci et al. (2012). In addition, we
detected three populations in British roe deer, which is in line with previous findings by Baker



and Hoelzel (2013). Introduced populations in southern Great Britain (G2 and G4) were
separated from the population inhabiting central and northern areas (G3). The latter one is a
remnant of the autochthonous Scottish population that survived the bottleneck and recolonised its
former range (Baker and Hoelzel 2013). In addition, we were able to show genetic connections
between the introduced populations in Great Britain and roe deer inhabiting their ancestral
regions in Germany, where they were translocated from (Baker and Hoelzel 2013). Similarly, the
roe deer in Finland, which originated from natural spread and specimens translocated from
Sweden, also formed a genetic unit with its source population (see Fig. 3). However, it must be
kept in mind that for a complete picture of the genetic population structure of roe deer in Europe,
a large spatial gap in data in some areas (see e.g., in France and the Benelux countries) needs to
be filled.

The discrepancy between the genetic structures revealed by the PCA, SAMOVA and
GENELAND analyses can be explained by the different approaches of the programmes. PCA is
not taking into account the geographical location of samples, SAMOVA considers a priori
defined populations (in our study according to their geographical location), while GENELAND
infers the number of populations by integrating geographical and genetic information from each
of the analysed individuals separately. The last approach is better when individuals are
genetically structured as a cline (Jombart et al. 2008), and such a model fits the roe deer
population in Europe, where the frequencies of different mtDNA lineages, clades and
haplogroups have gradually changed across the continent (comp. Plis et al. 2022).

The performed neutrality as well as demographic and spatial expansion tests gave contradictory
results, so they were not conclusive. Probably this is an effect of panmixia of roe deer from
different source populations and overlap of various demographic processes, which took place in
the studied populations in the past.

Conclusions

The roe deer population in Europe is genetically very diverse, with the genetic hotspot occurring
in the central parts of the continent. The genetic diversity of the species and its structure has been
strongly shaped by the processes of introgression of the Siberian roe deer mtDNA into the
population of the European roe deer, which affected mostly the eastern part of the continent. The
high level of genetic diversity among European roe deer (C. capreolus) populations in Central
Europe is the result of the recolonization of the continent by roe deer from different geographical
regions in the post-glacial period. The low diversity of the peripheral populations is the result of
a significant bottleneck in the past (e.g., at the British Isles) or isolation in the former
southernmost LGM refugia. By combining genetic and geographical information, we were able
to define the detailed internal structuring of the European roe deer populations, which had
largely been shaped by natural processes in the species historical demography. High population
numbers, wide distribution of the species, relatively rare translocation events and in many areas
moderate interest in trophy hunting, have meant that roe deer have not been seriously affected by
human-induced changes in their genetic composition compared to for example red deer



(Niedziatkowska et al. 2011). However, the role of natural processes versus translocations in the
introgression of the Siberian mMtDNA genes to the European roe deer populations needs further
studies.
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Figures

Fig. 1 Distribution of roe deer (Capreolus capreolus) samples analysed in this study divided into
14 demes in Europe. Black dots and triangles—individuals belonging to the European mtDNA
lineage: grey dots—individuals assigned to the Siberian lineage (see Plis et al 2022). The
analysed samples covered the whole modern range of the species in Europe

Fig. 2 Pan-European spatial pattern of the molecular diversity indices of roe deer (Capreolus
capreolus), calculated for the whole dataset (including individuals belonging to both the
European and the Siberian mtDNA lineages) and individuals belonging to the European mtDNA
lineage only. Numbers show values for the 14 demes (see Fig. 1 and Table 1)

Fig. 3 Genetic populations of roe deer (Capreolus capreolus) in Europe, indicated by the
SAMOVA (upper panel) and GENELAND (lower panel) analysis of the whole dataset
(including individuals belonging to both the European and the Siberian mtDNA lineages), left-
side panels), and the European lineage only (right-side panels)
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Tables

Table 1 Molecular diversity indices in 14 demes of European roe deer (Capreolus capreolus)

| Deme || Geographical name || n || H || S || Hq || 11 || k || B |
1 Iberia || 179 ]| 17 ][ 20 ][0.88] 0.010] 6.11 || 8.23 |
L2 | SW France | 24 || 7 ] 11 ]0.86]0.006] 3.78 || 5.65 |
3 | Southern Great Britain | 122 || 5 ] 10 ][0.71]/0.005]| 3.09 || 3.34 |
4 | Northern and Central Great Britain || 191 || 20 || 14 |[0.66] 0.006 ] 3.44 || 2.87 |
| 5 | Germany || 116 || 43 ]| 30 ][0.96] 0.007 ] 4.07 |[20.83]
| 6 | Northern Italy || 665 || 35 || 37 |[0.88]/0.008 ] 5.11 || 7.89 |
|7 ] Southern Italy | 82 || 11 || 18 ||0.69| 0.004 | 2.15 | 3.17 |
8 | 118 || 31 | 42 |[0.94] 0.008 || 4.73 || 13.90 |
Southern Balkans [117 ][ 30 ][ 31 |[0.94][0.007 || 4.42 |[13.68]
8 Cp ES T I
9 | 303 || 72 | 52 ||0.98][ 0.014 || 8.03 || 35.42 |
Northern Balkans [ 290 || 69 |[ 37 |[0.97][0.011] 657 |[33.22]
[ 9cp | [ 13 |[ 3 ][ 19][0.60][0.017][10.21 ] 2.25 |
| 10 | Central-Western Europe | 340 || 87 || 43 |0.98] 0.010] 5.91 | 36.42|
11 | 200 || 21 | 31 |l0.74][ 0.005 || 3.29 || 3.76 |
Fennoscandia [199 || 20 |[ 18 JJ0.74][0.005 |[ 3.10 |[ 3.73 ]
11 Cp ES T I
12 | 371 || 84 | 61 |[0.97] 0.022 || 13.12 || 29.66 |
Central-Eastern Europe [ 276 || 76 | 45 J[0.97] 0.010] 6.36 |[33.21]
12Cp | 95 || 8 | 22 ]0.75][0.011] 6.39 || 3.85 |
13 | 244 || 34 | 48 ||0.85] 0.024 | 1451 650 |
North-Eastern Europe [ 119 ][ 18 ][ 29 |[0.65][0.002] 5.67 |[ 2.79 |
13Cp | 125 || 16 || 29 |[0.75] 0.005 || 2.95 | 3.83 |
14 | 55 || 20 | 46 ||0.91]0.025 | 15.29] 9.36 |
South-Eastern Europe [ 24 |[ 8 ][ 13][0.80]0.005] 3.09 | 4.36 |
[14Cp | [ 31 | 12 |34 JJo.83][0.014 [ 837 |[ 5.03 ]
Total 3010 || 327 || 95 | 0.98] 0.015 || 9.05 |/ 60.73 |

[ 2744 299 || 84 J[0.98][0.011 | 6.40 |[54.95]
Cp | 266 || 28 | 41 | 0.83][0.010] 5.80 || 5.82 |

For demes, where introgression of the Siberian roe deer (C. pygargus) mtDNA into the European roe deer
was detected, the values are also given separately for the groups of individuals belonging to the European
(Cc) and the Siberian (Cp) lineages (number of samples n, h number of haplotypes, S humber of
polymorphic sites, Hd haplotype diversity, = nucleotide diversity, k average number of nucleotide
differences, B Levins’ index of diversity). Values inside the table, marked with italics correspond to the
results calculated for the Siberian roe deer lineage only. See Fig. 1 for the location of demes



Table 2 Pairwise Fst values estimated for thel6 genetic populations identified by GENELAND, where both roe deer lineages
(Siberian and European) were included (values above diagonal), and for the 15 populations with the European lineage, only (values
below diagonal)

‘ Genetic populations ‘

|
~ iz s+l s o[ s ] [w]ulfw|ns]u]s]n
1| | 0.314 ] 0.322 | 0.216 || 0.246 || 0.514 | 0.319 || 0.346 || 0.166 || 0.120 || 0.216 || 0.170 || 0.265 || 0.267 || 0.315 || 0.285 |
| 2 o024 | 0.383 | 0.229 | 0.289 | 0.731 || 0.693 | 0.574 || 0.256 || 0.161 | 0.273 || 0.142 || 0.264 || 0.305 || 0.363 || 0.370 |
| 3 | 0322] 0330 | 0.246 | 0.305 || 0.671 || 0.525 || 0.432 | 0.245 || 0.186 || 0.263 | 0.234 || 0.293 || 0.387 | 0.341 | 0.366 |
| 4 | 022601820273 | 0.129 | 0.420 || 0.410 || 0.366 | 0.167 || 0.077 || 0.221 | 0.091 || 0.136 || 0.198 || 0.308 || 0.205 |
| 5 ]|0.244] 0.241 ] 0.302 | 0.133 | | 0.216 || 0.413 || 0.377 || 0.214 || 0.135 || 0.275 || 0.182 || 0.240 || 0.246 || 0.371 || 0.246 |
| 6 ] 0487 0607 | 0639 | 0.401 | 0.188 | | 0.787 || 0.646 || 0.482 || 0.447 | 0.366 || 0.495 || 0.614 || 0.701 || 0.417 || 0.520 |
| 7 | 03420612 05201 0439 | 0.415 | 0.718 || | 0.188 || 0.245 | 0.329 || 0.189 || 0.411 | 0.535 || 0.643 || 0.257 || 0.403 |
| 8 | 03220489 0.401] 0.368 | 0.348 | 0.600 || 0.158 | | 0.195 | 0.309 || 0.211 || 0.400 || 0.467 || 0.576 || 0.287 || 0.405 |
| 9 | 0.60 | 0.215 | 0.236 || 0.185 || 0.209 || 0.447 || 0.235 || 0.147 | | 0.072 | 0.192 || 0.141 || 0.208 || 0.229 || 0.299 || 0.249 |
| 10 | 0103 0.173 | 0.170 | 0.115 ][ 0.143 || 0.402 || 0.249 || 0.181 | 0.037 | | 0.196 || 0.025 || 0.116 || 0.100 || 0.303 || 0.197 |
| 11 | 0.169 | 0.076 || 0.222 || 0.104 || 0.173 | 0.458 || 0.430 || 0.361 | 0.132 | 0.067 || | 0.216 | 0.214 || 0.270 || 0.043 || 0.090 |
| 12 |l 0.250 || 0.165 || 0.270 | 0.136 || 0.225 || 0.550 || 0.528 || 0.429 || 0.196 | 0.135 | 0.082 | | 0.097 || 0.091 || 0.314 || 0.211 |
| 13 |/ 0.273 ] 0.205 || 0.398 | 0.215 || 0.248 || 0.677 | 0.659 || 0.563 | 0.234 | 0.182 || 0.007 || 0.241 | | 0.261 || 0.207 || 0.208 |
| 14 ] 02200430 || 0.317 | 0.299 || 0.310 || 0.543 | 0.185 || 0.165 || 0.171 | 0.138 || 0.289 || 0.343 | 0.448 || | 0.354 || 0.348 |
| 15 |l 0.344 | 0.353 || 0.424 | 0.240 || 0.269 | 0.626 | 0.635 | 0.519 | 0.298 | 0.238 | 0.241 | 0.268 | 0.460 | 0.428 | | 0.161 |

Distribution of the populations is shown in Fig. 3. All values were statistically significant
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Figure S1: Results of the spatial analysis of molecular variance performed in the SAMOVA
software showing the genetic affinity between samples of roe deer (Capreolus capreolus) in
predefined demes (14 local populations) in Europe for K = 2 — 13. Analyses were run including
all samples (assigned to the European and the Siberian lineages of mtDNA; solid line) and to the
European mtDNA lineage only (dashed line). Values of fixation indices Fsc (among populations,
within groups), Fst (among populations) and Fcr (among groups) are presented in the table

below graph.



Figure S2: Genetic structure of roe deer (Capreolus capreolus) in Europe, based on SAMOVA
analyses including data on the European mtDNA lineage, only. The maps present the divisions
into 11 (upper panel), 12 (middle panel) and 13 genetic populations (lower panel). Dots — own
data; triangles — literature data.
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Figure S3: Division of the European roe deer (Capreolus capreolus) into three genetic
populations (S1-S3) by SAMOVA (upper panel) and the PCA analyses (lower panel). The colour
of the samples in the lower panel corresponds to the assignment of the individuals to one of the
SAMOVA populations (S1-S3). The phylogenetic information on the PCA clusters after Plis et
al. (2022).



Figure S4. Genetic structure of roe deer (Capreolus capreolus) in Europe, based on the second
most probable number of genetic populations indicated by the GENELAND analyses. Upper
panel: division into 15 genetic populations including all samples (the European and the Siberian
lineages of mtDNA). Lower panel: division into 16 genetic populations including the samples
assigned to the European mtDNA lineage only. Dots — own data; triangles — literature data.
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Figure S5: Pairwise Fst heatmap with values estimated for the 16 genetic populations identified
by GENELAND, where both roe deer lineages (Siberian and European) were included (upper
panel), and for the 15 populations with the European lineage only (values bottom panel).
Distribution of the populations is shown in Fig. 3. All values were statistically significant.
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Figure S6: Comparison of haplotype and nucleotide diversity values among roe deer and other
ungulate species from the Palearctic zone. Values of roe deer molecular indices were taken from
this study, while those for the other species from literature (moose N=14: Niedziatkowska et al.
2014; red deer N=24: Hmwe et al. 2006, Krojerova-Prokesova et al. 2015, Niedziatkowska et al.
2011, Pérez-Espona et al. 2008; wild boar N=25: Niedziatkowska et al. 2021, Velickovic et al.
2014). The median is represented by the line in the box, the interquartile range box represents the
middle 50% of the data, the whiskers represent the ranges for the bottom 25% and the top 25%
of the data values, excluding outliers. Outliers are identified by points out of the ranges of
whiskers.
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Table S1: Information about literature data used in analyses of mtDNA diversity of European roe deer (Capreolus capreolus) in Europe.

Reference Study area Number of - Number of GenBank accession numbers
samples haplotypes
2Bglf§r and Hoelzel - ited Kingdom 313 27 JX971589 — JX971615
Biosa et al. 2015 Italy 252 35 KM873736 — KM873758
Gentile et al. 2009 Italy 101 24 EU600294 — EU600317
Lorenzini et al. 2014  Europe (Italy, Austria,
Ukraine, Denmark, KF700100 — KF700111,
France, Greece, Sweden, 245 37
Romania, Spain, Poland, KF724414 — KF724455
Lithuania)
Randi et al. 2004 Europe 648 81 AY625732 — AY625892
Royo et al. 2007 Spain 108 31 DQ114745 - DQ114784,

DQ384640 — DQ384708




Table S2: Pairwise Fst values estimated between pairs of 14 demes of European roe deer (Capreolus capreolus). Above diagonal: Fst values for
the whole data set (both the Siberian and the European mtDNA lineages); below diagonal: Fst values for the subset of European mtDNA lineage,

only. Distribution of the demes is presented in Figure 1.

Demes

1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 0.219 0.347 0.331 0.233 0.250 0.474 0.363 0.175 0.146 0.273 0.141 0.255 0.353
2 0.219 0.284 0.348 0.096 0.195 0.610 0.541 0.202 0.072 0.105 0.095 0.409 0.359
3 0.347 0.284 0.346 0.092 0.284 0.638 0.610 0.277 0.178 0.251 0.138 0.500 0.396
4 0.331 0.348 0.346 0.269 0.291 0.625 0.474 0.227 0.173 0.323 0.180 0.347 0.420
5 0.233 0.096 0.092 0.269 0.178 0.526 0.522 0.177 0.056 0.062 0.047 0.403 0.259
6 0.250 0.195 0.284 0.291 0.178 0.176 0.408 0.200 0.122 0.206 0.159 0.335 0.251
7 0474 0.610 0.638 0.625 0.526 0.176 0.640 0.415 0.385 0.573 0.407 0.556 0.594
8 0.363 0.541 0.610 0.474 0.522 0.408 0.640 0.194 0.342 0.572 0.333 0.185 0.598
9 0.175 0.202 0.277 0.227 0.177 0.200 0.415 0.194 0.084 0.214 0.080 0.192 0.295
10 0.146 0.072 0.178 0.173 0.056 0.122 0.385 0.342 0.084 0.075 0.014 0.248 0.214
11 0.273 0.105 0.251 0.323 0.062 0.206 0.573 0.572 0.214 0.075 0.104 0.452 0.322
12 0.141 0.095 0.138 0.180 0.047 0.159 0.407 0.333 0.080 0.014 0.104 0.243 0.225
13 0.255 0.409 0.500 0.347 0.403 0.335 0.556 0.185 0.192 0.248 0.452 0.243 0.471
14 0.353 0.359 0.396 0.420 0.259 0.251 0.594 0.598 0.295 0.214 0.322 0.225 0.471




Table S3: Statistics of sudden demographic and spatial expansion model fit for 15 populations of the European lineage of roe deer described by
two parameters: sum of squared deviations (SSD) and Harpending’s raggedness index (Ragg). Values of Tajima’s D and Fu’s Fs tests were
marked with statistical significance levels (*p < 0.05; **p < 0.01). P-value for test of the SSD model validity and Ragg test of goodness-of-fit

are included in the brackets.

Demaographic expansion

Spatial expansion

Population Tajima’s D Fu’s Fs
p-value p-value SSD (p-value) Ragg (p-value) SSD (p-value) Ragg (p-value)
Gl 1.731 0.962 -24.862 0.001 0.006 (0.370) 0.012 (0.480) 0.002 (0.970) 0.012 (1.000)
G2 -1.198 0.093 -26.219 0.000 0.002 (0.830) 0.013 (0.790) 0.001 (0.740) 0.013 (0.910)
G3 1.093 0.882 -25.944 0.000 0.089 (0.020) 0.139 (0.050) 0.033 (0.630) 0.139 (0.710)
G4 2.108 0.979 -24.958 0.000 0.039 (0.000) 0.069 (0.000) 0.012 (0.760) 0.069 (0.690)
G5 0.090 0.605 -24.579 0.001 0.027 (0.090) 0.065 (0.010) 0.016 (0.620) 0.065 (0.490)
G6 -1.260 0.089 -27.284 0.000 0.029 (0.520) 0.106 (0.460) 0.016 (0.740) 0.106 (0.760)
G7 1.517 0.929 -25.887 0.000 0.050 (0.030) 0.135 (0.040) 0.023 0.370) 0.135 (0.510)
G8 -0.617 0.311 -25.416 0.000 0.010 (0.080) 0.019 (0.040) 0.009 ( 0.270) 0.019 (0.260)
G9 0.397 0.745 -24.620 0.000 0.005 (0.430) 0.007 (0.840) 0.008 (0.070) 0.007 (0.870)
G10 0.316 0.707 -24.662 0.000 0.006 (0.400) 0.016 (0.260) 0.010 (0.190) 0.016 (0.310)
G11 -0.839 0.227 -24.873 0.000 0.002 (0.420) 0.009 (0.360) 0.001 (0.550) 0.009 (0.680)
G12 0.362 0.696 -25.697 0.000 0.017 (0.090) 0.035 (0.060) 0.018 (0.180) 0.035 (0.440)
G13 0.312 0.670 -27.301 0.000 - - - -
Gl4 0.016 0.589 -24.999 0.000 - - - -
G15 -0.373 0.409 -26.412 0.000 - - - -
-0.92 — 34.012

Total




Table S4. Estimates of genetic diversity of mtDNA control region (610 bp) in the European roe
deer (C. capreolus) populations defined in GENELAND (see Figure 2). Number of samples is
indicated by n (numbers in parentheses correspond to samples collected and analyzed in this
study), h — number of haplotypes, S — number of polymorphic sites, Hd — haplotype diversity, & —
nucleotide diversity, k — average number of pairwise differences.

Population n h S Hy Tt k
Gl 191 19 21 0.89 0.010 6.06
G2 163 39 31 0.88 0.005 3.21
G3 210 21 14 0.66 0.006  3.40
G4 177 16 14 0.81 0.010 5.89
G5 539 33 33 0.84 0.008 4.97
G6 106 12 18 0.61 0.003 1.91
G7 52 5 12 0.78 0.007  4.03
G8 110 39 34 0.95 0.008 5.14
G9 261 56 35 0.97 0.011 6.51
G10 192 58 37 0.96 0.012 7.04
Gl1 351 82 47 0.97 0.008 5.14
G12 83 27 20 0.92 0.007 450
G13 152 9 10 0.53 0.003 2.02
Gl4 134 24 34 0.72 0.010 6.25
G15 23 7 12 0.79 0.005 2.90

Total 2744 299 84 0.98 0.011 6.40




