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1  |  INTRODUC TION

1.1  |  Genetic variation and natural recolonization 
of wildlife populations

Biodiversity and genetic variation within species are shaped by both 
natural and anthropogenic factors. Within Europe, climate change 

during the last glacial period resulted in the creation of three main 
refugia on Mediterranean peninsulas from where different taxa later 
recolonized central and northern Europe through range expansion 
(Hewitt, 1999). More recently, human actions such as deforestation, 
habitat fragmentation, infrastructure development, and overexploi-
tation of wildlife populations, for example, through illegal hunting, 
have affected species distributions, caused population declines, and 
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Abstract
In the early 1800s, the European roe deer (Capreolus capreolus) was probably extirpated 
from Switzerland, due to overhunting and deforestation. After a federal law was en-
acted in 1875 to protect lactating females and young, and limiting the hunting season, 
the roe deer successfully recovered and recolonized Switzerland. In this study, we use 
mitochondrial DNA and nuclear DNA markers to investigate the recolonization and as-
sess contemporary genetic structure in relation to broad topographic features, in order 
to understand underlying ecological processes, inform future roe deer management 
strategies, and explore the opportunity for development of forensic traceability tools. 
The results concerning the recolonization origin support natural, multidirectional immi-
gration from neighboring countries. We further demonstrate that there is evidence of 
weak genetic differentiation within Switzerland among topographic regions. Finally, we 
conclude that the genetic data support the recognition of a single roe deer management 
unit within Switzerland, within which there is a potential for broad-scale geographic 
origin assignment using nuclear markers to support law enforcement.
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even led to local or Europe-wide extinctions (Deinet et al., 2013). 
Despite these historic and contemporary population declines, there 
is also evidence of recent population increases and range expansions 
for many of the larger bird and mammal species (Deinet et al., 2013). 
However, once reduced and fragmented, populations are likely to be 
recovering with diminished genetic diversity and often face poor ge-
netic connectivity (Frankham, 1996). This was the case for the Alpine 
ibex (Capra ibex ibex) that underwent stepwise re-introductions from 
very small founder populations that had been subjected to serial 
bottleneck events (Biebach & Keller, 2010) and where high levels 
of inbreeding are reducing long-term population growth (Bozzuto 
et al., 2019). Aside from human interventions, species often natu-
rally restore their population sizes as they disperse and recolonize 
previously inhabited territories (Sommer & Nadachowski, 2006). 
One of the many successful natural recolonizations is the comeback 
of once critically endangered gray wolf (Canis lupus) in central and 
western Europe (Chapron, 2014). Such dynamic range expansion led 
to the establishment of a new wolf population in Central European 
lowlands (Poland), characterized by lower microsatellite and mtDNA 
genetic diversity in comparison to Baltic and Carpathian wolf popu-
lations (Szewczyk et al., 2019). In general, the reasons for the natural 
recolonization success range from coordinated legal protection, con-
trolled hunting, habitat management, and site protection (Sanderson 
& Harris, 2020). Understanding the demographic and genetic con-
sequences of these anthropogenic and natural processes and their 
interactions is necessary to predict the future of populations and 
establish successful conservation and management practices.

1.2  |  Roe deer demographic and life history 
in Europe

The European roe deer (Capreolus capreolus) is one of the most abun-
dant wild ungulates and an important hunting species that is dis-
tributed across the European continent from the Mediterranean to 
Scandinavia (Apollonio et al., 2010). It is a highly adaptable species 
and its widespread distribution is due to its success in colonizing dif-
ferent environments and habitats (Andersen et al., 1998; Hewison 
et al., 1998). A complex contemporary pattern of mitochondrial DNA 
population structuring probably results from Pleistocene isolation in 
the main southern glacial refuges, resulting in a deep divergence be-
tween these lineages and recent extinctions and translocations (Randi 
et al., 2004). Randi et al. (2004) showed that phylogenetic trees and 
networks identified three main mtDNA main groups, corresponding 
to Clade East, West, and Central. These three main haplogroups could 
have originated in Iberia (Clade West and perhaps Central) or in the 
Balkans (Clade East). The Clade East haplotypes have a limited distri-
bution, which supports the existence of an eastern glacial refuge, from 
which roe deer did not disperse far westward. Conversely to the Clade 
East, the widespread distribution of Clade Central haplotypes in the 
Balkans, central and northern Europe, Apennines, Alps, and Iberia sup-
ports the existence of distinct refugial populations that contributed 
substantially to the recolonization of Europe.

Thus, roe deer likely recolonized Western Europe after the last 
glacial maximum from three different refugia: Iberia, Italy, and the 
Balkans. This pattern is consistent with the reconstructed evolution-
ary history of several plant and animal species in Europe (Hewitt, 
1999; Taberlet et al., 1998). Prior to the 19th century, deforestation, 
intensification of agriculture, uncontrolled hunting, and other an-
thropogenic activities have affected the distribution of natural pop-
ulations of roe deer in Western Europe (Danilkin & Hewison, 1996). 
In some regions, declines were more severe; for example, the range 
of roe deer in Britain was reduced to a few relict populations in the 
Scottish highlands (Ritchie, 1920) and a remnant population of only 
around 100 roe deer remained in the southernmost area of Sweden 
(Thulin, 2006).

Regarding the life history, roe deer population social organiza-
tion varies through the year. Generally, the majority of roe deer are 
observed alone or in small family groups during summer (pairs usu-
ally comprise a doe and her kid, two kids, or a rutting adult buck with 
a doe). The situation is somewhat different in winter, when larger 
groups of four or more animals are most commonly observed.

Roe deer do not maintain exclusive territories but live within 
overlapping summer and winter home ranges. In summer, which is 
the period of territoriality and reproductive activity, the deer which 
are primarily solitary are dispersed over the population range.

Adult bucks establish summer territories which they have to re-
establish each year in contest with other bucks. In April and May, 
prior to giving birth, it does separate from their groups and occupy 
kidding ranges which remain same from year to year and measure 
several hectares.

In contrast, during winter when bucks are no longer territorial, 
the deer mainly form groups which are concentrated on feeding 
ranges. Females with kids return to their winter home ranges be-
tween October and December (Danilkin & Hewison, 1996).

1.3  |  Roe deer demographic history in 
Switzerland and hunting laws

Even more drastic declines happened in Switzerland, where after 
the Napoleonic wars, crop failures and resulting famines led to un-
controlled hunting, which combined with subsequent cattle brows-
ing competition, caused roe deer to effectively disappear from the 
country by around 1800 (Apollonio et al., 2010). Roe deer may have 
been extinct or numbers extremely low until 1875, when a federal 
hunting law introduced wildlife conservation and controlled hunting 
in Switzerland (Müller, 2005). This resulted in rapid recolonization 
of Switzerland by the roe deer considered to be from Germany and 
France (Breitenmoser, 1998). In addition, deliberate translocations 
of roe deer from unknown sources were thought to have been car-
ried out at the end of the 19th century, particularly in the south-
ern part of Switzerland (Apollonio et al., 2010). The roe deer is now 
the most common ungulate species in Switzerland, with a stable 
population of more than 130,000 individuals (BAFU, 2017). With 
the successful recolonization and increased population numbers, 
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a Federal Hunting Law was enacted in 1986, where the objective 
shifted from the protection of animals to the protection of forests 
and the control of populations. This law requires the 26 cantons to 
establish management strategies for all huntable species, which can 
create difficulties, as there are different ways of managing wildlife 
on such a small territory (41,285 km2), with animals moving freely 
among them. In order to address the intricacies of current fine-scale 
canton-level management and improve cooperative management 
plans, it is important to understand roe deer population structure 
and connectivity across the landscape.

The topography of Switzerland is varied and mainly consists 
of a high mountainous region (the Alps) in the south and the Jura 
Mountains in the northwest connected by the Central Plateau with 
rolling hills and plains. Those three different topographic regions 
may influence the distribution and movement of Swiss roe deer 
across the country. In addition, several large lakes are scattered 
throughout the country which can further curb dispersal and gene 
flow in roe deer.

1.4  |  Conservation genetic management of 
roe deer

Conservation genetics typically uses molecular markers to enable 
measurement of genetic diversity, gene flow, and spatial popula-
tion genetic structure. The resulting data can, in turn, be used to 
understand phylogeography, define evolutionary significant conser-
vation units, and identify the origins of unknown samples. Because 
of its high mutation rate, haploid maternal inheritance, and lack of 
recombination, the hypervariable mitochondrial DNA (mtDNA) con-
trol region is often used as a marker in investigations of species’ 
population genetic diversity (Avise et al., 1987). It offers increased 
sensitivity for inferring recently evolved population genetic struc-
ture relative to other molecular markers (Zink & Barrowclough, 
2008) and is a potentially useful tool to address questions relating 
to the phylogeography of roe deer in Switzerland. More specifically, 
comparative genetic analysis of mtDNA control region haplotypes 
within Switzerland and among surrounding countries should shed 
light on the historic recolonization of roe deer through analysis of 
the evolutionary footprints left on their contemporary geographic 
distribution.

To complement measures of mitochondrial DNA diversity, nu-
clear genetic markers that show high polymorphism can be used 
to provide finer-scale population resolution and reveal familial or 
individual-level variation. While single-nucleotide polymorphism 
(SNP) markers may be analyzed at scale throughout the genome, the 
greater allelic diversity at microsatellite loci means that they remain 
a highly effective tool for examining neutral variation in landscape-
scale population genetic studies (Hodel et al., 2016). The frequency 
of the microsatellite alleles observed in a population can be used 
to characterize its neutral genetic structure and to assess the prob-
ability of a sample originating from that area. Such probabilistic 
approaches have important implications for wildlife management 

and forensic application. Estimation of genetic structure and under-
standing connectivity among populations help to identify manage-
ment units (MU) (Moritz, 1994) that are typically used to delineate 
entities for monitoring and to regulate the effects of human activity 
on species demography. These data are also used to examine the 
functionality of wildlife corridors to ensure genetic and demographic 
connectivity (Rabinowitz & Zeller, 2010), as well as to inform conser-
vation translocations (Moritz, 1999).

A few studies have explored the effect of transportation infra-
structure on the genetic structure and diversity of roe deer popula-
tions in North-Central Switzerland (Hepenstrick et al., 2012; Kuehn 
et al., 2007), indicating that fenced motorways present a barrier to 
gene flow between local roe deer populations leading to population 
differentiation, but that fragmentation has not yet affected genetic 
diversity within those populations. These studies showed that ge-
netic analyses can be important tools to investigate landscape 
relevant issues, such as the effect of anthropogenic barriers on 
animal populations and their migration routes, and support the de-
sign and the functionality of wildlife corridors to sustain landscape 
connectivity.

However, what remains largely unexplored is the recoloniza-
tion history, phylogeography, and contemporary population ge-
netic structure of naturally returning roe deer populations across 
Switzerland as a whole. In particular, the Central Swiss Alps, repre-
senting a potentially strong geographic barrier to gene flow, might 
be expected to form a pronounced north-south divide, with impli-
cations for future management plans and regulations in Switzerland.

Alongside wildlife management, a greater understanding of pop-
ulation genetic and geographic structuring provides the principal 
basis for individual geographic assignment, ultimately supporting 
the development of individual traceability tools. Assigning individ-
uals to a particular source population has proved to be very useful 
as a conservation management tool, for example, in assigning in-
dividual salmon to spawning river in Alaska (Smith et al., 2005) or 
assigning Sumatran orangutan to their population of origin on the 
island (Rianti et al., 2015). While such information would also have 
relevance to roe deer management, assignment testing is likely to 
prove more useful in tackling illegal hunting. Wildlife forensic appli-
cations of geographic assignment, to determine whether an animal 
trophy originates from a protected population rather than the legal 
source, are gaining popularity (Ogden & Linacre, 2015) and create a 
clear opportunity to support the enforcement of roe deer hunting 
regulations in Switzerland.

1.5  |  Study aims

In this study, we use a classical conservation genetic approach to 
investigate the natural recolonization of the European roe deer 
(Capreolus capreolus) in Switzerland and assess contemporary popu-
lation structure in relation to landscape features, in order to under-
stand underlying ecological processes and inform future roe deer 
management strategies.
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More specifically we ask: (i) Where did roe deer recolonize 
Switzerland from?; (ii) what patterns of population contemporary 
genetic structure and gene flow can be observed in Swiss roe deer?; 
and (iii) are there any clear implications for conservation manage-
ment and opportunities for development of forensic traceability 
tools?

2  |  MATERIAL S AND METHODS

2.1  |  Sampling and DNA extraction

A total of 319 roe deer samples were obtained from Switzerland 
and Italy. Roe deer samples (n = 279; blood = 226 and tissue = 53) 
were collected in Switzerland between 2004 and 2017, by local 
hunters. Additional tissue samples were collected from Northern 
Italy close to the Swiss border (Lombardy; n = 28) and Central Italy 
(Emilia-Romagna region; n  =  12). Samples were grouped into six 
regions based on broad landscape features, primarily according to 
topographic variation (Figure S1), as follows: Swiss regions: North, 
n = 25; Central-East, n = 106; Central-West, n = 102; South-West, 
n = 20; South-East, n = 54 (26 Swiss and 28 Northern Italian sam-
ples). The additional 28  samples from Lombardy were included in 
the southeastern Swiss region as they originated close to the Swiss 
border with no barrier to free movement. We decided to split the 
Central Plateau into two localities, an eastern and western one be-
cause of the great distance between two ends of the Plateau and 
because of presence of several big lakes and highways that transect 
the Plateau and pose an obstacle to roe deer free movement. Lastly, 
we wanted to enable detection of immigration from different sides 
of Switzerland. The sixth group consisted of 12 individuals from cen-
tral Italy, resulting in a total of 319 samples. DNA from tissue and 
blood samples was extracted using the DNeasy® Blood and Tissue 
kit (Qiagen). DNA from blood swab samples was extracted using a 
chelex protocol followed by a Qiagen PCR purification kit (Qiagen, 
Switzerland) as described in Morf et al. (2021).

2.2  |  Genotyping and mitochondrial 
DNA sequencing

A representative subset (n = 152) of the available samples were ran-
domly selected for mtDNA sequencing in order to ensure that each 
of the five regions in Switzerland and one in Central Italy was suf-
ficiently represented (North, n = 18; Central-East, n = 44; Central-
West, n = 24; South-West, n = 17; South-East, n = 37 and Central 
Italy, n  =  12). A single 704-bp long mitochondrial DNA (mtDNA) 
control region fragment was amplified using two primers developed 
by Randi et al. (1998): L-Pro 5’CGT CAG TCT CAC CAT CAA CCC 
CCA AAC C-3’ and H-Phe 5’- GGG AGA CTC ATC TAG GCA TTT 
TCA GTG-3’. PCRs (20  µl total volume) contained 0.5  µl (10  µM) 
each primer, 12.5  µl DreamTaq PCR Master Mix (2×) (Thermo 
Fisher Scientific) or HotStartTaq Master Mix (Qiagen) with cycle 

conditions: 95°C for 5 min; 35 cycles at 94°C for 30 s, 62°C for 30 s, 
72°C for 1 min; 72°C for 10 min. PCR products were purified using 
ExoSAP-IT™ (Thermo Fisher Scientific). Samples were subjected to 
bidirectional Sanger sequencing with BigDye™ Terminator v3.1 Cycle 
Sequencing Kit (Thermo Fisher Scientific) using the L-Pro and H-Phe 
PCR primers and two internal primers Lcap362 and Hcap493 (Randi 
et al., 1998), which overlap to generate four sequence reads for 
each sample. Sequences were resolved on an ABI 3730 genetic ana-
lyzer (Thermo Fisher Scientific). Sequences were edited by eye and 
aligned with published European roe deer control region sequences 
from Portugal, Spain, France, Germany, Italy, and Serbia (GenBank 
accession numbers AY625752 - AY625876, n = 76) from Randi et al. 
(2004) using Geneious 11.1.5 (BioMatters Inc, New Zealand).

A total of 316 samples were genotyped using a species-specific 
microsatellite panel consisting of 13 tetrameric microsatellites and 
two sex-specific markers shown to be polymorphic, following the 
method described in (Morf et al., 2021). The PCR products were 
resolved using an ABI 3100 Genetic Analyzer (Thermo Fisher 
Scientific) and allele sizes called using GeneMapper ID-X version 1.4.

2.3  |  Data analysis

2.3.1  | Mitochondrial DNA data

To evaluate lineage diversity in roe deer populations in Switzerland 
and compare to the data available from previous study Randi 
et al. (2004), unique haplotypes were identified using DnaSP, version 
6.12.01 (Rozas et al., 2017). Newly observed haplotypes were named 
following the numbering system of Randi et al., 2004. Rarefied hap-
lotype diversity (Hr), nucleotide diversity (average over loci, π), and 
average pairwise nucleotide substitutions (k) between haplotypes in 
each region were calculated in ARLEQUIN, version 3.5 (Excoffier & 
Lischer, 2010).

Distributions of mtDNA haplotypes were examined across neigh-
boring countries and within Switzerland by plotting haplotypes onto 
location maps of Europe and Switzerland. The relationship among 
haplotypes was examined by constructing a median-joining network 
implemented in the program PopART (Bandelt et al., 1999; Leigh & 
Bryant, 2015).

2.4  |  Microsatellite data

2.4.1  |  Genetic diversity, Hardy–Weinberg 
equilibrium, and linkage disequilibrium

The software MicroChecker, version 2.2.3 (Van Oosterhout et al., 
2004), was used to test microsatellite loci for null alleles, allele drop-
out, and scoring errors due to stutter peaks. Standard indices of 
genetic diversity, including number of alleles (NA), observed (Ho), 
and expected (He) heterozygosity across all microsatellite loci and 
regions, were computed using the package adegenet, version 2.1.1 
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(Jombart, 2008), in R, version 3.5.3 (R Core Team, 2014). We also 
calculated rarefied allelic richness (AR) and inbreeding coefficients 
with FSTAT, version 2.9.4 (Goudet, 2003). Allelic richness was cal-
culated as it yields a measure of allelic diversity corrected for differ-
ences in samples size. Conformation to Hardy–Weinberg equilibrium 
(HWE) and linkage disequilibrium (LD) were tested by performing 
Fisher's exact tests in GENEPOP, version 4.2 (Rousset, 2008), with 
default settings for Markov chain parameters.

2.4.2  |  Population genetic structure

The program STRUCTURE, version 2.3.4 (Pritchard et al., 2000), was 
used to infer the putative number of populations (K) based on micros-
atellite data. The Bayesian clustering method in STRUCTURE attempts 
to identify genetically distinct subpopulations on the basis of patterns 
of allele frequencies. A series of ten independent runs per K (ranging 1 
to 10) were performed using 1,000,000 MCMC iterations after a burn-
in of 500,000 replicates, using an admixture model with correlated al-
lele frequencies without prior sampling information.

Based on the initial results from STRUCTURE that indicated very 
weak population structure, another set of analyses was performed 
using prior information on sampling location (LOCPRIOR) as suggested 
for datasets with few markers, few individuals, or very weak structure 
(Pritchard et al., 2010). A series of six independent runs per K value 
(K = 1–6) were performed at 500,000 MCMC iterations after a burn-in 
of 200,000 replicates. The burn-in and data collection iterations, and 
the number of replicates, were reduced in this phase, based on ob-
served consistency among replicates, in order to reduce computation 
time. Results were summarized using STRUCTURE HARVESTER (Earl, 
2012). Both log-likelihood plots and the delta K (Evanno et al., 2005) 
statistic were used, with caution, to infer the optimal K value, given the 
known difficulties that may arise in using these methods (Gilbert, 2016).

To complement the STRUCTURE analysis and to assess the de-
gree to which these five Swiss selected sampling regions differ from 
each other when adopting an approach without assumptions about 
HWE or LD, we conducted a discriminant analysis of principal com-
ponents (DAPC) (Jombart et al., 2010) in adegenet package (Jombart, 
2008) for the R, version 3.5.3. (R Core Team, 2014). This method 
aims to identify and describe the relationship between genetic 
clusters. A multivariate DAPC analysis performs a preliminary data 
transformation step using principal component analysis (PCA) to 
create uncorrelated variables that summarize total variability (within 
and between groups). These variables are then used as input to DA, 
which aims to maximize between-group variability while minimizing 
variation within groups and achieve the best discrimination of gen-
otypes into predefined clusters. For this DAPC, forty principal com-
ponents of PCA and all (4) discriminant functions were retained. The 
function find.clusters was used to identify the number of clusters (K) 
in our data and to compare with the prior groups (regions). The op-
timal clustering solution corresponds to the lowest Bayesian infor-
mation criterion (BIC), and in this case, it clearly indicated 5 clusters 
(K = 5) that we decided to retain.

To determine the level of genetic differentiation between pairs of 
populations, F-statistics (Weir & Cockerham, 1984) were calculated 
using ARLEQUIN, version 3.5.2 (Excoffier & Lischer, 2010). Fst values 
are obtained from variance in microsatellite allele frequencies. To in-
spect the population differentiation, we also performed an analysis of 
molecular variance (AMOVA) in ARLEQUIN with five regional popula-
tions nested within northern (North, Central East, Central West) and 
southern (South East and South West) Swiss groupings. Finally, isolation 
by distance (IBD) patterns based on microsatellites genotypes were ex-
amined to determine association between matrices of pairwise codom-
inant genotypic and geographic (Euclidean) distances by performing a 
simple Mantel test (1000 permutations) visualized in adegenet, version 
2.1.1 (Jombart, 2008), in R, version 3.5.3 (R Core Team, 2014).

3  |  RESULTS

3.1  |  Mitochondrial DNA markers

The mtDNA alignment using 228 sequences in total (152 from our 
study and 76  haplotype sequences from GenBank) and 704 nu-
cleotides showed a total of 89  haplotypes including twelve novel 
sequences (H161-H173) in Switzerland (GenBank accession nos 
MW916295-MW916306) and 47 polymorphic sites.

Each haplotype was observed from 1 to 69 times (distributions 
are represented in Table S1). Haplotype diversity across all European 
countries in this study was high (H = 0.97 ± 0.002), but nucleotide di-
versity (π = 0.01 ± 0.006) and pairwise divergence (k = 7.54 ± 3.52) 
were low (Table 1).

3.2  |  European level analysis of roe deer haplotype 
diversity with respect to Swiss populations

The mean haplotype diversity across all regions in Switzerland was 
high (0.93) and comparable to the haplotype diversity of Serbia 
(0.96) which has the highest haplotype diversity among European 
countries observed to date. The lowest diversity among European 
countries was found in Portugal (0.81). On a smaller scale, haplotype 
diversity within Switzerland (Table 1) was greatest in the Northern 
region (0.96) and lowest in the Central-East region (0.79).

The geographic distribution of haplotypes belonging to three 
previously described haplogroups, or clades (see Randi et al., 2004), 
across Europe is shown in Figure 1a. Haplotypes belonging to all 
three clades were observed in Switzerland, with 79% of individuals 
assigned to Clade Central.

The resulting median-joining haplotype network was highly 
reticulated (Figure 1b), but supported the distinction of the three 
main groups that correspond to Randi's Clade East, West, and 
Central (Randi et al., 2004) (Figure 1b). Haplogroup Clade East was 
mainly composed of haplotypes sampled in Eastern Europe, Serbia, 
and few haplotypes sampled in Germany, Switzerland, and in Italy. 
Haplogroup Clade West included the majority of sequences that 
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were collected in Portugal and Spain and included a few sequences 
from Switzerland and Italy. Finally, haplotypes in Clade Central were 
widespread in central and northern Europe and Italy, as well as in 
Portugal, Spain, Switzerland, and Serbia. A proportion of Swiss se-
quences that were assigned to novel Swiss haplotypes were mainly 
distributed in the Clade Central (Figure 1b.).

3.3  |  Geographic distribution mtDNA haplotypes 
within Switzerland

On a finer scale, within Switzerland, haplotype distribution did 
not show a very strong phylogeographic pattern. While the distri-
bution of haplotype variation differs among regions and there are 

N Nh Hr (SD) π (SD) k

Portugal 23 6 0.81 (0.041) 0.008 (0.004) 5.36

Spain 53 12 0.86 (0.033) 0.009 (0.05) 6.79

France 12 5 0.85 (0.067) 0.005 (0.003) 3.52

Germany 15 8 0.84 (0.085) 0.005 (0.003) 4.11

Switzerland 140 26 0.93 (0.007) 0.009 (0.005) 6.25

Switzerland North 18 13 0.96 (0.03) 0.008 (0.005) 5.89

Switzerland 
Central-East

44 10 0.79 (0.041) 0.007 (0.004) 5.30

Switzerland 
Central-West

24 10 0.87 (0.045) 0.007 (0.004) 4.79

Switzerland Southwest 17 7 0.89 (0.036) 0.011 (0.006) 7.47

Switzerland Southeast 37 14 0.89 (0.027) 0.009 (0.005) 6.85

Italy 351 27 0.89 (0.008) 0.009 (0.005) 6.52

Serbia 178 38 0.96 (0.004) 0.01 (0.005) 7.33

Average/Total 772 89 0.97 (0.002) 0.01 (0.006) 7.54

Abbreviations: Hr, rarefied haplotypic diversity (SD); k, average number of pairwise differences; N, 
number of mtDNA sequences; Nh, number of haplotypes; π, nucleotide diversity (SD).

TA B L E  1 Estimates of mtDNA control 
region diversity statistics for roe deer 
samples by country/region

F I G U R E  1 (a) The proportion of mtDNA clades in European countries of sampled roe deer populations. Pie charts indicate the proportion 
of mtDNA control region haplotypes belonging to the Central, Western, and Eastern Clades in countries: PT-Portugal; ES-Spain; FR-
France; DE-Germany; CH-Switzerland; IT-Italy; RS-Serbia. In the European context, all three clades are represented in Switzerland, which is 
dominated by the Central Clade. Represented haplotypes are based on 704 base pairs of the mtDNA control region and clades are presented 
in different colors (see legend). (b) Median-joining network of all 89 known haplotypes showing the distribution of Swiss samples (in orange) 
relative to six other European countries (Portugal, Spain, France, Germany, Italy, and Serbia). Novel haplotypes (H162-173 from this study) 
are indicated by numbers, circles are proportional to frequencies and colors correspond to different countries. The map is adapted from 
Eurostat, EuroGeographics for administrative boundaries

(a) (b)
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indications of a general pattern that shows distinction north and 
south of the Alps, there is no clear mitochondrial DNA structur-
ing associated with geography in Switzerland (Figure 2). For exam-
ple, haplotypes H14, H18, H24, H83, and H168 are present only in 
southern regions, while H47, H67, H165, H166, and H170 are only 
in the northern and central regions, but other haplotypes show con-
nectivity between the northern and south eastern regions, for ex-
ample, H23, H41, and H167. North-south connectivity through the 
western side of Switzerland is more evident in the case of haplo-
types H16, H97, and H162.

3.4  |  Nuclear microsatellite diversity and 
population genetic structure

3.4.1  |  Genetic diversity, Hardy–Weinberg 
equilibrium, and linkage disequilibrium

A total of 316 samples were successfully genotyped at 13 microsat-
ellite loci, with no evidence of genotyping error observed. Departure 
from Hardy–Weinberg equilibrium was significant at only one 
locus (capcap25) in the Central-West region, following sequential 
Bonferroni correction (Rice, 1989). No significant linkage was ob-
served, suggesting that all loci are genetically independent. Among 
the five geographic regions, Swiss roe deer exhibited little variation 
in genetic diversity, allelic richness was relatively constant ranging 
from 4.92 to 5.88 alleles per locus and expected heterozygosity 
ranged from 0.65 to 0.71 between the least and most diverse re-
gion (South-West and North, respectively; Table 2). Values for the 
inbreeding coefficient, FIS, were generally low and positive, with the 
highest value (SE, FIS = 0.074) indicating only low levels of localized 
inbreeding (Table 2).

3.4.2  |  Population genetic structure

Initial nonspatial Bayesian clustering analysis in STRUCTURE with-
out prior sampling location information for all Swiss roe deer and the 
central-Italian outgroup showed weak clustering into three genetic 
groups (K = 3) with varying levels of genetic admixture (Figure 3a) 
based on posterior probabilities (mean L(K)) (Figure S3a). Employing 
location information as a prior substantially improved clustering 
at K = 3 (Figure 3b and Figure S3b), with one cluster including all 
individuals from the North and Central West and a second cluster 
comprised of individuals from the South East. South West individu-
als were all admixed between these two clusters; the third cluster 
comprised deer from Central Italy. Individuals from Central East 
Switzerland were distinct and self-similar but not strongly assigned 
to a single cluster. To explore whether there is evidence for popu-
lation differentiation among the five previously designated topo-
graphical regions in Switzerland, representing potentially different 
management areas, we increased K sequentially from K = 4 to K = 7. 

At K = 6, using locality information for: (i) North (Jura Mountains); 
(ii) Central West (western Swiss Plateau and west pre-Alps); (iii) 
Central East (eastern Swiss Plateau and east Swiss pre-Alps); (iv) 
South West (West Swiss Alps); (v) South East (East Swiss Alps and 
northern Italian Alps); and (vi) Central Italy (Bologna, Modena, Forli 
Cesena), there was good evidence of geographic structure, as well 
as introgression associated with geographic neighbors; between the 
Central East and Central West and to a smaller extent the South 
East region; and between the North and Central West regions. The 
Central Italian population was quite distinct with only a very small 
percentage of admixture with other Swiss populations (Figure 3c).

DAPC analysis was conducted to identify genetic clusters within 
Switzerland and was performed without any a priori group assign-
ment and without samples from the distinct Central Italian region. 
The find.clusters function retained 100 axes representing more than 
88% of the total variance and covered a range of possible genetic 
clusters from 1 to 30. The lowest BIC value corresponded to K=5. 
For DAPC analysis, 40 PCA axes and 4 discriminant functions were 
retained. A high degree of overlap between clusters 1 and 4, and 3 
and 5 was evident and showed a similar pattern to that observed 
in the STRUCTURE results, where North and Central West, then 
Central East and Central West and finally South West and South 
East individuals clustered together (Figure 4a).

In a second round of DAPC analysis, we lowered the total sample 
size in order to equalize the sample sizes among regions. To obtain 
the optimal number of clusters with the find.clusters function, we 
retained 70 axes that represented more than 88% of the total vari-
ance. Based on the results the lowest BIC value corresponded to 
K = 4. However, as cluster one and cluster three had a great deal of 
overlap and formed a single cluster in the scatterplot (see Figure S3), 
we decided to select the next lowest BIC value (K = 3). For DAPC 
analysis, we retained 40 PCA axes and 2 discriminant functions. 
Results showed three distinct clusters that more clearly differenti-
ated between southern (cluster one), Central East (cluster two), and 
Central-West (cluster three) regions (Figure 4b).

Population-based gene flow estimates using pairwise Fst values 
between 5 Swiss (reduced sample number of 195 individuals) and 1 
Central Italian sampling regions indicated significant low to moder-
ate genetic differentiation, with FST values ranging from 0.02 to 0.14 
(Table 3). The highest estimates were observed between roe deer in 
Central Italy and North West and South West Switzerland. Within 
Switzerland, the highest estimates were between the South East and 
North of Switzerland (FST = 0.08) with other pairwise values broadly 
reflecting relative geographic proximity. The results of isolation 
by distance testing indicated a significant correlation between ge-
netic and geographic distances when including Central Italy (r = .85, 
p = .01), but among Swiss-only regions this relationship was weaker 
(r = .48) and nonsignificant (p = .055).

The AMOVA results testing the hypothesis for hierarchical ge-
netic subdivision within Switzerland, first between northern (non-
Alpine) and south (Alpine) areas of Switzerland and secondly among 
regions within those areas indicated that most of the variance 



8 of 14  |     VASILJEVIC et al.

(91.2%), were attributable to the genetic variation within individuals 
within sampling sites, whereas only 2.8% of the variance occurred 
among regions, 2.5% within regions, and 3.6% within populations (all 
values significant, p-value =  .0001). These results show that there 
is a level of regional genetic differentiation north and south of the 
Alps which is slightly greater than the level of differentiation among 
populations within those regions.

4  |  DISCUSSION

Here, we discuss the results of our genetic analyses in the context of two 
main questions that we posed: What is the recolonization history of roe 
deer in Switzerland? And what is the contemporary population structure 
of roe deer in Switzerland? We then examine the implications of these 
results on current management practices and forensic applications.

F I G U R E  2 The geographical distribution of roe deer mtDNA control region haplotypes observed in Switzerland. Pie diagrams indicate 
very different haplotype compositions of populations sampled across Switzerland. The proportion of haplotypes can be differentiated 
between North and Central and South groups with connectivity through the East and West. All haplotypes are colored and grouped into 
three clades: Central, West and East (see legend). The map is adapted from Bundesamt fur Statistik (BFS)

TA B L E  2 Measure of genetic variability in Swiss populations of roe deer, as estimated by 13 microsatellite loci

Region N NA AR FIS Ho He

North 25 6.1 5.88 −0.008 0.69 0.67

Central-East 106 6.9 5.7 0.025 0.69 0.71

Central-West 102 6.5 5.47 0.05 0.63 0.66

South-West 20 4.9 4.92 0.004 0.67 0.65

South-East 54 6.1 5.1 0.074 0.63 0.67

Average (SD) 307a 6.1 (0.75) 5.41 (0.40) 0.029 (0.03) 0.66 (0.03) 0.67 (0.02)

HWE testing was conducted per locus per population; no significant deviations from HWE were observed after sequential Bonferroni correction.
Abbreviations: AR, rarefied allelic richness; FIS, inbreeding coefficient; He, expected heterozygosity; Ho, observed heterozygosity; N, number of 
genotypes individuals; NA, average number of alleles.
aTotal number of genotyped individuals.



    |  9 of 14VASILJEVIC et al.

F I G U R E  3 Assignment probabilities of 
individuals to putative population clusters 
at (a) K = 3 (b) K = 3 with prior information 
on sampling location (LOCPRIOR) (c) 
K = 6 with LOCPRIOR, using the program 
STRUCTURE 2.3.2. Locations where 
individuals were sampled are indicated 
below x-axis

(a)

(b)

(c)

K=3

K=3

K=6

North Central-East Central-West South-EastSouth-
West Central Italy

F I G U R E  4 Discriminant analysis of principal components (DAPC) for (a) 307 individuals from Switzerland differentiated into five clusters 
with a moderate correspondence to five geographic groups (b) reduced dataset of 195 individuals with more equal sample size across groups 
which shows considerable regional differentiation but only among three clusters. The axes represent the first two linear discriminants (LD). 
Each dot represents an individual. Numbers represent the different populations identified by DAPC analysis. Geographic groups: N-North; 
CE-Central-East; CW-Central-West; SW-South-West; SE-South-East
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4.1  |  Recolonization history

Climate change during the last glacial period resulted in the crea-
tion of three main refuge areas in the south of Europe: the Iberian, 
the Italian, and the Balkans, from where different taxa later recolo-
nized central and northern Europe through range expansion (Hewitt, 
1999). This process often resulted in phylogeographic signals within 
the mitochondrial DNA of many species recolonizing central and 
northern Europe which can still be observed today.

Within roe deer, the observation of high haplotype diversity but 
low nucleotide diversity suggests that extant control region mtDNA 
lineages originated recently despite roe deer populations having a 
historically large effective size (Ne) (Avise, 2000; Grant & Bowen, 
1998). The three mitochondrial DNA clades are observed broadly 
corresponding to western, central, and eastern Europe (Lorenzini 
& Lovari, 2006; Randi et al., 2004), and these differences can be 
used to infer the origin of roe deer recolonizing Switzerland in the 
past 130 years. Our median-joining haplotype network analysis de-
picted the phylogenetic relations among haplotypes sampled in this 
study and haplotypes previously observed in southern and central 
European countries. Results showed that the majority of individ-
uals and mtDNA haplotype diversity in Switzerland belonged to 
the Central Clade, which suggests that historic gene flow occurred 
across central Europe, particularly in Central Clade, as most haplo-
types are connected across countries, while a smaller proportion 
of individuals with fewer haplotypes belonged to Clades West and 
East. The presence of haplotypes from all three clades suggests 
that contemporary recolonization of Switzerland is likely to have 
involved roe deer immigrating from multiple directions. Although 
Italy also displays all three clades, our results show that relatively 
few Central Clade haplotypes were shared between Switzerland 
and Italy, suggesting that it is unlikely to have been the sole source 
of Swiss roe deer recolonization. Indeed, historic declines in Italian 
roe deer also occurred presumably limiting both the number and di-
versity of individuals available to repopulate Switzerland (Apollonio 
et al., 2010). Overall levels of mtDNA diversity were high, with 26 
of the 89 haplotypes observed in Europe occurring in Switzerland. 

This further supports the hypothesis that roe deer in Switzerland 
originated from multiple geographic source populations; however, it 
is difficult to identify specifically the relative of their contributions. 
While quantitative comparisons are limited due to varying sampling 
effort, the fact that 12 haplotypes observed in this study have not 
been previously observed elsewhere further supports the conclu-
sion that mitochondrial DNA diversity in the recently recolonized 
Swiss population is at least comparable with other roe deer popu-
lations in Europe (Lorenzini & Lovari, 2006; Randi et al., 2004) and 
shows no signs of single source founder effect. Moreover, these 
novel haplotypes could represent signals from a remnant Swiss pop-
ulation that was not fully extirpated; however, the available historic 
demographic data suggest this is unlikely. Instead, we suspect that 
the novel haplotypes are a consequence of limited sampling effort 
in neighboring countries during previous studies; the hypervariable 
nature of the control region requires intense and widespread sam-
pling to confidently conclude that all variation has been observed.

4.2  |  Contemporary population structure within 
Switzerland

Examination of current population structure within Switzerland 
based on five Swiss regions: North, Central East, Central West, 
South West, and South West, indicated no clear mtDNA structuring 
associated with geography within despite distinct topographical dif-
ferences between the Jura Mountains, Swiss plateau, and northern 
and southern Alps. However, analysis of nuclear data revealed three 
genetic clusters representing the North and Central West, Central 
East, and the South displaying varying levels of admixture which cor-
responded to geographic proximity. The fact that only weak cluster-
ing was observed when locality information was not included as a 
prior in the Bayesian analysis emphasizes the lack of strong isolation 
among regions; this may be due to ongoing gene flow, insufficient 
divergence time since isolation, or insufficient power in the DNA 
marker panel, or a combination of these factors. These are the con-
ditions in which prior locality information is recommended for use 
in STRUCTURE (Pritchard et al., 2000) and the results do neverthe-
less support the presence of some geographic population structur-
ing within Switzerland. This pattern of genetic differentiation was 
corroborated by the DAPC analysis, which performed most strongly 
following equalization of sample sizes, as suggested by Puechmaille 
(2016) and Wang (2017) for other genetic clustering methods.

The Alps provided the strongest barrier to gene flow according 
to pairwise FST results; this result may be readily explained by the 
ecology of roe deer, for which high mountains and extended periods 
of snow cover represent strong barriers to movement (Danilkin & 
Hewison, 1996).

The hypothesis for genetic subdivision between northern and 
southern Switzerland was further supported by the AMOVA results, 
which showed a significant proportion of total genetic variance 
distributed across this north-south divide. Complementing these 
findings, the lack of significant association was observed between 

TA B L E  3 Pairwise values of FST values (all significant) based on 
13 microsatellite loci

Region (1) N (2) CE (3) CW (4) SW (5) SE (6) IT

(1) N

(2) CE 0.03

(3) CW 0.02 0.03

(4) SW 0.05 0.04 0.04

(5) SE 0.08 0.05 0.07 0.03

(6) IT 0.11 0.09 0.14 0.13 0.11

Note: The putative populations used in this analysis were based on the 
genetic structure analyses (K = 5). (1) North, N; (2) Central-East, CE; (3) 
Central-West, CW; (4) South-West, SW; (5) South-East, SE; (6) Central 
Italy, IT.
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genetic and geographic distances within Switzerland meaning that 
the observed genetic variation cannot be explained solely in terms 
of the geographic distribution of roe deer across a single population.

The presence of weak population structure suggests a dynamic 
equilibrium between drivers that allow gene flow and those that re-
strict it. In such a newly established population (100+ years), it is also 
important to consider the influence of founder history on current 
population genetic patterns. Here, we discuss the possible causes of 
the observed weak genetic structure in Swiss roe deer, before con-
sidering the management and law enforcement implications.

Our findings indicate that roe deer recolonized from several 
different directions, raising the possibility that different founder 
populations would lead to genetic differences in the newly estab-
lished Swiss population. The idea that roe deer arrived from multiple 
neighboring countries has being discussed before (Randi et al., 2004; 
Zachos et al., 2006). Therefore, it would be reasonable to expect 
that there was some population structure present from the begin-
ning of the recolonization. Following initial recolonization, drivers 
for maintaining geographic structure distributed in a north-south di-
rection would include the Swiss Alps, acting as barrier to short-range 
migration between northern and southern Switzerland. Similarly, a 
genetic study on Slovenian roe deer using microsatellite markers 
showed how natural barriers between mountains and the coastal 
region represent an important factor limiting gene flow (Buzan et al., 
2020). The role of landscape features in affecting the gene flow 
has been documented in European deer populations, for example, 
sea lochs, mountain slope elevation, and forest distributions have 
all been shown to be associated with population genetic structure 
in Scottish red deer (Pérez-Espona et al., 2008). Aside from natu-
ral environmental barriers to gene flow, anthropogenic barriers in 
Switzerland such as the dense networks of railways (5300 km) and 
fenced motorways (1859  km) (www.astra.admin.ch, Swiss Federal 
Roads Office (FEDRO)) represent other obstacles to free movement 
of wildlife, with fenced motorways found to cause significant re-
strictions to gene flow in roe deer (Hepenstrick et al., 2012; Kuehn 
et al., 2007). Lastly, in terms of life history, roe deer are generally 
philopatric, with little sex-biased dispersal (Coulon et al., 2006), and 
show relatively short dispersal distances of usually less than 5km on 
maturation (Kurt, 1991; Stubbe, 1990). Taken together, these factors 
would explain the establishment and maintenance of some genetic 
structuring within Swiss roe deer.

In contrast, we have shown that despite some population differ-
entiation in Swiss roe deer, regions are not genetically isolated. As a 
highly adaptable species, they regained their pre-extirpation distribu-
tion quickly and appear to be freely interbreeding with no significant 
gaps in their distribution allowing for population genetic continuity. 
While the Swiss Alps are likely to impede gene flow, roe deer may 
freely disperse along the few valleys that traverse this mountain range. 
In addition, the creation of wildlife corridors designed to increase func-
tional connectivity across anthropogenic barriers have been shown 
to be effective in increasing gene flow across the landscape (Burkart 
et al., 2016). These factors may ultimately disrupt founder population 
structure and prevent the genetic isolation of roe deer populations.

The transition from traditional nuclear genetic markers to 
genome-wide population genetic analyses, such as RADseq ap-
proaches or whole-genome resequencing, raises the possibility 
of revealing increasingly fine-scale population structure. This has 
been demonstrated in conservation genetic management studies of 
scimitar-horned oryx (Ogden et al., 2020) and cichlid fishes (Ciezarek 
et al., 2022), where the introduction of large numbers of SNP mark-
ers has enabled population genetic variation to be observed at much 
greater resolution. However, in the case of Swiss roe deer, while we 
would expect genome-wide SNP panels to reinforce our findings of 
population structure in Switzerland and perhaps detect other re-
gions of differentiation, they would be very unlikely to reverse our 
interpretation that gene flow persists across these boundaries, ne-
gating the creation of multiple genetic management units.

The observed patterns of roe deer genetic variation in 
Switzerland provide an interesting comparison with the Alpine ibex, 
the subject of the other main ungulate recolonization in the country. 
This species was reintroduced from a single Italian founder popula-
tion, with serial populations then established using small numbers 
of related founders. Strong genetic founder effects and geographic 
isolation of new populations, due to the reluctance of this species to 
cross valleys, means that the Alpine ibex still displays pronounced 
population genetic structuring and, in many areas, reduced genetic 
diversity (Biebach & Keller, 2009). In this respect, the genetic results 
of the Alpine ibex reintroduction and detailed knowledge of its his-
tory allow us to infer a very different set of processes and outcomes 
for roe deer.

4.3  |  Management and forensic implications

Determining how many and where genetically distinct populations 
exist is fundamental to sound wildlife management (Frankham et al., 
2017). Roe deer management regulations in Switzerland are largely 
based on administrative units without consideration of biological 
variation.

Here, we aimed to identify and delineate conservation genetic 
management units that would improve conservation management 
planning. The weak population structure detected in roe deer sug-
gests some differentiation among the North and Central West, 
Central East, and the South regions; however, we do not consider 
the level of genetic variation or geographic separation to be suffi-
cient to define three discrete management units, according to com-
mon definitions (Moritz, 1999) and certainly not at the level of 26 
administrative units.

In terms of law enforcement, investigations of illegal hunting 
may involve questions concerning the geographic origin of a roe 
deer. Based on this study, the level of population structure is insuffi-
cient to categorically assign every sample to its region of origin using 
microsatellite DNA profiling. However, origin assignment in wildlife 
DNA forensics will typically look to evaluate the relative likelihood 
of different geographic origins as proposed by the prosecution and 
defense (Ogden & Linacre, 2015). Under this scenario, it is likely 

http://www.astra.admin.ch
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that when comparing the three main genetic regions observed in 
Switzerland, individual roe deer DNA profiles could be used as evi-
dence to support one proposition over the other.

5  |  CONCLUSION

After being extirpated in the 19th century, roe deer naturally recolo-
nized Switzerland with great success in the 20th century. This study 
has used molecular genetic markers to investigate this process and 
its outcomes at a population level, with the overall aim of contrib-
uting to a more holistic approach to management planning of this 
important hunting species.

In answer to our study's first objective, concerning the recol-
onization origin of Swiss roe deer, we conclude that the evidence 
supports natural, multidirectional recolonization from neighboring 
countries.

For the second objective, concerning patterns of contemporary 
population genetic structure, we conclude that there is evidence of 
weak genetic differentiation between the North and Central West, 
Central East and the South regions of Switzerland.

Finally, addressing our third objective, we conclude that the 
genetic data support the recognition of a single roe deer man-
agement unit within Switzerland, within which there is poten-
tial for broad-scale analysis of geographic origin to support law 
enforcement.

ACKNOWLEDG MENTS
This work was financially supported by the ELK "Emma-Louise 
Kessler Fund" (Switzerland) [grant number F-41813-04, 2018]. The 
authors would like to thank Flurin Ardüser, Dr. Julien Cassaubon, 
and Prof. Dr. Marie-Pierre Ryer-Degiorgis from FIWI (Institute for 
Fish and Wildlife Health) and the Territorial Hunting Areas (ATCs) of 
Lombardia, and Emilia Romagna (Italy) for support.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

AUTHOR CONTRIBUTION
Nina Vasiljevic: Conceptualization (equal); Data curation (lead); 
Formal analysis (lead); Funding acquisition (supporting); Investigation 
(lead); Methodology (equal); Software (lead); Visualization (lead); 
Writing  –  original draft (equal); Writing –  review & editing (equal). 
Nadja V. Morf: Supervision (supporting); Writing – review & editing 
(supporting). Josef Senn: Resources (supporting); Writing – review & 
editing (supporting). Sílvia Pérez-Espona: Writing – review & editing 
(supporting). Federica Mattucci: Resources (supporting); Writing  – 
review & editing (supporting). Nadia Mucci: Resources (supporting); 
Writing – review & editing (supporting). Gaia Moore-Jones: Resources 
(supporting); Writing – review & editing (supporting). Simone Roberto 
Rolando Pisano: Resources (supporting); Writing – review & editing 
(supporting). Adelgunde Kratzer: Funding acquisition (lead); Project 
administration (lead); Resources (lead); Writing –  review & editing 

(supporting). Rob Ogden: Conceptualization (equal); Project adminis-
tration (equal); Resources (supporting); Supervision (lead); Validation 
(lead); Writing –  original draft (equal); Writing –  review & editing 
(equal).

DATA AVAIL ABILIT Y S TATEMENT
Novel mitochondrial DNA haplotypes have been submitted to 
GenBank Acc. No.MW916295-MW916306. The nuclear DNA mi-
crosatellite data of all individuals were deposited in Dryad (https://
doi.org/10.5061/dryad.fj6q5​73wq).

ORCID
Nina Vasiljevic   https://orcid.org/0000-0001-6236-8351 
Nadja V. Morf   https://orcid.org/0000-0002-8716-1143 
Sílvia Pérez-Espona   https://orcid.org/0000-0001-7098-4904 
Federica Mattucci   https://orcid.org/0000-0002-3829-0897 
Nadia Mucci   https://orcid.org/0000-0002-7522-7213 
Simone Roberto Rolando Pisano   https://orcid.
org/0000-0001-6949-0931 
Rob Ogden   https://orcid.org/0000-0002-2831-0428 

R E FE R E N C E S
Andersen, R., Duncan, P., & Linnell, J. D. C. (1998). The European Roe Deer: 

The biology of success, Vol. 376. Scandinavian University Press Oslo.
Apollonio, M., Andersen, R., & Putman, R. (Eds.). (2010). European ungu-

lates and their management in the 21st century. Cambridge University 
Press.

Avise, J. C. (2000). Phylogeography: The history and formation of species. 
Harvard University Press.

Avise, J. C., Arnold, J., Ball, R. M., Bermingham, E., Lamb, T., Neigel, J. E., 
Reeb, C. A., & Saunders, N. C. (1987). Intraspecific phylogeogra-
phy: The mitochondrial DNA bridge between population genetics 
and systematics. Annual Review of Ecology and Systematics, 18(1), 
489–522.

BAFU (2017). Eidgenössische Jagdstatistik. Retrieved from www.uzh.ch/
wild/stati​c/jagds​tatistik

Bandelt, H. J., Forster, P., & Röhl, A. (1999). Median-joining networks for 
inferring intraspecific phylogenies. Molecular Biology and Evolution, 
16(1), 37–48. https://doi.org/10.1093/oxfor​djour​nals.molbev.
a026036

Biebach, I., & Keller, L. (2009). A strong genetic footprint of 
the re-introduction history of Alpine ibex (Capra ibex 
ibex). Molecular Ecology, 18(24), 5046–5058. https://doi.
org/10.1111/j.1365-294X.2009.04420.x

Biebach, I., & Keller, L. F. (2010). Inbreeding in reintroduced popula-
tions: The effects of early reintroduction history and contempo-
rary processes. Conservation Genetics, 11(2), 527–538. https://doi.
org/10.1007/s1059​2-009-0019-6

Bozzuto, C., Biebach, I., Muff, S., Ives, A. R., & Keller, L. F. (2019). 
Inbreeding reduces long-term growth of alpine ibex popula-
tions. Nature Ecology & Evolution, 3(9), 1359–1364. https://doi.
org/10.1038/s4155​9-019-0968-1

Breitenmoser, U. (1998). Large predators in the Alps: The fall and rise of 
man's competitors. Biological Conservation, 83(3), 279–289.

Burkart, S., Gugerli, F., Senn, J., Kuehn, R., & Bolliger, J. (2016). Evaluating 
the functionality of expert-assessed wildlife corridors with genetic 
data from roe deer. Basic and Applied Ecology, 17(1), 52–60. https://
doi.org/10.1016/j.baae.2015.09.001

Buzan, E., Gerič, U., Potušek, S., Flajšman, K., & Pokorny, B. (2020). 
First insights into the population genetic structure and 

info:x-wiley/peptideatlas/MW916295
https://doi.org/10.5061/dryad.fj6q573wq
https://doi.org/10.5061/dryad.fj6q573wq
https://orcid.org/0000-0001-6236-8351
https://orcid.org/0000-0001-6236-8351
https://orcid.org/0000-0002-8716-1143
https://orcid.org/0000-0002-8716-1143
https://orcid.org/0000-0001-7098-4904
https://orcid.org/0000-0001-7098-4904
https://orcid.org/0000-0002-3829-0897
https://orcid.org/0000-0002-3829-0897
https://orcid.org/0000-0002-7522-7213
https://orcid.org/0000-0002-7522-7213
https://orcid.org/0000-0001-6949-0931
https://orcid.org/0000-0001-6949-0931
https://orcid.org/0000-0001-6949-0931
https://orcid.org/0000-0002-2831-0428
https://orcid.org/0000-0002-2831-0428
http://www.uzh.ch/wild/static/jagdstatistik
http://www.uzh.ch/wild/static/jagdstatistik
https://doi.org/10.1093/oxfordjournals.molbev.a026036
https://doi.org/10.1093/oxfordjournals.molbev.a026036
https://doi.org/10.1111/j.1365-294X.2009.04420.x
https://doi.org/10.1111/j.1365-294X.2009.04420.x
https://doi.org/10.1007/s10592-009-0019-6
https://doi.org/10.1007/s10592-009-0019-6
https://doi.org/10.1038/s41559-019-0968-1
https://doi.org/10.1038/s41559-019-0968-1
https://doi.org/10.1016/j.baae.2015.09.001
https://doi.org/10.1016/j.baae.2015.09.001


    |  13 of 14VASILJEVIC et al.

heterozygosity-fitness relationship in roe deer inhabiting the area 
between the alps and Dinaric mountains. Animals, 10(12), 2276. 
https://doi.org/10.3390/ani10​122276

Chapron, G., Kaczensky, P., Linnell, J. D. C., von Arx, M., Huber, D., 
Andrén, H., López-Bao, J. V., Adamec, M., Álvares, F., Anders, 
O., Balčiauskas, L., Balys, V., Bedő, P., Bego, F., Blanco, J. C., 
Breitenmoser, U., Brøseth, H., Bufka, L., Bunikyte, R., … Boitani, L. 
(2014). Recovery of large carnivores in Europe’s modern human-
dominated landscapes. Science, 346(6216), 1517–1519. https://doi.
org/10.1126/scien​ce.1257553

Ciezarek, A., Ford Antonia, G. P., Etherington, G. J., Nasser, K., Milan, 
M., Mehta, T. K., Luca, P.-D., Ngatunga, B. P., Asilatu, S., Rashid, 
T., Wilfried, H., Federica, D. P., Genner, M. J., & Turner, G. F. 
(2022). Whole genome resequencing data enables a targeted SNP 
panel for conservation and aquaculture of Oreochromis cichlid 
fishes. Aquaculture, 548, 737637. https://doi.org/10.1016/j.aquac​
ulture.2021.737637

Coulon, A., Cosson, J., Morellet, N., Angibault, J., Cargnelutti, B., Galan, 
M., Aulagnier, S., & Hewison, A. J. M. (2006). Dispersal is not fe-
male biased in a resource-defence mating ungulate, the European 
roe deer. Proceedings of the Royal Society B: Biological Sciences, 
273(1584), 341–348. https://doi.org/10.1098/rspb.2005.3329

Danilkin, A., & Hewison, A. M. (1996). Behavioural ecology of Siberian and 
European roe deer (p. 277). Chapman & Hall.

Deinet, S., Ieronymidou, C., McRae, L., Burfield, I. J., Foppen, R. P., Collen, 
B., & Böhm, M. (2013). Wildlife comeback in Europe. The recovery of 
selected mammal and bird species. Zoological Society of London.

Earl, D. A., & vonHoldt, B. M. (2012). STRUCTURE HARVESTER: A web-
site and program for visualizing STRUCTURE output and imple-
menting the Evanno method. Conservation Genetics Resources, 4(2), 
359–361. https://doi.org/10.1007/s1268​6-011-9548-7

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number of 
clusters of individuals using the software STRUCTURE: A sim-
ulation study. Molecular Ecology, 14(8), 2611–2620. https://doi.
org/10.1111/j.1365-294X.2005.02553.x

Excoffier, L., & Lischer, H. E. L. (2010). Arlequin Suite Ver 3.5: A new 
series of programs to perform population genetics analyses under 
Linux and windows. Molecular Ecology Resources, 10(3), 564–567. 
https://doi.org/10.1111/j.1755-0998.2010.02847.x

Frankham, R. (1996). Relationship of genetic variation to population size 
in wildlife. Conservation Biology, 10(6), 1500–1508. https://doi.
org/10.1046/j.1523-1739.1996.10061​500.x

Frankham, R., Ballou, J. D., Ralls, K., Eldridge, M. D. B., Dudash, M. R., 
Fenster, C. B., Lacy, R. C., & Sunnucks, P. (2017). Genetic manage-
ment of fragmented animal and plant populations. Oxford University 
Press.

Gilbert, K. J. (2016). Identifying the number of population clusters with 
STRUCTURE: Problems and solutions. Molecular Ecology Resources, 
16, 601–613. https://doi.org/10.1111/1755-0998.12521

Goudet, J. (2003). FSTAT (Version 2.9.4.): A program to estimate and test 
population genetics parameters. Retrieved from http://www2.unil.
ch/popge​n/softw​ares/fstat.htm

Grant, W. A. S., & Bowen, B. W. (1998). Shallow population histories in 
deep evolutionary lineages of marine fishes: Insights from sardines 
and anchovies and lessons for conservation. Journal of Heredity, 
89(5), 415–426. https://doi.org/10.1093/jhere​d/89.5.415

Hepenstrick, D., Thiel, D., Holderegger, R., & Gugerli, F. (2012). Genetic 
discontinuities in roe deer (Capreolus capreolus) coincide with 
fenced transportation infrastructure. Basic and Applied Ecology, 
13(7), 631–638. https://doi.org/10.1016/j.baae.2012.08.009

Hewison, A. J. M., Vincent, J. P., & Reby, D. (1998). Social organisation of 
European roe deer. Scandinavian University Press.

Hewitt, G. M. (1999). Post-glacial re-colonization of european biota. 
Biological Journal of the Linnean Society, 68(1–2), 87–112. https://
doi.org/10.1006/bijl.1999.0332

Hodel, R. G. J., Segovia-Salcedo, M. C., Landis, J. B., Crowl, A. A., Sun, M., 
Liu, X., Gitzendanner, M. A., Douglas, N. A., Germain-Aubrey, C. C., 
Chen, S., Soltis, D. E., & Soltis, P. S. (2016). The report of my death 
was an exaggeration: A review for researchers using microsatellites 
in the 21st century. Applications in Plant Sciences, 4(6), 1–13. https://
doi.org/10.3732/apps.1600025

Jombart, T. (2008). Adegenet: A R package for the multivariate analysis 
of genetic markers. Bioinformatics, 24(11), 1403–1405. https://doi.
org/10.1093/bioin​forma​tics/btn129

Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis of 
principal components: A new method for the analysis of geneti-
cally structured populations. BMC Genetics, 11(1), 94. https://doi.
org/10.1186/1471-2156-11-94

Kuehn, R., Hindenlang, K. E., Holzgang, O., Senn, J., Stoeckle, B., & 
Sperisen, C. (2007). Genetic effect of transportation infrastructure 
on roe deer populations (Capreolus capreolus). Journal of Heredity, 
98(1), 13–22. https://doi.org/10.1093/jhere​d/esl056

Kurt, F. (1991). Das Reh in Der Kulturlandschaft: Sozialverhalten Und 
Ökologie Eines Anpassers; 18 Tab. Parey.

Leigh, J. W., & Bryant, D. (2015). Popart: Full-feature software for hap-
lotype network construction. Methods in Ecology and Evolution, 6(9), 
1110–1116.

Lorenzini, R., & Lovari, S. (2006). Genetic diversity and phylogeogra-
phy of the European roe deer: The refuge area theory revisited. 
Biological Journal of the Linnean Society, 88(1), 85–100. https://doi.
org/10.1111/j.1095-8312.2006.00606.x

Morf, N. V., Kopps, A. M., Nater, A., Lendvay, B., Vasiljevic, N., Webster, 
L. M. I., Fautley, R. G., Ogden, R., & Kratzer, A. (2021). STRoe 
Deer: A validated forensic STR profiling system for the European 
roe deer (Capreolus capreolus). Forensic Science International: 
Animals and Environments, 1, 100023. https://doi.org/10.1016/j.
fsiae.2021.100023

Moritz, C. (1994). Applications of mitochondrial DNA analysis in conser-
vation: A critical review. Molecular Ecology, 3(4), 401–411. https://
doi.org/10.1111/j.1365-294X.1994.tb000​80.x

Moritz, C. (1999). Conservation units and translocations: Strategies for 
conserving evolutionary processes. Hereditas, 130(3), 217–228. 
https://doi.org/10.1111/j.1601-5223.1999.00217.x

Müller, K. (2005). Jagd.Die Entwicklung Der Jagd Bis Zum Bundesgesetz von 
1875. In Historisches Lexicon der Schweiz. www.dhs.ch

Ogden, R., Chuven, J., Gilbert, T., Hosking, C., Gharbi, K., Craig, M., 
Dhaheri, S. S. A., & Senn, H. (2020). Benefits and pitfalls of cap-
tive conservation genetic management: Evaluating diversity 
in scimitar-horned oryx to support reintroduction planning. 
Biological Conservation, 241, 108244. https://doi.org/10.1016/j.
biocon.2019.108244

Ogden, R., & Linacre, A. (2015). Wildlife forensic science: A re-
view of genetic geographic origin assignment. Forensic Science 
International: Genetics, 18, 152–159. https://doi.org/10.1016/j.
fsigen.2015.02.008

Pérez-Espona, S., Pérez-barbería, F. J., Mcleod, J. E., Jiggins, C. 
D., Gordon, I. J., & Pemberton, J. M. (2008). Landscape fea-
tures affect gene flow of Scottish Highland red deer (Cervus 
elaphus). Molecular Ecology, 17(4), 981–996. https://doi.
org/10.1111/j.1365-294X.2007.03629.x

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of popu-
lation structure using multilocus genotype data. Genetics, 155(2), 
945–959. https://doi.org/10.1093/genet​ics/155.2.945

Pritchard, J. K., Wen, X., & Falush, D. (2010). Documentation for structure 
software: Version 2.3. University of Chicago.

Puechmaille, S. J. (2016). The program structure does not reliably 
recover the correct population structure when sampling is 
uneven: Subsampling and new estimators alleviate the prob-
lem. Molecular Ecology Resources, 16(3), 608–627. http://doi.
org/10.1111/1755-0998.12512

https://doi.org/10.3390/ani10122276
https://doi.org/10.1126/science.1257553
https://doi.org/10.1126/science.1257553
https://doi.org/10.1016/j.aquaculture.2021.737637
https://doi.org/10.1016/j.aquaculture.2021.737637
https://doi.org/10.1098/rspb.2005.3329
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1046/j.1523-1739.1996.10061500.x
https://doi.org/10.1046/j.1523-1739.1996.10061500.x
https://doi.org/10.1111/1755-0998.12521
http://www2.unil.ch/popgen/softwares/fstat.htm
http://www2.unil.ch/popgen/softwares/fstat.htm
https://doi.org/10.1093/jhered/89.5.415
https://doi.org/10.1016/j.baae.2012.08.009
https://doi.org/10.1006/bijl.1999.0332
https://doi.org/10.1006/bijl.1999.0332
https://doi.org/10.3732/apps.1600025
https://doi.org/10.3732/apps.1600025
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1093/jhered/esl056
https://doi.org/10.1111/j.1095-8312.2006.00606.x
https://doi.org/10.1111/j.1095-8312.2006.00606.x
https://doi.org/10.1016/j.fsiae.2021.100023
https://doi.org/10.1016/j.fsiae.2021.100023
https://doi.org/10.1111/j.1365-294X.1994.tb00080.x
https://doi.org/10.1111/j.1365-294X.1994.tb00080.x
https://doi.org/10.1111/j.1601-5223.1999.00217.x
https://doi.org/10.1016/j.biocon.2019.108244
https://doi.org/10.1016/j.biocon.2019.108244
https://doi.org/10.1016/j.fsigen.2015.02.008
https://doi.org/10.1016/j.fsigen.2015.02.008
https://doi.org/10.1111/j.1365-294X.2007.03629.x
https://doi.org/10.1111/j.1365-294X.2007.03629.x
https://doi.org/10.1093/genetics/155.2.945
http://doi.org/10.1111/1755-0998.12512
http://doi.org/10.1111/1755-0998.12512


14 of 14  |     VASILJEVIC et al.

R Core Team (2014). R: A language and environment for statistical comput-
ing. Retrieved from http://www.r-proje​ct.org/

Rabinowitz, A., & Zeller, K. A. (2010). A Range-wide model of land-
scape connectivity and conservation for the jaguar, Panthera onca. 
Biological Conservation, 143(4), 939–945. https://doi.org/10.1016/j.
biocon.2010.01.002

Randi, E., Alves, P. C., Carranza, J., Milosevic-Zlatanovi, S., Sfougaris, A., 
& Mucci, N. (2004). Phylogeography of roe deer (Capreolus capreo-
lus) populations: The effects of historical genetic subdivisions and 
recent nonequilibrium dynamics. Molecular Ecology, 13(10), 3071–
3083. https://doi.org/10.1111/j.1365-294X.2004.02279.x

Randi, E., Pierpaoli, M., & Danilkin, A. (1998). Mitochondrial DNA 
polymorphism in populations of Siberian and European roe deer 
(Capreolus pygargus and C. capreolus). Heredity, 80(4), 429–437.

Rianti, P., Perwitasari-Farajallah, D., Sajuthi, D., Pamungkas, J., Nater, A., 
& Krützen, M. (2015). Identification of diagnostic mitochondrial 
DNA single nucleotide polymorphisms specific to sumatran orang-
utan (Pongo abelii) populations. HAYATI Journal of Biosciences, 22(4), 
149–156. https://doi.org/10.1016/j.hjb.2015.09.002

Rice, W. R. (1989). Analyzing tables of statistical tests. Evolution, 43(1), 
223–225. https://doi.org/10.1111/j.1558-5646.1989.tb042​20.x

Ritchie, J. (1920). The influence of man on animal life in Scotland. Cambridge 
University Press.

Rousset, F. (2008). GENEPOP’007: A complete re-implementation 
of the GENEPOP software for Windows and Linux. 
Molecular Ecology Resources, 8(1), 103–106. https://doi.
org/10.1111/j.1471-8286.2007.01931.x

Rozas, J., Ferrer-Mata, A., Sánchez-DelBarrio, J. C., Guirao-Rico, S., 
Librado, P., Ramos-Onsins, S. E., & Sánchez-Gracia, A. (2017). 
DnaSP 6: DNA sequence polymorphism analysis of large data sets. 
Molecular Biology and Evolution, 34(12), 3299–3302. https://doi.
org/10.1093/molbe​v/msx248

Sanderson, J., & Harris, L. D. (Eds.). (2020). Brief History of landscape ecol-
ogy. Landscape ecology (pp. 3–18). CRC Press.

Smith, C. T., Templin, W. D., Seeb, J. E., & Seeb, L. W. (2005). Single nucle-
otide polymorphisms provide rapid and accurate estimates of the 
proportions of U.S. and Canadian Chinook Salmon Caught in Yukon 
River Fisheries. North American Journal of Fisheries Management, 
25(3), 944–953. https://doi.org/10.1577/M04-143.1

Sommer, R. S., & Nadachowski, A. (2006). Glacial refugia of mammals in 
Europe: Evidence from fossil records. Mammal Review, 36(4), 251–
265. https://doi.org/10.1111/j.1365-2907.2006.00093.x

Stubbe, C. (1990). Rehwild. Dt. Landwirtschaftsverl.
Szewczyk, M., Nowak, S., Niedźwiecka, N., Hulva, P., Špinkytė-

Bačkaitienė, R., Demjanovičová, K., Bolfíková, B. Č., Antal, V., 
Fenchuk, V., Figura, M., Tomczak, P., Stachyra, P., Stępniak, K. M., 
Zwijacz-Kozica, T., & Mysłajek, R. W. (2019). Dynamic range ex-
pansion leads to establishment of a new, genetically distinct wolf 

population in central Europe. Scientific Reports, 9(1), 1–16. https://
doi.org/10.1038/s4159​8-019-55273​-w

Taberlet, P., Fumagalli, L., Wust-Saucy, A.-G., & Cosson, J.-F. (1998). 
Comparative phylogeography and postglacial colonization 
routes in Europe. Molecular Ecology, 7(4), 453–464. https://doi.
org/10.1046/j.1365-294x.1998.00289.x

Thulin, C. G. (2006). Microsatellite investigation of roe deer (Capreolus 
capreolus) in Scandinavia reveals genetic differentiation of a Baltic 
sea island population. European Journal of Wildlife Research, 52(4), 
228–235. https://doi.org/10.1007/s1034​4-006-0047-1

Van Oosterhout, C., Hutchinson, W. F., Wills, D. P. M., & Shipley, P. 
(2004). micro-checker: Software for identifying and correcting ge-
notyping errors in microsatellite data. Molecular Ecology Notes, 4(3), 
535–538. https://doi.org/10.1111/j.1471-8286.2004.00684.x

Wang, J. (2017). The computer program STRUCTURE for assign-
ing individuals to populations: Easy to use but easier to mis-
use. Molecular Ecology Resources, 17, 981–990). https://doi.
org/10.1111/1755-0998.12650

Weir, B. S., & Clark Cockerham, C. (1984). Estimating F-statistics for 
the analysis of population structure. Evolution, 38(6), 1358–1370. 
https://doi.org/10.2307/2408641

Zachos, F. E., Hmwe, S. S., & Hartl, G. B. (2006). Biochemical and DNA 
markers yield strikingly different results regarding variability and 
differentiation of roe deer (Capreolus capreolus, Artiodactyla: 
Cervidae) populations from northern Germany. Journal of Zoological 
Systematics and Evolutionary Research, 44(2), 167–174. https://doi.
org/10.1111/j.1439-0469.2006.00350.x

Zink, R. M., & Barrowclough, G. F. (2008). Mitochondrial DNA under 
siege in Avian phylogeography. Molecular Ecology, 17(9), 2107–
2121. https://doi.org/10.1111/j.1365-294X.2008.03737.x

SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.

How to cite this article: Vasiljevic, N., Morf, N. V., Senn, J., 
Pérez-Espona, S., Mattucci, F., Mucci, N., Moore-Jones, G., 
Pisano, S. R. R., Kratzer, A., & Ogden, R. (2022). 
Phylogeography and population genetic structure of the 
European roe deer in Switzerland following recent 
recolonization. Ecology and Evolution, 12, e8626. https://doi.
org/10.1002/ece3.8626

http://www.r-project.org/
https://doi.org/10.1016/j.biocon.2010.01.002
https://doi.org/10.1016/j.biocon.2010.01.002
https://doi.org/10.1111/j.1365-294X.2004.02279.x
https://doi.org/10.1016/j.hjb.2015.09.002
https://doi.org/10.1111/j.1558-5646.1989.tb04220.x
https://doi.org/10.1111/j.1471-8286.2007.01931.x
https://doi.org/10.1111/j.1471-8286.2007.01931.x
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1577/M04-143.1
https://doi.org/10.1111/j.1365-2907.2006.00093.x
https://doi.org/10.1038/s41598-019-55273-w
https://doi.org/10.1038/s41598-019-55273-w
https://doi.org/10.1046/j.1365-294x.1998.00289.x
https://doi.org/10.1046/j.1365-294x.1998.00289.x
https://doi.org/10.1007/s10344-006-0047-1
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1111/1755-0998.12650
https://doi.org/10.1111/1755-0998.12650
https://doi.org/10.2307/2408641
https://doi.org/10.1111/j.1439-0469.2006.00350.x
https://doi.org/10.1111/j.1439-0469.2006.00350.x
https://doi.org/10.1111/j.1365-294X.2008.03737.x
https://doi.org/10.1002/ece3.8626
https://doi.org/10.1002/ece3.8626

	1

