American

' Journal of Heredity, 2016, 318-326

Genetic doi:10.1093/jhered/esw011
& ° o Original Article
J ASSOCIatlon Advance Access publication February 24, 2016

G

Original Article

Genetic Structure and Effective Population
Sizes in European Red Deer (Cervus elaphus)
at a Continental Scale: Insights from

Microsatellite DNA

Frank E. Zachos*, Alain C. Frantz*, Ralph Kuehn, Sabine Bertouille,
Marc Colyn, Magdalena Niedziatkowska, Javier Pérez-Gonzalez,
Anna Skog, Nikica Sprém, and Marie-Christine Flamand

From the Natural History Museum Vienna, 1010 Vienna, Austria (Zachos); Musée National d'Histoire Naturelle, L-2160
Miinster, Luxembourg (Frantz); Fondation faune-flore, 25, Rue Munster, L-2160 Luxembourg (Frantz); Unit of Molecular
Zoology, Chair of Zoology, Department of Animal Science, Technische Universitdt Miinchen, Freising, Germany (Kuehn);
Department of Fish, Wildlife and Conservation Ecology, New Mexico State University, Las Cruces, NM 88003-8003, USA
(Kuehn); Département de I'Etude du Milieu naturel et agricole, Service Public de Wallonie, 23 Avenue Maréchal Juin,
5030 Gembloux, Belgium (Bertouille); CNRS-UMR 6553, Université de Rennes 1, Station Biologique, 35380 Paimpont,
France (Colyn); Mammal Research Institute, Polish Academy of Sciences, Biatowieza, Poland (Niedziatkowska);
Grupo de Biologia y Etologia, Universidad de Extremadura, 10071 Céceres, Spain (Perez-Gonzalez); Department of
Biosciences, Centre for Ecological and Evolutionary Synthesis (CEES), University of Oslo, 0316 Oslo, Norway (Skog);
Cancer Registry of Norway, 0304 Oslo, Norway (Skog); Department of Fisheries, Beekeeping, Game Management and
Special Zoology, Faculty of Agriculture, University of Zagreh, Zagreb, Croatia (Sprém); and Institut des Sciences de la
Vie, Université catholique de Louvain, Croix du Sud 4-15, 1348 Louvain-la-Neuve, Belgium (Flamand).

*These authors contributed equally to this work.

Address correspondence to Frank E. Zachos at the address above, or e-mail: frank.zachos@nhm-wien.ac.at.

Received December 3, 2015; First decision January 26, 2016; Accepted February 19, 2016.

Corresponding editor: Warren Johnson

Abstract

We analyzed more than 600 red deer (Cervus elaphus) from large parts of its European distribution
range at 13 microsatellite loci, presenting the first continent-wide study of this species using
nuclear markers. Populations were clearly differentiated (overall F = 0.166, Jost’s D_, = 0.385), and
the BAPS clustering algorithm yielded mainly geographically limited and adjacent genetic units.
When forced into only 3 genetic clusters our data set produced a very similar geographic pattern
as previously found in mtDNA phylogeographic studies: a western group from lberia to central
and parts of Eastern Europe, an eastern group from the Balkans to Eastern Europe, and a third
group including the threatened relict populations from Sardinia and Mesola in Italy. This result
was also confirmed by a multivariate approach to analyzing our data set, a discriminant analysis
of principal components. Calculations of genetic diversity and effective population sizes (linkage
disequilibrium approach) yielded the lowest results for ltalian (Sardinia, Mesola; N_ between
2 and 8) and Scandinavian red deer, in line with known bottlenecks in these populations. Our study

© The American Genetic Association. 2016. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

318


http://www.oxfordjournals.org/
mailto:frank.zachos@nhm-wien.ac.at?subject=

Journal of Heredity, 2016, Vol. 107, No. 4

319

is the first to present comparative nuclear genetic data in red deer across Europe and may serve
as a baseline for future analyses of genetic diversity and structuring in this widespread ungulate.

Subject areas: Population structure and phylogeography, Conservation genetics and biodiversity
Keywords: Cervus elaphus, effective population size, Europe, microsatellites, phylogeography, Red deer

Introduction

The present genetic structure of large mammals in Europe is mainly
due to: 1) signatures of glacial-interglacial cycles with (in temper-
ate species) southern refugia during glacials and subsequent recol-
onization of northern regions, particularly after the Last Glacial
Maximum (LGM) (Hewitt 2000); 2) anthropogenic influences over
the past centuries, e. g. selective hunting, habitat fragmentation and
translocations (Hartl et al. 2003; Frantz et al. 2006). Genetic con-
sequences of human interference are thus grafted onto natural phy-
logeographic patterns, often blurring the intraspecific structuring of
pre-human eras.

The red deer (Cervus elaphus) is arguably the most important
European game species and, consequently, has been impacted by
humans for centuries or even millennia (Hartl et al. 2003). A multi-
tude of studies on its genetic structure in Europe have been carried
out, both on a local, regional and continental scale (Zachos and Hartl
2011; Carden et al. 2012; Niedziatkowska et al. 2012; Ferndndez-
Garcia et al. 2014; Karaiskou et al. 2014, Krojerova-Prokesova et
al. 2015). Studies on mitochondrial DNA (for a review see Zachos
and Hartl 2011) have uncovered 3 main phylogeographic lineages
in Europe: a western haplogroup (designated A) distributed from
Iberia through France and northern Central Europe to the British
Isles, Scandinavia and parts of Eastern Europe; an eastern haplo-
group (designated C) in the Balkans and parts of Eastern and Central
Europe; and an isolated lineage B restricted to the Tyrrhenian red
deer (C. e. corsicanus) on Sardinia and Corsica and the North
African Barbary red deer (C. e. barbarus). The suture zone between
the lineages A and C appears to run from Austria through Poland
and Belarus to the Baltic States (Niedziatkowska et al. 2011; Fickel
et al. 2012; Krojerova-Prokesova et al. 2015).

While the overall continental pattern does not seem to have been
blurred by human interference (there are only few geographic out-
liers with respect to the 3 lineages, Nussey et al. 2006), the areas
where geographic lineages meet may or may not show the natural
distribution patterns. In red deer, this is a general issue, even more
so at regional and local scales, where it is often not clear if and to
what extent populations are “pure”, i.e. free from artificial intro-
ductions. Translocations of farmed red deer have occurred count-
less times, and what is known about them is still only the tip of the
iceberg (Linnell and Zachos 2011; Apollonio et al. 2014, especially
Table 3.1, and references therein). Even if, as the mtDNA phylogeo-
graphic studies suggest, translocations have mainly been carried out
within the main lineages rather than between them, these translo-
cations have often covered large geographic distances (Linnell and
Zachos 2011). Of course, between-lineage translocations of stags
would not leave a signature in mitochondrial patterns; however,
there does not seem to be a male bias in translocations, and available
documentation confirms that most of the times females were translo-
cated as well (Niethammer 1963). Local or regional red deer stocks
have also been intensively studied from a population genetic point of
view, often taking into account human impacts (Kuehn et al. 2003,
2004; Zachos et al. 2007; Frantz et al. 2008; Haanes et al. 2010a,
2010b; Niedziatkowska et al. 2012; Fernandez-Garcia et al. 2014).

In this study, we present the first microsatellite data set cover-
ing most of the European range of the red deer to infer its nuclear
genetic structuring. Contrary to the roe deer and wild boar, the
other 2 widespread European ungulate species (Randi et al. 2004;
Scandura et al. 2008), no such analysis exists for red deer to date.
The present study aims at closing this gap, for the first time allow-
ing for nuclear genetic comparisons across the whole continent. In
particular, our study aims are:

(1) to uncover the large-scale nuclear genetic structure of the red
deer in Europe and compare it to the known mtDNA phyloge-
ography that is believed to bear signatures of the Quaternary
climatic cycles, especially those of refugia during the LGM and
subsequent recolonization events;

(2) to use our microsatellite data set to calculate genetic diversity and
effective population sizes (N) at a continent-wide comparative
level to get further insights into the distribution of genetic vari-
ability in this game species and to produce important and directly
comparable diversity parameters for the endangered Tyrrhenian
(Corsica, Sardinia) and Mesola (NE Italy) subspecies.

Material and Methods

Sample Collection and Laboratory Work

The present study was based on 638 red deer tissue samples from 27
locations throughout the continent (see Table 1; Figure 1). We also
included 30 samples from a French deer farm (Boisgervilly) in an
attempt to understand the origin of these individuals and to test the
potential to identify farmed individuals in the European data set. The
samples included both new material and individuals already analyzed
in previous studies (Kuehn et al. 2003; 2004, Feulner et al. 2004; Hmwe
et al. 2006a, 2006b; Zachos et al. 2007, Skog et al. 2009; Dellicour
et al. 2011; Niedziatkowska et al. 2012; Pérez-Gonzalez et al. 2012).
DNA was extracted from new samples using a chloroform-based
extraction method (Doyle and Doyle 1990). All samples (old and new)
were genotyped at 13 microsatellite loci (BM1818, Cer14, CSPS1135,
CSSM 14, CSSM16, CSSM19, CSSM22, CSSM66, ETH225, Haut14,
ILSTS06, INRA3S, and MM12; for references see Kuehn et al. 2003)
in 3 multiplex polymerase chain reactions (PCR) using the Qiagen
Multiplex kit (Qiagen, Hilden, Germany). Detailed information on
the PCR composition and reaction times can be found in Dellicour
et al. (2011). Reactions were performed using a Verity thermocycler
(Applied Biosystems, Warrington, UK). PCR products were separated
using an ABI 3100 automated DNA sequencer (Applied Biosystems),
and the data were analyzed using GeneMapper version 3.7 (Applied
Biosystems). All individuals were genotyped at 11 loci or more, with
629 of the 668 sampled having a complete 13-locus profile.

Data Analysis

We tested for the significance of heterozygote deficiency or excess (i.e.
deviation from Hardy—Weinberg equilibrium) in the 26 European
sampling locations with N > 15 (Supplementary Table S1, exclud-
ing the deer farm) with the Markov-chain method in GENEPOP 3.4
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(Raymond and Rousset 1995), with 10 000 dememorization steps, 500
batches and 10 000 subsequent iterations. The populations were tested
for pairwise linkage disequilibrium (LD) between loci using an exact
test based on a Markov-chain method as implemented in GENEPOP
3.4. The false discovery rate technique was used to eliminate false
assignment of significance by chance (Verhoeven et al. 2005). Mean
allelic richness per locus for each pre-defined European population was
calculated with FSTAT v. 2.9.3 (Goudet 1995) to standardize meas-
ures for a population size of 10 diploid individuals. Observed (Ho)
and unbiased expected (He,) heterozygosities (Nei 1978) for the same
populations were estimated using GENETIX 4.05.2 (Belkhir 2004).

We used STRUCTURE v2.3.1 (Pritchard et al. 2000) to estimate
the number of subpopulations (K). Ten independent runs of K = 1-10
were carried out with 10° Markov chain Monte Carlo (MCMC)
iterations after a burn-in period of 10° to 10° iterations, using the
model with correlated allele frequencies and assuming admixture.
ALPHA, the Dirichlet parameter for the degree of admixture, was
allowed to vary between populations. After deciding on the most
probable number of subpopulations based on the log-likelihood val-
ues (and their convergence) associated with each K, we calculated
each individual’s percentage of membership (q), averaging g over 10
runs. Bar plots of assignments were generated using DISTRUCT 1.1
(Rosenberg 2004). We also used BAPS v5.4 (Corander et al. 2004) to
perform a population mixture analysis based on clustering individu-
als. This algorithm partitions the data into populations with non-
identical allele frequencies. The program was run for K = 2 to 30
with 10 replications for each K.

A discriminant analysis of principal components (DAPC) was
performed using the R-package adegenet (Jombart 2008; Jombart
et al. 2010) for R v. 2.12. (R Development Core Team 2011). This
method, which is not based on any assumptions regarding the
population genetic model, first extracts information by applying a
principal component analysis (PCA). In a second calculation step,
a discriminant analysis (DA) maximizes the between-group compo-
nent of the genetic variation. The result of the DAPC can be visu-
alized by using RGB color coding; the similarity of the dot color
represents the genetic similarity of the populations (Jombart 2008,
Jombart et al. 2010). In the first step of this procedure, 50 principal
components of PCA were retained in order to explain approximately
90% of the total variation of the data set analyzed in this study. We
carried out the DAPC at the population level as we did not have
coordinates for a large number of single deer specimens.

To quantify overall genetic differentiation within our data set,
we calculated the overall F value (indicating which portion of the
overall variance was due to differentiation among populations) with
Arlequin 3.5 (Excoffier and Lischer 2010) and an estimator of Jost’s
D (D) with GenAlEx 6.502 (Peakall and Smouse 2012). These
calculations were carried out over all populations listed in Table 1
(excluding the deer farm). GenAlEx was also used to identify private
alleles and their frequencies.

We estimated effective population sizes (N,) using a bias-corrected
version of the LD method by Waples and Do (2008) as implemented
in the N Estimator v2 software (Do et al. 2014). This approach is
based on the rationale that in small populations with few parent

Table 1. Geographic distribution of the European samples analyzed in this study and summary of genetic diversity measures. A_: allelic
richness; Ho: observed heterozygosity; He: unbiased expected heterozygosity

Country Region within country n Microsatellite diversity

Ay Ho He,
Belgium Wallonia NE 20 5.31 0.68 0.69
Belgium Wallonia central 20 5.08 0.67 0.67
Belgium Wallonia West 20 5.39 0.69 0.69
Croatia E Croatia 53 4.82 0.63 0.68
Croatia/Slovenia NW Croatia/S Slovenia 49 5.36 0.70 0.68
France Central France (Chateauroux) 23 4.51 0.60 0.58
France E France (Meurthe) 27 4.70 0.56 0.67
France NW France (Hardouinais, Brittany) 22 4.20 0.61 0.65
Germany E Germany (Saxony) 15 6.09 0.60 0.69
Germany N Germany (Schleswig-Holstein) 19 5.53 0.53 0.60
Germany NE Bavaria (Fichtelberg/Goldkronach) 31 5.27 0.64 0.68
Germany NE Germany (Mecklenburg) 10 5.15 0.56 0.61
Germany SE Germany (Berchtesgaden) 29 5.65 0.70 0.73
Ttaly N Italy (Southern Tyrol/Vinschgau) 26 5.71 0.61 0.71
Italy NE Italy (Mesola) 22 2.76 0.43 0.45
Italy Sardinia 16 2.69 0.39 0.49
Liechtenstein 29 5.85 0.68 0.72
Norway W Norway (Sogn og Fjordane) 31 2.85 0.65 0.65
Poland E Poland (Bialowieza) 21 6.32 0.66 0.66
Poland NE Poland (Warmia-Masuria Province) 23 5.84 0.69 0.70
Poland SE Poland (N Carpathians) 25 6.10 0.29 0.33
Romania SE Romania (Carpathians) 17 5.36 0.42 0.46
Scotland 25 5.71 0.67 0.69
Serbia NE Serbia (Bachka) 19 4.55 0.66 0.69
Spain SE Spain (Andalucia) 15 4.50 0.63 0.62
Spain W Spain (Extremadura) 15 5.19 0.63 0.68
Sweden S Sweden (Skéne) 16 2.52 0.64 0.67
Deer Farm France, Brittany (Boisgervilly) 30 5.59 0.63 0.69
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individuals genetic drift will create non-random combinations of
alleles of different loci, i.e. LD. In general this approach is reliable if
effective population sizes are not much larger than ca. 200 and the
data set is based on 10 or more loci and population sample sizes of
25 or more. These conditions are not met for all our populations, so
results should be viewed with due caution in these cases. Since rare
alleles (which occur frequently in highly polymorphic markers like
microsatellites) may have a disproportionately high impact on the
linkage values, the software offers different critical threshold values
(we chose the default values of 0.05, 0.02, and 0.01) below which
alleles are not considered. We were particularly interested in the val-
ues for the endangered subspecies from Sardinia and Mesola which
have undergone serious bottlenecks and for which no values of N,
derived from genetic data have ever been published. The present data
set, the largest nuclear genetic on European red deer so far, offers
a good opportunity to estimate effective population sizes of these
deer and put them into a comparative perspective. We calculated
N, values for pre-defined populations, not for the clusters retrieved
by BAPS because 1) differences between the 2 were often small and
2) BAPS uses marker independence as one of the clustering param-
eters, so LD values might be affected by this clustering approach.
Additionally, we only chose those populations which had a sample
size of n > 15 and which were not obviously part of a much larger
continuous population (which is why we did not include the red deer
from the Carpathians).

RESULTS

After correcting for multiple tests, we observed 15 instances of a
locus deviating from HWE in one of the 26 pre-defined popula-
tions with n > 15 (Supplementary Table S1). Four loci (BM1818,
CSSM19, CSSM66, ETH225) significantly deviated from HWE in
more than one population, 16 populations showed no deviations

b4

T T 1T 17 17 T 1]
0 335 670 1,340 Kilometers

from HWE at all. We concluded that no locus systematically devi-
ated from HWE, but that the genetic characteristics of some popu-
lations (e.g. Wahlund effect, immigrants, non-random sampling)
led to the majority of the significant deviations from HWE. All loci
were therefore retained in subsequent analyses. No pairs of loci
were characterized by systematic LD. Diversity values (allelic rich-
ness, observed and expected heterozygosities) are given in Table 1.
Across all 3 diversity parameters, Sardinia and Mesola showed the
lowest genetic diversity (as expected), but other populations showed
similarly low values for allelic richness (Norway, Sweden) or het-
erozygosity (Polish and Romanian Carpathians). As expected given
our comprehensive geographical sampling we found private alleles
in several populations. Most populations only had a single private
allele, but Berchtesgaden in Germany had 5 (all at low frequencies of
less than 3.5%). Sardinia, arguably the evolutionarily most divergent
population in our data set, only had a single private allele which,
however, had a frequency of 40.6%!

Genetic Structuring Across Europe

The results of the STRUCTURE analysis showed that the independ-
ent runs did not converge on an optimal solution. Log-likelihood
values gradually increased, without reaching a higher value of K
where they converge reasonably well, and started to decline again
after K = 12 (Supplementary Figure S1). The best convergence of
log-likelihoods was obtained for K = 2, K = 4, and K = 7. However,
even at these 3 values of K, assignments of individuals differed
fairly widely between runs of the same K. For example, at K = 2,
we obtained 6 different clustering solutions (Supplementary Figure
$2).

The individual-based modal population mixture analysis in BAPS
inferred the presence of 26 genetic populations. The majority of the
sampling locations formed distinct groups (Figure 1). The samples
from eastern Poland formed a genetic cluster with the samples

Figure 1. Location of the genetic populations inferred using the individual-based BAPS algorithm. The size of the pie charts indicates the number of samples
collected from a locality, while the pattern of the pie chart indicates the identity of the genetic clusters. The 4 deer that had been sampled in Croatia/Slovenia,
Norway, SE Germany, and SE Poland and that formed single-individual partitions were omitted from the plot. For the pattern based on only 3 genetic clusters,

see Supplementary Figure S3 in the Appendix.
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from northern and eastern Germany. Seven clusters consisted of 6
individuals or less. Four deer, which had been sampled in Croatia/
Slovenia, Norway, SE Germany, and SE Poland, respectively, formed
single-individual partitions (not shown in Figure 1). The SE Polish
and NE Italian (Mesola) populations, as well as the deer farm, each
contained a few individuals that formed distinct clusters (Figure 1).
The remaining deer farm individuals were grouped with the Scottish
and Eastern European clusters and it was not possible to unequivo-
cally identify farmed individuals in the rest of the data set.

When forced to assign all European individuals to only 3 clusters
(K = 3), BAPS produced a geographical pattern very much like that
known from the 3 mtDNA lineages (Supplementary Figure S3): there
is a clear separation of western from eastern red deer with an overlap
of these 2 groups in eastern Central Europe and Poland. Sardinia,
together with Mesola (NE Italy) and Norway, constitutes the third
cluster (at K = 4, Norway is separated from Sardinia/Mesola). We
checked for the occurrence of otherwise rare alleles in these 3 popu-
lations as a possible explanation for their clustering. However, while
we did find rare alleles at several loci shared by Mesola and Sardinia,
we did not find any that were shared also by Norway.

The DAPC yielded results in accordance with those from BAPS
(Figure 2). Sardinia, Mesola, Norway, and Sweden were most diver-
gent genetically, masking differentiation among the remaining popu-
lations. But again, when removing these 4 outliers from the analysis,
we found a west—east dichotomy of red deer populations (Figure 2,
right map). The Belgian red deer were somewhat genetically differ-
entiated from its surrounding populations. The allelic richness val-
ues characterizing the populations from Sardinia, Mesola, Norway,
and Sweden were the lowest in the data set (Figure 3; Table 1).
Furthermore, populations in France, eastern Croatia, and Iberia had
low levels of allelic richness, while deer in central Europe and Poland
had the highest. The overall Fy, value was 0.166 (P < 0.00001), indi-
cating that 16.6% of all genetic variance was due to differences
among populations as opposed to variability within populations
(83.4%). Jost’s D, was 0.385 (significant at P = 0.001).

Effective Population Sizes of European Red Deer

N, values as calculated with the LD method are given in Table 2.
Values above 200 and for samples much smaller than 25 should be
viewed with due caution (see above). In line with the diversity parame-
ters (Table 1) values for Sardinia and Mesola were the lowest (between
2.0 and 8.2), and no other populations show similarly low effective
population sizes, although some do show values that are below 50
(e.g. Sweden, Norway and Schleswig-Holstein in northern Germany),
which is often viewed as a threshold below which inbreeding depres-
sion is likely to occur. The comparison of different threshold values
also shows that rare alleles sometimes have a large impact on the
result for a given population but do not change the overall picture.

Discussion

Our analyses of more than 600 individual multi-locus genotypes of
European red deer have uncovered substantial structuring across
the continent and, as expected given the higher mutation rates in
microsatellites, the overall nuclear genetic structure was more com-
plex than that found in phylogeographic studies based on mtDNA.
Microsatellites are generally more appropriate for the detection of
small-scale and/or more recent structuring but the European data set
once more confirmed the genetic uniqueness of both the Sardinian
and the Mesola red deer and also yielded similar patterns to those
uncovered by mtDNA phylogeography.

European Genetic Structure and Phylogeography

Due to convergence problems, the STRUCTURE results were incon-
clusive. Re-running the analysis using the substantially longer burn-
in of 10° did not solve the issue (results not shown). To the best of
our knowledge, STRUCURE does not allow a formal assessment of
the convergence of the MCMC chains, via the statistic by Gelman
and Rubin (1992), for example. While similar problems have been
reported (e.g. Frantz et al. 2014), the issue is particularly striking
here. We therefore limited our inferences to the results obtained by

Figure 2. DAPC of European red deer populations. Similar RGB colour codes signify genetic similarity. Sardinia, Mesola, Norway, and Sweden are genetically very
different from the rest of Europe, effectively veiling differentiation among the latter (left). When running the analysis without these 4 outliers (right), the European
pattern largely shows a dichotomy between a western group (red-purple colors) that ranges from Iberia through western Europe and the British Isles to eastern
central Europe, and an eastern group (green-blue colors) in the Balkans and southern central Europe. In Central and Eastern Europe, these groups admix (brownish
colors).This is in accordance with both mtDNA phylogeography and the BAPS results for K= 3.The Belgian red deer are the only outliers in this pattern (yellow dots).
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Figure 3. Microsatellite-based allelic richness measures for 27 pre-defined European red deer populations and the deer farm. The estimate of allelic richness is
based on a sample of 10 diploid individuals and 13 microsatellite markers. Sardinia, Mesola, Norway, and Sweden show the lowest values (little black squares).

Table 2. Effective population sizes (N,) as calculated with N_ Estimator based on the LD approach. For each population, N, values are given
for 3 different thresholds for the lowest allele frequency used.The values in parentheses are the 95% confidence intervals based on jackknif-
ing on loci. n: sample size. “infinite” values of N, refer to cases where there is no evidence of variation of the genetic characteristic due to
finite numbers of parental individuals, i.e. all can be explained by sampling error (Do et al. 2014). Only those populations are included for
which evidence was present that they were not just artificially designated sample sites and for which nwas > 15.The 2 Spanish populations,

after mostly yielding infinite values separately, were pooled.

Population n Effective population size (N,)

Frequency threshold: 0.05 0.02 0.01
Sardinia 16 4.3 (2.3-10.4) 8.2 (3.3-17.1) 8.2 (3.3-17.1)
Mesola 22 2.0 (1.4-3.0) 2.6 (1.8-5.3) 2.6 (1.8-5.3)
Sweden 16 Infinite (9.8-infinite) 20.4 (7.8-549.8) 20.4 (7.8-549.8)
Norway 31 40.6 (16.9-532.1) 30.2 (15.5-87.8) 10.3 (3.9-21.6)
Schleswig-Holstein 19 19.2 (13.7-29.0) 26.2 (18.6-40.5) 26.2 (18.6-40.5)
Saxony 15 Infinite (122.2—infinite) 283.5 (69.8-infinite) 283.5 (69.8-infinite)
Serbia 19 303.7 (41.1-infinite) 131.3 (37.1-infinite) 131.3 (37.1-infinite)
E Croatia 53 480.6 (128.7-infinite) 1384.1 (206.6-infinite) 1127.7 (217.6-infinite)
NW Croatia/S Slovenia 49 84.5 (52.5-177.2) 155.4 (93.1-394.9) 139.5 (80.6-397.4)
Berchtesgaden 29 46.2 (32.1-75.4) 51.7 (35.2-89.1) 41.4 (28.0-71.2)
Fichtelgebirge 31 28.8 (20.2-44.7) 38.3 (27.7-57.7) 41.1 (30.4-59.9)
Liechtenstein 29 139.6 (60.3~infinite) 166.0 (75.3-infinite) 156.3 (74.0-infinite)
Vinschgau (Italy) 26 101.0 (45.6-infinite) 119.5 (54.9-infinite) 149.5 (62.3-infinite)
E France (Meurthe) 27 42.0 (22.1-144.8) 57.6 (30.3-229.9) 79.2 (40.8-424.2)
NW France (Hardouinais) 22 77.7 (26.6-infinite) 176.4 (45.1-infinite) 176.4 (45.1-infinite)
C France (Chateauroux) 23 62.1 (27.0-infinite) 85.1 (40.6-1797.9) 85.1 (40.6-1797.9)
Spain (pooled) 30 38.0 (24.9-68.8) 42.1 (28.8-70.4) 68.0 (45.3-124.8)
NE Wallonia 20 Infinite (118—infinite) Infinite (121.4—infinite) Infinite (121.4—infinite)
C Wallonia 20 82.8 (35.9—infinite) 114.3 (45.6-infinite) 114.3 (45.6-infinite)
W Wallonia 20 126.2 (44.2-infinite) 167.5 (57.4—infinite) 167.5 (57.4-infinite)

the BAPS algorithm. Contrary to STRUCTURE, the overall pic-
ture provided by BAPS was consistent in that Sardinian, Mesola,
Norwegian and, to a lesser extent, Swedish red deer were the most
divergent of the European populations. Also, the BAPS and the
DAPC analyses retrieved a clear signal of genetic divergence between
western and eastern Europe.

The BAPS analysis yielded 26 distinct genetic clusters across
Europe. Even if this is an overestimate (BAPS can overestimate the

number of genetic clusters because it has a tendency to identify pop-
ulations consisting of only a few individuals, as observed here as
well; Latch et al. 2006), it clearly shows the differentiation at a com-
paratively small geographical scale in European red deer. In line with
this, both Fg. and Jost’s D, showed significant differentiation at a
rather high level. Our F of 0.166 is almost exactly the same as that
found for another cervid species with a similar distribution range in
Europe, the roe deer (Capreolus capreolus; F, across Europe based
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on 704 specimens and 11 microsatellite loci was found to be 0.16
by Randi et al. 2004). As expected, overall F . was much higher for
mtDNA control region sequences (because within-population diver-
sity is lower; F. = 0.84, Skog et al. 2009).

Most BAPS clusters comprise local populations and/or mostly
geographically adjacent sampling sites. Given the mutation rates
of microsatellites, this is an expected outcome and in line with
many microsatellite studies on red deer at local or regional scales
(e.g. Feulner et al. 2004; Nielsen et al. 2008; Haanes et al. 2011;
Niedziatkowska et al. 2012; Hoglund et al. 2013; Karaiskou et al.
2014; Krojerova-Prokesova et al. 2015). However, if low K values
of the BAPS analysis are considered, the geographical distribution of
the clusters are very interesting. Indeed, if all European red deer are
clustered into only 3 groups, the geographical pattern bears a striking
resemblance to the phylogeographic pattern derived from mtDNA:
2 main groups (west and east, respectively) that show an overlap in
Central Europe and Poland, and a minor group containing the red
deer from Sardinia. These groups correspond to the mtDNA lineages
A (west), C (east), and B (Sardinia and North Africa). Instead of
the North-African Barbary deer (of which unfortunately no sam-
ples were available for the present study), the microsatellite analysis
groups the Sardinian red deer with Mesola whose mtDNA affinities
are somewhat intermediate between the western and eastern clade
(Skog et al. 2009; Niedziatkowska et al. 2011), with the most recent
study favoring closer relationships to the eastern group (Lorenzini
and Garofalo 2015). Norway becomes separated from this group at
the next higher level of K = 4. The DAPC confirmed these results in
that after the removal of the outlier populations there was a clear dif-
ferentiation between Western, Central and Central-Eastern Europe
on the one hand and South-Eastern and southern Central Europe on
the other. In red deer, concordance between mtDNA phylogroup dis-
tribution and microsatellite structuring has been found before, albeit
at a smaller geographical scale, in the Czech Republic (Krojerova-
Prokesova et al. 2015) and in Greece (Karaiskou et al. 2014).

The most convincing explanation for the biogeographic pattern
observed in the present study is that the microsatellite structure of red
deer across Europe still carries a signature of the postglacial recolo-
nization process from 2 main glacial refugia (Iberia/southern France
in the west, the Balkans and possibly the Carpathian region in the
east, Sommer et al. 2008). In line with this, values of allelic richness
are highest where the 2 main BAPS clusters and DAPC groups (west
and east) meet—in Central Europe and Poland, which is also where
the western and eastern mtDNA lineages co-occur (Niedziatkowska
et al. 2011; Fickel et al. 2012; Krojerova-Prokesova et al. 2015).
To what extent this zone of overlap is natural, however, cannot be
definitively answered due to the high number of translocations that
are known to have occurred. It would be interesting to see whether
phylogeographic data from one or more nuclear markers with lower
mutation rates than microsatellites also confirm the large-scale pat-
tern of 3 groups found in mtDNA and microsatellites.

Within the West-Palaearctic red deer, the Tyrrhenian red deer
from Corsica and Sardinia (C. e. corsicanus) and the North-African
Barbary red deer (C. e. barbarus) comprise a distinct mtDNA lineage
(B), and their phylogeographic history is not entirely clear, e. g. it
is still being debated whether the Tyrrhenian deer are derived from
introduced Barbary deer or vice versa (see Zachos and Hartl 2011
and references therein). If the Tyrrhenian deer are descendants of
Italian mainland deer, then they should be closely related to the red
deer from Mesola (recently described as C. e. italicus, Zachos et al.
2014) which are the last surviving native Italian red deer. While this is
not supported by mtDNA studies, close affinities between the 2 have

been found based on microsatellites (Hajji et al. 2008). It is interest-
ing to note that the present data set of 13 microsatellites—none of
which is identical to the 8 loci used by Hajji et al. (2008)—yielded
the same result of a close relationship between C. e. corsicanus and
C. e. italicus. It seems therefore unlikely that these results are sim-
ply an artefact due to drift effects in 2 recently severely bottlenecked
populations—for this to be true the bottlenecks would have to have
resulted in similar and unique allele frequencies in 2 completely non-
overlapping sets of altogether 21 loci. Rather, it seems more likely
that the result is indicative of a true signal of phylogeographic rela-
tionships between mainland Italian and Sardinian/Corsican red deer,
a question that ultimately only ancient DNA studies will be able to
answer.

Genetic Diversity and Effective Population Sizes

Genetic diversity values were in the range known for microsatel-
lite loci in red deer (see Table 1 in Zachos and Hartl 2011 for a
compilation of values from all over Europe). The lowest values
when considering both allelic diversity/richness and heterozygosi-
ties were expectedly found in the severely bottlenecked populations
from Sardinia and Mesola in Italy, and known bottlenecks can also
account for the low diversity (at least in terms of allelic richness)
found in Scandinavian red deer from Sweden and Norway which is
in accordance with findings from other studies (Haanes et al. 2010a,
Haanes et al. 2010b, Haanes et al. 2011).

We present here also the first estimation of effective population
sizes in red deer across a large area of their distribution. Overall,
N, values were in the range of, although with lower maximum val-
ues than, those previously calculated for German and Spanish red
deer based on genetic and demographic data (Martinez et al. 2002;
Kuehn et al. 2003). The calculations have also confirmed the genetic
depletion of the red deer from Sardinia and Mesola as a consequence
of past bottlenecks and near-extinction. Values between 2 and 8 are
the lowest in Europe and even considerably lower than the N, = 20
calculated with the same approach (LDNe) for the endangered
Kashmir red deer or hangul (C. e. hanglu) whose total census popu-
lation size is estimated at just above 200 (Mukesh et al. 2015). While
both the Sardinian and Mesola red deer have increased in numbers
recently and are not threatened with immediate extinction anymore,
the long-term consequences of low genetic diversity and inbreeding
remain unclear. While overall the LD approach is viewed as a reliable
method, there are many unknowns in any calculation of effective
population size (Luikart et al. 2010). The values therefore might best
be viewed in a comparative context rather than as absolute values
for each of the populations separately.

Conclusion

Although a common and locally abundant game animal today, the red
deer faced extirpation in many parts of its range during past centu-
ries. Documentation on recolonization—whether natural or human-
mediated—is usually scarce, and what is known on translocations
from the literature (e.g. Niethammer 1963, Apollonio et al. 2014) is
almost certainly only the tip of the iceberg. In fact, it is believed that
the present gene pool of many if not most free-living populations of
red deer in Europe contains at least some genetic material that goes
back to introductions (Hartl et al. 2003). Evidence for purely autoch-
thonous populations is rare (and usually not conclusive), with some
possible examples being red deer in Mesola (Zachos et al. 2014),
Skéne in southern Sweden (Hoglund et al. 2013) , some areas in Spain
(Carranza et al. 2016) and the Scottish Highlands (Pérez-Espona et al.
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2009). Although genetic analyses are a powerful means to elucidate
the status of populations with respect to their natural or anthropo-
genic origin (see Kuehn et al. 2004; Frantz et al. 2006), such analyses
have not been carried out for most of the distribution range. Many
of the populations analyzed in the present study will therefore not
be completely natural units (it is known, e.g. that the Chateauroux
red deer have partly been introduced from the Domaine National de
Chambord). However, a “purist” approach allowing only completely
native populations in a species as deeply impacted anthropogenically
as the red deer in Europe is neither feasible nor would it, in our view,
be desirable, because human impacts are one of the most important
factors in shaping genetic structure in red deer and as such are also
a relevant aspect of their present-day biology. Our analysis has pre-
sented evidence that not only with respect to mtDNA but also for
microsatellite DNA presumably natural patterns are still visible in red
deer across Europe, and our data set, being the most comprehensive
of its kind so far, may serve as a continent-wide comparison for geo-
graphically more restricted studies in the future.

Supplementary Material

Supplementary material can be found at http://www.jhered.oxfordjournals.org/.

Data Availability

Data (microsatellite genotypes) deposited at Dryad: http://dx.doi.
org/doi:10.5061/dryad.1v6p1
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