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Gray wolf populations have been recovering recently across Europe, a fact that poses serious challenges
to the management of the species. We investigate the population genetics of wolves at the south-eastern
edge of their European range, in Greece, and identify conservation priorities for the species in the country.
During population monitoring efforts (1998-2014) 48 tissue and hair samples were collected and geno-
typed at 14 microsatellite loci. Eight samples were discarded from further downstream analysis because
of possible dog-wolf admixture. Unlike many other edge populations, wolves in Greece showed high lev-

IC(Z{I‘;V::\?;&OH els of genetic variation (Hg =0.73; Hp = 0.66). We detected two genetic clusters of wolves but no genetic
Greece bottleneck, which suggests that the human-caused population reduction of wolves in Greece may not
Canis lupus have been as severe as previously assumed and that enough wolves may have survived in inaccessible

areas and/or neighboring countries to maintain genetic diversity. Two of the main conservation priori-
ties identified for gray wolves in Greece are non-invasive genetic monitoring and ensuring the functional
connectivity of the Natura 2000 network through the identification and protection of ecological corridors
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and road-less areas.

© 2016 Deutsche Gesellschaft fiir Sdugetierkunde. Published by Elsevier GmbH. All rights reserved.

Since their near extirpation in the 19th century gray wolves
(Canis lupus) have made remarkable recoveries in several parts of
Europe (Chapron et al., 2014). Innate propensities of the species
(i.e.,1arge home ranges, high mobility, high dispersal abilities) com-
bined with legal protection, socio-ecological changes in rural areas
and the increase of wild prey are causes for these recoveries, which,
however, have also led to increased conflicts with humans and
render wolf conservation difficult (Linnell et al., 2008).

Gray wolves in Greece constitute the south-eastern edge of the
species’ range in Europe; they are considered to be vulnerable and
it has been estimated that approximately 600 individuals inhabit
a continuous range in the country (Fig. 1). Despite partially recov-
ering from heavy poaching and the use of poisoned baits, wolves
in Greece are still threatened by human-caused mortality, limited
food availability and on-going habitat destruction and fragmenta-
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tion (Iliopoulos, 2009). Although belonging genetically to the wider
Dinaric-Balkan population (Stronen et al., 2013), genetic structure
of a population at the edge of its range, such as the wolf population
in Greece, may vary at a smaller, local scale (Yannic et al.,2012) and
lower genetic variation may occur after recent population recov-
ery events (Excoffier et al., 2009). The aim of this study was to
evaluate the population structure, genetic diversity and population
history of wolves in Greece and identify conservation priorities for
the species in the country.

We collected tissue and hair samples from 48 gray wolves dur-
ing regular population monitoring efforts in Greece (1998-2014)
(Fig. 1).

We genotyped each sample at 14 microsatellite loci (Table 1).
PCR amplification was performed twice for each tissue sample and
at least three times for hair samples following the laboratory pro-
tocol of Pilot et al. (2006) using the Multiplex PCR Kit (QIAGEN)
and PCR conditions as described in the manufacturer’s instruc-
tions with modifications by adding 0.1 wL BSA (Fermentas). Cycling
was performed on a DNA Engine Dyad Peltier Thermal Cycler (BIO
RAD) using the reaction conditions described by Czarnomska et al.
(2013). We analyzed PCR products on an ABI3100 genetic analyzer
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Fig. 1. Map of Greece indicating the locations where genetic samples from gray wolves were collected (1998-2014) and their cluster membership (black circle: Cluster
1; white circle: Cluster 2; triangle: unassigned/admixed; square: potential hybrid). The shaded areas in the inset map indicate the approximate range of wolves in Greece

(Chapron et al., 2014).

and determined allele lengths using Genemarker 1.51 (SoftGenet-
ics LLC). Following procedures described by Verardi et al. (2006)
and Randi (2008) eight samples were removed from downstream
analysis because of possible dog-wolf admixture.

We used MICROCHECKER v2.2.3 (Van Oosterhout et al., 2004) to
test for allelic dropout, presence of null alleles and scoring errors
caused by stutter peaks. To evaluate the suitability of the marker
set for identifying individuals we calculated the Probability of Iden-

Table 1

tity among Siblings (Pip_sip) (Waits et al., 2001) using Gimlet v1.3.2
(Valiére, 2002).

We tested for population structure using the Bayesian assign-
ment algorithm STRUCTURE 2.3.4 (Pritchard et al., 2000). For the
analyses a maximum of K=15 was set and population admixture
and correlated allele frequencies were assumed. We performed a
total of ten independent runs for each K value; for each run we
set the burn-in period to 100,000 Markov Chain Monte Carlo iter-
ations, followed by a sampling of 1,000,000 iterations. We used

Genetic diversity indices for wolves in Greece, including the number of alleles per locus (A), allelic richness (Ag), expected (Hg ), observed (Ho ) heterozygosity and individual
inbreeding coefficient relative to the subpopulation (F;s). Significant Fis values are marked by *; loci deviating from Hardy-Weinberg Equilibrium are in bold.

Wolves in Greece

All samples Cluster 1 Cluster 2

Locus A He Ho Fis A Ar He Ho Fis A Ar He Ho Fis
FH2088 5 0.70 0.68 0.032 4 39 0.69 0.67 0.035 4 3.5 0.67 0.59 0.128
FH2010 4 0.38 0.42 -0.110 4 33 0.37 0.43 —-0.156 4 34 0.41 0.41 -0.018
FH2054 8 0.74 0.80 -0.070 5 4.9 0.76 0.80 —-0.060 8 6.6 0.80 0.88 -0.109
FH2096 3 0.65 0.73 -0.127 3 29 0.44 0.47 —-0.059 3 3.0 0.68 0.82 -0.214
FH2079 2 0.51 0.33 0.345 2 2.0 0.37 0.22 0.407 2 2.0 0.45 0.36 0.217
FH2140 8 0.81 0.76 0.065 - - - - -2 - - - - -2
VWF 7 0.71 0.78 —0.088 6 5.4 0.75 0.80 —-0.063 7 6.0 0.70 0.76 —0.098
FH2001 6 0.78 0.74 0.047 5 49 0.75 0.64 0.152 5 4.7 0.74 0.76 —0.030
Cc213 13 0.85 0.68 0.212 7 6.7 0.87 0.80 0.079 10 7.2 0.80 0.59 0.268
€250 9 0.84 0.88 —0.044 6 5.3 0.76 0.93 -0.244 8 7.0 0.86 0.82 0.045
€253 6 0.76 0.68 0.110 6 5.9 0.84 0.73 0.125 5 4.8 0.72 0.71 0.023
C466 9 0.76 0.68 0.114 4 3.6 0.65 0.53 0.188 9 6.8 0.83 0.82 0.002
C642 12 0.92 0.5 0.462 - - - - -2 - - - - -2
AHT130 7 0.75 0.65 0.139 4 3.8 0.64 0.57 0.115 6 53 0.80 0.77 0.041
Mean 7.1 0.73 0.66 0.088 4.7 44 0.66 0.63 0.038 5.9 5.0 0.71 0.69 0.019
SD 3.1 0.14 0.15 1.4 0.17 0.20 2.5 0.14 0.17

a Marker excluded (see Results and Discussion).
* P<0.05.
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Fig. 2. (a) Results of the Bayesian clustering analysis of Greek wolves (N =40) with STRUCTURE; (b) Rate of log-likelihood values (AK) using Evanno’s ad-hoc approach; (c)
Assignment probabilities (i.e., individual g-matrix and bar plots) of each wolf for K=2; (d) Factorial correspondence plot for wolves in Greece for K= 2 (Cluster 1: white circles;
Cluster 2: gray circles; ambiguously assigned genotypes with a membership value of g <0.7: dark triangles).

Genetix 4.05.2 (Belkhir et al., 1996-2004) for a Factorial Corre-
spondence Analysis (FCA) to visualize the relative similarity among
wolf genotypes and potential genetic substructure. Also, Isolation-
by-Distance (IBD) among pairs of all wolves was calculated using
SPAGeDI 1.5 (Hardy and Vekemans, 2002) with the kinship coeffi-
cient by Loiselle et al. (1995).

In order to evaluate the genetic diversity of wolves in Greece,
we analyzed the indices for genetic variation for the population
as a whole, but also for each genetic cluster, which consisted of
genotypes with a membership coefficient g> 0.7 as assigned by
STRUCTURE. We investigated for inbreeding due to deviations of
each locus from Hardy-Weinberg Equilibrium (HWE) assumptions
by calculating F;s and performed tests for Linkage Disequilibrium
(LD) between pairs of loci with Genetix 4.05.2 (Belkhir et al.,
1996-2004). We tested for deviations from HWE for each locus with
Fisher’s method (Rousset and Raymond, 1995) using Genepop v4.0
(Rousset, 2008), with unbiased P values by a Markov chain method
of 1,000 burn-in iterations, 500 batches and 1,000 iterations per

batch. We calculated the number of alleles, expected and observed
heterozygosity and pairwise Fsy with Arlequin v3.5.1.2 (Excoffier
and Lischer, 2010). Allelic richness (Ag) for each genetic group was
calculated with the program HP-Rare (Kalinowski, 2005).

To evaluate whether the population had undergone a genetic
bottleneck, we tested the data for heterozygote excess deviat-
ing from the mutation-drift equilibrium (Hg > Hg ) using Bottleneck
1.2.02 (Piry et al., 1999). The two-phase mutation model using 95%
single step mutations to estimate the expected heterozygosities
(20,000 iterations) was applied and the significance of the differ-
ences between observed and expected heterozygosities was tested
using the Wilcoxon test.

A total of 40 wolf genotypes were analyzed and all tests for
allelic dropout, null alleles or possible scoring errors due to stutter
peaks were negative. The accumulated, more conservative Pjp_sjp
was 4.96e-06, lower than 0.01, the value recommended if the data
are to be used for population size estimation (Waits et al., 2001).
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Individual genotype assignment by STRUCTURE did not show
clear population subdivision (Fig. 2a); we therefore applied the
approach of Evanno et al. (2005) [as implemented in STRUCTURE
HARVESTER (Earl and vonHoldt, 2012)] which showed K=2 clus-
ters with the highest likelihood for AK (Fig. 2b and c). Admixture
might be indicated by lower membership coefficients (q) or point to
possible migrants. Eight wolves were not clearly assigned to either
of the two clusters, while 32 individuals (80%) were assigned with
a membership coefficient g>0.7. Clustering into two groups was
also supported by the FCA-analysis and grouping of genotypes per
cluster was visible while the ambiguously assigned, admixed geno-
types grouped between the two clusters (Fig. 2d). Differentiation
between the two clusters can be described as moderate (Balloux
and Lugon-Moulin, 2002), with a pairwise Fsr=0.059 (P<0.001).
We detected also a negative relationship between kinship and
spatial distance between pairs of wolves (b=—-1.00e-04, P<0.05),
suggesting IBD.

Overall, significant (P<0.01) LD after sequential Bonferroni cor-
rection was found in 9 out of 91 marker pairs (9.9%). When
analyzing per cluster, 6 out of 91 marker pairs (6.6%) showed sig-
nificant LD. The pairs of loci with LD were not consistently found
across clusters. Further, markers FH2140 and C642 showed low
variation due to missing amplification and those two markers were
removed from further analyses per cluster. Greek wolves showed
high genetic variation with mean expected and observed heterozy-
gosity being Hg =0.73 and Hp = 0.66 (Table 1). The average number
of alleles per locus was 7.1. Allelic richness of Cluster one was 4.4,
and 5.0 for Cluster two. Four loci (C213, C253, C466 and C642)
showed deviation from HWE within the total population (P<0.01).
Loci C213 and C642 deviated due to deficit of heterozygotes, while
for loci C253 and C466 the heterozygote deficit and excess tests
were not significant. Loci C213 and C642 also showed significant,
elevated values of Fs. The whole sample from Greece deviated from
HWE including a significant and elevated value for the overall Fjg
(Table 1).This deviation seemed to be caused by the Wahlund effect.
Indeed, when analyzing the clusters separately, neither clusters
deviated from HWE and markers C250 and FH2010 in Cluster 1 did
not show significant Fjs values. Cluster 2 showed slightly higher val-
ues for heterozygosity and number of alleles compared to Cluster
1 (Table 1).

No recent genetic bottleneck was detected (Wilcoxon test
P>0.76).

Our study provides information on basic genetic parameters
of a wolf population at the south-eastern edge of its European
range. Empirical research indicates that genetic diversity is often
lower and divergence higher in peripheral relative to core popula-
tions (Arnaud-Haond et al., 2006). Reduced genetic diversity may
be expected due to genetic drift caused by geographical isolation
and low mutation rates (Hoffmann and Blows, 1994) and has been
observed in the recently-established wolf population in the Alps
(Fabbri et al., 2007). This however is not the case with wolves in
Greece which have high levels of genetic variation, similar to those
found elsewhere in the Dinaric-Balkan population (Moura et al.,
2014), indicating potential connectivity and gene flow with other
populations further north. The levels of genetic diversity of gray
wolves in Greece are consistent with the documented demographic
recovery in the country (Iliopoulos, 2009) and expectations from
European-wide phylogeographic studies of the species. As Balkan
wolves were never completely eradicated and survived a period of
severe human persecutions in the 18th and 19th century in iso-
lated populations (Breitenmoser, 1998), they are expected to carry
a significant portion of the genetic diversity previously found in the
large and continuous European wolf population of the Last Glacial
Maximum (Pilot et al., 2010).

The two genetic clusters identified are not geographically or
temporally distinct and show a low level of differentiation. Inter-

preting results by the program Structure of populations under the
influence of IBD can be challenging and should be done with caution
(Frantz et al., 2009), however, the detected IBD pattern could not
fully explain the current genetic structure. It may be, that the clus-
ters represent two, older populations or lineages which occur now
in the same region, and have merged or are in the process of mix-
ing. Although the results of the different genetic analyses appear
consistent, the occurrence of two genetic clusters within Greece is
challenging to interpret, as there is no obvious explanation.

Our sampling was representative of the current distribution of
wolvesin Greece (Fig. 1). Despite the previous population decline in
the country, we detected no genetic bottleneck. This may indicate
that the reduction of wolves in Greece may have not been as severe
as previously assumed and that enough wolves may have survived
in areas and/or neighboring countries to maintain genetic diver-
sity. However, simulation studies have shown that the statistical
power of genetic bottleneck detection decreases with low sample
size (Zachariah Peery et al., 2012). Therefore it may also be possible
that our sample size was not large enough to detect a genetic bottle-
neck. Alternatively, it may be a combination of low sample size and
limited impact of the past bottleneck. We suggest that future anal-
yses should incorporate historical material to further investigate
the population’s demographic history.

Effective wolf conservation in Greece is still hampered by the
lack of reliable scientific information on the status of the species,
the lack of a Management Action Plan and the poor enforcement
of the existing legal framework. This is the first genetic study of
wolves in Greece, which allows the identification of basic research
and management priorities for the species consistent with those
of the EU (Linnell and Boitani, 2012). Given the current financial
crisis in Greece and the cost-efficiency of the method (Stenglein
et al., 2010), we suggest that non-invasive genetic methods should
become an integral part of the national wolf conservation strategy
(Linnell et al., 2008) and the basic research tool for monitoring pop-
ulation structure and dynamics and genetic diversity. As dog-wolf
admixture is relatively common in Greece (i.e., 17% of our samples
showed traces of possible dog-wolf admixture) genetic monitoring
should be used also to closely monitor hybridization between these
two taxa (Randi, 2011).

Considering the fact that the recent construction of large high-
ways is restricting wolf movement and gene flow in Greece
(Karamanlidis et al., 2016), management efforts should be prior-
itized to ensure the functional connectivity of the existing Natura
2000 network and its ecological coherence (Habitats Directive
92/43/EU, article 10) through the identification and protection of
(a) ecological corridors according to the Greek Biodiversity law
(L.3937/2011, article 5) and the EU Biodiversity Strategy in the
framework of supporting green infrastructures and their ecosys-
tem services (European Commission, 2011) and (b) road-less areas
(IENE, 2014; Votsi et al., 2016) as areas with a low human impact.

Wolves have beenrecovering recently in Greece. We believe that
non-invasive genetic monitoring and ensuring unhindered gene
flow are two of the main research and management priorities for
gray wolves in the country and that if they are consequently pur-
sued they will significantly contribute towards safeguarding the
future of the species in Greece.
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