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Abstract

Understanding the impact of postglacial recolonization on genetic diversity is essential
in explaining current patterns of genetic variation. The central-marginal hypothesis
(CMH) predicts a reduction in genetic diversity from the core of the distribution to
peripheral populations, as well as reduced connectivity between peripheral popula-
tions. While the CMH has received considerable empirical support, its broad applica-
bility is still debated and alternative hypotheses predict different spatial patterns of
genetic diversity. Using microsatellite markers, we analysed the genetic diversity of
the adder (Vipera berus) in western Europe to reconstruct postglacial recolonization.
Approximate Bayesian Computation (ABC) analyses suggested a postglacial recoloniza-
tion from two routes: a western route from the Atlantic Coast up to Belgium and a cen-
tral route from the Massif Central to the Alps. This cold-adapted species likely used
two isolated glacial refugia in southern France, in permafrost-free areas during the last
glacial maximum. Adder populations further from putative glacial refugia had lower
genetic diversity and reduced connectivity; therefore, our results support the predic-
tions of the CMH. Our study also illustrates the utility of highly variable nuclear
markers, such as microsatellites, and ABC to test competing recolonization hypotheses.
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According to the central-marginal hypothesis (CMH)

Introduction (Carson 1959; Sagarin & Gaines 2002), within-species

Current genetic characteristics of populations are related
to intrinsic population parameters, such as population
size, but are also strongly influenced by historical events.
The various combinations of genetic drift, gene flow and
natural selection can lead to population divergence, and
these processes are strongly dependent upon population
size and spatial distribution (Allendorf & Luikart 2007).
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genetic diversity should be higher in past glacial refugia
compared to more recently established peripheral popu-
lations. The loss of genetic diversity in peripheral popu-
lations could be due to progressive loss at the
colonization front following subsequent colonization
events or could be due to demographic effects (Robu-
chon et al. 2014). Moreover, according to the CMH, effec-
tive population size and gene flow should be lower in
peripheral populations compared to populations located
close to the glacial refugium.
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Numerous studies have examined the CMH in plants
(Comps et al. 2001; Lonn & Prentice 2002; Pfeifer et al.
2009; Jadwiszczak et al. 2011; Pouget ef al. 2013), mam-
mals (Heckel et al. 2005), reptiles (Bohme et al. 2007;
Howes & Lougheed 2008), amphibians (Palo et al. 2003;
Garner et al. 2004) and invertebrates (Cassel & Tam-
maru 2003). Eckert et al. (2008) compiled 134 publica-
tions on plants and animals that compared genetic
diversity in core and peripheral populations and found
a decline in diversity towards the periphery in 64% of
them. Given this mixed support, the broad applicability
of the CMH is debated (Soulé 1973; Brussard 1984; Saf-
riel ef al. 1994; Lesica & Allendorf 1995; Barton 2001;
Guo 2012) and alternative hypotheses have been pro-
posed. For instance, Fisher (1930) suggested that the
environmental conditions are more stable in the distri-
bution core while peripheral populations occur mainly
in suboptimal habitats where they face more variable
conditions (Gullberg et al. 1998). Fisher’s hypothesis
predicts that genetic diversity should increase from core
to peripheral populations. Kark ef al. (2008) suggested a
nonlinear association between genetic diversity and dis-
tance from the core of the distribution, with the highest
genetic diversity predicted to occur in populations situ-
ated between the core and the periphery of the range.
Kark et al. (2008) also suggested that apparent support
for the CMH may arise because of a common failure to
sample intermediate populations.

Understanding how genetic diversity is distributed
between peripheral and core populations also has clear
implications for conservation (Parmesan & Yohe 2003;
Hampe & Petit 2005). In the context of climate change,
for instance, populations located at the expanding mar-
gin of the range (‘the leading edge’) are of prime interest
because they provide individuals capable of colonizing
new, favourable habitats (Hewitt 2000; Gibson et al.
2009; Cassel-Lundhagen 2010; Diekmann & Serrao 2012).
Meanwhile, rear-edge populations are not always given
appropriate consideration (Hampe & Petit 2005) despite
their potentially high conservation value (Diekmann &
Serrao 2012). Indeed, rear-edge populations should har-
bour high genetic diversity, but they are imperiled due
to climate change (Hampe & Petit 2005).

The effect of climate change on populations should
be especially acute in ectotherms, such as squamates,
because their biology is much more tightly linked to
temperature than that of endotherms (Buckley et al.
2012). In Europe, vipers of the genus Vipera have parap-
atric distributions (Saint Girons 1980; Brito & Crespo
2002; Scali et al. 2011; Tarroso et al. 2014), probably
reflecting different climatic niches. Parapatry appears to
be a result of interspecific differences in thermoregula-
tory behaviour and physiology, rather than a conse-
quence of competition (Guillon 2012; Lourdais et al.

2013; Guillon et al. 2014) notably between the common
adder (Vipera berus, L. 1758) and the asp viper (Vipera
aspis, L. 1758).

The common adder is an excellent model to study
recolonization events and to test current hypotheses
about genetic diversity in peripheral populations. This
species has particularly low dispersal abilities, and pop-
ulations separated by only a few kilometres are signifi-
cantly differentiated (Ursenbacher et al. 2009). The
common adder is a cold-adapted species with a large
boreal distribution (probably the largest for a terrestrial
snake; Saint Girons 1980) reaching high latitude (>60°N)
and the permafrost seems to limit its distribution (Nilson
et al. 2005; Levavasseur et al. 2011). The range-wide
mitochondrial DNA phylogeography of the adder indi-
cated three major clades: one in the Balkan peninsula,
one in the Italian peninsula and one with a large distri-
bution from France to Sakhalin Island (Kalyabina-Hauf
et al. 2004; Ursenbacher et al. 2006). The latter clade
shows marked genetic structure, with several subclades
for which the location of glacial refugia remains unclear.
Westernmost adders belong to the western subclade (Ur-
senbacher et al. 2006), which is limited to France, wes-
tern and central Switzerland, Belgium, westernmost
Austria and southwestern Germany. During the LGM
(26200 kya), however, the current distribution of this
clade was covered by ice sheets (the Alps, the Jura
Mountains and the top of the Massif Central; Van Vliet-
Lanoé & Hallegouét 2001) or with permafrost (Van Vliet-
Lanoé & Hallegouét 2001; Clark et al. 2009). During the
LGM, only two areas free of ice or permafrost remained
in France: (i) south of the Alps and the Massif Central
(near Montpellier and Marseille) and (ii) the southern
part of the Atlantic Coast (near Bordeaux; Fig. 1).

Here, we use species-specific highly variable markers
(microsatellites; Ursenbacher et al. 2009) to describe pat-
terns of genetic diversity within the western subclade of
V. berus. First, we determined whether the genetic data
are consistent with the use of one or both of the putative
glacial refugia identified based on geological evidence.
Then, we used the genetic data to reconstruct postglacial
recolonization routes and to test the predictions of the
CMH. Specifically, we tested (i) for a decrease in genetic
diversity from populations located close to glacial refu-
gia to peripheral populations and (ii) for a decrease in
genetic connectivity from populations located close to
glacial refugia to peripheral populations.

Materials and methods

Sampling and DNA extraction

We estimated genetic diversity in 32 populations (602
adders, between 5 and 30 individuals per population)

© 2015 John Wiley & Sons Ltd
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Fig. 1 Distribution of the sampled popu-
lations of Vipera berus. Population codes
correspond to Table 1. Current adder dis-
tribution (dark area), last glacial maxi-
mum (LGM) extent of permafrost (lines
with triangles) and last glacial maximum
coast lines (dotted lines) are also dis-
played following Van Vliet-Lanoé et al.
(2004). The two stars represent the refer-
ence locations used for both putative gla-
cial refugia.

originating from France, Switzerland, Germany, Bel-
gium and the Netherlands (see Table 1 and Fig. 1). Pop-
ulations were grouped in five regions (Massif Central,
Atlantic Coast, Jura Mountains, Alps, Northeastern) cor-
responding to geographic affinities. DNA was obtained
from samples of blood, scales, skin or from buccal
swabs. Total DNA was extracted using QlAamp DNA
Mini Kits (Qiagen).

Microsatellite amplification

We estimated genetic diversity using nine microsatellite
makers (Vb-A8, Vb-All, Vb-B'2, Vb-B'9, Vb-B10, Vb-
B’10, Vb-B18, Vb-D’10 and Vb-D17, see Ursenbacher
et al. 2009) specifically developed for the adder. For
populations 13 and 15-22, most individuals were
already genotyped as part of a previous study (Ursenb-
acher et al. 2009). The additional samples were ampli-
fied in 10 pL reactions following Ursenbacher et al.

© 2015 John Wiley & Sons Ltd

(2009), microsatellite PCR products were run on an ABI
3130x] automated sequencer, and allele sizes were
determined using the program PEAKSCANNER 3.1 (Applied
Biosystems). Because genotyping methodologies were
not exactly the same among all samples, several indi-
viduals were analysed using both methodologies, and
conversion tables were produced for each primer.

Genetic analyses

To avoid analytical problems due to null alleles, we
selected only the markers for which the absence of null
alleles was confirmed by Ursenbacher et al. (2009). We
nevertheless tested for the presence of null alleles in
each population using MICROCHECKER 2.2.3 (Van Oosterh-
out et al. 2004). In addition, we tested for linkage dis-
equilibrium among loci with rsTaT 2.9.3 (Goudet 1995).
Allele frequency, allelic richness (Ar) and expected het-
erozygosity (Hg) were estimated using rsTAT. The het-
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Table 1 Genetic diversity for 32 Vipera berus populations based on six microsatellite markers with standard error; n = sample size;
Hg = expected heterozygosity; Ar, = allelic richness (based on five diploid individuals); Mean FST = mean fixation index. Popula-
tions with particular history (see text) that were not used to evaluate the regional genetic parameters are indicated in italic. The
regional allelic richness (based on 49 diploid individuals) is presented in the last column. All metrics have been calculated using

FSTAT (Goudet 1995)

Population number Region Country n Ar Hg Mean Fsr Regional Ar
1 Massif Central France 17 3.36 0.63 0.302
2 Massif Central France 9 4.02 0.63 0.230
3 Massif Central France 17 4.14 0.68 0.232
4 Massif Central France 16 3.83 0.68 0.252
5 Massif Central France 21 3.74 0.62 0.244
6 Massif Central France 19 2.94 0.46 0.339
7 Massif Central France 15 3.82 0.69 0.252
8 Massif Central France 18 3.44 0.60 0.255
9 Massif Central France 18 3.89 0.61 0.239
10 Massif Central France 16 3.03 0.55 0.252
Massif Central 3.62 + 0.13 0.61 + 0.02 0.260 + 0.011 10.03 + 2.51
11 Atlantic Coast France 17 3.96 0.68 0.252
12 Atlantic Coast France 18 4.23 0.68 0.228
13 Atlantic Coast France 20 3.99 0.65 0.223
Atlantic Coast 4.06 + 0.08 0.67 + 0.01 0.234 + 0.008 8.76 + 2.95
15 Jura Mountains Switzerland 25 2.78 0.39 0.367
16 Jura Mountains Switzerland 30 3.11 0.54 0.309
17 Jura Mountains Switzerland 14 243 0.44 0.371
18 Jura Mountains Switzerland 24 3.32 0.54 0.293
19 Jura Mountains Switzerland 28 1.85 0.29 0.434
23 Jura Mountains Germany 21 1.35 0.09 0.605
Jura Mountains 2.70 + 0.26 0.44 £+ 0.05 0.355 + 0.025 6.81 + 2.48
14 Alps France 8 1.10 0.02 0.534
20 Alps Switzerland 30 2.39 0.40 0.410
21 Alps Switzerland 23 2.59 0.44 0.371
22 Alps Switzerland 20 2.73 0.45 0.330
Alps 2.57 + 0.10 0.43 £+ 0.02 0.371 + 0.023 6.46 + 1.80
24 Northeastern France 5 2.33 0.35 0.398
25 Northeastern Belgium 18 2.84 0.49 0.342
26 Northeastern Belgium 11 1.80 0.17 0.504
27 Northeastern France 16 2.47 0.42 0.397
28 Northeastern France 17 3.43 0.61 0.276
29 Northeastern France 18 2.57 0.46 0.351
30 Northeastern France 21 2.37 0.36 0.414
31 Northeastern France 23 1.82 0.26 0.486
32 Northeastern the Netherlands 29 2.51 0.35 0.435
Northeastern 2.46 + 0.19 0.39 £+ 0.05 0.396 + 0.027 712 + 1.95

erozygote deficit within populations (Fis) and genetic
differentiation between populations (Fsr) were calcu-
lated and tested for significant departure from zero by
permutation (1000 replicates) with FsTAT. We tested for
possible bottlenecks within populations with restricted
genetic diversity using BOTTLENECK (Cornuet & Luikart
1996; Piry et al. 1999) with settings (TPM model, with
95% of SMM; variance = 12) suggested by Piry et al.
(1999). Regional genetic diversity (Ar) was also evalu-
ated for the five geographical regions using FSTAT. Pro-
portions of the total genetic variation present within
and among regions were calculated using AmMOva in GEN-

ALEX 6.4 (Peakall & Smouse 2006) with 999 replications.
Genetic distances between pairs of populations were
calculated using Cavalli-Sforza and Edwards Dc dis-
tance (Cavalli-Sforza & Edwards 1967), and phyloge-
netic reconstruction was conducted using the program
POPULATIONS 1.2.28 (Langella 1999). According to Take-
zaki & Nei (1996), the Dc measure of genetic distance is
one of the most appropriate to reconstruct phylogenetic
relationships among populations. Population structure
was inferred using model-based clustering methods
with multilocus genotype data with strucTURE 2.3.3
(Pritchard ef al. 2000). A nonadmixture model was used

© 2015 John Wiley & Sons Ltd
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because our study populations are isolated and 10 inde-
pendent runs for K between 1 and 32 with 600 000 iter-
ations (200 000 removed as burnin) were performed. To
determine whether the geographical distance between
current populations and putative glacial refugia has an
impact on genetic diversity (Ar), we used a linear
regression in spss 19.0 (SPSS Inc., Chicago, IL, USA).

Testing recolonization scenarios

We used approximate Bayesian computation (ABC) to
test for different recolonization scenarios. The principle
of ABC is to obtain the posterior distribution of the
parameters using simulation under a defined demo-
graphic model (Beaumont ef al. 2002; Beaumont 2010).
ABC methods avoid the exact likelihood calculations by
evaluating summary statistics (Csillery et al. 2010).
Genetic data sets were simulated from defined priors,
such as effective population size distributions, and mi-
crosatellite mutation rate and timing distributions. We
first conducted a rejection step, which consisted in
accepting only the simulations for which the summary
statistics were close to the ones calculated from the data
set. As summary statistics, we retained the mean num-
ber of alleles, the mean gene diversity, the mean size
variance, the mean M index (Garza & Williamson 2001)
across loci, and, between two samples, the Fgr, the
mean index of classification, the (du)2 distance,
the mean number of alleles, the mean gene diversity,
the mean allele size variance and the shared allele dis-
tance. All the computations were carried out using DI-
YABC 1.0.4.46 (Cornuet et al. 2010), and the calculations
for the different indices are explained in the manual.
After selection of the most appropriate priors, posterior
probabilities of scenarios were obtained with a logistic
regression. Test simulations were run with 10° itera-
tions, whereas 4 x 10° iterations were conducted for
the final simulation. Four scenarios were tested (Fig. 2):
a simultaneous split except for the Alpine and Jura
Mountains regions (scenario 1); a northern colonization
route (grouping the Atlantic Coast and the Northeastern
regions) and a southern colonization route with the
Massif Central as the first isolated (source) region (sce-
nario 2); a simultaneous split among the Atlantic Coast,
the Northeastern and the southern (Massif Central, Alps
and Jura Mountains) regions (scenario 3); and a simul-
taneous split among the five regions (scenario 4). The
total size of the adder population was considered con-
stant for all the analyses. The population sizes for each
population were assumed to equal the effective popula-
tion sizes (Ne). We used a generation time of 8 years
based on the equation T =a + [s/1(1 — s)] defined by
Lande et al. (2003) where o is the age at maturity
(4 years: Nilson et al. 2005) and s is the annual survival

© 2015 John Wiley & Sons Ltd

rate (0.80; the mean from Prestt 1971; Forsman 1993 and
Phelps 2004). It is however possible that the generation
time was longer during the LGM as is currently the
case for high altitude populations (Nilson et al. 2005).

Results

Null alleles and genetic diversity

No loci were in linkage disequilibrium. Null alleles
were detected in several populations of the Massif Cen-
tral and of the Atlantic Coast regions for the loci Vb-
B10 and Vb-B18 and for Vb-B'2 in the Massif Central
region only. We consequently removed these three loci
from further analyses.

Genetic diversity for each population is presented in
Table 1. Differences in allelic richness (based on five
diploid individuals) were found among populations on
the Atlantic Coast (mean: 4.06 & 0.08), in the Massif
Central (3.62 4+ 0.13), in the Jura Mountains (2.70 4+ 0.26
—without population 23—see below), in the Alps
(2.57 + 0.10—without population 14—see below) and in
the Northeastern region (France and Belgium:
2.46 + 0.19—without population 32—see below) (aNo-
vag1s1 = 10.09; P < 0.001). Post hoc Tukey tests indi-
cated that Atlantic Coast and Massif Central
populations had significantly higher allelic richness than
the other three regions. We found similar results for the
expected heterozygosity (ANOVA 4 151 = 11.74; P < 0.001).
Very low genetic diversity was found in populations 14
and 23 (Ar =110 and 1.35, respectively). Regional
genetic diversity was not significantly different among
the different geographical regions (ANOVA4,5 = 0.40;
P = 0.81). Significant intrapopulation structure (Fs) was
only found in population 1. Recent bottlenecks were
detected in population 23 (Wilcoxon test, P = 0.031),
whereas no information was available for population 14
due to the presence of a single polymorphic locus.

Population differentiation and affinities

We found high genetic differentiation among most pop-
ulations (mean Fgr value: 0.34 + 0.16; min = 0.02;
max = 0.87), most (94%) being significant. Most nonsig-
nificant Fgr values involved populations 2 and 24
because of the limited number of samples from these
populations (N =9 and N =5, respectively). Mean Fsr
values were smaller for the Massif Central (0.260) and
the Atlantic Coast regions (0.234), compared to the Jura
Mountains (0.355), the Alps (0.371) and the Northwest-
ern region (0.401; Table 1). The amova indicated that
57% of the genetic variation was distributed within
individuals, 10% among individuals, 25% among popu-
lations and 8% among geographical regions.
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We were unable to determine an ideal number of
population clusters based on the structure analyses, the
posterior probabilities L(K) being maximal for K = 22.
Most populations belong to a single cluster (with a
mean assignment value > 0.70), but populations 14 and
22 (Alps) grouped together and populations 24, 25 and
26 (Northeastern region: French and Belgian Ardennes)
grouped together. Using the methodology developed by
Evanno ef al. (2005), the second-order difference (AK)
suggested the occurrence of two groups, one compris-
ing all populations from the Northeastern region and
the other comprising all populations from the Jura
region. Populations from others regions were split
between both groups.

Population relationships

The genetic distances among all populations demon-
strated the central position of the populations from the
Massif Central (Fig. 3). Two groups were observed in
this region, one in the southeastern part of this region
(populations 1, 4, and 6, and part of population 3) and
the other in the central, northern and western parts of
this region. Populations of the Northeastern region, on
the one hand, and from the Alps and Jura Mountains,
on the other hand, formed two separate groups. Atlan-
tic Coast populations appeared intermediate between
Massif Central and Northeastern populations. Surpris-
ingly, population 32 (from the Netherlands) is unrelated
to the populations from the Northeastern region, but is
more related to the populations from the Alps and Jura

Mountains. Suspicions of human introduction of this
population, confirmed by our genetic data, lead us to
remove this population from further analyses.

ABC analyses

Eight test simulations were run until we found priors
yielding similar values between observed and simulated
summary statistics. We ran an additional four simula-
tions with slight modifications of a few priors, but these
additional simulations failed to improve the results. The
most likely scenario is scenario 2 (Fig. 2), with a poster-
ior probability of 0.72 (95% CI: 0.59-0.85). The effective
population sizes of the different regions were estimated
between about 5000 individuals (Alps and Jura Moun-
tains) to over 30 000 (Massif Central) (Table 2). The
split between the central and northern colonization
routes was estimated to have occurred 3720 generations
ago, or 30 kya considering a generation time of 8 years.
The split between the Massif Central populations and
the Alps and Jura Mountains populations was esti-
mated to have occurred about 2000 generations ago, or
15 kya. The most recent split between the Alps and the
Jura Mountains populations occurred <4 kya (Table 2).

Genetic diversity and distance to glacial refugia

As demonstrated by the ABC analyses, populations
from Northeastern regions are more related to the
Atlantic Coast populations (Northern group) and popu-
lations from the Alps and the Jura regions likely origi-

© 2015 John Wiley & Sons Ltd
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nated from the Massif Central area (Central group). It
appears that these two groups used unconnected glacial
refugia in southwestern (Northern group) and south-
eastern (Central group) France (Fig. 1). We found
strong negative relationships between allelic richness
(Ar) and distance from each putative glacial refugium
(Northern group: r = —0.727; P < 0.001; Central group:
r = —0.778; P < 0.001; Fig. 4).

Discussion

We studied the genetic diversity of a boreal viper in
western Europe using six microsatellite markers that
did not show evidence of null alleles. We identified two
distinct postglacial recolonization routes originating
from two isolated glacial refugia. Adder populations
closest to putative glacial refugia had the highest
genetic diversity and, for both refugia, the distance to
the refugium explained a large portion of the variation
in genetic diversity observed in current populations.
Overall, our results provide support for the CMH and
illustrate the complexity of species distribution patterns
during the last glacial maximum. Our study also sup-

© 2015 John Wiley & Sons Ltd

Fig. 3 Neighbour-joining tree calculated
using the Dc genetic distance (Cavalli-
Sforza & Edwards 1967) among the
different populations. Each colour corre-
sponds to one region, except for the Alps
and the Jura Mountains that are mixed.
Population codes correspond to Table 1.

0.04

ports the presence of ‘cryptic’ northern refugia for cold
climate species, in addition to the main southern refugia
in the three European peninsulas (Stewart & Lister
2001).

Glacial refugia and postglacial recolonization routes

Geological evidence suggests that two permafrost-free
areas offered possible refugia in southwestern and in
southeastern France during the LGM (Van Vliet-Lanoé
& Hallegouét 2001). Even if several plants and inverte-
brates were able to survive in ice-covered regions using
well-exposed rocky emergences during the LGM (nun-
ataks; Stehlik ef al. 2002; Haase et al. 2003; Holderegger
& Thiel-Egenter 2009; Ursenbacher et al. 2010), several
lines of evidence suggest that it was not the case for the
adder. First, the current adder distribution clearly
appears restricted in the north by ice cover and perma-
frost. Second, previous phylogegraphic investigations
failed to locate possible refugia in areas covered by ice
or by permafrost during the LGM (Ursenbacher et al.
2006). Lastly, none of the small vertebrate prey
consumed by the adder (i.e. small lizards, rodents see
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Table 2 Estimations (with 95% confidence intervals) of the effective population size (Ne), the divergence time among the different
regions and the mean mutation rate calculated using prvasc 1.0.4.46 (Cornuet et al. 2010) based on 602 samples grouped in five geo-
graphical regions. The divergence times were calculated from the number of generations assuming a generation time of 8 years.

Regions refer to Table 1 and split label to Fig. 2

Ne 95% CI
Massif Central 31 500 18 00045 400
Atlantic Coast 16 100 5600-36 100
Jura Mountains 5090 1920-8600
Alps 5140 2000-8640
Northeastern 8030 5760-9700

Generations 95% CI Years 95% CI
tf 3720 2130-4880 29 760 17 040-39 040
td 443 89-961 3544 712-7688
ta 1930 892-3160 15 440 7136-25 280
tg 2330 1060-3930 18 640 8480-31 440

Mean mutation rate 8.02 x 107°

346 x 107°-1.56 x 107*

5 Northern colonisation route: linear regression: r = -0.727; P < 0.001
central colonisation route: linear regression: r = -0.778; P < 0.001

0 100 200 300 400 500 600 700 800 900
Distance to putative refugia [km]

Fig. 4 Linear regressions between the allelic richness of each
population (Ar) and the distance to the putative glacial refugia.
The black line and plain squares are the northern colonization
route (Atlantic Coast and Northeastern regions), whereas the
grey line and the open circles correspond to the central coloni-
zation route (Massif Central, Alps and Jura Mountain regions).
Linear regression: Northern group: Ar/distance to putative
refugia: r = —0.727; P < 0.001; Central group: Ar/distance to
putative refugia: »r = —0.778; P < 0.001.

Luiselli et al. 1995; Monney 1995) seem to have survived
in nunataks (Surget-Groba et al. 2001; Jaarola & Searle
2002). It is consequently more likely that the adder took
refuge in permafrost-free areas during the LGM.

We observed significant differences in genetic diver-
sity among our five study regions. Even if some popu-
lations, probably owing to unknown historical events,
presented very low genetic diversity, most populations
within a region exhibited similar genetic diversity. Simi-
lar patterns were detected for the mean Fsy values.
Genetic diversity, genetic differentiation and ABC all
strongly support the hypothesis that adders recolonized

western Europe from two distinct routes: one western
route reaching first the French Atlantic Coast and later
northern France and Belgium, and one eastern route
reaching first the Massif Central and later the Alps and
the Jura Mountains. The two recolonization routes
started from two distinct refugial areas: the “Atlantic
Coast’ for the western route and the ‘edges of Massif
Central’” for the eastern route (Fig. 1).

Temperature has a crucial influence on the biology of
ectotherms (Angilletta et al. 2002; Kearney & Porter
2009), and shifts in distribution are likely related to
changes in temperatures. Our analyses indicated that the
split between the two recolonization routes occurred
about 30 kya, thus before the LGM. The timing of this
split further supports the presence of two glacial refugia
isolated during the LGM. On the other hand, the separa-
tion between the two glacial refugia (the Atlantic Coast
and the edges of the Massif Central) and the peripheral
populations (the Northeastern region and the Alps and
Jura Mountains regions) occurred just after the LGM
(about 15 kya). The timing of this last split suggests a
rapid recolonization of the deglaciated areas by the
adder, following the fast warming period that occurred
at the end of the LGM (Clark et al. 2009). Finally, the dif-
ferentiation between the Alps and Jura Mountains
regions is more recent (4 kya), probably due to the more
recent release of Alpine and Jura valleys by ice sheets
(melting started approximately 16 kya, and this region
was free of ice by about 13 kya, Blavoux 1988) and the
short geographical distance between these two regions.
At that time, the adder was consequently able to reach
the lowland between the Alps and the Jura Mountains,
and these two mountain ranges later. The Alps and Jura
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Mountains populations were then likely separated fol-
lowing the continued temperature increase and possibly
the arrival of the asp viper (Monney 1996). The timing of
these splits is based on a generation time of 8 years. The
age at maturity and the survival rate we used to calculate
the generation time were derived from current popula-
tions occupying optimal habitat. It is possible that gener-
ation time was longer for populations in less optimal
habitat, such as edge populations during recolonization.
It is thus possible that we underestimated the timing of
population splits.

Spatial patterns of genetic diversity support the
central-marginal hypothesis

We found that genetic diversity in the adder decreased
with increasing distance to the putative glacial refugia,
which supports the prediction of the CMH (Carson
1959; Sagarin & Gaines 2002). Additionally, mean Fsr
values were also higher in peripheral populations, indi-
cating a reduced genetic connectivity in peripheral pop-
ulations compared to populations located closer to the
glacial refugia, which supports another prediction of
the CMH. The literature review conducted by Eckert
et al. (2008) revealed that 64% of the studies docu-
mented a reduction in genetic diversity between popu-
lations at the core of the distribution (which in our case
corresponds to the populations located closer to the gla-
cial refugia) and populations at the periphery, but the
review also uncovered important variation among taxa.
An alternative hypothesis developed by Kark et al.
(2008) predicts the occurrence of a unimodal pattern of
within-species genetic diversity. This latter hypothesis
is very unlikely to be supported by our genetic data on
the adder. Indeed, in our study, the relationships
between genetic diversity and distance to the putative
glacial refugia were linear and highly significant, even
if we do not have complete historical geographical cov-
erage because the adder moved northward and east-
ward for thermal reasons (Lourdais et al. 2013). More
recently, Guo (2012) demonstrated that latitude is fre-
quently responsible for some deviations from the pre-
dictions of the CMH, a possibility raised in the review
by Eckert et al. (2008). In the case of the adder, the
effect of the geographical distance to putative refugia
could not be disentangled from the effect of latitude
because the two were highly correlated (r > 0.90).

Peculiar results for some populations

Three populations (14, 23 and 32) had unexpected
genetic diversities or affinities. Population 32 (from the
Netherlands) is geographically close to other Northeast-
ern populations, but the genetic distance suggests that
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this population is more closely related to Alpine and
Jura Mountains populations. It is likely that this popula-
tion was introduced and some historical information
supports this possibility (P. Janssen & A.]J. W. Lenders,
personal communication).

The lack of genetic diversity within the only known
adder population in the French Alps (population 14) is
surprising because this population is geographically the
closest to glacial refugia. However, the ice cover disap-
peared only recently from the area occupied by this
population (Darnault ef al. 2012). The lack of diversity
observed at most microsatellite markers in this popula-
tion strongly suggests a considerable bottleneck (Hampe
& Petit 2005) or a recent founder event, but we could
not use statistical methods implemented in BOTTLENECK
(Cornuet & Luikart 1996; Piry et al. 1999) or in MSVAR
(Beaumont 1999) to distinguish between these possibili-
ties due to the lack of genetic diversity (only one locus
is not fixed). The location occupied by this population
being particularly remote, a recent introduction seems
unlikely. Additionally, other cold specialist species (Sal-
amandra atra and Picoides tridactylus) have been found
recently in the same area (J. F. Desmet, personal com-
munication). Therefore, this population appears relictual
and is likely vulnerable due to its restricted genetic
diversity (see a similar example with the adder: Madsen
et al. 1996, 1999). Population 23 from the Black Forest
also exhibited limited genetic diversity, especially when
compared to other Jura Mountains populations. A bot-
tleneck signal was detected in this population, suggest-
ing a strong reduction in population size, or a founder
event, in the recent past.

Benefits of highly variable markers

The wuse of highly variable nuclear markers for
phylogeographic studies is less developed than that of
mtDNA, mainly due to the high polymorphism charac-
teristic of nuclear markers and the corresponding need
for large sample sizes. Nevertheless, nuclear markers
have successfully been used to study phylogeography
in plants (e.g. Alvarez ef al. 2012; Garcia et al. 2012).
Carlsson et al. (2004) identified the contact zone and
hybridization in Fennoscandian adders using nuclear
markers. In the current study, we demonstrated that,
within a mitochondrial clade, the use of highly variable
nuclear markers can provide precious information on
postglacial recolonization and can improve phylogeo-
graphic resolution. Additionally, the recent develop-
ment of ABC for phylogeographic studies allows to
confront possible scenarios (especially for ‘recent’
events) and provides accurate timing of the splits. ABC
analysis thus provides a refined way to test between
competing phylogeographic hypotheses.
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Conclusion

The adder is a cold-adapted species apparently limited
by permafrost. In western Europe, the adder likely per-
sisted in two isolated glacial refugia from which origi-
nated two postglacial recolonization routes. Consistent
with the CMH, we found reduced genetic diversity and
reduced genetic connectivity in populations located fur-
ther from the putative glacial refugia. Further investiga-
tions should confront our phylogeographic results with
the potential distribution of the species during the
LGM. A complete reconstruction of postglacial recolon-
ization by the adder could be obtained by combining
genetic data (for instance, using spLaTcHE; Currat et al.
2004), even if the migration rate of the species is not
known, and climatic niche modelling (given several sce-
narios of postglacial warming). Finally, our results
underline the conservation importance of rear-edge
adder populations (Massif Central and Atlantic Coast)
that harbour significantly higher levels of genetic diver-
sity and thus require specific conservation measures
(Hampe & Petit 2005; Gibson et al. 2009; Zimmerman
et al. 2010).

Acknowledgements

We are grateful to M. Beddek, T. Durand, P. Golay, E. Grait-
son, G. Guiller, P. Janssen, ]. Legentilhomme, A. J. W. Lenders,
G. Miiller, F. Paysant, G. Thiery and C. Vanappelghem for
their help with sampling. Samples were taken with the permis-
sion of local authorities. Special thanks to M.-A. Marchand for
his essential help in the field. Discussions with J.-C. Monney,
P. Golay, L. Fumagalli, A.-L. Ferchaud, P. Tarroso and two
anonymous reviewers greatly improved the manuscript. This
research was made possible by the financial support of the
‘Programme opérationnel plurirégional Loire FEDER’ (# PRE-
SAGE 30810), the ‘Etablissement Public Loire’, the ‘Parc Natu-
rel Régional du plateau de Millevaches en Limousin’, the
FYSSEN foundation, the Centre National de la Recherche Sci-
entifique and the Swiss National Science Foundation.

References

Allendorf FW, Luikart G (2007) Conservation and the Genetics of
Populations. Blackwell Publishing, Malden, Massachusetts,
USA.

Alvarez N, Manel S, Schmitt T, the IntraBioDiv Consortium
(2012) Contrasting diffusion of Quaternary gene pools across
Europe: the case of the arctic-alpine Gentiana nivalis L. (Gen-
tianaceae). Flora, 207, 408-413.

Angilletta MJ, Niewiarowski PH, Navas CA (2002) The evolu-
tion of thermal physiology in ectotherms. Journal of Thermal
Biology, 27, 249-268.

Barton NH (2001) Adaptation at the edge of a species’ range.
In: Integrating Ecology and Evolution in a Spatial Context (eds
Silvertown ], Antonovics J), pp. 365-392. Blackwell Science,
Oxford, UK.

Beaumont MA (1999) Detecting population expansion and
decline using microsatellites. Genetics, 153, 2013-2029.

Beaumont MA (2010) Approximate bayesian computation in
evolution and ecology. Annual Review of Ecology, Evolution,
and Systematics, 41, 379-406.

Beaumont MA, Zhang WY, Balding DJ (2002) Approximate
bayesian computation in population genetics. Genetics, 162,
2025-2035.

Blavoux B (1988) L’occupation de la cuvette 1émanique par le
glacier du Rhone au cours du Wiirm. Bulletin de I’ Association
frangaise pour I'étude du quaternaire, 25, 69-79.

Bohme MU, Schneeweiss N, Fritz U, Schlegel M, Berendonk TU
(2007) Small edge populations at risk: genetic diversity of the
green lizard (Lacerta viridis viridis) in Germany and implications
for conservation management. Conservation Genetics, 8, 555-563.

Brito J, Crespo E (2002) Distributional analysis of two vipers (Vi-
pera latastei and V. seoanei) in a potential area of sympatry in
the Northwestern Iberian Peninsula. In: Biology of the Vipers
(eds Schuett GW, Ho€ggren M, Douglas ME, Greene HW), pp.
129-138. Eagle Mountain Publishing, Eagle Mountain, Utah.

Brussard PF (1984) Geographic patterns and environmental
gradients — the central-marginal model in Drosophila revis-
ited. Annual Review of Ecology and Systematics, 15, 25-64.

Buckley LB, Hurlbert AH, Jetz W (2012) Broad-scale ecological
implications of ectothermy and endothermy in changing
environments. Global Ecology and Biogeography, 21, 873-885.

Carlsson M, Soderberg L, Tegelstrom H (2004) The genetic
structure of adders (Vipera berus) in Fennoscandia: congru-
ence between different kinds of genetic markers. Molecular
Ecology, 13, 3147-3152.

Carson HL (1959) Genetic conditions which promote or retard
the formation of species. Cold Spring Harbor Symposia on
Quantitative Biology, 24, 87-105.

Cassel A, Tammaru T (2003) Allozyme variability in central,
peripheral and isolated populations of the scarce heath
(Coenonympha hero: Lepidoptera, Nymphalidae): implications
for conservation. Conservation Genetics, 4, 83-93.

Cassel-Lundhagen A (2010) Peripheral relict populations of
widespread species; evolutionary hotspots or just more of
the same? In: Relict Species: Phylogeography and Conservation
Biology (eds Habel JC, Assmann T), pp. 267-275. Springer-
Verlag, Berlin Heidelberg, Germany.

Cavalli-Sforza LL, Edwards AWF (1967) Phylogenetic analysis
models and estimation procedures. American Journal of
Human Genetics, 19, 233-257.

Clark PU, Dyke AS, Shakun JD et al. (2009) The last glacial
maximum. Science, 325, 710-714.

Comps B, Gomory D, Letouzey ], Thiebaut B, Petit RJ (2001)
Diverging trends between heterozygosity and allelic richness
during postglacial colonization in the European beech. Genet-
ics, 157, 389-397.

Cornuet JM, Luikart G (1996) Description and power analysis
of two tests for detecting recent population bottlenecks from
allele frequency data. Genetics, 144, 2001-2014.

Cornuet JM, Ravigne V, Estoup A (2010) Inference on popula-
tion history and model checking using DNA sequence and
microsatellite data with the software DIYABC (v1.0). BMC
Bioinformatics, 11, 401.

Csillery K, Blum MGB, Gaggiotti OE, Francois O (2010)
Approximate Bayesian Computation (ABC) in practice.
Trends in Ecology & Evolution, 25, 410—418.

© 2015 John Wiley & Sons Ltd



POSTGLACIAL RECOLONIZATION IN THE ADDER 3649

Currat M, Ray N, Excoffier L (2004) Splatche: a program to
simulate genetic diversity taking into account environmental
heterogeneity. Molecular Ecology Notes, 4, 139-142.

Darnault R, Rolland Y, Braucher R ef al. (2012) Timing of the
last deglaciation revealed by receding glaciers at the Alpine-
scale: impact on mountain geomorphology. Quaternary Sci-
ence Reviews, 31, 127-142.

Diekmann OE, Serrao EA (2012) Range-edge genetic diversity:
locally poor extant southern patches maintain a regionally
diverse hotspot in the seagrass Zostera marina. Molecular Ecol-
ogy, 21, 1647-1657.

Eckert CG, Samis KE, Lougheed SC (2008) Genetic variation
across species’ geographical ranges: the central-marginal
hypothesis and beyond. Molecular Ecology, 17, 1170-1188.

Evanno G, Regnaut S, Goudet ] (2005) Detecting the number of
clusters of individuals using the software structure: a simula-
tion study. Molecular Ecology, 14, 2611-2620.

Fisher RA (1930) The Genetical Theory of Natural Selection.
Clarendon Press, Oxford.

Forsman A (1993) Survival in relation to body size and growth
rate in the adder, Vipera berus. The Journal of Animal Ecology,
62, 647-655.

Garcia PE, Winkler M, Flatscher R ef al. (2012) Extensive range
persistence in peripheral and interior refugia characterizes
pleistocene range dynamics in a widespread alpine plant
species (Senecio carniolicus, Asteraceae). Molecular Ecology, 21,
1255-1270.

Garner TWJ, Pearman PB, Angelone S (2004) Genetic diversity
across a vertebrate species’ range: a test of the central-
peripheral hypothesis. Molecular Ecology, 13, 1047-1053.

Garza JC, Williamson EG (2001) Detection of reduction in pop-
ulation size using data from microsatellite loci. Molecular
Ecology, 10, 305-318.

Gibson SY, Van der Marel RC, Starzomski BM (2009) Climate
change and conservation of leading-edge peripheral popula-
tions. Conservation Biology, 23, 1369-1373.

Goudet ] (1995) FSTAT (version 1.2): a computer program to
calculate F-statistics. Journal of Heredity, 86, 485-486.

Guillon M (2012) De la Physiologie a la répartition: Adaptations
climatiques et sensibilité thermique chez une relique glaciaire.
Unpublished Thesis, 243 pp. University of Poitiers, France.

Guillon M, Guiller G, Denardo DF, Lourdais O (2014) Microcli-
mate preferences correlate with contrasted evaporative water
loss in parapatric vipers at their contact zone. Revue Canadi-
enne de Zoologie, 92, 81-86.

Gullberg A, Olsson M, Hegelstrom H (1998) Colonization,
genetic diversity, and evolution in the Swedish sand lizard,
Lacerta agilis (Reptilia, Squamata). Biological Journal of The Lin-
nean Society, 65, 257-277.

Guo Q (2012) Incorporating latitudinal and central-marginal
trends in assessing genetic variation across species ranges.
Molecular Ecology, 21, 5396-5403.

Haase M, Misof B, Wirth T, Baminger H, Baur B (2003) Mito-
chondrial differentiation in a polymorphic land snail: evi-
dence for pleistocene survival within the boundaries of
permafrost. Journal of Evolutionary Biology, 16, 415-428.

Hampe A, Petit R] (2005) Conserving biodiversity under
climate change: the rear edge matters. Ecology Letters, 8, 461—
467.

Heckel G, Burri R, Fink S, Desmet JF, Excoffier L (2005)
Genetic structure and colonization processes in European

© 2015 John Wiley & Sons Ltd

populations of the common vole, Microtus arvalis. Evolution,
59, 2231-2242.

Hewitt GM (2000) The genetic legacy of the ice ages. Nature,
405, 907-913.

Holderegger R, Thiel-Egenter C (2009) A discussion of different
types of glacial refugia used in mountain biogeography and
phylogeography. Journal of Biogeography, 36, 476-480.

Howes BJ, Lougheed SC (2008) Genetic diversity across the
range of a temperate lizard. Journal of Biogeography, 35, 1269—
1278.

Jaarola M, Searle JB (2002) Phylogeography of field voles (Mi-
crotus agrestis) in Eurasia inferred from mitochondrial DNA
sequences. Molecular Ecology, 11, 2613-2621.

Jadwiszczak KA, Banaszek A, Jablonska E, Sozinov OV (2011)
Could Betula humilis have survived the last glaciation at a
current margin of its distribution? Testing the hypothesis of
a glacial refugium using nuclear microsatellites. Plant System-
atics and Evolution, 297, 147-156.

Kalyabina-Hauf S, Schweiger S, Joger U, Mayer W, Orlov N,
Wink M (2004) Phylogeny and systematics of adders (Vipera
berus complex). In: Verbreitung, Okologie und Schutz der Kreuz-
otter (Vipera berus [Linnaeus, 1758]) (eds Joger J, Wollesen R).
Mertensiella, 15, 7-16.

Kark S, Hadany L, Safriel UN et al. (2008) How does genetic
diversity change towards the range periphery? An empirical
and theoretical test. Evolutionary Ecology Research, 10, 391—
414.

Kearney M, Porter W (2009) Mechanistic niche modelling: com-
bining physiological and spatial data to predict species’
ranges. Ecology Letters, 12, 334-350.

Lande R, Engen S, Saether BE (2003) Stochastic Population
Dynamics in Ecology and Conservation. Oxford University
Press, Oxford, UK.

Langella O (1999) Populations v1.2.28. Available from http://
bioinformatics.org/populations/.

Lesica P, Allendorf FW (1995) When are peripheral-populations
valuable for conservation. Conservation Biology, 9, 753-760.
Levavasseur G, Vrac M, Roche DM, Paillard D, Martin A, Van-
denberghe J (2011) Present and LGM permafrost from cli-
mate simulations: contribution of statistical downscaling.

Climate of the Past, 7, 1225-1246.

Lonn M, Prentice HC (2002) Gene diversity and demographic
turnover in central and peripheral populations of the peren-
nial herb Gypsophila fastigiata. Oikos, 99, 489—498.

Lourdais O, Guillon M, DeNardo D, Blouin-Demers G (2013)
Cold climate specialization: adaptive covariation between
metabolic rate and thermoregulation in pregnant vipers.
Physiology & Behavior, 19, 149-155.

Luiselli L, Anibaldi C, Capula M (1995) The diet of juvenile
adders, Vipera berus, in alpine habitat. Amphibia-Reptilia, 16,
404-407.

Madsen T, Stille B, Shine R (1996) Inbreeding depression in an
isolated population of adders Vipera berus. Biological Conser-
vation, 75, 113-118.

Madsen T, Shine R, Olsson M, Wittzell H (1999) Conservation
biology — restoration of an inbred adder population. Nature,
402, 34-35.

Monney JC (1995) Comparaison du régime alimentaire de
Vipera aspis et Vipera berus dans 1'Oberland bernois. Bulle-
tin de la Société Fribourgeoise des Sciences Naturelles, 84,
105-141.


http://bioinformatics.org/populations/
http://bioinformatics.org/populations/

3650 S. URSENBACHER ET AL.

Monney JC (1996) Biologie comparée de Vipera aspis L. et de
Vipera berus L. (Reptilia, Ophidia, Viperidae) dans une station
des Préalpes bernoises. Unpublished Thesis, 179 pp. University
of Neuchatel, Switzerland.

Nilson G, Andrén C, Volkl W (2005) Vipera (Pelias) berus
(Linnaeus, 1758) — Kreuzotter. In: Handbuch der Reptilien und
Amphibien Europas; Band 3[iib, Schlangen (Serpentes) iii Viperi-
dae (eds Joger U, Stimpel N), pp. 213-292. AULA-Verlag,
Wiebelsheim, Germany.

Palo JU, O’'hara RB, Laugen AT, Laurila A, Primmer CR, Meri-
la J (2003) Latitudinal divergence of common frog (Rana
temporaria) life history traits by natural selection: evidence
from a comparison of molecular and quantitative genetic
data. Molecular Ecology, 12, 1963-1978.

Parmesan C, Yohe G (2003) A globally coherent fingerprint of
climate change impacts across natural systems. Nature, 421,
37-42.

Peakall R, Smouse PE (2006) Genalex 6: genetic analysis in
Excel. Population genetic software for teaching and research.
Molecular Ecology Notes, 6, 288-295.

Pfeifer M, Schatz B, Pico FX et al. (2009) Phylogeography and
genetic structure of the orchid Himantoglossum hircinum (L.)
Spreng. Across its European central-marginal gradient. Jour-
nal of Biogeography, 36, 2353-2365.

Phelps T (2004) Population dynamics and spatial distribution
of the adder Vipera berus in southern Dorset, England. In:
Mertensielln 15 (eds Joger U, Wollesen R), pp. 241-258.
DGHT, Reinbach, Germany.

Piry S, Luikart G, Cornuet JM (1999) Bottleneck: a computer
program for detecting recent reductions in the effective pop-
ulation size using allele frequency data. Journal of Heredity,
90, 502-503.

Pouget M, Youssef S, Migliore J, Juin M, Médail F, Baumel A
(2013) Phylogeography sheds light on the central-marginal
hypothesis in a Mediterranean narrow endemic plant. Annals
of Botany, 112, 1409-1420.

Prestt I (1971) An ecological study of the viper Vipera berus in
southern Britain. Journal of Zoology, 164, 373-418.

Pritchard JK, Stephens M, Donnelly P (2000) Inference of popu-
lation structure using multilocus genotype data. Genetics,
155, 945-959.

Robuchon M, Le Gall L, Mauger S, Valero M (2014) Contrast-
ing genetic diversity patterns in two sister kelp species co-
distributed along the coast of Brittany, France. Molecular
Ecology, 23, 2669-2685.

Safriel UN, Volis S, Kark S (1994) Core and peripheral popula-
tions and global climate change. Israel Journal of Plant Sci-
ences, 42, 331-345.

Sagarin RD, Gaines SD (2002) The ‘abundant centre’ distribu-
tion: to what extent is it a biogeographical rule? Ecology Let-
ters, 5, 137-147.

Saint Girons H (1980) Biogéographie et évolution des viperes
européennes. Compté rendu des Séances de la Société de Biogéog-
raphie, 496, 146-172.

Scali S, Mangiacotti M, Sacchi R, Gentilli A (2011) A tribute to
Hubert Saint Girons: niche separation between Vipera aspis
and V. berus on the basis of distribution models. Amphibia-
Reptilia, 32, 223-233.

Soulé ME (1973) The epistasis cycle: a theory of marginal pop-
ulations. Annual Review of Ecology and Systematics, 4, 165-187.

Stehlik I, Blattner FR, Holderegger R, Bachmann K (2002) Nun-
atak survival of the high alpine plant Eritrichium nanum (l.)
gaudin in the central Alps during the ice ages. Molecular
Ecology, 11, 2027-2036.

Stewart JR, Lister AM (2001) Cryptic northern refugia and the
origins of the modern biota. Trends in Ecology & Evolution,
16, 608-613.

Surget-Groba Y, Heulin B, Guillaume GP et al. (2001) Intraspe-
cific phylogeography of Lacerta vivipara and the evolution of
viviparity. Molecular Phylogenetics and Evolution, 18, 449-459.

Takezaki N, Nei M (1996) Genetic distances and reconstruction
of phylogenetic trees from microsatellite DNA. Genetics, 144,
389-399.

Tarroso P, Pereira R], Martinez-Freiria F, Godinho R, Brito JC
(2014) Hybridization at an ecotone: ecological and genetic
barriers between three Iberian vipers. Molecular Ecology, 23,
1108-1123.

Ursenbacher S, Carlsson M, Helfer V, Tegelstrom H, Fumagalli
L (2006) Phylogeography and pleistocene refugia of the
adder (Vipera berus) as inferred from mitochondrial DNA
sequence data. Molecular Ecology, 15, 3425-3437.

Ursenbacher S, Monney JC, Fumagalli L (2009) Limited genetic
diversity and high differentiation among the remnant adder
(Vipera berus) populations in the Swiss and French Jura
Mountains. Conservation Genetics, 10, 303-315.

Ursenbacher S, Alvarez C, Armbruster GFJ, Baur B (2010)
High genetic differentiation in an endemic, rock-living land
snail (Trochulus caelatus). Conservation Genetics, 11, 1265-
1271.

Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P
(2004) MICRO-CHECKER: software for identifying and cor-
recting genotyping errors in microsatellite data. Molecular
Ecology Notes, 4, 535-538.

Van Vliet-Lanoé BM]J, Hallegouét B (2001) European perma-
frost at the LGM and at its maximal extent. In: Permafrost
Response on  Economic Development, Environmental Security
and Natural Resources NATO Science Series (eds Paepe R,
Melnikov V), vol. 76, pp. 195-213. Kluwer Academic
Publishers, Dordrech, the Netherlands.

Van Vliet-Lanoé B, Magyari A, Meilliez F (2004) Distinguishing
between tectonic and periglacial deformations of quaternary
continental deposits in Europe. Global and Planetary Change,
43, 103-127.

Zimmerman M, Vischer-Leopold M, Ellwanger G, Ssymank A,
Schroder E (2010) The EU habitats directive and the German
Natura 2000 network of protected areas as tools for imple-
menting the conservation of relict species. In: Relict Species:
Phylogeography and Conservation Biology (eds Habel JC, Ass-
mann T), pp. 323-340. Springer-Verlag, Berlin Heidelberg,
Germany.

S.U., M.G. and O.L. designed the experiment. M.G,,
H.C. and A.D. performed the field sampling, whereas
A.D. and S.U. conducted the genetic analysed. S.U.,
M.G. and O.L. analysed the data and wrote the paper,
and all authors contributed substantially to revisions.

© 2015 John Wiley & Sons Ltd



POSTGLACIAL RECOLONIZATION IN THE ADDER 3651

Data accessibility allelic richness and the distance between the current
location of the populations and the distance to the puta-
tive refugia (in km): Dryad access: http://dx.doi.org/
10.5061/dryad.6rh72.

Complete microsatellite data: Dryad access: http://
dx.doi.org/10.5061/dryad.6rh72. Population distance
tree:  Dryad  access:  http://dx.doi.org/10.5061/
dryad.6rh72. Full data for the relationship between the

© 2015 John Wiley & Sons Ltd


http://dx.doi.org/10.5061/dryad.6rh72
http://dx.doi.org/10.5061/dryad.6rh72
http://dx.doi.org/10.5061/dryad.6rh72
http://dx.doi.org/10.5061/dryad.6rh72
http://dx.doi.org/10.5061/dryad.6rh72
http://dx.doi.org/10.5061/dryad.6rh72

