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Abstract

Historical factors, current population size, population connectivity and selective pro-
cesses at linked loci contribute to shaping contemporary patterns of neutral genetic
diversity. It is now widely acknowledged that nuclear and mitochondrial markers react
differently to current demography as well as to past history, so the use of both types
of markers is often advocated to gain insight on both historical and contemporary pro-
cesses. We used 12 microsatellite loci genotyped in 13 populations of a mountain
lizard (Iberolacerta bonnali) to test whether the historical scenario favoured by a previ-
ous mitochondrial study was also supported by nuclear markers and thereby evaluated
the consequences of postglacial range movements on nuclear diversity. Congruent sig-
nals of recent history were revealed by nuclear and mitochondrial markers using an
Approximate Bayesian computation approach, but contemporary patterns of mtDNA
and nuclear DNA diversity were radically different. Although dispersal in this species
is probably highly restricted at all spatial scales, colonization abilities have been
historically good, suggesting capability for reestablishment of locally extinct popula-
tions except in fully disconnected habitats.
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result from the interplay of historical factors (coloniza-

Introduction . . . .
tion scenarios, demographic fluctuations), current popu-

Genetic diversity is widely regarded as crucial for the
persistence of small populations and for their potential
to adapt to new environments (Frankham 2002, 2003,
2005), but see Jamieson & Allendorf (2012). As the
diversity of genes with phenotypic effects is still diffi-
cult to capture, neutral genetic diversity is the usual
surrogate used in conservation genetics studies. Such
contemporary patterns of neutral genetic diversity
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lation size and connectivity, and selective processes at
linked loci (Frankham 2012).

Neutral molecular markers are also widely used to
infer past processes of populations history. One of the
most successful applications of the use of molecular
markers to reconstruct past history has been the identi-
fication of glacial refugia and postglacial recolonization
routes in northern hemisphere organisms. In Europe,
these studies have identified a few general patterns
(with the usual exceptions and variations): persistence
in southern or central European refugia followed by
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rapid expansions for many temperate species; a com-
plex history of long-term persistence in multiple
‘refugia within refugia” for species with Mediterranean
contemporary distribution; range contraction in local-
ized northern refugia for boreal species; and short-dis
tance, down slope migration for many mountain species
[reviewed in Hewitt (2004); Schmitt (2007, 2009); Stew-
art et al. (2010); Schmitt & Varga (2012)].

A previous study (Mouret ef al. 2011) used mitochon-
drial sequences from the noncoding control region and
coding cytochrome b to examine genetic population
structure and phylogeography of the Pyrenean Moun-
tains endemic lizard Pyrenean rock lizard Iberolacerta
bonnali. Currently, the populations of the species only
occur at elevations between 1600 and 3300 m.a.s.l. (Arri-
bas 2000) and their distribution is fragmented at two
spatial scales. First, the species inhabits several distinct,
and sometimes disconnected, massifs. Second, within
each massif, populations are highly fragmented due to
the patchy occurrence of their rocky habitats and to
intervening areas of low or high elevation unsuitable
for the species (Arribas 2000; Pottier et al. 2013).

The mitochondrial data analysed by Mouret et al.
(2011) suggested a history of recent range fragmentation
after the Last Glacial Maximum [LGM, which ended
roughly in the Pyrenees 15 000-10 000 years ago, (Arri-
bas 2004)] when lower elevations became unsuitable
and the species retreated to high altitude habitats in the
main Pyrenean massifs following climate warming. A
large part of the current distribution, corresponding to

areas that were unsuitable during the LGM, was
inferred to have been recolonized from a small number
of source populations. This complex history resulted in
a counter-intuitive distribution of mitochondrial diver-
sity, where small isolated populations retained a large
amount of genetic diversity, probably because they
were located close to glacial refugia, while in the larg-
est, continuous part of the distribution along the main
Pyrenean ridge, most populations are fixed for the same
mtDNA haplotype (Mouret et al. 2011). The result is
that populations can now be divided into two groups
based on mitochondrial diversity. A first group of pop-
ulations (in white in Fig. 1) inhabits mainly the north-
ern peripheral massifs (Néouvielle massif and an
isolated mountain further north) plus the Lustou massif
in the east of the range; these are supposed to have
resulted from the fragmentation of the large refugial
populations, and all harbour a significant amount of
mtDNA diversity (Mouret et al. 2011). A second group
of populations (in grey in Fig. 1) inhabits the western—
central part of the Pyrenean chain and the Sauvergarde
massif (SAU) in the east; these are hypothesized to rep-
resent the part of the range recolonized after the LGM,
and all individuals carry the same control region haplo-
type (except one single individual in the ARR popula-
tion). While it was hard to completely exclude that a
selective sweep explains this loss of diversity, drift in a
spatially expending population seemed a better expla-
nation in this case (Mouret et al. 2011). Whatever the
mechanisms involved, current levels of intrapopulation

Fig. 1 Approximate distribution range of
the Pyrenean rock lizard Iberolacerta bon-
nali (black and dark grey) and sampled
localities (stars). For population names,
see Table 1. White and grey stars corre-
spond to the two groups of populations
identified in Mouret et al. (2011) on the
basis of mtDNA diversity as potentially
resulting from the fragmentation of a gla-
cial refugium (white stars, ‘peripheral
populations” in the text) or from the
putative postglacial range expansion
(grey stars, ‘central populations’ in the
text). They correspond to the two groups
with different divergence times in the
ABC modelling. The thin white line is
the French-Spanish border, and thick
white bars indicate inferred range frag-
mentation based on lack of suitable habi-
tat. The dark grey part of the range
includes the unsampled massifs of Mal-
adeta and Aigtiestortes that are inhabited
by distinct ESUs (see ‘Tissue sampling
and population information’).
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mitochondrial diversity are better explained by
postglacial population history than by current habitat
fragmentation. The effects of habitat fragmentation at
local scale were also evident as some close by popula-
tions exhibited highly different genetic composition,
indicating virtually no female-mediated gene flow.

In most animal species, nuclear and mitochondrial
markers differ in effective size, presence or absence of
recombination and biparental vs. maternal inheritance.
They should thus react differently to current demogra-
phy as well as to past history affecting populations. For
these reasons, and because of the large variance
between genealogies of individual loci introduced by
coalescence processes, the use of both types of markers
is now widely advocated in phylogeographic studies
[e.g. Edwards & Bensch (2009) and Nielsen & Beaumont
(2009)]. Even if the amount of discrepancy to be
expected between mitochondrial-only studies and
studies based on nuclear multilocus data sets remains
somewhat debated (Zink & Barrowclough 2008;
Barrowclough & Zink 2009), it cannot be taken for
granted that mtDNA will provide a reliable assessment
of neutral genetic diversity and thus of demographic
and historical inferences.

In this study, we use a data set of 12 microsatellite
loci genotyped in a large number of individuals
(typically 28-31 per population, see Table 1) from a
subsample of the populations used by Mouret et al.
(2011) to examine (1) whether the historical scenario
favoured by the mitochondrial data set is also
supported by nuclear markers, notably using an

Table 1 Genetic diversity for each population

Population n p Hg Ho A, Fis (P-value)
0SS 30 1 031 0.324 245 —0.028 (0.68)
ARR 30 1 0482 0469 337 0.043 (0.16)
GEO 30 0 0468 0458 3.32 0.038 (0.19)
FAC 30 1 0494 0485 3.11 0.036 (0.18)
VIG 31 2 0478 0464 3.70 0.047 (0.1)

MUN 30 0 0458 0486 343 —0.045 (0.87)
SAU 14 0 038 0381 2912 0.058 (0.22)
MON 29 1 0334 0345 249 —0.014 (0.59)
LUS 30 3 0439 0434 330 0.029 (0.24)
NEO 31 0 0400 0372 3.02 0.086 (0.02)
LON 31 0 0494 0471 3.750 0.062 (0.06)
EST 28 1 0482 0500 3.15 —0.018 (0.67)
PIA 28 2 0403 0403 3.10 0.018 (0.36)

n, number of individuals analysed by population; p, number of
private alleles by population; Hg, expected heterozygosity; Ho,
observed heterozygosity; A,, allelic richness per population
(average of allelic richness across loci) based on minimum
sample size of 14 diploid individuals; Fis, inbreeding
coefficient.

approximate Bayesian computation approach and (2)
whether the geographical pattern of mitochondrial
diversity is a good predictor for neutral nuclear diver-
sity, assuming that microsatellites are better proxy of
neutral genomic diversity than mtDNA. Particularly,
we want to evaluate the consequences of postglacial
movements on nuclear diversity and compare it with its
consequences on mtDNA diversity. This will be carried
out firstly by correlating measures of mtDNA and
nuclear DNA diversity. We will also examine the fol-
lowing hypothesis: assuming that refugia are home to
high genetic diversity (Hewitt 2000; Petit et al. 2003)
and that refugia in the Pyrenean Mountains were at
low elevation, is there a loss of diversity as elevation
increases? Finally, we intend to examine (3) whether
the restricted gene flow among neighbouring popula-
tions suggested by the mitochondrial population struc-
ture was also evident when using nuclear markers with
biparental inheritance.

Materials and methods

Tissue sampling and populations information

Tail tips from 372 Iberolacerta bonnali were collected
between July 2000 and September 2000 and between
July 2001 and September 2001 in 13 localities covering
the entire French distribution of the species (Fig. 1). In
fact, our sampling covers most of the range of the spe-
cies (see Fig. 1) except for two isolated massifs in Spain,
forming the south-eastern limit of the distribution (Mal-
adeta and Aiglestortes, dark grey part of the distribu-
tion in Fig. 1). In these two massifs, populations
harbour highly divergent mtDNA lineages when com-
pared with the other populations, indicating that they
constitute distinct ESUs and suggest they have not
shared any recent common ancestry with the other Py-
renean populations (Mouret et al. 2011). They thus do
not share the same postglacial history as most of the
other populations and have been excluded from this
study. Tissue samples were placed in 95% ethanol while
in the field and kept at room temperature until labora-
tory analysis. Sample size for each locality is around
thirty individuals, except for the SAU population where
n =14 (Table 1). Note that two localities (BIG and
ARD) analysed by Mouret etal. (2011) were not
included in this study because of low sample sizes (4
and 6 individuals, respectively).

A first set of populations, spread along the central
parts of the main Pyrenean chain, is localized in the
most continuous part of the species’ range, and all these
populations are potentially connected by suitable habi-
tats, as can be judged by occurrence of rocky habitats
above the treeline. These populations are, from west to
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east, Arriel (ARR), Géougue d’Arre (GEO), Fache
(FAQ), Vignemale (VIG) Munia (MUN), Lustou (LUS)
and Sauvergarde (SAU; Fig. 1). There is also potential
habitat connectivity between these populations and the
Néouvielle massif, including the populations Néouvielle
(NEO), Long (LON), Estaragne (EST) and Piau Engaly
(PIA). Lastly, the Montaigu population (MON) in the
north and the Midi d’Ossau population (OSS) in the
west are populations separated from the rest of the dis-
tribution by unsuitable habitats and are thus currently
isolated (see Mouret et al. 2011 for further description
of populations and habitats and for geographic coordi-
nates of each population).

DNA extraction and microsatellite analysis

DNA from 146 samples had been extracted in 2004 for
mitochondrial DNA analysis (Mouret et al. 2011) and
frozen at —20 °C. The remaining 226 samples were
DNA extracted by complete digestion of a piece of mus-
cle using the DNeasy® Blood and Tissue kit following
the manufacturer’s recommended procedures (Spin-Col-
umn Protocol, Qiagen).

Twelve microsatellite loci isolated and characterized
in related species (Lacerta agilis (Gullberg et al. 1997):
La6; Iberolacerta cyreni (Bloor 2006): Icy2, Icy4 and Icy5;
Iberolacerta monticola (Remon et al. 2008): A8, B107, B114,
B135, C5, C118, D101 and D115) were optimized in our
species and were found to amplify reliably (see Table
S1, Supporting information). Genotyping was carried
out at the MBB platform of the CeMEB LabEx ‘Mediter-
ranean Center for Environment and Biodiversity’ in Mont-
pellier according to the instructions given in the studies
mentioned above. PCR products were sized on an ABI
Prism® 3130XL sixteen capillaries and analysed using
GENEMAPPER  v4.0 (Applied Biosystems®). Chromato-
grams were checked by eye by two independent view-
ers using GENEMAPPER v4.0. Finally, MICRO-CHECKER v2.2.3
(Van Oosterhout et al. 2004) was used to test the pres-
ence of stuttering, large allele drop out and null allele’s
artefacts.

Genetic diversity

We tested for departure from the Hardy-Weinberg equilib-
rium and linkage disequilibrium among pairs of loci for
each population using exact tests from Generor v4.0.10
(Rousset 2008). Genetic diversity indices (observed hetero-
zygosity Ho, expected heterozygosity Hg and allelic rich-
ness A,) as well as the inbreeding coefficient, Fis, were
estimated using FSTAT v.2.9.3.2 (Goudet 1995). Correlation
between genetic diversity and altitude was tested using a
regression analysis implemented in a general linear model
(R v.2152, R Development Core Team 2010). Several
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indices of genetic diversity (Hg, Fis and A;) were used for
this analysis. Finally, we tested whether nuclear genetic
diversity (Hg and A,) was correlated to nucleotide mito-
chondrial diversity () with a Pearson correlation test in R
v.2.15.2.

Population structure and gene flow

We first used the clustering method developed by Prit-
chard et al. (2000) and implemented in STRUCTURE v2.3
to examine population structure in our sample. We
used an admixture model, with correlated allele fre-
quencies, without prior population information. This
model assumes that the genome of each individual is
a mixture of genes originating from K unknown ances-
tral populations. We ran 10 independent analyses for
each K value ranging from 2 to 15, with 2 x 10° itera-
tions and a burn-in period of 50%. We looked at the
influence of the number of clusters, K, using different
criteria: log-likelihood, the congruence between runs
for the different K values and the change in the sec-
ond order of likelihood, AK, proposed by Evanno et al.
(2005).

We used Fst as computed with Generor V4.0.10 (Rous-
set 2008) to estimate pairwise population differentiation.
Significance of all Fsr values was assessed by the exact
tests for population differentiation in Genepop. NEIGHBOR
and SEQBOOT programs as implemented in PHYLIP v3.69
(Felsenstein 2004) were used respectively to infer a neigh-
bour-joining tree based on Reynold’s distance (D = —In
(1 — Fsy), Reynolds et al. (1983) and to assess robustness
of nodes using 1000 bootstrap replications over loci. We
tested for isolation-by-distance patterns by regressing
Fsr/1 — Fgr between populations over the logarithm of
geographical distances between populations (for
straight-line distance, two dimensions) or geographical
distance (for distance along favourable habitat, which is
nearly one-dimensional in our case) as recommended by
Rousset (1997, 2000). We used both straight-line distances
between populations and a more realistic measure of dis-
tance corresponding to the minimum distance between
populations through favourable habitats only (here areas
above 1800 m a.s.l). Significance of the correlation
between genetic and geographic distances was tested
using Mantel tests with 30 000 permutations. We also
computed standardized values of Fsr as (observed Fsr)/
(maximal possible Fsr value given the level of intrapopu-
lation diversity) following the principles of Hedrick
(2005) and the computation method of Meirmans (2006)
using RecodeData v.0.1 (available at http://recodedata.
sharewarejunction.com/). Our results did not differ
when using raw or standardized Fgsr values, and we thus
based all analyses on raw Fsr values, although standard-
ized values have been used for illustrative purpose.
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We also computed pairwise Rsr, an index of differen-
tiation based on differences in allele frequencies and
allele size (Slatkin 1995) estimated between all pairs of
sampled populations, as in Michalakis & Excoffier
(1996). We compared observed Rgr values with pRsr
values obtained after 10 000 allele size permutations to
test whether the observed population structure is
mainly due to recurrent migration or to population
divergence. Rgr is expected to be significantly higher
than the mean permuted pRsr values under a phylogeo-
graphical pattern; that is, populations have diverged for
a long time and exchanged migrants at a low rate com-
pared to the mutation rate (Hardy et al. 2003). Con-
versely, Rsr and pRsy should not be significantly
different if mutation is not the main cause of differenti-
ation, that is, if gene flow was large relative to mutation
rate. These analyses were performed with Spacepi ver-
sion 1.2 (Hardy & Vekemans 2002).

Population history

To reconstruct the unknown history of divergence
among these thirteen populations of I. bonnali, we per-
formed approximated Bayesian computations (ABC) on
our microsatellite data set with the software prvasc v.2.0
(Cornuet et al. 2014). prvasc allows for the comparison
of different historical scenarios involving population
divergence, admixture and population size changes and
then the inference of demographic and historical
parameters under the best-supported scenario.

As we wanted to test whether the phylogeographic
scenario proposed by Mouret et al. (2011) on the basis
of mtDNA data was supported by nuclear markers, we
compared two types of scenarios of historical diver-
gence (Fig. 2) for our twelve samples. In the first type
of scenario (‘null hypothesis’, scenarios 1 and 2), all
sampled populations diverged simultaneously. In the
second type (scenarios 3 and 4), populations have
diverged in two successive events, as suggested by
mtDNA data (Mouret et al. 2011): “peripheral’ popula-
tions with high mitochondrial diversity (MON, LUS,
NEO, LON and EST, in white in Fig. 1) diverged first,
while ‘central’ populations with impoverished mito-
chondrial diversity (in grey in Fig. 1) diverged later
when the central parts of the Pyrenean chain were
recolonized during postglacial expansion.

We implemented each type of scenario twice, (i) once
with constant population sizes; and (ii) once allowing
for past variation in population sizes, that is sudden
expansions or contractions in all ancestral populations.
In total, four scenarios were thus implemented and are
represented in Fig. 2. For scenarios 2 and 4, allowing
for past variation in population sizes, the twelve popu-
lations had potentially different contemporary N, value

(N1—N1,) and different past N, value (N14—Nps). Ni3 rep-
resents the N, of the ancestral population (see Fig. 2). In
scenarios 1 and 2, all populations diverged simulta-
neously at time t,, whereas in scenario 3 and 4, the
peripheral populations diverged first at ¢, and the cen-
tral populations diverged later at ¢;. To better discrimi-
nate the different scenarios, which can be
undistinguishable if #; = ¢, we set a condition on the
divergence parameters for the simulations under sce-
nario 3 and 4: f; must to be smaller than t,. All these
settings are summarized in Table 3.

In view of the limited dispersal capability, the geo-
graphic isolation of the eleven sampled populations and
the strong genetic structure observed (see Analyses of
population structure and gene flow in Results section),
each population was treated as having evolved indepen-
dently and no admixture rate was allowed between pop-
ulations. In addition, pryasc only allows for single events
of admixture but no recurrent gene flow, precluding the
analysis of scenarios implementing biologically realistic
geneflow patterns. The potential effects of gene flow on
our results are examined in the Discussion section.

Given their geographic proximity (3 km, probably
close to the dispersal capacities of the species), the lack
of ecological barriers between them and their low level
of genetic differentiation (Fsy = 0.07, see Table 2), we
decided to group together populations LON and EST in
one large population named ‘LES’ because the assump-
tions of negligible gene flow (see below) seemed unreal-
istic. All other populations are either much further
away or much more strongly differentiated.

The ABC analyses are based on the simulation of
5.10° genetic data sets under the four scenarios
described above. Similarity between the simulated data
sets and the real data set is based on the following sum-
mary statistics:

1 To assess within-population genetic diversity, we
used the mean over all loci of the following statistics
for each sampled population: (i) number of alleles;
(ii) gene diversity (Nei 1987); (iii) allele size variance;
and (iv) MGW-ratio index (Garza & Williamson 2001;
Excoffier et al. 2005).

2 To assess between-population genetic structure, we
used the mean of the following statistics computed
over all loci and for all pairs of sampled populations:
(i) Fsr; (i) number of alleles in two samples; (iii) gene
diversity (expected heterozygosity) in two samples;
(iv) allele size variance in two samples; (v) index of
classification in two samples (Rannala & Mountain
1997; Pascual et al. 2007); and (vi) shared allele dis-
tance between two samples (Chakraborty & Jin 1993).
A total of 429 summary statistics was thus used to
select a scenario and to infer the parameter values

© 2014 John Wiley & Sons Ltd
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Fig. 2 Graphical representation of the two scenarios used in the ABC analyses. N values are population sizes, and t values corre-
spond to the timing of past divergence events (t; and t,) or past change in population sizes (t3—t14). Note that time is not scaled.

under the best-supported scenario. For details about
the computation of each statistic, see the DIYABC
manual (http:/ /www1l.montpellier.inra.fr/CBGP/
diyabc/).

After a few preliminary runs, analysed using the
‘prior checking’ option (see the DIYABC manual), the
prior distributions for all N, and divergence time
parameters were adjusted step by step and finally set
up as mentioned in Table 3. Log-uniform distributions
were used for all parameters because the size of the
sample and the limited number of loci used allows only
rough estimation of all parameters (i.e. precision is only
about the order of magnitude).

© 2014 John Wiley & Sons Ltd

For all preliminary and final runs, we evaluated each
analysis using a Bayesian equivalent of goodness of fit
of the selected scenario, using the ‘model checking’
option of DIYABC (Cornuet et al. 2010, 2014), see
DIYABC manual section 2.10. This option allows for the
evaluation of to what extent the selected scenario and
associated posterior distributions are corroborated by
the observed data. Briefly, if a model-posterior combi-
nation fits correctly the observed data, then data simu-
lated under this combination with parameters drawn
from posterior distributions should be close to the
observed data. In order for the model fit to be consid-
ered good, the observed statistics had to fall within the
distributions of simulated statistics. We simulated
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Table 2 Genetic differentiation between populations

EST 0SS VIG SAU PIA NEO LON

FAC GEO ARR MON LUS MUN
FAC 0.377 0.376 0.502 0.425 0.387
GEO 0.193 0.123 0.394 0.288 0.201
ARR 0.187 0.063 0.294 0.317 0.216
MON 0.286 0.233 0.172 0.464 0.256
LUS 0.221 0.155 0.168 0.283 0.272
MUN 0.199 0.107 0.112 0.152 0.148
EST 0.225 0.191 0.164 0.238 0.201 0.130
0SS 0.350 0.267 0.181 0.415 0.332 0.295
VIG 0.112 0.220 0.191 0.249 0.208 0.154
SAU 0.251 0.225 0.186 0.356 0.154 0.232
PIA 0.219 0.206 0.172 0.217 0.188 0.127

NEO 0.315 0.241 0.266 0.394 0.263 0.285
LON 0.194 0.136 0.139 0.219 0.141 0.082

0.451 0.597 0.223 0.469 0.409 0.574 0.392
0.370 0.443 0.423 0.408 0.371 0.431 0.267
0.323 0.305 0.373 0.343 0.314 0.482 0.276
0.407 0.615 0.428 0.559 0.348 0.629 0.378
0.379 0.535 0.391 0.270 0.331 0.460 0.271
0.250 0.483 0.293 0.414 0.226 0.503 0.159

0.553 0.262 0.420 0.196 0.500 0.146

0.331 0.534 0.476 0.530 0.582 0.541
0.134 0.320 0.435 0.161 0.488 0.274
0.229 0.310 0.237 0.447 0.457 0.383
0.107 0.339 0.089 0.264 0.477 0.165
0.276 0.372 0.270 0.272 0.282 0.478

0.073 0.320 0.138 0.206 0.089 0.261

Pairwise Fsr estimates for 12 microsatellites locus between 13 French populations of Iberolacerta bonnali (below diagonal) and stan-
dardized values (above diagonal) based on Hedrick (2005) and Meirmans (2006). All Fsy values are highly significant (P-val-
ues < 0.001, exact tests for population differentiation in Genepop). Bold values indicate neighbouring populations.

10 000 data sets from the posterior distribution of
parameters obtained under all scenarios to estimate
such distributions. Principal component analysis (PCA)
applied on summary statistics was also used as a mean
to visualize the fit between simulated and observed
data sets.

The four scenarios were compared using the logistic
regression approach, and parameter estimation was per-
formed for the scenario with the highest posterior prob-
ability only.

Results

Patterns of nuclear genetic diversity

Table 1 summarizes the genetic variability of microsat-
ellite loci observed in our samples. No stuttering or
large allele drop out and no null allele artefacts have
been detected with the MICRO-CHECKER software (results
not shown). Genepop did not show any significant link-
age disequilibrium between pairs of loci, and only one
population (NEO) showed a significant heterozygote
deficit with a small positive Fig value (P = 0.02,
Fis = 0.086 Table 1)—note however that this is no
longer significant after correction for multiple testing.
Locus-by-locus tests did not show any significant
Hardy-Weinberg disequilibrium (data not shown).

The geographic repartition of the nuclear genetic
diversity is presented in Fig. 3a. No clear spatial pattern
emerged from this picture, but the two most isolated
populations (MON, an isolated peripheral population,
and OSS, the westernmost most isolated population of
the central chain, see Fig. 1 and Mouret ef al. 2011)
show the lowest values of allelic richness and expected

heterozygosity (Table 1, Fig. 3a). The linear regression
between two indices of genetic diversity (Hg and A,)
and altitude revealed no effect of altitude (linear model:
th, = —0.17, pr, = 0.86; and 4, = —1.32, pa, = 0.22). No
significant correlation has been found between mito-
chondrial diversity and two measures of nuclear diver-
sity (Pearson’s correlation: cory, = —0.51, ppg, = 0.07;
and cora, = —0.44, pa, = 0.13), although the low number
of populations restrains the power of this analysis.

Analyses of population structure and gene flow

STRUCTURE results show a continuous increase in the log-
likelihood from K =2 to K = 13, but the log-likelihood
seems to reach a plateau for K = 13, 14 and 15 (see sup-
plementary material Fig. Sla, Supporting information).
A small variance between runs is observed for all K val-
ues except for K = 12. Finally, AK values are somewhat
chaotic but show two higher values for K going from 5
to 6 and from 12 to 13 (Fig. S1b, Supporting informa-
tion). This behaviour is typical of strong isolation-by
-distance patterns when analysed with STRUCTURE
(R. Leblois, unpublished data). The clusters found for
K =13, and represented in Fig. Slc,d (Supporting infor-
mation), correspond exactly to the populations a priori
defined from the sampling sites and used in Mouret
et al. (2011) with very little occurrence of admixed indi-
viduals. Among all admixed individuals, two individu-
als from population ARR are assigned to the isolated
MON population with very high probability (0.999 and
1): for these individuals, a mistake during the process-
ing of the samples seems the most likely explanation as
(i) no dispersal is possible from MON to ARR or proba-
bly to any other population; (ii) true immigrants into
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Table 3 Prior and posterior distributions of the ABC analysis

Posterior distribution summary

Prior distribution

Parameters [Lower bound; upper bound] Mode q025 q975
N; (OsS) LU[50; 5000] 198 759 3960
Nia LUI50; 5000] 85 520 2340
N, (GEO) LU[50; 10 000] 365 148 7050
Nis LU[50; 8000] 831 139 8997
N3 (ARR) LU[50; 8000] 325 141 8645
Nye LU[50; 10 000] 1200 215 7490
N, (FAC) LU[50; 5000] 77 58 2100
Ny7 LU[50; 10 000] 1500 321 9650
N5 (VIG) LU[50; 10 000] 378 152 8950
Nig LU[50; 10 000] 720 182 9100
Ne (MUN) LU[50; 8000] 82 59 4020
Nig LU[50; 10 000] 4200 528 9890
N (SAU) LU[50; 5000] 156 76 4520
Ny LUI[50; 10 000] 185 78 7850
Ny, (PIA) LU[50; 8000] 298 148 4780
Nas LU[50; 10 000] 2140 248 9670
Ng (MON) LU[50; 5000] 69 56 2890
Ny LU[50; 10 000] 814 345 9560
Ny (LUS) LU[50; 7000] 212 92 5480
N, LUI50; 10 000] 945 198 8970
Nio (NEO) LU[50; 7000] 521 134 5980
No3 LU[50; 10 000] 125 61 3900
Niq (LES) LU[200; 12 000] 346 218 8010
Noy LU[200; 12 000] 1480 521 10780
Nis LU[300; 15 000] 428 314 13080
t LU[100; 3000] 398 298 1780
t LU[100; 5000] 998 547 2680
t3 (OSS) LU[10; 3000] 10 10 598
ty (GEO) LU[10; 3000] 10 10 724
t5s (ARR) LU[10; 3000] 10 10 548
ts (FAC) LU[10; 3000] 12 10 678
t7 (VIG) LU[10; 3000] 11 11 819
ts (MUN) LU[10; 3000] 9 10 348
to (SAU) LU[10; 3000] 10 10 315
t14 (PIA) LU[10; 3000] 9 10 327
t190 (MON) LU[10; 3000] 14 13 1890
t1p (LUS) LU[10; 3000] 13 11 689
t1, (NEO) LU[10; 3000] 11 10 657
t13 (LES) LU[10; 3000] 10 10 526
n U[0.0001; 0.01] 3.68e-04 1.87e-04 8.74e-04
Pism LU[0.001; 0.3] 1.254e-03 1.17e-03 3.74e-02
Psni LU0 "% 107 8.98e-09 8.56e-09 5.24e-07

All prior distributions for the demographic parameters are log-uniform distributions (LU). For mutational parameters, hyperpriors’
distributions are uniform for the mean mutation rate over loci (1) and log-uniform for the mean over loci of the geometric parameter
of the GSM mutation model (Pgsm) and for the mean probability over loci of single nucleotide insertions (Psny). Gamma distributions
centred on the mean drawn from the hyperprior distributions are then used for each locus individually. Posterior distributions for
all parameters, estimated under scenario 4, are summarized by their mode, and their first (q025) and last (q975) quantiles at a 0.025
level. Population sizes are expressed as the number of diploid individuals, times in generations, and the mutation rate as the number
of mutation per generation. See also the full scenario descriptions in the text, Fig. 2, and the DIYABC manual available at http://
wwwl.montpellier.inra.fr/CBGP/diyabc/ for more details about those settings.

ARR would probably be assigned to one of the geo- are next to each other’s in our data set, a very unlikely
graphically close populations (see Discussion on gene situation if they were true immigrants. Other individu-
flow in the next section); and (iii) these two individuals als with mixed assignation probabilities (see LON and
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Fig. 3 (a) Distribution of genetic diversity within Iberolacerta bonnali populations (12 microsatellites locus). Circles size refers to allelic
richness (A,), whereas colour gradient refer to expected heterozygosity (Hg). (b) Pairwise standardized Fsr values between adjacent
populations. Dark zone represents the approximate distribution range of the species as in Fig. 1. (c) Isolation by distance between
the sampled populations, shown as the regression of pairwise genetic differentiation between populations against the distance com-

puted as the shortest way through favourable habitats.

EST in Fig. Slc, Supporting information) have probably
a recent ancestry outside the sampled populations, sug-
gesting occasional gene flow (see Discussion).

In line with the reliable assignation of individuals to
their population of origin, Fsr values (Table 2 and
Fig. 3b) are relatively high for most pairs of populations
(0.06-0.39 with a mean of 0.22), indicating a strong
structure among populations. The neighbour-joining
tree inferred from Reynolds” distances (Fig. 4) indicates
that geographically close populations are generally
grouped together, suggesting a pattern of isolation by
distance. However, note here that the bootstrap support
of node does not exceed 65, an unsurprising result
given the low number of loci used to infer the tree.
Indeed, a significant isolation by distance was also
found between all pairs of populations with a slope of
0.0464 (Clgs = 0.0042-0.1045) and a Mantel test P-value
of 0.023 when using straight-lines distances (Fig. 3c)
and with a slope of 0.0016 (Clys = 0.0004-0.0035) and a
Mantel test P-value < 0.001 with more realistic geo-
graphical distances through favourable habitats (see
Materials and methods for details). In agreement with
the occurrence of isolation by distance, the lowest Fgr
values are mostly found between adjacent populations

(Table 2). Populations which are known to be discon-
nected from other sampled areas because suitable habi-
tats are lacking between them (OSS and MON here)
have comparatively high pairwise Fsy values (Table 2
and Fig. 3b), translating into longer branches than aver-
age in the population tree (Fig. 4), but similarly high
divergence can also be found between two adjacent
peripheral populations (NEO and LON, situated only
2 km apart).

Finally, SrAGEDI’s results showed that 46% of all pair-
wise Rgr and pRsy estimates were significantly different
(Table S2, Supporting information), meaning that muta-
tions and drift that occurred after the divergence of the
different populations contributed more than recurrent
but limited migration to the observed differentiation
among populations.

Approximate Bayesian computations on the population
history

After a few preliminary runs, all ‘prior and posterior
checking’ analyses confirmed that the scenarios and
parameter prior distributions we chose fitted relatively
well the data: only a low proportion (<5%) of observed

© 2014 John Wiley & Sons Ltd



DEMOGRAPHIC INFERENCE IN AN ENDEMIC LIZARD 201

£RC

NEO

[2]
[7]
(]

0.04

Fig. 4 Neighbor-joining tree between populations based on
Reynold’s distance. Only bootstrap values above 10 are indi-
cated on the tree. The scale bar indicates Reynold’s distance
between samples.

statistics were in the tails of the simulated distributions,
and visual checks by PCA also revealed that the statis-
tics computed on the observed data were in line with
those computed on the simulated scenarios (results not
shown).

From our four competing scenarios (unique diver-
gence vs. two divergence events, stable vs. varying pop-
ulation sizes), scenario 4, with two divergence events
and past changes of N,, was strongly supported with a
posterior probability of 0.8133 (Clgs = [0.4640, 1J),
whereas scenarios 1, 2 and 3 (see Fig. 2) had much
lower support (posterior probability of 0.1599 with
Clys = [0, 0.4597], of 0,0014 with Clys = [0, 0.1875], and
of 0.0254 with Clgs = [0, 0.1792], respectively). Given
this result, we then inferred all parameter posterior dis-
tributions under the fourth scenario only, thus consider-
ing past variation in population sizes and two
successive divergence events (Table 3). Parameter infer-
ences suggest that the current repartition of genetic
diversity is the result of two divergence events: (i) pop-
ulations MON, LUS, NEO, LES and PIA diverged 998
generations ago (Clys = [547; 2680]) from the common
ancestral population, that is 9980 years ago assuming a
generation time of 10 years (Mouret et al. 2011); and (ii)
more recently (i.e. 398 generations, Clos = [298; 1780])
or 3980 years ago), populations OSS, ARR, GEO, FAC,
VIG and MUN diverged. Table 3 shows that there is
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not much information in the data to precisely infer past
changes in population size except for the timing of
those past events, which seems relatively recent: all
modes for time parameters t3—t;3 are close to the lower
bound, that is 10 generations, and upper bounds of
Clys’s are mostly below 900 generations, except for the
MON population (t1p). Other than that, most of the pos-
terior distributions for population sizes are very flat
(results not shown), resulting in Clos’s bounds on the
posterior distributions being very close to the bounds of
the uniform prior distributions set for those parameters;
little relevant information can thus be gained from
inference of changes in population size.

Discussion

Our main objective here was to use a set of microsatel-
lite loci to check (i) whether the restricted gene flow
among neighbouring populations suggested by the
mitochondrial population structure in Mouret et al.
(2011) was also evident when using nuclear markers
with biparental inheritance; (ii) whether mitochondrial
diversity was a good predictor for nuclear neutral
diversity, and most importantly; (iii) whether the recent
population history scenario favoured by the mitochon-
drial-only data set in Mouret ef al. (2011) was also sup-
ported by a set of independent nuclear markers.

Our results indeed support a pattern of strongly
reduced gene flow even at moderate to low geographic
distances, which together with a moderate signal of iso-
lation by distance indicate limited current dispersal that
is too weak to erase the signal of population history.
Indeed, mutations and drift after the populations” diver-
gence contributed more than recurrent migration to the
differentiation between populations. Furthermore, we
did not find any correlation between nuclear diversity
and mitochondrial diversity, yet another evidence than
mtDNA is not a reliable indicator of global genomic
diversity. Lastly, the microsatellite data support the sce-
nario of fragmentation of peripheral populations and
expansion of central populations suggested by the mito-
chondrial marker, suggesting that nuclear and mito-
chondrial genetic diversity can be affected in
dramatically different ways by the same demographic
events. We nevertheless acknowledge that a perfectly
satisfactory modelling of the combined effects of past
demographic events and historical and contemporary
gene flow is currently not possible with the type of data
we have, as discussed below.

Dispersal, barriers to gene flow and conservation

Dispersal in this species is probably highly restricted at
all spatial scales as evidenced by (i) the high Fsr values
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between all populations even when they are only 2-
3 km apart (Fig. 3b and Table 2); (ii) the highly struc-
tured pattern given by the STRUCTURE software; (iii) the
strong IBD signal found in the data (Fig. 3c); and (iv)
the significant differences between pRsy and Rgy values.
Whether the low differentiation sometimes observed
between distant populations (see Table 2 and Fig. 1) is
due to ongoing gene flow or recent common origin of
these populations cannot be decided based on our data.
Indeed, it is not easy to decide whether our data con-
clusively demonstrate the occurrence of gene flow
between populations after their divergence. The isola-
tion-by-distance pattern and grouping of geographically
close populations in the Fgr tree suggest postdivergence
gene flow mediated by dispersal through favourable
habitats over many generations (the distance between
most of our neighbouring populations certainly exceeds
the single-generation dispersal abilities of the species,
see for example Doughty & Sinervo 1994). However,
the same pattern could result from the sharing of more
recent common origins between geographically close
but totally isolated populations. More direct evidence of
gene flow stems from the occurrence of individuals
with low assignation probabilities to the populations
where they were sampled or with mixed inferred assig-
nation. Such individuals should not be interpreted as
originating directly from the other sampled populations
(see above remarks on single-generation dispersal dis-
tance in the species); instead, their genotypes suggest
that they originated from outside the sampled popula-
tions, that is, that they are recent immigrants or descen-
dants from recent immigrants.

Most severe limitations to gene flow are found either
between distant populations or between populations
separated by unfavourable habitats, as apparent from
high Fgr values (Table 2) and consequently long
branches in the population tree (Fig. 4). Populations
OSS and MON are especially separated from the rest of
the distribution by vast areas situated below the Alpine
zone where the species occurs. Note that the SAU pop-
ulation, sampled in an area where many other popula-
tions are known, is separated from the rest of the
distribution by an area where targeted field trips have
failed to find the species (hence the gap in the distribu-
tion map in Fig. 1) but which lies entirely within the
ecological niche of the species. The species could be
present in low densities in this area or could have
recently disappeared, but the level of genetic differenti-
ation between SAU and adjacent populations suggests
that there has not been a gap in the distribution for a
long time. Whether the low differentiation sometimes
observed between distant populations is due to ongoing
gene flow or recent common origin of these populations
cannot be decided based on our data.

More surprising is the high level of genetic diver-
gence between two populations only 2 km apart (NEO
and LON, Fsr = 0.26), when compared with LON and
EST, also situated 2 km apart, which have much lower
divergence (Fsy = 0.07). Highly restricted gene flow
between NEO and LON was already apparent as highly
differentiated mtDNA composition in Mouret et al.
(2011). While LON and EST are only separated by
favourable habitats where the species probably occurs
continuously (and thus are only isolated by distance),
LON and NEO are separated by a forested valley and a
strong mountain stream, mostly lying below the lowest
altitude at which the species is normally found and
whose higher parts were occupied by damp habitats
before a dam was built in the 1950s. It thus seems that
even narrow bands of unsuitable habitats can inhibit
dispersal in this species.

In conclusion, most populations are probably demo-
graphically isolated and should be managed indepen-
dently at short timescale, but in the long term,
recolonization of areas affected by local extinction does
not seem compromised by poor dispersal of the species,
as most populations exhibit genetic evidence of gene
flow.

Congruent signal of recent history between nuclear
and mitochondrial markers

Based on analysis of mtDNA variation only, Mouret
et al. (2011) proposed a scenario where populations in
the peripheral massifs (LUS, NEO, MON and LES) orig-
inate from a more extensive past distribution north of
the Pyrenees that became fragmented at the end of the
last glacial episode when favourable habitats became
restrained to mountain tops, whereas most of the high
altitude central Pyrenean chain (populations SAU, PIA,
MUN, VIG, FAC, ARR, GEO and OSS) would have
been recolonized more recently through demographic
expansion from a small number of populations follow-
ing the retreat of the Pyrenean glaciers. Our first aim
was to validate this biogeographical hypothesis with a
multilocus nuclear data set. To do so, we compared two
scenarios of population history with an ABC method: a
simultaneous fragmentation of all current populations
vs. a two-step history where the populations in the area
of supposed postglacial expansion diverged later than
the populations in the supposed fragmented refugial
range.

The ABC results clearly favoured the two-step sce-
nario, indicating that some populations indeed shared a
more recent common ancestor than the others. Remark-
ably, the inferred date of divergence of the peripheral
populations by the ABC method (10 000 years ago) is
extremely close to the hypothesized date of fragmenta-
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tion of the glacial refuge based on the information
available on the palaeoecology of the Pyrenees (15 000
10 000 years ago). More examples of ABC modelling of
postglacial expansions will be needed to decide whether
this strong concordance is a lucky coincidence or
reflects the power of ABC methods. The biogeographi-
cal scenario retained for the Pyrenean rock lizard thus
conforms to a model of downslope glacial refugia
which has recently been identified in a series of other
mountain organisms (see Mouret ef al. (2011) for a more
detailed discussion of the biogeographical scenario and
Schmitt (2007) for other examples).

We would like to stress here that our ABC modelling
is based on scenarios where no gene flow is allowed
between populations after their initial divergence. This
is an unrealistic assumption, however, as many of our
analyses identified a clear signal of limited gene flow
between many of the populations, undoubtedly medi-
ated by many generations of short-distance dispersal
through connecting habitats (see above). The main rea-
son for this modelling option is that pryasc does not
allow for the consideration of recurrent gene flow due
to dispersal, only the occurrence of single events of
admixture. The only alternative option would have
been to group all populations linked by gene flow, but
as we have shown above, gene flow is not strong
enough to overcome the effects of isolation. The signifi-
cant differences between pRsr and Rsr values indicate
that differentiation between populations is less affected
by gene flow between populations than by drift and
mutation within populations. We must therefore care-
fully examine how not incorporating gene flow could
have affected our ABC results.

We are not aware of any theoretical works specifically
addressing how gene flow affects the result of pIvABC
analyses, but it seems natural that gene flow could
affect the estimates of divergence time, resulting in
younger estimated divergence times for populations
exchanging migrants than in reality. If there was greater
gene flow among ‘central’ populations than among
‘peripheral’ populations and no gene flow between the
two groups, divergence times estimated by ABC model-
ling for populations in the ‘central’ group could be
younger than reality, suggesting a two-step divergence
scenario (as in our results) even if all populations in
fact diverged simultaneously. However, our analyses
suggest the occurrence of limited gene flow between
most adjacent populations in the two population
groups, except for the isolated OSS (in the peripheral)
and MON (central) populations. We also find evidence
of gene flow between populations in different groups
(PIA with LES and LUS, as well as SAU with LUS).
Indeed, average Fsr values are similar between ‘central’
(0.20) and “peripheral” (0.24) populations, demonstrating
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that genetic connectivity of the populations does not
differ between the two groups of populations. We are
therefore confident that the results of the prvasc analysis
are not driven by different amounts of gene flow
between the two groups of populations and that micro-
satellite data indeed support a more recent common ori-
gin of the ‘peripheral’ populations as expected under a
scenario of postglacial recolonization.

Different responses of mtDNA and nuclear DNA
diversity to the same history: consequences for
inference of past selective sweep

Our ABC approach rejected a scenario where all sampled
populations had the same recent history, which would
make it difficult to explain the striking differences in
mtDNA diversity among populations by purely neutral
processes. Indeed, the concordance between the recent
population history suggested by both mtDNA and
nuclear data sets supports the idea that the pattern of
mtDNA diversity results from the postglacial coloniza-
tion history of the Pyrenean rock lizard and not from
selective processes such as selective sweeps (see Galtier
et al. 2009 for a review). Mitochondrial DNA and nuclear
DNA thus reacted in very different ways to the same pop-
ulation history. Nuclear DNA diversity has not been
affected by the postglacial expansion as diversity of popu-
lations in areas of inferred postglacial recolonization and
in areas close to the identified refugial populations do not
differ, while a dramatic loss of mtDNA diversity followed
postglacial expansion. Fixation of a single mtDNA variant
during population expansions fits well with a model of
allele surfing that has recently been evaluated by simula-
tions (e.g. Klopfstein et al. 2006) and identified in case
studies (see Excoffier et al. 2009 for a review).

Although colonizing populations are generally
expected to have reduced genetic diversity compared
with source areas (see, for example, Roques et al. 2012),
we detected no decrease in nuclear genetic diversity in
the area of postglacial colonization. Many other studies
of expending populations found similar results (e.g.
Zenger et al. 2003; Banks ef al. 2010; Bronnenhuber et al.
2011) that are generally interpreted as the consequence
of strong dispersal between populations in the colo-
nized range preventing loss of genetic diversity. Indeed,
theoretical results (summarized in Excoffier et al. 2009)
show that loss of diversity in expanding population
crucially depends on gene flow and population size in
the front of the expansion (see also Roques et al. 2012).
It would thus seem that the lower loss of diversity of
mtDNA compared with nuclear DNA during the
expansion process results from lower effective popula-
tion size of mtDNA, lower dispersal of mtDNA loci or
a combination of both.
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It is well known that effective population size of
mtDNA is four times lower than nuclear loci, but dif-
ferences in dispersal rate between mtDNA (female-
mediated only) and nuclear DNA (subject to female-
and male-mediated dispersal) are undocumented in
the genus Iberolacerta. However, most studies investi-
gating sex-biased dispersal in Squamates report that
males disperse more than females (Anolis: Johansson
et al. (2008); Boa: Rivera et al. (2008); Chlamydosaurus:
Ujvari et al. (2008); Egernia: Chapple & Keogh (2005)
and Stow et al. (2001); Eulamprus: Dubey & Shine
(2010); Lacerta: Olsson et al. (1996); Podarcis: Vignoli
et al. (2012); Sceloporus: Massot et al. (2003); Stegonotus:
Dubey et al. (2008); Uta: Doughty & Sinervo (1994);
Zootoca: Clobert et al. (1994), with a single publication
reporting female-based dispersal in a mountain Austra-
lian skink [Niveoscincus: Olsson & Shine (2003)] and
another study documenting location-dependent sex
bias in sea snakes of the genus Laticauda (Lane & Shine
2011). It is thus likely that male dispersal is stronger
than female dispersal in the Pyrenean rock lizard, fur-
ther increasing nuclear gene flow compared with mito-
chondrial gene flow.

If the difference in genetic diversity between mtDNA
and nuclear DNA in the recently colonized area
indeed results from different dispersal rate during
postglacial range expansion and different effective pop-
ulation size of these markers instead of selective sweep
of favourable mtDNA variants, it suggests neutral
explanations might also need to be excluded in previ-
ous studies that have inferred selective sweeps in rep-
tiles based on similar patterns of contrasted mtDNA
vs. nuclear diversity. In the gecko genera Hemidactylus
(Rato et al. 2011) and Tarentola (Rato et al. 2010), simi-
lar differences in diversity between mtDNA and
nuclear DNA have been interpreted as evidence of
selective sweeps in the mtDNA. In both cases, the
inferred selective sweeps have not affected the whole
species range but only European areas which have
been recently colonized by the species, either as natu-
ral postglacial expansion, human-induced dispersal or
a combination of both. This biogeographic pattern of
reduced diversity in recently colonized areas would
also fit well with the idea that the reduced mtDNA
diversity in these species is a neutral consequence of
reduced mitochondrial gene flow in expanding popula-
tions. Obviously, the two hypotheses (selective sweeps
or unequal level of gene flow during colonization) can-
not be evaluated verbally and formal tests are needed
to disentangle them, for example, based on explicit
multilocus simulations of expanding populations to
evaluate whether the observed ratio of nuclear and
mitochondrial diversity can be explained by purely
neutral processes or not.

Conclusions

Multilocus microsatellite data support the same postgla-
cial scenario as mtDNA in the Pyrenean rock lizard: a
range fragmentation after the last glacial maximum iso-
lating northern peripheral massifs and a postglacial col-
onization of large parts of the main Pyrenean range.
However, mitochondrial genetic diversity and nuclear
genetic diversity were not affected similarly by this
common history: mitochondrial diversity is highest in
populations resulting from the fragmentation of the ref-
ugial area and lowest in areas of recent range expansion
(historical processes), whereas nuclear diversity was not
affected by postglacial expansion. The result is a con-
trasting pattern of strongly reduced mitochondrial
diversity and unaffected nuclear diversity in those pop-
ulations that have been founded during the postglacial
expansion; this pattern is identical to what has been
interpreted in other species of reptiles as evidence of
selective sweep in mitochondrial DNA. Explicit model-
ling of population expansion incorporating mitochon-
drial and nuclear loci in a multilocus framework will be
needed to confirm that differences in effective popula-
tion size and/or dispersal rates can result in strikingly
different patterns of genetic diversity in the absence of
selective processes.
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