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Abstract
Historical factors (colonization scenarios, demographic oscillations) and contempo-
rary processes (population connectivity, current population size) largely contribute 
to shaping species’ present-day genetic diversity and structure. In this study, we use 
a combination of mitochondrial and nuclear DNA markers to understand the role of 
Quaternary climatic oscillations and present-day gene flow dynamics in determining 
the genetic diversity and structure of the newt Calotriton asper (Al. Dugès, 1852), 
endemic to the Pyrenees. Mitochondrial DNA did not show a clear phylogeographic 
pattern and presented low levels of variation. In contrast, microsatellites revealed 
five major genetic lineages with admixture patterns at their boundaries. Approximate 
Bayesian computation analyses and linear models indicated that the five lineages 
likely underwent separate evolutionary histories and can be tracked back to distinct 
glacial refugia. Lineage differentiation started around the Last Glacial Maximum at 
three focal areas (western, central and eastern Pyrenees) and extended through the 
end of the Last Glacial Period in the central Pyrenees, where it led to the formation 
of two more lineages. Our data revealed no evidence of recent dispersal between 
lineages, whereas borders likely represent zones of secondary contact following 
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1  | INTRODUC TION

Unveiling the mechanisms driving species genetic diversity and 
structure is of crucial interest in phylogeography (Avise,  2000). 
The extent of genetic structure of a species is regarded to result 
primarily from the interplay of historical factors (e.g., coloniza-
tion scenarios, demographic oscillations) and current population 
connectivity, namely gene flow (Hewitt & Butlin,  1997; Nichols 
& Beaumont,  1996). Unravelling the phylogeographic history of 
species and populations is important to understand their pres-
ent-day and future distribution, genetic structure and adaptations 
(Hewitt, 2004). Historical processes are largely dependent on past 
climatic conditions and geological events. Such climatic and geo-
logical changes have significantly contributed to laying the genetic 
foundations of contemporary populations, which can be used to 
make inferences on their past dynamics (Cabrera & Palsbøll, 2017; 
Hewitt & Butlin,  1997). In addition, dispersal, which can include 
gene flow, is a significant component of metapopulation structure 
and dynamics and can counteract both neutral and selective pro-
cesses (Johnson & Gaines, 1990; Ronce, 2007; Tallmon, Luikart, & 
Waples, 2004). A reduction in connectivity will ultimately result in 
a lack of dispersal among populations, increasing the risk of genetic 
variability loss (Ronce, 2007; but see Orsini, Vanoverbeke, Swillen, 
Mergeay, & De Meester, 2013). For this reason, dispersal is deemed 
crucial for the long-term survival of populations under changing 
conditions (Saccheri et al., 1998). In some circumstances, other pro-
cesses might explain the genetic variability of populations, such as 
isolation by environment (reduction in gene flow among ecologically 
divergent habitats as a result of local adaptation) and by coloniza-
tion (reduction in gene flow among all populations in the landscape 
caused by local genetic adaptation following colonization; Orsini 
et al., 2013). The literature on historic versus contemporary mech-
anisms shaping the genetic attributes of species is mostly focused 
on either landscape genetics or dispersal processes alone, or tackle 
temporal dynamics dealing with the relatively recent past (Chiucchi 
& Gibbs, 2010; Epps & Keyghobadi, 2015; Noguerales, Cordero, & 
Ortego, 2017; Zellmer & Knowles, 2009). An integrative approach 
that combines the study of past evolutionary and phylogeographic 
processes and present-day gene flow and dispersal dynamics is re-
quired to shed light on the mechanisms underlying spatial patterns 

of contemporary genetic diversity and population structure, which 
can ultimately help to predict their responses to ongoing or future 
environmental changes.

In Europe, Quaternary climatic oscillations played a major role 
in shaping the geographic distribution and genetic constitution of 
species (Hewitt, 2000, 2004). Glacial and interglacial periods caused 
repeated changes in species’ distributions, leading to events of 
contraction and expansion and, consequently, to periodic waves of 
colonization or recolonization. Mountain ranges across Europe are 
regarded as biodiversity cradles, where diversification is promoted 
during periods when species’ ranges are restricted to geographically 
isolated glacial refugia (Hewitt, 2000; Schmitt, 2009). As glaciers re-
peatedly advance and retreat, species are displaced outside or to 
the margin of mountain systems into lowland and peripheral areas, 
respectively, or survive in nunataks, namely areas above glaciers not 
covered with ice (Holderegger & Thiel-Egenter,  2009). Mountain 
ecosystems are home to many endemisms that still carry genetic im-
prints of these past dynamics, and thus represent excellent models 
with which to study the influence of climatic fluctuations on the di-
versification and postglacial colonization of species (Schmitt, 2009).

As one of the major European mountain ranges and separat-
ing the Iberian Peninsula from the rest of continental Europe, the 
Pyrenees played a considerable role in limiting postglacial disper-
sal routes of numerous temperate species (Taberlet, Fumagalli, 
Wust-Saucy, & Cosson, 1998). During glacial periods, the Pyrenees 
were largely covered with ice (Calvet,  2004; González-Sampériz 
et al., 2006). Nevertheless, it is suggested that some species could 
have survived glaciations in ice-free areas along the chain, such 
as nunataks and peripheral lower areas that served as glacial re-
fugia (Bidegaray-Batista et  al.,  2016; Charrier, Dupont, Pornon, & 
Escaravage, 2014; Liberal, Burrus, Suchet, Thebaud, & Vargas, 2014; 
Mouret et al., 2011). Following the end of glacial periods, deglacia-
tion allowed recolonization along routes spreading from these refu-
gia and this ultimately sculptured a complex genetic structure in the 
Pyrenees (Hewitt, 1999; Tab erlet et al., 1998). However, there has 
been little attempt to identify the geographic location of putative 
refugia where Pyrenean endemics survived glaciations, and to trace 
back their postglacial recolonization routes.

Dispersal capability is a crucial trait affecting the genetic compo-
sition of species and populations (Clobert, Le Galliard, Cote, Meylan, 

expansion from multiple refugia. Finally, we did not find genetic evidence of sex-bi-
ased dispersal. This work highlights the importance of integrating past evolutionary 
processes and present-day gene flow and dispersal dynamics, together with multilo-
cus approaches, to gain insights into what shaped the current genetic attributes of 
amphibians living in montane habitats.
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& Massot,  2009; Ronce,  2007; Tallmon et  al.,  2004), implying that 
variation in vagility generally leads to clear differences in genetic pat-
terns. Good dispersers are likely to present less structured metapop-
ulations than low vagility organisms (Allentoft, Siegismund, Briggs, & 
Andersen, 2009; Burns, Eldridge, & Houlden, 2004; Kraaijeveld-Smit, 
Beebee, Griffiths, Moore, & Schley,  2005; Vos, Antonisse-De Jong, 
Goedhart, & Smulders, 2001). Amphibians are generally regarded as 
low vagility and philopatric species (Gill, 1978), but this is being con-
futed in a number of studies (Denoël, Dalleur, Langrand, Besnard, & 
Cayuela, 2018; Smith & Green, 2005, 2006). Selective pressures fa-
vouring or restraining dispersal may act differently on males and fe-
males and result in sex-specific dispersal strategies (Li & Kokko, 2019). 
Accordingly, sex-biased dispersal has been identified in a number of 
species, including newts (Denoël et  al.,  2018; Trochet et  al.,  2016). 
Furthermore, orographic features such as ridges and valleys can act 
as either barriers or bridges to dispersal and thus drive genetic struc-
turing (Caplat et  al.,  2016; Noguerales, Cordero, & Ortego,  2016). 
Although it is deemed important to better understand the processes 
underlying genetic differentiation in natural populations, the combined 
influence of sex differences and orographic features on dispersal has 
rarely been studied (Roffler et  al.,  2014; Tucker, Allendorf, Truex, & 
Schwartz, 2017). Indeed, males and females may have different disper-
sal abilities and, therefore, orographic features may differently affect 
them, resulting in contrasting patterns of gene flow between sexes in 
mountain regions (see Cayuela et al., 2020 for a review).

The genus Calotriton (Gray, 1858) includes two species restricted 
to northeastern Iberian Peninsula (Carranza & Amat, 2005). Speciation 
within the genus has been dated to the beginning of the Pleistocene 
(Carranza & Amat, 2005) but how these species endured Quaternary 
glaciations is still uncertain. The Pyrenean brook newt (C. asper Al. 
Dugès, 1852) is a small-bodied amphibian endemic to the Pyrenees 
(Bosch et al., 2009). It is a largely aquatic montane species that in-
habits brooks, alpine lakes and caves between 250 and 2,500 m a.s.l. 
(Clergue-Gazeau & Martínez-Rica, 1978; Martínez-Rica & Clergue-
Gazeau, 1977). As expected for many amphibian species, C. asper is 
believed to have low dispersal ability (Milá, Carranza, Guillaume, & 
Clobert,  2010; Montori, Llorente, & Richter-Boix,  2008), although 
little attention has been paid to this aspect. Following metamorpho-
sis, a juvenile dispersal phase of at least 2 years is described before 
reaching the adult stage (Montori & Llorente, 2014), but it remains 
unclear how far individuals can disperse.

So far, few studies have analysed the genetic differentiation of the 
Pyrenean brook newt in a geographic context. Analysis of allozymes 
(Montori, Llorente, & García-París, 2008) and mitochondrial DNA 
(mtDNA; Milá et al., 2010; Valbuena-Ureña, Amat, & Carranza, 2013) 
revealed low levels of genetic variation. Higher levels of genetic differ-
entiation and population structuring were detected using genome-wide 
amplified fragment length polymorphism (AFLP; Milá et  al.,  2010) 
and microsatellite markers (Valbuena-Ureña et  al.,  2018). However, 
these studies were either based on small numbers of populations and 
markers with low variability (Montori, Llorente, & García-París, 2008; 
Valbuena-Ureña et al., 2013), did not characterize the entire range and 
habitat types of the species (Milá et al., 2010) or addressed specific 

questions targeting the role of geographic gradients and habitat type 
in shaping the current genetic attributes of the species (Valbuena-
Ureña et al., 2018). Furthermore, the timing of lineage divergence and 
the relative importance of phylogeographic processes versus contem-
porary dispersal have not been studied in C. asper.

Here, we employ a multilocus approach aimed to disentangle 
major historical and contemporary processes that contributed to 
shaping the present genetic constitution of C. asper over most of its 
distribution range. We combine comprehensive sample collection 
across all habitat types with coalescent model frameworks and dis-
persal analyses to shed light on the evolutionary history of the species 
and determine the degree of connectivity of present-day populations 
and habitats. Specifically, we explore the effect of Quaternary cli-
matic oscillations on the evolutionary diversification of lineages and 
the formation of postglacial colonization routes. Furthermore, we de-
scribe contemporary patterns of dispersal and investigate whether 
sex-specific dispersal strategies, orography or geography played a 
role in determining the species’ current genetic structure.

2  | MATERIAL S AND METHODS

2.1 | Sampling and DNA extraction

Sampling was conducted in the period 2004–2017 across the whole 
Pyrenees (Figure  1; Table  S1), encompassing most of the species 
range. DNA was sampled via buccal swab or toe clipping of meta-
morphosed individuals. Samples were preserved in EDTA or absolute 
ethanol and stored at −20°C until DNA extraction. The collection 
of samples was approved by the corresponding authorities: as 
for the French sampling, by the Conseil Scientifique Régional du 
Patrimoine Naturel (CSRPN, DREAL) of the Region of Occitanie; as 
for the Andorran sampling, by the Principality of Andorra; as for the 
Spanish sampling, by the Departament d'Agricultura, Ramaderia, 
Pesca, Alimentació i Medi Natural of the Catalan Government and 
the Instituto Aragonés de Gestión Ambiental of the Aragonese 
Government. Procedures followed guidelines established by the 
Association for the Study of Animal Behaviour and complied with 
current French, Andorran and Spanish regulations.

Genomic DNA was extracted using QIAGEN DNeasy Blood and 
Tissue Kit (QiagenTM, Hilden, Germany) according to the manufac-
turer's protocol, or following the HotSHOT method (Montero-Pau, 
Gómez, & Muñoz, 2008), in a total volume of 100 µl.

2.2 | Mitochondrial DNA sequencing and 
microsatellite screening

A fragment of the cytochrome b (cyt-b) gene was sequenced from 
258 individuals from 59 sampling sites (Table  S1). We amplified a 
fragment of 374  bp using primers Cytb1EuprF and Cytb2EuprR 
(Carranza & Amat,  2005). Amplification conditions were those 
described in Carranza, Arnold, Mateo, and López-Jurado (2000). 
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Sequences were aligned using the ClustalW algorithm in mega 7 
(Kumar, Stecher, & Tamura, 2016).

A total of 1,299 individuals from 96 sampling sites were gen-
otyped for a set of 17 microsatellite loci combined in three multi-
plexes (Table S1; Drechsler et al., 2013). Fragments were sized with 
LIZ-500 size standard and binned using either GeneMapper v4.0 
(Applied Biosystems) or geneious 11.0.5 (Kearse et al., 2012). Only 
individuals that could be scored in a reliable manner for at least 15 
loci were included in the analyses.

2.3 | Mitochondrial DNA analysis

Gene genealogy networks were generated using haploviewer 
(Salzburger, Ewing, & Von Haeseler, 2011). jmodeltest 2.1.3 (Darriba, 
Taboada, Doallo, & Posada, 2012) was run to determine the appro-
priate nucleotide-substitution model, under the Akaike information 

criterion (AIC). Phylogenetic reconstructions among haplotypes 
were estimated using a maximum likelihood approach as imple-
mented in raxml 7.7.1 (Stamatakis, 2006), and the best generated 
tree was used to estimate the haplotype network. The program 
was run with a GTRCAT model of rate heterogeneity and no invari-
ant sites, applying 1,000 bootstrap replicates. Haplotype network 
reconstruction was implemented in Haploviewer, based on all se-
quences available from GenBank and this study. Overall number 
of haplotypes (H) and polymorphic sites (S), as well as haplotype 
(Hd) and nucleotide (Π) diversity indices, were calculated in DNASP 
6.11.01 (Rozas et al., 2017).

2.4 | Microsatellite analysis

The presence of potential scoring errors, stuttering, large allele 
dropout and null alleles was tested using micro-checker 2.2.3 (Van 

F I G U R E  1   Results of the Bayesian clustering analysis across Calotriton asper distribution range. Panel (a) shows the geographic 
distribution of the five genetic clusters identified by STRUCTURE. Sampled populations are represented by pie charts highlighting the 
population cluster membership obtained in STRUCTURE. Panel (b) shows STRUCTURE barplot of membership assignment for K = 5. Each 
individual is represented by a vertical bar corresponding to the sum of assignment probabilities to the K cluster. White lines separate 
populations. Panel (c) represents a neighbour-joining tree based on net nucleotide distances among clusters inferred by STRUCTURE. For 
population codes, see Table S1
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Oosterhout, Hutchinson, Wills, & Shipley,  2004). The frequency 
of null alleles for each locus and population was further investi-
gated using the expectation maximization algorithm implemented 
in FreeNA (Chapuis & Estoup, 2006). The same program was used 
to calculate global FST values corrected for null alleles following the 
Excluding Null Alleles (ENA) correction method. Bootstrap 95% con-
fidence intervals (CI) were calculated using 1,000 replicates over 
loci. We tested for linkage disequilibrium between loci and for devia-
tions from Hardy–Weinberg equilibrium (HWE) in each population 
and for each locus in genepop 4.2 (Rousset, 2008). Significance levels 
for multiple comparisons were adjusted using the Bonferroni correc-
tion (α = 0.05; Rice, 1989).

Parameters of genetic diversity were estimated for populations 
with five or more genotyped individuals and for the genetic clusters 
inferred by structure. Calculation of diversity estimates only in pop-
ulations with larger sample size (≥10 individuals) yielded very similar 
results in terms of mean genetic diversity and in the spatial interpo-
lation analysis. We calculated observed (HO) and expected heterozy-
gosity (HE) using the PopGenKit R package (Rioux Paquette, 2011) 
in R 3.5.1 (R Core Team, 2018). Allelic richness (Ar) standardized 
for sample size and rarefied private allelic richness (PAAr; calcu-
lated only at the cluster level) were calculated in HP-RARE 1.1 
(Kalinowski,  2005). Inbreeding coefficients (FIS) were estimated in 
FSTAT 2.9.3.2 (Goudet,  2002). We visualized geographic patterns 
of genetic diversity by computing a spatial interpolation of HE and 
Ar values using the Inverse Distance Weighting tool implemented in 
ArcGIS 10.1 (ESRI, Redlands, CA, USA).

Population structure was investigated using a Bayesian ap-
proach implemented in structure 2.3.4 (Pritchard, Stephens, & 
Donnelly,  2000). We conducted 20 independent simulations for 
each K value from one to 50, with 100K burn-in steps followed by 
500K Markov chain Monte Carlo (MCMC) repetitions. It is highly 
unlikely that C. asper would reveal more than 50 genetic units, given 
that previous studies conducted at the Pyrenean scale returned 
a much smaller number of nuclear partitions (Milá et  al.,  2010; 
Valbuena-Ureña et al., 2018). The program was run using the ad-
mixture model with correlated allele frequencies. The analysis was 
conducted for the whole data set and for each cluster separately. 
The optimal number of genetic clusters was determined using 
both the original method of Pritchard et  al.  (2000) and the ΔK 
method of Evanno, Regnaut, and Goudet (2005), as implemented 
in the R package pophelper (Francis,  2017). The same package 
was used to average replicate runs of the optimal K (Jakobsson & 
Rosenberg, 2007) and plot the final output. In addition, to visualize 
genetic divergence between populations, we constructed a neigh-
bour-joining (NJ) tree using the program POPTREEW (Takezaki, 
Nei, & Tamura,  2014). We used Nei's genetic distance (DA; Nei, 
Tajima, & Tateno, 1983) and performed 1,000 bootstraps. Genetic 
relationships between structure clusters for the optimal K were 
visualized by drawing a NJ tree based on net nucleotide distances 
(Pritchard, Wen, & Falush, 2010) using the program neighbor in the 
phylip package 3.695 (Felsenstein, 2005).

Isolation by distance was calculated via a Mantel test (Mantel 
& Valand, 1970) using the R package ade4 (Dray & Dufour, 2007), 
to explore the relationship between genetic and geographic dis-
tances among populations. We used standardized values of FST (FST/
(1 − FST)) and log-transformed values of geographic distance as de-
pendent and independent variables, respectively (Rousset,  1997). 
Significance was estimated with 10,000 permutations. Analyses 
were performed between all populations and by grouping sampling 
localities as indicated by structure.

The estimation of recent dispersal was conducted using a two-
fold approach. An assignment test was performed in GeneClass2 
(Piry et al., 2004) to assign or exclude reference populations as pos-
sible origin of individuals (Paetkau, Slade, Burden, & Estoup, 2004). 
The test was run only for populations with 10 or more genotyped 
individuals (49 populations). The same program was used to detect 
first-generation migrants, that is individuals born in a population 
other than that where they were collected. Details on parameters 
used in these analyses are presented in the supplement.

The sibship assignment method implemented in Colony 2.0.6.4 
(Jones & Wang,  2010) was used to infer the effective size (Ne) of 
populations with more than 15 genotyped individuals (35 popula-
tions) under the hypothesis of random mating. Details on parameters 
used in the analysis are presented in the supplement.

We tested for sex-biased dispersal by calculating FST, FIS and as-
signment values (AIC) within each sex (Goudet, Perrin, & Waser, 2002) 
using the hierfstat r package (Goudet & Jombart,  2015). We per-
formed 1,000 permutations using the “two-sided” alternative 
method (Helfer, Broquet, & Fumagalli,  2012). FST and FIS are ex-
pected to be lower and higher for the dispersing sex compared to 
the philopatric sex, respectively (Goudet et  al.,  2002). AIC values 
determine the probability that an individual genotype originated 
from the population from which it was sampled, correcting for dif-
ferences in population genetic diversity (Favre, Balloux, Goudet, 
& Perrin, 1997). The distribution of AIC values is centred around a 
mean (mAIC) of zero, with lower values expected for the dispersing 
sex. In contrast, the variance of AIC (vAIC) is expected to be higher 
for the dispersing sex.

To examine whether the genetic structure revealed by the 
Bayesian clustering analysis could be explained by orographic fea-
tures such as tributary valleys (i.e., valleys whose brooks or rivers 
flow into greater ones) and ridges (i.e., a chain of mountains or hills 
that form a continuous elevated crest), we conducted analyses of 
molecular variance (AMOVA) using a nested design (Excoffier, 
Smouse, & Quattro, 1992). We implemented a four-level hierarchical 
approach and ran two separate AMOVAs: in the first analysis, we es-
timated variance components among genetic clusters identified by 
structure and among tributary valleys nested within clusters; next, 
in the second analysis we tested for evidence of structuring among 
valleys and among populations within valleys, without taking genetic 
clusters into account (see Werth et al., 2007 for a similar approach). 
Further details and parameters used in the analysis are described in 
the supplement.
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We investigated how habitat type (lakes, streams and caves) 
and geographic variables (latitude, longitude and altitude) explained 
genetic diversity estimates using multiple linear regression models. 
Model selection was performed in R using backward stepwise selec-
tion, where variables were dropped iteratively from the full model 
minimizing AIC values. Violation of the assumptions of normality, 
homogeneity in variance, multicollinearity and autocorrelation were 
checked by examining the residuals. Analyses were performed be-
tween all populations and by grouping sampling localities as indi-
cated by structure.

To investigate C. asper evolutionary history and estimate di-
vergence times among structure-defined genetic lineages, we em-
ployed an approximate Bayesian computation (ABC) approach, as 
implemented in the software diyabc 2.1.0 (Cornuet et al., 2014). We 
performed the computations both combining microsatellites and 
mtDNA data, and separately for microsatellites to assess the impact 
of using different types of markers on scenario choice and poste-
rior parameter estimation. To reduce computational demands, we 
selected 50 individuals from each of the five genetic groups defined 
by structure. Pilot runs confirmed that varying the sample size for 
microsatellites (from 30 individuals per cluster to all 1,299 individ-
uals) did not substantially affect the final outcome in terms of best 
supported scenario and estimated parameters (Table  S2). Within 
each group, we selected populations representative of all habitat 
types, choosing among individuals with STRUCTURE ancestry coef-
ficient q ≥ 0.9 to exclude potentially confounding effects of contem-
porary gene flow (see Ortego, Noguerales, Gugger, & Sork, 2015). 
Following the recommendations of Cabrera and Palsbøll (2017) to 
improve DIYABC ability to reveal the true demographic model, we 
focused on simple contrasting models and reduced the number of 
candidate scenarios to three (Figure 2; S1). The first type of scenario 
is a null model with all five lineages diverging at the same time from 
a common ancestor (general scenario 1). The second type is a model 
of initial divergence between two eastern and western ancestral lin-
eages, keeping the eastern as ancestral, and subsequent formation 
of the five current genetic lineages, as suggested by Valbuena-Ureña 
et al. (2018) (general scenario 2). Finally, the third type is a hierarchi-
cal split model directly following results from STRUCTURE analysis, 
where clusters 1 and 5 were generated from cluster 3, after an initial 
split between clusters 2, 3 and 4 (general scenario 3). Further details 
on model specifications and run parameters are outlined in the sup-
plement (Table S3).

3  | RESULTS

3.1 | Multilocus genetic diversity

From the 258 individuals analysed for the cyt-b gene, we identified 
a total of 11 haplotypes. The haplotype network showed that ad-
jacent haplotypes were separated by a single mutational step and 
confirmed the presence of two main central haplotypes separated 
from each other by two mutational steps (haplotype codes H5 and 
H9; Figure S2). The overall mean haplotype (Hd) and nucleotide (Π) 
diversities were 0.570 ± 0.031 and 0.003 ± 0.0002, respectively.

Regarding microsatellites, we did not find evidence of stutter-
ing or large allele dropout. Mean null allele frequency across all loci 
was 0.037, ranging from 0.018 to 0.069. Global FST values with and 
without correcting for null alleles were 0.377 and 0.383, respec-
tively, and had overlapping 95% CI (0.342–0.433 for FST using ENA 
and 0.350–0.443 for FST not using ENA), indicating that the impact 
of null alleles is negligible. After applying the Bonferroni correction 
(p < .0004), significant linkage disequilibrium was found only in two 
populations between a total of three pairs of loci (in population 
NDE between locus pairs Ca1-Us3 and Us7-Ca16, and in population 
RVT-A between locus pair Ca22-Ca29). Significant deviations from 
HWE were observed in 18 (19%) localities after Bonferroni correc-
tion. 13 loci indicated significant departures from HWE in one to 
eight populations: Ca32, Ca25, Ca 23, Us7, Ca24 and Ca22 in one 
population, Us3, Ca8 and Ca1 in two populations, Ca30 in three 
populations and Ca16 in eight populations. However, this is probably 
the result of genetic structure in the populations, as most of the loci 
showed occasional departures from HWE in three or more popula-
tions that were not consistent across populations or loci.

We recorded variable levels of nuclear genetic diversity across 
the study area (Table S1). Mean values were 0.445 for HO (0.162–
0.698), 0.457 for HE (0.171–0.626) and 2.659 for Ar (1.380–3.050). 
Westernmost populations exhibited the highest values, together 
with a group of central-eastern populations (Figure  3). FIS values 
were generally low (mean FIS = 0.069), ranging from −0.210 to 0.367.

3.2 | Population structure analyses

STRUCTURE analysis revealed five well-supported groups (Figure 1). 
Log-likelihood values showed a steady increase from K = 2 to K = 5 

F I G U R E  2   Phylogeographic scenarios tested in DIYABC during phase 2 (a). The most likely scenario, namely number 3, with the 
estimated time points (t1–t3) of each split is shown in panel (b). More information on tested scenarios, estimated parameters and respective 
priors is given in Tables 4 and S2 and in Figure S1



     |  7LUCATI et al.

before slowing down and eventually reaching a plateau (Figure S3). 
Although ΔK values showed several peaks at different values of K, 
the peak at K  =  5 was markedly higher and corresponded to the 
smallest variance. This chaotic behaviour has been reported when 
analysing data displaying strong isolation by distance with structure 
(Ferchaud et al., 2015). Therefore, we assumed K = 5 as the cluster-
ing solution that best explained the spatial genetic structure of the 
species at the Pyrenean scale.

The five clusters were spatially distributed over the Pyrenean 
chain along a longitudinal gradient: the first cluster included 
the northeastern (French) localities and four central-south-
ern (Spanish) localities; the second cluster grouped together all 
Andorran localities, the southeastern (Spanish) sites and the north-
eastern population Valmanya (B10); the third cluster included the 
central-western localities from both sides of the Pyrenees; the 
fourth cluster comprised all localities at both sides of the western 
Pyrenees; finally, sites located on the southern (Spanish) side of 
the central Pyrenees in-between the first three clusters formed 
a fifth group (see colour codes in Figure 1: cluster 1, blue; cluster 
2, light green; cluster 3, orange; cluster 4, dark green; cluster 5, 
pink). Relatively high levels of admixture were detected where the 
genetic clusters met (Figure 1). When analysing each cluster sep-
arately, further substructure emerged from clusters 1 and 2 (i.e., 
the easternmost clusters; Figure S4): sampling localities in cluster 
1 grouped into three subclusters and those included in cluster 2 
grouped into four subclusters. The NJ tree for the five clusters 
indicated that clusters 2 and 4, corresponding to the clusters at 
the eastern and western edges of the species range, respectively, 
were the most genetically differentiated (Figure  1). In addition, 
cluster 4 was the richest in terms of genetic diversity (Table 1). The 
NJ tree inferred from DA distances over all populations revealed 
the five groups identified by STRUCTURE, with geographically 
close populations usually grouped together (Figure 4).

A significant isolation by distance (IBD) was found between all 
pairs of populations (R  =  0.499, p  <  .001; Figure  S5). Similar but 
generally stronger IBD patterns were revealed when analysing each 
cluster separately (cluster 1: R = 0.469, p < .001; cluster 2: R = 0.702, 
p < .001; cluster 3: R = 0.687, p < .001; cluster 5: R = 0.764, p < .001; 
Figure S5), with the exception of cluster 4 that did not show a signif-
icant IBD signal (p = .053).

3.3 | Contemporary dispersal, effective population 
size and sex-biased dispersal

The assignment test conducted in GeneClass2 returned an assign-
ment rate of 82.7%, meaning that 922 individuals out of 1,115 
were assigned to the localities where they were sampled (Table S4). 
Although the majority of misassignments were to localities belong-
ing to the same cluster, three populations from cluster 5 and one 
population from cluster 3 showed ancestry to cluster 1. A total of 
63 (4.9%) individuals were identified as first generation migrants: 
14 and 28 individuals were selected using the Lhome and Lhome/Lmax 

approaches, respectively, and 21 were selected by both likelihood 
methods. Of the 63 individuals, 27 had similar migration probabili-
ties for several localities, indicating that these samples represented 
individuals whose source locality could not be determined due to the 
presence of unsampled populations in the study area. Among the 36 
migration events with estimated origin, 19 involved stream popula-
tions only, 9 involved lake populations, 7 occurred between lake and 
stream populations and one between cave and stream populations. 
In all but one instance (one individual sampled in population E2 and 
detected to be coming from E1, which are separated by only 1.7 km), 
migration was limited within groups detected with STRUCTURE and 
usually involved geographically close populations (Figure 5 and S6). 
Indeed, most individuals migrated <1 km (17 individuals), or between 
1 and 10 km (12 individuals). However, for four individuals we found 
potential for recent migration between localities separated by an 
Euclidean distance between 24 and 33 km. Dispersal between these 
localities would have implied either downstream migration or migra-
tion between adjacent glacial cirques, but no data are available from 
some intermediate localities. The remaining putative long dispersal 
events were below 12  km Euclidean distance and were all among 
adjacent glacial cirques.

Colony returned low values of effective population sizes 
(Table  S1). Values ranged from nine in the cave population Pas 

F I G U R E  3   Spatial interpolation of allelic richness (Ar; a) and 
expected heterozygosity (HE; b) among populations of Calotriton 
asper. Black dots denote sampling localities and black lines delimit 
the five genetic clusters inferred by STRUCTURE. Each cluster is 
identified with its corresponding number. Only populations with 
five or more genotyped individuals were considered in the analysis. 
Population codes are given in Figure 1

TA B L E  1   Genetic diversity parameters for each genetic cluster 
identified by structure analysis in Calotriton asper

Cluster N Ar PAAr HO HE FIS

1 470 8.120 0.530 0.484 0.647 0.253

2 129 7.540 0.320 0.389 0.552 0.298

3 160 7.680 0.220 0.369 0.626 0.414

4 259 10.240 1.440 0.460 0.734 0.375

5 281 7.690 0.410 0.422 0.633 0.335

Abbreviations: Ar, allelic richness standardized for sample size;FIS, 
inbreeding coefficient; HE, expected heterozygosity; HO, observed 
heterozygosity; N, sample size; PAAr, rarefied private allelic richness 
standardized for sample size.
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F I G U R E  4   Neighbour-joining tree over 
all Calotriton asper populations based on 
DA distances. Branch colours delineate 
the five genetic clusters identified by 
STRUCTURE analysis (blue: cluster 1, light 
green: cluster 2, orange: cluster 3, dark 
green: cluster 4, pink: cluster 5), while 
population code colours correspond to 
the distinct habitat types (blue: streams, 
red: lakes, green: caves). See Table S1 for 
population codes

F I G U R E  5   Chord diagram tracking 
first generation migrants flows between 
Calotriton asper sampled populations as 
inferred by GeneClass2. Chord size is 
proportional to the number of migrants 
detected, and arrows indicate the 
direction of migration. Colours delineate 
the five genetic clusters identified by 
STRUCTURE analysis (blue: cluster 1, 
light green: cluster 2, orange: cluster 3, 
dark green: cluster 4, pink: cluster 5). In 
the outer ring, populations belonging 
to the same glacial cirque or valley are 
connected together. Only populations 
where first generation migrants with 
known source locality were detected are 
shown. For population codes, see Table S1
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du Loup (B1) to 46 breeding individuals in the stream population 
Ruisseau de Peyrenère (E4), with a mean Ne of 26.

Results from sex-biased dispersal analysis showed that FST and 
FIS values were not significantly different between sexes (males: 
FST = 0.377, FIS = 0.088; females: FST = 0.367, FIS = 0.101; PFst = 0.610, 
PFis = 0.300). Similarly, there was no significant difference in either 
the mean or the variance of AIc between sexes (males: mAIc = 0.052, 
vAIc = 16.332; females: mAIc = −0.051, vAIc = 17.771; PmAIc = 0.711, 
PvAIc = 0.375).

3.4 | Influence of orography, geography and habitat

AMOVAs suggested significant structure at all tested levels (Table 2). 
When partitioning molecular variance between genetic clusters and 
tributary valleys, most molecular variance was found within valleys, 
followed by the among clusters component. Results did not dif-
fer substantially whether including in the analysis either all valleys 
or only those featuring a unique genetic cluster (data not shown). 
Within valleys, most variation was found among individuals, as ex-
pected for polymorphic loci such as microsatellites.

At the Pyrenean scale, model selection indicated that altitude 
had a significant positive effect on HE and Ar, whereas longitude 
had a significant negative effect on Ar (Figure 6 and S7). Regarding 
habitat types, streams showed significantly higher levels of ge-
netic diversity compared to lakes and caves, although this pattern 
was lost when performing the analysis at the genetic cluster level. 

Indeed, only clusters 1, 2 and 4 showed significant effects. In clus-
ter 1, altitude was negatively associated with Ar and longitude 
was negatively associated with both HE and Ar, and lakes were the 
most diverse habitat. In cluster 2, longitude had a negative effect 
and latitude a positive effect on both estimates; comparison be-
tween habitats was not possible because only streams were sam-
pled. Finally, in cluster 4, longitude and latitude were negatively 
associated with both estimates and streams were the most diverse 
habitat.

3.5 | Colonization history

The pre-evaluation step confirmed that the chosen priors ensured 
a good fit between simulated and observed data sets for all tested 
scenarios (Figure S8). Analyses suggested highest support for sce-
nario 3 (the multiple refugia population model directly following 
Bayesian clustering analysis results) regardless of the genetic mark-
ers used (microsatellites or microsatellites + mtDNA; Figure 2). This 
scenario had the highest posterior probability (PP) and its 95% CI 
did not overlap with those for the other scenarios (Table 3). Type I 
and type II errors for scenario 3 were low, denoting high confidence 
in scenario choice (Table 3). RMedAD values were relatively small 
(<0.25 in most cases), indicating precise parameter estimations 
(Table 4). Finally, model checking revealed that the observed data 
set fell within the cloud of points of the simulated data sets obtained 
from the parameter posterior distribution (Figure S8).

Source of variation df SS
Variance 
component % Variation

Fixation 
indices

(1)

Among clusters 4 2,723.166 1.368 19.195 FCT = 0.192***

Among valleys 
within clusters

17 998.617 0.961 13.490 FSC = 0.167***

Within valleys 1928 9,040.858 4.797 67.315 FST = 0.327***

(2)

Among valleys 20 3,875.541 1.266 20.48 FCT = 0.205***

Among 
populations 
within valleys

48 2,372.971 1.295 20.96 FSC = 0.264***

Among 
individuals 
within 
populations

1,169 4,479.044 0.212 3.43 FIS = 0.059***

Within 
individuals

1,238 4,218.500 3.408 55.13 FIT = 0.449***

Note: Two hierarchical structures were tested: (1) among clusters identified by structure analysis 
and among tributary valleys within clusters, (2) among tributary valleys and among populations 
within valleys.
Abbreviations: df, degrees of freedom; FCT, fixation index among groups; FIS, fixation index among 
individuals within populations; FIT, fixation index within individuals;FSC, fixation index among 
populations within groups; FST, fixation index within populations; SS, sum of squares.
***p < .001. 

TA B L E  2   Analysis of molecular 
variance (AMOVA) for Calotriton asper at 
the Pyrenean scale
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F I G U R E  6   Partial effects of environmental (habitat type) and geographic (latitude, longitude and altitude) variables on allelic richness 
(Ar). (a), all populations; (b), cluster 1; (c), cluster 2; (d), cluster 4. Only variables that had a significant effect on Ar as determined by linear 
models selection are drawn. Latitude and longitude are in UTM coordinates, and altitude is expressed in metres
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Analyses based on either microsatellites or microsatel-
lites  +  mtDNA returned similar parameter estimates (Table  4). 
Results suggested that peripheral genetic lineages (clusters 2 and 4), 
together with the central group, diverged from a common ancestor 
around the Last Glacial Maximum (LGM), ~42,000–24,000 years ago 
(t3). Subsequently, the central-western lineage (cluster 3) split from 
the central clade ~15,000–7,500 years ago (t2), whereas the most 
recent divergence occurred ~12,000–5,400 years ago (t1) between 
the central-southern and central-eastern lineages (clusters 5 and 1; 
Figure 2).

4  | DISCUSSION

4.1 | Refugia within refugia: the Pyrenees

Mountain systems played a crucial role in determining species diver-
sity, and the origin of intraspecific genetic structuring has been fre-
quently tracked back to putative glacial refugia where populations 
survived Quaternary ice ages (Wallis, Waters, Upton, & Craw, 2016). 
In Europe, the Iberian Peninsula served as one of the most impor-
tant Pleistocene glacial refugia (Gómez & Lunt, 2007). The complex 
climatic and topographic features of this region allowed for lineage 
persistence in “refugia within refugia,” the Pyrenees being one of 
them (Abellán & Svenning, 2014; Gómez & Lunt, 2007). For this rea-
son, the Pyrenees are considered as a biodiversity hotspot with a 
rich endemic flora and fauna (Wallis et al., 2016). Here, ABC-based 
analyses revealed that C. asper microsatellite lineage differen-
tiation started either during or slightly before the LGM (~42,000–
24,000 years ago) at three main focal centres (western –cluster 4–, 
central and eastern –cluster 2– Pyrenees) and continued within 
the central group through the end of the Last Glacial Period, until 
~12,000–5,500  years ago (Figure  2; Table  4). Indeed, the second 
and third splits straddled the Pleistocene–Holocene boundary and 
involved the central group only, with a first divergence event con-
sisting of the separation of the central-western lineage (cluster 3) 
~15,000–7,500  years ago, followed by a split between the central 
Spanish and the central-eastern French lineages (clusters 5 and 1; 
~12,000–5,500 years ago).

Our study describes the existence of five main genetic lineages 
in C. asper, which are distributed longitudinally along the Pyrenees. 
Previous studies mainly reported two or three major longitudinal 

splits in the Pyrenees in a number of species, such as the mountain 
ringlet butterfly Erebia epiphron (Schmitt, Hewitt, & Muller, 2006), 
the European beech Fagus sylvatica (Magri et  al.,  2006), the snap-
dragon Antirrhinum (Liberal et  al.,  2014), the rusty-leaved al-
penrose Rhododendron ferrugineum (Charrier et  al.,  2014) and the 
ground-dwelling spider Harpactocrates ravastellus (Bidegaray-Batista 
et al., 2016). However, most of these studies either dealt with spe-
cies complexes and therefore evolutionary time lags of millions of 
years (Bidegaray-Batista et al., 2016; Liberal et al., 2014), or did not 
attempt to date back the phylogeographic history of the study spe-
cies across the Pyrenees (Charrier et al., 2014; Magri et al., 2006; 
Schmitt et  al.,  2006). Other studies have only focussed on the 
postglacial colonization history (e.g., from 15,000 years ago to the 
present), such as in the case of the Pyrenean rock lizard Iberolacerta 
bonnali (Ferchaud et al., 2015) or the water flea Daphnia longispina 
(Ventura et al., 2014).

4.2 | Phylogeography of C. asper

The times of the splits approximately correspond to major cool-
ing events in the Pyrenees. The LGM in the Pyrenees is estimated 
to have occurred ~22,500–18,000  years ago (González-Sampériz 
et al., 2006); glacial advance likely promoted species retreat to iso-
lated refugial areas (three main refugial areas: western, central and 
eastern) and subsequent genetic differentiation. After the LGM, 
a period of increase in temperature (the Bølling-Allerød period, 
~15,000–13,000 years ago) may have created favourable conditions 
for dispersion outside the refugia and colonization of suitable areas 
in the Pyrenees. This was followed by a cold period (the Younger 
Dryas, ~13,000–11,500 years ago; González-Sampériz et al., 2006) 
that likely prompted species retreat to refugial areas where fur-
ther genetic differentiation was favoured (divergence of cluster 3 
from the central group). The Younger Dryas marked the end of the 
Pleistocene and, with the beginning of the Holocene, temperatures 
increased again, favouring species expansion uphill and towards 
the central Pyrenees. An additional abrupt cooling episode took 
place ~8,400–8,000 years ago (8,200–year event; Alley et al., 1997; 
González-Sampériz et al., 2006), which likely promoted the last split 
between clusters 1 and 5.

During the last glaciation, Pyrenean glaciers reached their max-
imum extent earlier than the LGM at >30,000  years ago, though 

TA B L E  3   Posterior probability of tested scenarios and 95% confidence intervals (CI) estimated with DIYABC analysis when considering 
only microsatellites and when including both mtDNA (cyt-b) and microsatellite markers

Scenario

Microsatellites Microsatellites + cyt-b

Posterior 
probability 95% CI

Type I 
error

Type II 
error

Posterior 
probability 95% CI

Type I 
error

Type II 
error

1 0.002 0.002–0.003 0.007 0.006–0.008

2 0.002 0.002–0.003 0.010 0.009–0.012

3 0.996 0.995–0.996 0.034 0.041 0.983 0.980–0.985 0.039 0.029

Note: Type I and II errors for the best supported scenario are indicated. See Figure 2 for more information on the tested scenarios.
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a later glaciar re-advance occurred during the LGM (García-Ruiz 
et al., 2003). During these periods, most of the Pyrenees was exten-
sively covered with ice and likely represented an unsuitable region 
for C. asper. Although we cannot rule out that some C. asper popu-
lations survived glacial events in microrefugia in situ (e.g., in deep 
valleys or on southern valley slopes), optimal conditions during gla-
cial maxima existed mostly in peripheral areas outside the mountain 
range, unlike other species that likely survived in nunataks along the 
chain (Charrier et al., 2014). We thus hypothesize that, at the time of 
the first split, populations took refuge in three major refugial areas 
(corresponding to the western, central and eastern genetic lineages) 
located outside the mountain range. The long branches defining 
these three lineages in the NJ tree and their geographic consistency 
support a scenario of allopatric divergence and long-term lineage 
persistence in separated refugia (Figure 1). After the LGM, tempera-
tures increased and created favourable conditions for the species 
to recolonize suitable habitats inside the chain. The following splits 
were likely prompted by cooling events occurring over shorter in-
tervals and characterized by a lesser glacier extent (i.e., the Younger 
Dryas and the 8,200-yr event; González-Sampériz et al., 2006), lead-
ing to a wide availability of habitats inside the Pyrenees even during 
cold periods. It is reasonable to assume that C. asper endured these 
cooling periods in refugia located within the Pyrenees, where differ-
entiation of the central group was favoured.

We would like to stress that ABC modelling has some uncertainty. 
First, the tested models do not represent a comprehensive range of 

all possible scenarios, but are instead based on a selection of hypoth-
eses that we consider are most likely to reflect our data. We focused 
our analysis on three simple contrasting models aimed at capturing 
the key demographic events, avoiding overcomplex and similar mod-
els. This approach has proven useful to increase the ability of DIYABC 
to reveal the true model, as well as to better estimate the error and 
accuracy of parameter estimates (Cabrera & Palsbøll, 2017). Second, 
ABC modelling is based on scenarios where no gene flow is permitted 
between populations after they initially diverge. Only single events 
of admixture between populations are considered, whereas recur-
rent gene flow due to dispersal cannot be incorporated. However, we 
believe that not incorporating gene flow had only a marginal effect 
on our ABC results, as ABC analyses run using all 1,299 individuals 
(and thus including admixed populations located at cluster borders) 
yielded parameter estimates similar to those from computations 
based on 50 individuals per cluster (Table S2). Third, it is important 
to note that the time estimates presented for C. asper have relatively 
large confidence intervals, although they still embrace values broadly 
referred to the time of the last glaciation.

4.3 | Mito-nuclear discordance

Population analyses of nuclear microsatellites revealed that the 
Pyrenean brook newt is subdivided into five well-supported genetic 
groups mainly distributed along a longitudinal gradient (Figure  1), 

TA B L E  4   Posterior parameters (median and 95% confidence intervals) and RMedAD (Relative Median Absolute Deviation) estimated with 
DIYABC analysis for the best supported scenario (scenario 3) when considering only microsatellites (simple sequence repeats—SSRs) and 
when including both mtDNA (cyt-b) and microsatellite markers

Parameter

Microsatellites Microsatellites + cyt-b

Median Q2.5 Q97.5 RMedAD Median Q2.5 Q97.5 RMedAD

N1 3,460 1,310 9,940 0.197 3,000 962 9,930 0.225

N2 4,600 2,470 7,950 0.186 3,790 1,550 8,690 0.195

N3 6,380 2,790 12,600 0.175 5,940 2,160 12,800 0.195

N4 10,300 5,680 14,200 0.135 9,620 4,730 14,200 0.154

N5 6,930 3,110 12,900 0.183 7,100 2,400 13,700 0.207

N135 7,590 997 14,400 0.324 6,490 667 14,200 0.314

N241 14,400 2,680 19,700 0.269 13,200 1,980 19,500 0.307

t1 4,050 1,470 7,770 0.245 2,700 636 6,470 0.288

t2 5,020 1,510 9,560 0.209 3,680 860 9,200 0.255

t3 14,200 6,730 19,600 0.169 12,000 4,620 19,300 0.219

Mean µ(SSRs) 1.32 × 10−4 1.01 × 10−4 2.45 × 10−4 0.278 1.59 × 10−4 1.06 × 10−4 3.37 × 10−4 0.253

Mean P(SSRs) 0.229 0.122 0.300 0.188 0.195 0.110 0.291 0.180

Mean µ(cyt-b) – – – – 1.69 × 10−7 6.08 × 10−8 4.00 × 10−7 0.276

Mean k1(cyt-b) – – – – 7.920 0.410 18.800 0.442

Note: See Figure 2 and Figure S1 for more information on the tested scenarios.
Abbreviations: 135—central clusters; 241—three oldest glacial refugia: eastern, western and central); 2—cluster 2; 3—cluster 3; 4—cluster 4, 5—cluster 
5; mean µ, mean mutation rate; mean k1, mean coefficient k1; mean P, mean coefficient P; N, effective population size for each analysed deme (1—
cluster 1; Q2.5, quantile 2.5%; Q97.5, quantile 97.5%;t, time of events in generations (t1—time to the most recent split; t2—time to the intermediate split; 
t3-time to the most ancient split).
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with eastern genetic groups displaying finer substructure (Figure S4). 
This is in agreement with previous studies investigating the nuclear 
genetic structure of the species (Milá et al., 2010; Valbuena-Ureña 
et al., 2018). However, mitochondrial DNA did not show a clear phy-
logeographic pattern coinciding with the five microsatellite lineages 
(Figure  S2). Haplotype H9 partly corresponds to cluster 2 (eastern 
Pyrenees; but see Valbuena-Ureña et  al.,  2013) and haplotype H7 
shows some affinity to cluster 3 (central-western Pyrenees); the re-
maining area is dominated by haplotype H5, which is the most wide-
spread haplotype. The almost perfect match between ABC analyses 
based on either microsatellites or microsatellites + mtDNA was pos-
sibly due to the lack of mtDNA variation. In C. asper, a similar mito-
nuclear discordance was detected by Milá et al.  (2010): variation at 
several mtDNA regions (2,040 bp) was low, whereas differentiation 
at AFLP loci was high and consistent with the structure here identi-
fied with microsatellites (see also Valbuena-Ureña et al., 2018). Milá 
et al. (2010) suggested that variation at AFLP loci could have been ab-
normally high because of the high amount of satellite DNA in C. asper 
genome, which possibly interfered in the amplification. However, 
the marked genetic structuring detected with microsatellites, which 
is consistent with the genetic units revealed by AFLP, indicates that 
AFLP loci variation was not an artefact but the product of real popu-
lation structuring in the species. Divergence times estimated with 
microsatellites approximately correspond to major cooling events 
that likely impacted and shaped the genetic constitution of C. asper. 
Furthermore, the high differentiation at AFLP and microsatellite 
markers is consistent with the high morphological diversification re-
ported among C. asper populations (Montori, Llorente, & García-París, 
2008). An alternative possibility is that the observed mtDNA varia-
tion could be due to female-biased dispersal, with female-mediated 
gene flow and phylopatric males leading to a pattern of mito-nuclear 
discordance (Prugnolle & De Meeus, 2002). However, our results do 
not support a sex-biased dispersal scenario. A more plausible expla-
nation for the observed discordance would be a selective sweep on 
mtDNA, bringing haplotypes H5 and H9 close to fixation in most 
populations over most of the species range (see also Valbuena-Ureña 
et al., 2013). Empirical evidence of selection on mtDNA is accumulat-
ing in the literature, and possible cases of selective sweep have been 
reported in a number of taxa (Bazin, Glémin, & Galtier, 2006; Bensch, 
Irwin, Irwin, Kvist, & Åkesson,  2006; Ferchaud et  al.,  2015; Rato, 
Carranza, Perera, Carretero, & Harris, 2010). As for C. asper, a selec-
tive sweep of favourable mtDNA variants was previously suggested 
by Milá et al. (2010) to explain the lack of mtDNA diversity. A selec-
tive sweep could account for the low variation in mtDNA compared 
to nuclear DNA and for the geographic distribution of haplotypes. 
However, further studies are needed to confirm this hypothesis.

4.4 | Contemporary dispersal and influence of 
environmental and geographic variables

Our analyses revealed restricted contemporary gene flow and 
dispersal between populations of C. asper across the five genetic 

lineages (Figure 5; Table S4). This is supported by the clear pattern of 
isolation by distance (Figure S5) and by 19% of the observed genetic 
variation being explained by differences between major genetic 
clusters (Table 2). However, population structure analysis revealed 
admixture patterns at boundaries between genetic clusters, imply-
ing potential recent gene flow across all clusters borders (Figure 1). 
Molecular estimates of dispersal corroborated this finding: genetic 
signs of contemporary dispersal, albeit weak, were detected be-
tween a number of populations located at clusters’ borders. This 
holds especially true for cluster 5, with three populations showing 
ancestry to cluster 1 (Table S4). According to ABC analyses, clusters 
1 and 5 were the last to diverge and may have retained a higher de-
gree of connectivity (Figure 2).

Moderate levels of dispersal and connectivity between habitat 
types were detected within genetic clusters (Figure  5; Table  S4). 
Nevertheless, migration preferentially involved geographically 
close populations (0–4  km Euclidean distance; Figure  S6) and it 
was mostly restricted within valleys. This is in agreement with 
Montori, Llorente, and Richter-Boix (2008), which mainly recorded 
short-range movements in C. asper using a capture–recapture 
framework. The short mean dispersal distances, coupled with low 
effective population sizes (Ne  <  50), may explain the high levels 
of genetic structuring and differentiation for C. asper populations 
across the entire species range. On the other hand, our estimations 
suggested potential for rare long-distance dispersal (up to 33 km). 
This might include both movements along the stream network and 
overland dispersal (Grant, Nichols, Lowe, & Fagan, 2010). Some in-
dividuals could have also been carried downstream during floods 
(Montori et  al.,  2012). However, although long-distance dispersal 
of few individuals per population remains possible in amphibi-
ans (Cayuela et  al.,  2020), a plausible alternative scenario is that 
potential unsampled source populations located in between the 
study sites may have been at the origin of migrants if they shared 
alleles with the putative sites of origin. This is possible given the 
high availability of suitable habitats for C. asper in the study area. 
Nevertheless, long-distance dispersal, possibly over a few succes-
sive generations (Saura, Bodin, & Fortin, 2014), is in line with our 
estimates of genetic diversity, as shown by most populations pre-
senting low inbreeding coefficients (mean FIS = 0.069) and levels of 
genetic variability within the range of other urodeles and temper-
ate amphibians (Chan & Zamudio, 2009).

The high overall FST value, together with the clear pattern of iso-
lation by distance (especially at the genetic cluster level), indicates 
that divergence between populations is spatially structured. The 
strong spatial structuring, even across contrasting habitats, sug-
gests no support for isolation by environment (Orsini et al., 2013). 
Indeed, populations from different habitats clustered together in 
four of the five lineages, and neighbour-joining analysis showed 
that populations are mainly grouped by valleys rather than habitats 
(Figure 4). Marked genetic differentiation exists at the scale of tribu-
tary valleys, as suggested by 20.5% of the molecular variance being 
attributable to differences between valleys (Table 2). Furthermore, 
we detected recent dispersal (as inferred by microsatellites) among 
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populations inhabiting different habitats. In accordance with 
Valbuena-Ureña et al. (2018), we found evidence for a negative lon-
gitudinal and positive altitudinal gradient of genetic diversity over 
all C. asper populations, and streams showed higher values of ge-
netic diversity compared to lakes and caves (Figure  6; Figure  S7). 
This trend has been previously interpreted as evidence of prefer-
ence for cooler and wetter environments, typical of the western 
sector of the Pyrenees and high altitudes, by C. asper (Valbuena-
Ureña et  al.,  2018). However, linear models conducted at the ge-
netic cluster level revealed contrasting patterns of genetic diversity 
that do not conform with the general trend. This, together with the 
strong isolation by distance revealed at the cluster level, suggests 
that the pattern detected at the Pyrenean scale is likely the result 
of independent drivers acting within clusters. Clusters may thus be 
considered as independent units as a result of independent phylo-
geographic histories, each being the product of separate postglacial 
colonization routes. In light of the above, isolation by colonization 
remains a plausible explanation for the resulting pattern of isolation 
by distance (Orsini et  al.,  2013), but further studies focussing on 
local adaptation might be necessary to confirm this point (see also 
Oromi et al., 2018). An alternative possibility is that the contrasting 
patterns at the cluster level could have arisen through the combined 
effects of latitude, longitude and habitat type. Habitat type might 
have an influence on the level of genetic variation in the residing 
populations and the contrasting patterns among clusters could be 
caused by the differential availability of these habitats in different 
areas.

4.5 | Concluding remarks

This study highlights the importance of integrating past evolutionary 
processes and present-day gene flow and dispersal dynamics to shed 
light onto what shaped (and is currently shaping) the observed ge-
netic composition and structure of endemic species. Here, we dem-
onstrate that the endemic newt C. asper probably recolonized the 
Pyrenees from at least five distinct glacial refugia. Differentiation 
started before the LGM and continued through the end of the Last 
Glacial Period, leading to the formation of five well-supported ge-
netic lineages that likely underwent separate evolutionary histories. 
There is currently limited gene flow between lineages, although 
borders represent zones of admixture resulting from postglacial re-
colonization of formerly glaciated areas. Within lineages, dispersal 
distances are relatively short, although long-distance dispersal may 
be accomplished by a few individuals. The incongruence between 
the high variation in nuclear DNA and low variation in mtDNA could 
be interpreted as evidence of selective sweep in mtDNA and un-
derscores the importance of using a multilocus approach to achieve 
a complete picture of the population structure and history of the 
study species. Given the age of the studied lineages and the re-
stricted present-day gene flow, we suggest that these broad areas 
should be regarded as separate management units worthy of in-
dependent conservation consideration. At smaller spatial scales, 

specific lake populations of C. asper have been also found to merit 
special conservation focus (i.e., the paedomorphic populations de-
scribed in Oromi et al., 2018).
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