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Abstract

Mediterranean mountain ranges harbour highly endemic biota in islandlike habitats.
Their topographic diversity offered the opportunity for mountain species to persist in
refugial areas during episodes of major climatic change. We investigate the role of
Quaternary climatic oscillations in shaping the demographic history and distribution
ranges in the spider Harpactocrates ravastellus, endemic to the Pyrenees. Gene trees
and multispecies coalescent analyses on mitochondrial and nuclear DNA sequences
unveiled two distinct lineages with a hybrid zone around the northwestern area of the
Catalan Pyrenees. The lineages were further supported by morphological differences.
Climatic niche-based species distribution models (SDMs) identified two lowland refu-
gia at the western and eastern extremes of the mountain range, which would suggest
secondary contact following postglacial expansion of populations from both refugia.
Neutrality test and approximate Bayesian computation (ABC) analyses indicated that
several local populations underwent severe bottlenecks followed by population expan-
sions, which in combination with the deep population differentiation provided evi-
dence for population survival during glacial periods in microrefugia across the
mountain range, in addition to the main Atlantic and Mediterranean (western and east-
ern) refugia. This study sheds light on the complexities of Quaternary climatic oscilla-
tions in building up genetic diversity and local endemicity in the southern Europe
mountain ranges.
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Introduction

Quaternary climatic oscillations had a major impact on
Correspondence: Leticia Bidegaray-Batista, biodiversity globally (Hewitt 2004). Glaciations
Fax: +598 2 4875461; E-mail: letigaray@yahoo.com reshaped species distributions and changed population
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sizes, leaving an enduring imprint on the genetic struc-
ture of populations and species (Miraldo et al. 2011;
Espindola ef al. 2012; Garcia-Porta et al. 2012). The mag-
nitude of range and demographic shifts largely
depended on the species’ environmental requirements,
dispersal capabilities and generation times (Stewart
et al. 2010; Arenas et al. 2012), and in some organisms
eventually led to speciation (Knowles 2000; Barraclough
& Vogler 2002; Ribera & Vogler 2004; Muster &
Berendonk 2006; Gante et al. 2009).

Research on the effect of glaciations on European
diversity has mostly focused on postglacial colonization
pathways of northern Europe from the southern refu-
gia, or the characterization of postglacial contact zones
(Taberlet et al. 1998, Hewitt 2001; Schmitt 2007). More
recently, the interest has shifted towards identifying the
geographic location of putative refugia where species
could have persisted during glacial maxima, for
instance in the Alps (Schorr et al. 2013) or in the south-
ern European Peninsulas (Hewitt 1996; Gémez & Lunt
2007). The Mediterranean mountain ranges have been
identified as ‘biological islands’ because of their high
level of endemism (Médail & Quezel 1997; Médail &
Diadema 2009). Glaciation-driven altitudinal distribu-
tion shifts, facilitated by topographic gradients, proba-
bly played a key role in promoting species
diversification in mountain ranges (Gutierrez Larena
et al. 2002; Vila et al. 2005; Schmitt 2009; Alarcon et al.
2012; Mild et al. 2013). Glaciations offered the opportu-
nity for mountain species to migrate among high-eleva-
tion mountain islands by establishing lowland
corridors, while interglacials promoted diversification of
geographically isolated lineages (Schoville & Roderick
2009). However, not all mountain species responded to
glaciations in the same manner, and hence, different
demographic and genetic diversity patterns should be
expected in mountain species depending on where spe-
cies survived the glaciations. Holderegger & Thiel-
Egenter (2009) differentiated three main kinds of glacial
refugia in mountain species: small areas free of ice on
mountain tops (nunatak refugia); areas at the edge of
mountain systems (peripheral refugia); and in areas
located outside mountain systems (lowland refugia).
The effect of glacial cycles on the distributions and
demographic history of mountain species within the
Mediterranean mountain ranges, however, remains lar-
gely unstudied, especially at the regional scale.

The Pyrenees are a major mountain range in southern
Europe that stretch 400 km between the Mediterranean
coast to the east and the Atlantic Bay of Biscay to the
west. The Pyrenees exhibit physiographic asymmetry:
the northern slope is more pronounced than the south-
ern slope, and likewise, the eastern is more pronounced
than the western. Moreover, the northern and western
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slopes receive abundant precipitation throughout the
year, whereas the southern and eastern slopes have a
more Mediterranean climate (Calvet 2004). The extent
of Quaternary glaciations was affected by these asym-
metries resulting in particularly pronounced differences
in the snowline, which was located at higher elevations
on the southeastern slopes. Small glaciers remain today
only in the central Pyrenees (e.g. the Maladeta moun-
tain) and further west (e.g. peaks of Balaitous and
Vignemale), while no glaciers are left in the eastern
Pyrenees (Calvet 2004; Hughes et al. 2006).

Due to their west—east orientation reaching from the
Mediterranean to the Atlantic Ocean, the Pyrenees acted
as a barrier to dispersal for many temperate species dur-
ing their postglacial northward expansions (Taberlet ef al.
1998). The existence of hybrid zones, on the other hand,
provides evidence for the postglacial expansion and sec-
ondary contact of Iberian genotypes, for example in the
grasshopper, Chorthippus parallelus (Hewitt 1996, 2000).

Yet, little is known about how the Pyrenean species
endured Quaternary glacial cycles and specifically
about their persistence in refugia within or outside the
Pyrenees. A recent study on Antirrhinum (Liberal et al.
2014) revealed separate evolutionary histories for popu-
lations in the western, central and eastern sections of
the mountain range and found evidence for the long-
term persistence of local populations since the late
Pleistocene within the Pyrenees, although peripheral
areas played an important role in maintaining local
genetic diversity. In the rock lizard Iberolacerta bonnali,
peripheral refugia have also been identified as impor-
tant reservoirs of genetic diversity (Mouret et al. 2011).

Dispersal ability is a crucial trait affecting the evolu-
tionary history of species (McPeek & Holt 1992; Nathan
et al. 2003; Gillespie ef al. 2012). Variation in vagility fre-
quently leads to striking differences in phylogeographic
patterns (McPeek & Holt 1992; Hodges et al. 2007; Papa-
dopoulou et al. 2009). The chances of a species persist-
ing through glacial cycles will depend on both the
availability and location of refugia and the ability of the
species to track them (Peterson 2009). Low vagility spe-
cies might be less prone to track refugia outside their
distribution range, and thus will depend on local refu-
gia, while limited gene flow will result in genetic differ-
entiation among adjacent populations. Conversely, good
dispersers are more likely to track distant refugia, expe-
riencing large-scale range shifts and exhibiting weaker
local geographic structure due to high levels of gene
flow.

The ground-dwelling spider Harpactocrates ravastellus
Simon 1914 (Araneae, Dysderidae) is endemic to the
Pyrenees. The species shows a clear preference for cool
and humid environments: they are usually found at ele-
vations (above 1000 m) in temperate and moist forests
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(dominated by white oaks, beech and pine trees). This
nocturnal wandering hunter builds its silk nest under
stones and dead logs to spend daylight hours and to
protect its eggs. The species has never been reported to
use ballooning (i.e. aerial dispersal by means of silk
threads, a dispersal mechanism that allows long-dis-
tance dispersal). This observation together with the
habitat preferences of the species suggests a restricted
vagility. The genus includes about a dozen additional
species across the main mountain ranges in the western
Mediterranean, all sharing similar ecological prefer-
ences. The species’ distributions are mostly allopatric
and are usually restricted to single mountain ranges or
systems. The closest relatives of H. ravastellus are found
in the Cantabrian Mountains, the western Alps and
northernmost Apennines (Bidegaray-Batista et al. 2014).
Because of its restricted distribution, habitat preferences
and likely low dispersal ability, H. ravastellus is a
promising model to test scenarios of climatic change in
shaping the southern European mountain fauna.

The integration of phylogeographic analyses and
palaeodistribution models has been used for inferences
on the evolutionary process over time and space (Gra-
ham et al. 2004; Carstens & Richards 2007; Richards
et al. 2007; Carnaval et al. 2009; Galbreath et al. 2011;
Marske et al. 2011; Schorr et al. 2012, 2013). Here, we
combine molecular tools, morphological analyses and
species distribution modelling to investigate the phylo-
geographic patterns, demographic history and morpho-
logical differentiation of H. ravastellus in order to
unravel the effects of Quaternary climatic oscillations.
Specifically, we test whether H. ravastellus experienced
range shifts towards lowland refugia outside the Pyre-
nees or alternatively withstood the glaciations in situ,
and what was the effect of climate change on the evolu-
tionary diversification of lineages.

Materials and methods

Morphological identification

Specimens were examined with a Leica MZ16A dissec-
tion microscope equipped with a Nikon DXM1200 digi-
tal camera. Female vulvas were removed with the aid
of needles, and muscle tissue was digested with a 35%
KOH solution before observation. Incident light photog-
raphy digital images were obtained of male copulatory
bulb and female vulva and focal planes composed with
Helicon Focus 4.62 Pro (www.heliconsoft.com).

Molecular data collection

Harpactocrates ravastellus specimens were collected from
26 localities along an east-west transect across the

Pyrenees including localities from both northern and
southern slopes (Fig. 1, Table 1). Specimens were stored
in absolute ethanol at —20 °C. Samples of three close
relatives, Harpactocrates apennicola from the northern
Apennines, Harpactocrates intermedius from the western
Alps and a new species from the Cantabric mountain
(hereafter referred as Harpactocrates n. sp. ‘Cantabrian’),
were also included in the analysis along with the spe-
cies Harpactocrates radulifer, which was used to root the
trees (Bidegaray-Batista et al. 2014).

Genomic DNA was extracted from two legs of adult
specimens or whole juveniles, after piercing the cara-
pace, using the Promega 96-well plate kit. A mitochon-
drial fragment (rrnL-nadl) spanning the 3’ half of the
16S rRNA ribosomal subunit (rrnL), the complete tRNA
eu(1 1), the 5 half of the NADH dehydrogenase subunit
I (nad1) and the 5 half of cytochrome c oxidase subunit
I (cox1) were amplified and sequenced using the primer
pairs LR-N-13398 (Simon et al. 1994) and N1-J-12350
(Bidegaray-Batista & Arnedo 2011), and C1-J-1546 (Bide-
garay-Batista et al. 2007) and C1-N-2770 (Srapepis: 5'-
CAGAATAACGTCGAGGCATCCC-3)), respectively.
The nuclear intron of the gene encoding signal recogni-
tion particle 54-kDA subunit (srp54) was additionally
sequenced for the specimens of H. ravastellus with the
primer pairs SRP54f1 and SRP52r1 (Jarman et al. 2002).
PCR conditions were as follows: 94 °C for 2 min; 35x
(94 °C for 35 s; 45 °C for 45 s for rrnL-nadl and cox1,
and from 45 °C to 50 °C for 35 s for srp54; 72 °C for
45 s for rrnl-nadl and cox1, and 35 s for srp54; 72 °C for
5 min). PCR products were purified using MultiScreen
96-well plates from Millipore and sequenced in both
directions with ABI BigDye technology and an ABI
PRISM 3700. DNA sequences were edited using GEN-
EIOUS PRO v.5.3.6 (Drummond ef al. 2010).

Alleles in heterozygous individuals for the srp54
intron were separated using the pHASE algorithm (Ste-
phens et al. 2001; Stephens & Donnelly 2003), as imple-
mented in DNASP v5 (Librado & Rozas 2009).

Genetic diversity and geographic structure of genetic
variation

Diversity indices, including nucleotide (m,) and haplo-
type (h) diversities, and neutrality tests including Taji-
ma’s D (Tajima 1989b) and Fu's Fs (Fu 1997) were
calculated using ARLEQUIN v3.01 (Excoffier ef al. 2005).
All statistics were calculated by locality only for the
mitochondrial genes, as the srp54 intron showed no
variation within most sampled localities (see Results).
Genetic differentiation among localities was tested
using ¢st pairwise genetic distances and their statistical
significance assessed by performing 1000 permutations
in ARLEQUIN. Localities represented by a single
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Fig. 1 Map showing the distribution of genetic variation across the sampled locations of Harpactocrates ravastellus. Sampled locations
are indicated by black dots and numbered as in Table 1. Each location includes two pie diagrams; the left one represents the fre-
quency of the main mitochondrial lineages as identified and coloured in the haplotype tree (see Fig. 2), and the right one represents
the frequency of nuclear alleles as identified and coloured in the allele network (see Fig. 3).

individual were excluded to estimate diversity indices
and ¢st (localities 5, 18, 19 and 20, see Appendix S1,
Supporting information). Isolation by distance was
tested including populations from the entire distribu-
tion range of H. ravastellus, as well as for the samova
groupings, using Mantel tests implemented in ARLEQUIN.
Matrix correlation between populations ¢st or log-¢sr
and log-transformed geographic distances were
assessed for significance using 1000 permutations.

The geographic structure of the mitochondrial gene
variation was assessed using spatial analysis of molecu-
lar variance implemented in samova v1.0 (Dupanloup
et al. 2002), which optimizes the partitioning of total
genetic variance for k population groups.

Phylogenetic analyses and haplotype networks

The alignment of the coxI and nadl sequences of
H. ravastellus and its congeneric relatives was trivial as
no insertions/deletions (indels) were observed. Like-
wise, no indels were observed in the srp54 sequences of
H. ravastellus. Conversely, sequences of the rrnl and
trnL1 gene fragments showed length polymorphism
and were aligned using the online version of MAFFT V7
(Katoh et al. 2002) using the Q-ins-I algorithm, which
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takes into account the RNA secondary structure of
RNA. Gaps were scored as presence/absence data
using the method of Simmons & Ochoterena (2000) as
implemented in GapCoder (Young & Healy 2002), and
the resulting new characters were included in parsi-
mony and Bayesian analyses. The aligned mitochondrial
genes were concatenated using wiNcLADA v.1.00.08
(Nixon 2002).

Parsimony, maximum likelihood (ML) and Bayesian
inference (BI) analyses were conducted on the mito-
chondrial data set including only unique haplotypes of
H. ravastellus and sequences of its congeneric relatives.
Parsimony analyses were conducted with t™r V1.0
(Goloboff et al. 2008) using a heuristic search with 1000
replicates of random sequence addition, followed by
TBR branch swapping, holding five trees per iteration
and a final round of branch swapping on all retained
trees. Clade support was assessed by means of 1000
jackknife replicates (Farris et al. 1996). The best partition
scheme and the best-fitting model for each partition
were selected with PartitionFinder (Lanfear et al. 2012).
Independent GTR + G substitution models were speci-
fied for each partition in ML analyses using rRaxMmL (Sta-
matakis 2006) and run remotely at the CIPRES portal
(Miller et al. 2009). The best likelihood tree was selected
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Table 1 Code: locality number that correspond to localities in
Fig. 1. N: number of individual sampled per locality. See
Appendix S1 (Supporting information) for information on coor-
dinates and haplotype/allele frequencies

Locality Code N

Pto. de Urkiaga, Navarra, Spain 1 6

Pto. de Ibaneta, Navarra, Spain 2 3

Pto. de Larrau, Navarra, Spain 3 4

San Martin Harria, Navarra, Spain 4 8

Arette, Pyrénées-Atlantiques, Aquitaine, France 5 1

Selva de Oza, Huesca, Aragén, Spain 6 4

Foréet Communale de Laruns, 7 10
Pyrénées-Atlantiques, Aquitaine, France

Balneario de Panticosa, Huesca, Aragdn, Spain 8 6

Piau Engaly, Hautes-Pyrénées, 9 9
Midi-Pyrénées, France

Parque Nacional Ordesa, Huesca, Aragoén, Spain 10 7

Valle de Bujaruelo, Huesca, Aragén, Spain 11 3

Ball de Remune, Huesca, Aragén, Spain 12 5

Saut deth Pish, Lleida, Catalunya, Spain 13 12

Parc Nacional d’Aigtiestortes i Estany 14 8
de Sant Maurici, Lleida, Catalunya, Spain

Estany de Gerber, Lleida, Catalunya, Spain 15 14

Les Planes de Son, Lleida, Catalunya, Spain 16 6

Font de Punta Nou, Lleida, Catalunya, Spain 17 3

Pleta del Castellar, La Massana, 18 1
Principat d’Andorra

Canya de la Rabassa, Ordino, Principat d’Andorra 19 1

Rasos de Peguera, Barcelona, Catalunya, Spain 20 1

Porté, Pyrénées-Orientales, 21
Languedoc-Roussillon, France

Font de la Doble Ona, Baga, Bergueda, 22 6
Barcelona, Catalunya, Spain

La Masella, Cerdanya, Lleida, Catalunya, Spain 23 2

Nava, Ripolles, Girona, Catalunya, Spain 24 5

Pto. Vallter 2000, Ripolles, Girona, 25 7
Catalunya, Spain

Mont Canigou, Pyrénées-Orientales, 26 7
Languedoc-Roussillon, France

Total 143

out of 50 iterations of random addition of taxa and
clade support assessed by 1000 bootstrapped matrices.
Bayesian inference was conducted using MRBAYES v.3.1.2
(Ronquist & Huelsenbeck 2003). A standard discrete
model was defined for the gaps scored as absence/pres-
ence. Two independent runs of 30 million generations
were carried out simultaneously, with six simultaneous
MCMC chains, each starting from random trees, and
sampling trees every 10° generation. TRACER v1.5 (Drum-
mond & Rambaut 2007) was used to ensure that the
Markov chains had reached stationarity by examining
the effective sample size (ESS) and to determine the
number of generations of burn-in.

The haplotype network of the nuclear intron srp54
was estimated using Tcs v. 1.21 (Clement et al. 2000). A

minimum number of recombination events (Ry;) of
Hudson & Kaplan (1985) test was performed in DNasp
v5 (Librado & Rozas 2009) and its significance assessed
by 1000 coalescent simulations.

Estimation of lineage divergence times

Lineage ages were estimated from the mitochondrial
data set of H. ravastellus using a partitioning scheme
by gene in BEAST v1.6.2 (Drummond & Rambaut 2007),
under an uncorrelated lognormal relaxed clock and
Yule speciation process as tree prior. The best substi-
tution model for each partition was chosen based on
the Bayesian information criterion (BIC). To avoid
mixing different lineage branching rates (see Papado-
poulou et al. 2010), lineage ages were estimated
including only one individual per cluster identified by
the generalized mixed Yule coalescent (GMYC)
method (Pons et al. 2006; Fontaneto ef al. 2007), under
the single-threshold option. The GMYC analysis was
conducted with the r package SPLITS (Species Limits
by Threshold Statistic, http://r-forge.r-project.org/pro-
jects/splits/). The ultrametric tree required for the
analyses was first estimated in BEasT by including all
individuals of H. ravastellus under a strict clock and
mean rate fixed at 1. The coalescent constant size
demographic model was used as tree prior, as it pro-
vides a more conservative alternative to the identifica-
tion of lineage splits (i.e. minimizes type I error)
(Monaghan et al. 2009).

Specific Harpactocrates mitochondrial substitution
rates estimated in Bidegaray-Batista et al. (2014), based
on fossil and biogeographical calibration points, were
used to infer absolute lineage ages. Individual substitu-
tion rates for each mitochondrial gene were incorpo-
rated as normal prior distribution of the ucld.mean rate
as follows: mean = 0.0255 substitutions/my and
Stdev = 0.002 for cox1; mean = 0.0226 substitutions/my
and Stdev = 0.002 for nadl; mean = 0.0083 substitu-
tions/my and Stdev = 0.0008 for rrnL-L1. Two indepen-
dent runs of 107 generations were performed, sampling
every 10° generations. Convergence and mixing of
MCMC chains was assessed with TRACER v.1.5. Indepen-
dent runs were combined with LogCombiner (10%
burn-in), and TreeAnnotator was used to summarize
the information from the sampled trees.

Additional divergence time estimates were obtained
using the multispecies coalescent approach imple-
mented in * BEAST (Heled & Drummond 2010), includ-
ing both mitochondrial and nuclear genes. For these
analyses, we included all individuals from the six sam-
pling localities that were used to compare the different
demographic models in the ABC-based analyses. As the
method requires a priori definition of populations (or
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species), we defined each sampling locality as an inde-
pendently evolving entity. The multilocus * BEAST analy-
ses were carried out using a partitioned data approach
with independent model parameters for each gene par-
tition. We set a strict molecular clock model and a Yule
speciation prior and incorporated the same substitution
rates priors as above. Two independent runs of 10° gen-
erations, sampling trees every 10* generations, were car-
ried out and convergence and mixing of each MCMC
chain assessed and combined as described above.

Testing for demographic scenarios using ABC

To investigate the effect of the Pleistocene glacial
cycles in shaping the genetic diversity, we contrasted
different coalescent-based evolutionary models using
the ABC-GLM method (Leuenberger & Wegmann
2010). We evaluated three different demographic sce-
narios: (i) a standard neutral model (SNM), represent-
ing a long-term stable population, that is not affected
by recent climatic changes, (ii) a bottleneck model
(BTM), including the population size reduction phase
and the posterior expansion, and (iii) a two-refugia
model, in which two previously isolated populations
underwent a recent admixture (IAM). If H. ravastellus
populations were affected by Pleistocene glacial cycles,
we would expect that genetic data supported more
strongly either the BTM or the IAM than the SNM
model. As our sample showed strong genetic differen-
tiation among localities (see Results), each locality was
treated as an independent population for the ABC
analysis for testing the three competing evolutionary
models. Analyses were restricted to localities with
sample size n >7 (localities 4, 7, 9, 10, 13, 14, 15, 25
and 26). We used only coxI and nadl genes. The rrnL-
L1 marker was not included because of its different
substitution rate (see Bidegaray-Batista & Arnedo 2011)
that could not be accommodated using the rate hetero-
geneity models available in the coalescent simulation
program used. We also excluded from the analysis the
srp54 intron because of its low genetic variation within
populations. Priors for the coalescent times, fg (time
where populations start the growth phase) and fz (du-
ration of the bottleneck phase) in BTM, were uniformly
distributed as the total time from the bottleneck was
always <5 ky [using the substitution rates estimated
for Harpactocrates mitochondrial genes and a generation
time, g = 1.5 years (Cooke 1965)]. Priors for coalescent
times under the IAM model were uniformly dis-
tributed as tg (the time when ancestral population split
to generate the two isolated population) and t, (the
time of recent admixture) were <5 Ma and <2.5 Ma,
respectively.

© 2016 John Wiley & Sons Ltd

We calculated a vector of 4 summary statistics
describing the intraspecific variation (Tajima’s D, Fu’s
Fs, ZnA, and the Watterson parameter, 0) in both 2 mil-
lion simulated data set (for each model) and in the
observed data, using the program wmLcoaLsiM v.1.98
(Ramos-Onsins & Mitchell-Olds 2007) and mstatpop
(http:/ /bioinformatics.cragenomica.es/numgenomics/
people/sebas/software/software.html), respectively.
We retained the 0.5% of simulated data sets with the
small Euclidian distance to the vector of the observed
summary statistic to estimate the general linear model
(GLM) and to calculate approximate posterior probabili-
ties (PP). Model selection was performed using Bayes
factors (BI) and was validated as described in Peter
et al. (2010). Briefly, we simulated 1000 replicates under
each of the three competing models from the same prior
distributions used in the ABC analysis, that is pseudo-
observed data sets (PODS). Then, we applied to each
pseudo-observation the same model selection procedure
applied to the observed data. We assessed the power
and accuracy of our ABC model choice by estimating
the confusion matrix (i.e. the proportion of PODS from
each model that are correctly classified by the model
choice procedure), the percentage of misclassifications
(i.e. false allocations) and the misclassification probabili-
ties of the model supported by the H. ravastellus empiri-
cal data. We also checked for biases in ABC posterior
probabilities as in Chu et al. (2013). All ABC analyses
were performed using the aBcrooLsox package (Weg-
mann et al. 2010) and in-house r and Shell language
scripts.

We also used the hierarchical approximate Bayesian
computation (hABC) method implemented in HBAYESSC
(Chan et al. 2014) to detect putative concerted demo-
graphic histories across populations with the same
demography inferred in local ABC analyses (popula-
tions from localities 4, 7, 9, 10 and 13, see Results). We
used the same prior distributions of model parameters,
the same set of summary statistics and the same hABC
procedure as in Chan et al. (2014). Briefly, multispecies
coalescent simulations (250 000 replicates for each of
the six possible coexpansion models for five contempo-
rary populations; a total of 1.5 simulated random draws
from the priors) and summary statistics (the first four
sample moments of the number of haplotypes, haplo-
type diversity, nucleotide diversity and Tajima’s D)
were obtained with Bayes Serial Simcoal (Anderson
et al. 2005) and the Phyton scripts included in the
hBayesSSC package (https://github.com/UH-Bioinfor-
matics/hBayeSSC). A local linear regression model was
applied to the 1000 closest Euclidean distances between
simulated and observed data to obtain the adjusted esti-
mate of the joint posterior distribution of the proportion
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of coexpanding populations ({) and the coexpansion
time (te).

Species distribution modelling and projections into the
Late Pleistocene

Niche-based species distribution models (SDMs, Gui-
san & Thuiller 2005) were constructed in order to (i)
investigate the potential effects of Pleistocene climatic
oscillations on the geographic distribution patterns of
H. ravastellus since 40 000 years ago to the present and
(ii) assess whether its potential past distribution
explains the current distribution of genetic diversity.
Climate data for 52 sites with presence of H. ravastellus
were used to construct the SDMs (Table S1, Support-
ing information). These sites included the sampling
localities used for this study together with occurrence
data from additional sources (De Mas-Castroverde
2007; and J. Moya-Larana pers. comm). To calibrate
the climatic niche of the species, we selected a set of 4
uncorrelated bioclimatic variables (Pearson r < 0.8)
assumed to be important in shaping the species’ cli-
matic niche: annual temperature range (tave-range),
winter mean temperature (tave-winter), annual precipi-
tation range (prc-range) and summer mean precipita-
tion (prc-summer). All bioclimatic variables for the
current climate were obtained from the Climatic
Research Unit (Mitchell et al. 2004). The same variables
for the past (at intervals of 4000 years for the past
40 000 years to the present, with a spatial resolution
30 arc-seconds) were obtained from a global ocean—
atmosphere climate model (HadCM3) with a temporal
resolution of 1000 years and a spatial resolution of
3.75° by 2.5° (Singarayer & Valdes 2010). The past cli-
mate was downscaled to a spatial resolution of 30 arc-
seconds following the methods outlined in Maiorano
et al. (2013) (as also used in Espindola et al. 2012). In
particular, we first calculated climate anomalies by
contrasting the past monthly temperature and precipi-
tations values against the pre-industrial climate as
obtained from Singarayer & Valdes (2010). Then, given
the existing offset in temperature and precipitation
between the pre-industrial and the current climate, we
calculated a second set of climate anomalies by con-
trasting climate means for the period 1901-1920
against the current climate (both obtained from Mitch-
ell et al. 2004), assuming that the former provides an
approximation closer to the pre-industrial climate than
the available simulations. The combination of these
two anomalies allowed us to avoid the usual inconsis-
tency when analysing time series that involve both
measured (current) and projected (past or future) cli-
mates. Anomalies were calculated in both cases as
absolute temperature difference (A°C) and relative

precipitation differences (% change) per coarse resolu-
tion pixel measured directly at the model output. The
study area considered for the SDM was defined con-
sidering the Pyrenees and surrounding areas, consider-
ing the Ebro river in Spain and the Garonne river in
France as outer boundaries.

Before calibrating the SDMs, a niche similarity test
was performed to assess whether there were differences
between the climatic niches of two main groups from
the west-central and eastern Pyrenees (see Results sec-
tion). The similarity test was performed in R using the
scripts developed by Broennimann et al. (2012). The test
examines whether the climatic niche of one group is
more similar to the niche occupied by the other group
than expected by chance, and the overlap of niches is
measured using Schoener’s D index. To conduct the
test, the climatic niche was calibrated considering the
first two axes of the PCA performed using the 4 vari-
ables described above and considering a background
area, drawn from the surrounding species occurrence
points, as environment available for the species.

To avoid spatial autocorrelation among occurrence
points during the construction of SDMs, 50 subsamples
were generated at random from the original presences
using the ‘Average Nearest Neighbour Distance’ tool in
ARcGIs 9.3.1 to calculate the mean expected distance for
unclustered points. For each subsample, a Maximum
Entropy modelling algorithm, as implemented in max-
eNT v3.3.3e (Phillips et al. 2006), was used to calibrate a
set of SDMs considering a random selection of 80% of
presence points from each subsample. The remaining
20% of points were used to assess model performance
measuring the area under the curve (AUC) of the recei-
ver operating characteristic (ROC) curve. Each model
calibration was repeated 10 times for each of the 50 sub-
samples, giving a total of 500 models. The AUC values
and variable importance were averaged for all SDMs.
Finally, all the SDMs were projected onto the current
and past climate surfaces at 4000-year intervals (440 ka
BP) and averaged for each time frame.

For each time frame, the models were projected,
converted into binary maps (presence/absence maps)
and summed across all time frames to predict areas of
stability. In the latter, areas with highest counts were
then assumed to be refugial areas (predicted areas of
occurrence for the species independent of the time
period) for the species throughout the Pyrenees since
the Late Pleistocene. Binary maps were created by
applying two different threshold criteria: a default
threshold of 0.5 and one that minimizes the mean
error rate for positive and negative observations
[‘Default’” and ‘MaxSens + Spec’ criterion, respectively,
in PresenceAbsence R package (see Freeman & Moisen
2008)].

© 2016 John Wiley & Sons Ltd
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Results

Sequence variation

We collected 143 specimens of Harpactocrates ravastellus
from 26 localities throughout the Pyrenees (Fig. 1,
Table 1), of which 142 were sequenced for the srp54
intron and 141 for the mitochondrial genes cox1, rrnL,
L1 and nadl. The alignments of the protein coding
genes and the nuclear intron yielded 1030 characters
(cox1), 347 characters (nadl) and 143 characters (srp54).
The maFrFT alignment of the nonprotein genes (rrnL-L1)
yielded 552 characters. The inclusion of 5 additional
outgroup taxa increased the aligned matrix by 4 charac-
ters. The mitochondrial genes were concatenated result-
ing in a combined matrix of 1929 characters (1933
characters with outgroups included). Coding informa-
tive gaps as absence/presence characters added 5 addi-
tional characters to the matrix. The mitochondrial data
set included 106 haplotypes (see Accession numbers in
Data Accessibility). Of 142 individuals sequenced for
the nuclear intron, six were heterozygous (2 with a sin-
gle heterozygous site and 4 with two or more). Individ-
ual alleles could be resolved using the 0.99 probability
threshold in PHASE. The nuclear intron data set
yielded a total of 284 phased sequences representing 9
alleles (see Accession numbers in Data Accessibility).
The Ry test revealed nonsignificant values of recombi-
nation (P = 0.967).

The average genetic divergence (p-distance) among
the mitochondrial haplotypes and nuclear alleles were
49% and 3.1%, respectively. The maximum sequence
divergence was 7.2% for the mitochondrial genes and
5.6% for the nuclear intron. The average genetic dis-
tances among the main mitochondrial lineages were
around 6%, except for a value of 4.5% between the Wes-
tern and Central 2 clades.

Genetic diversity and spatial genetic variation

The nucleotide diversity in H. ravastellus was 0.048 for
the mitochondrial genes and 0.023 for the nuclear intron
srp54, and the haplotype/allelic diversity 0.99 and 0.52,
for the mitochondrial genes and the nuclear intron,
respectively. Mitochondrial nucleotide diversity within
each locality ranged from 0.00035 (locality 2) to 0.041
(locality 14) and the haplotype diversity from 0.66 (lo-
calities 2 and 7) to 1 (localities 3, 8, 9, 11, 14, 17, 22, 23,
24 and 26) (see Fig. 1 and Table 1 for localities names
and locations). The distribution of mitochondrial haplo-
types was geographically structured. If present at multi-
ple localities, haplotypes were always confined to
adjacent localities. Tajima’s D and Fu’s Fs were both
negative and significantly different from neutral

© 2016 John Wiley & Sons Ltd

expectations for localities 4, 7, 8 and 9, whereas for
localities 1 and 22, only Tajima’s D or Fu’s Fs were neg-
ative and significant, respectively. The ¢gr pairwise
genetic distance values among localities were overall
high and significant (P < 0.05).

The spatial analysis of molecular variance (sAMOVA)
showed different groupings from K =2 to 9 that maxi-
mize the proportion of total genetic variance due to dif-
ferences between local groups. The ¢cr indices (fixation
indices that measure the genetic differentiation among
groups) were significant and showed higher values as
the K groups increased, but a decrease in the rate of
increase of the ¢cr was meaningful after K = 4. For
grouping K = 4, the genetic variance among groups was
71.0%, among localities within groups 18.29% and
within localities 10.69% with ¢cr = 0.71, ¢psc = 0.63 and
¢st = 0.89 significant (P < 0.01). Each of the four groups
identified by samova included the following localities:
(i) all localities from western Pyrenees: 1, 2, 3, 4, 6 and
7; (ii) the localities from central Pyrenees: 8, 9, 10 and
11; (iii) the localities from eastern and central Pyrenees:
12, 13 and 16; (iv) all localities from eastern Pyrenees:
14, 15,17, 21, 22, 23, 24, 25 and 26.

Mantel tests showed a significant correlation between
genetic and geographic distances among localities
(r =0.64, P <0.01), and also for the samova groups (i)
and (iv) (r=0.71 and 0.47, P < 0.01, respectively), as
referred above, but not significant for the groups (ii)
and (iii).

Phylogenetic inferences and mitochondrial lineage ages

Results of the different phylogenetic analyses conducted
on the mitochondrial data set are summarized in Fig. 2.
All analyses supported the monophyly of H. ravastellus.
Alternative tree inference methods found different sis-
ter-group relationships of H. ravastellus with the out-
group taxa, although with low support, except for
parsimony, which showed Harpactocrates n. sp. ‘Cantab-
rian” as sister group to H. ravastellus with 83% jackknife
support. All inference methods converged on almost
identical topologies for the H. ravastellus haplotypes.
Four well-supported clades (Fig. 2) with strong geo-
graphic signal (Fig. 1) were recognized: the Western
clade included haplotypes from the westernmost locali-
ties (1 to 7), the Eastern clade included easternmost
localities (14, 15 and 17 to 26), the Central-1 clade
included haplotypes from central localities 8 to 11 and
14, while localities 12, 13, 15 and 16 were included in
Central-2 clade. Different haplotype clades coexisted in
two localities (14 and 15, see Fig. 1). The Eastern and
Central-1 clades were sister groups, with high ML
(>70%) and BI (>0.95) support, except for the parsimony
analyses that yielded an unresolved polytomy at the
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base of H. ravastellus. ML and BI analyses recovered the
Western clade as sister to the Eastern + Central 1 clade.
Time-calibrated trees obtained with BEAsT and * BEAST
without outgroups supported the same major clades
but differed in the tree root location, which was
assigned to the branch between the Eastern and Cen-
tral-1 clades (Figs 4 and S1, Supporting information).

The statistical parsimony allele network from srp54
sequences (Fig. 3) connected alleles by between 1 and 3
mutational steps. The Al and A3 alleles were the most
frequent. Al was found in localities 21 to 26, 17 and 19,
which correspond to the Eastern mitochondrial clade
and A3 was found in all individuals from localities 1 to
13, which belong to the Western, Central-1 and Central-
2 mitochondrial clades. Both alleles coexisted in the
same localities that share more than one mitochondrial
clade (14 and 15), as well as in locality 16. In two of
these localities (15 and 16), we found individuals
(qrav833241, qrav833242, qravLB341 and qravLB336)
harbouring one of the two common alleles that are usu-
ally associated with another mitochondrial clade (see
black and white arrows in Fig. 1). Heterozygous indi-
viduals were only present in localities 14, 16 and 19
(see Appendix S1, Supporting information).

The GMYC model showed a significantly better fit to
the data than the null model of a single coalescent
branching process (P < 0.01) and identified 16 coales-
cent groups (confidence interval 15-18), comprised of
12 clusters (confidence interval 12-14) and 4 singletons
(see Fig. S2, Supporting information). GMYC clusters
included individuals from a single or multiple (up to
four) immediately adjacent localities. The only excep-
tions were localities 14 and 15, which include individu-
als from different haplotype clades and thus belong to
divergent GMYC clusters.

The lineage age estimates based on an uncorrelated
lognormal relaxed clock and Yule speciation process
including one representative of each GMYC cluster are
shown in Fig. 4. The time of the most recent common
ancestor (TMRCA) of H. ravastellus haplotypes was
dated at 2.88 Ma (3.47-2.31 Ma) and the TMRCA of
each of the four main mitochondrial lineages ranged
from ~0.75 to 1.5 Ma. The estimates of the TMRCA of
H. ravastellus obtained from * BeasT were slightly older,
3.43 Ma (4.30-2.60 Ma). The TMRCA of populations 4
and 7 and populations 9 and 10 were dated at ~22 ky
and ~48 ky, respectively (Fig. S1, Supporting informa-
tion).

Testing for demographic hypotheses using ABC

The results of ABC-based analyses show that the BTM
was generally favoured over the SNM in four western
localities (4, 7, 9 and 10) and in the central Pyrenees

population (13) (Fig. 5 and Table S2, Supporting infor-
mation). Conversely, the IAM scenario was strongly
supported for easternmost population 26. In population
25, the SNM had the highest PP, although Bayes factors
do not rule out the TAM. Noticeably, for the other central
populations 14 and 15 we were unable to test our demo-
graphic hypothesis because postsampling adjustment
failed to generate the GLM. We found that for these sam-
pling localities some of the statistics calculated from the
observed data fell far outside the observed distribution
range obtained in the simulated data (data not shown).

The approximate posterior estimates of model param-
eters indicate a severe bottleneck for populations 4, 7, 9,
10 and 13, which were reduced to <10% of their ances-
tral population sizes. The ABC analyses, however, did
not allow a precise estimate of time parameters in the
range of values used as priors, although the shape of
the posterior distributions suggests that the bottleneck
time should be considerably younger than the prior
upper limit of 500 ky (data not shown). Regardless of
the lack of precision in the estimation of some model
parameters, our model choice procedure is powerful
and accurate enough to be confident about the best-sup-
ported model for each of the populations. First, the
power to distinguish among models is reasonably high,
as BTM and SNM were correctly allocated in more than
70% of the cases in all populations (Figs S4A and S5A,
Supporting information). Second, the models that were
highly supported by the empirical data, BTM and IAM,
but were incorrectly allocated by the ABC model choice,
showed lower posterior probabilities supporting the
wrong model substantially over those estimated for the
studied populations (i.e. BTM and IAM were rarely
selected with high probabilities when they were not the
true model). Finally, although the ABC posterior proba-
bilities were highly biased, the results of the ABC
model choice for H. ravastellus data remained unaf-
fected for all localities.

Given that bottleneck times could not be accurately
estimated in ABC analyses of individual localities, we
performed a prospective analysis in HBaYEssc (Chan
et al. 2014) using the data from the five localities with
strong bottleneck signals (each one putatively expanded
from a single refugium) to test for putative synchronous
expansions. The results of this analysis clearly point to
the synchronous co-expansion (1. = 26 771 years; 95%
quantiles = 3018-312 178) of the majority of these popu-
lations (the 95% quantiles of the posterior density of {
are between 0.4 and 1 (e. g. between two and five co-
expanding populations) while the mode of its posterior
density is close to 1 (e.g. all five populations co-
expanded at the same time), suggesting a clear effect of
glaciation cycles on the observed local demographic
patterns.

© 2016 John Wiley & Sons Ltd
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Schoener’s D index, which measures the overlap of cli-
matic niches of the eastern and western-central
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Eastern clade

Central 1 clade

Western clade

Central 2 clade

Fig. 2 Maximum-likelihood = tree  of
Harpactocrates  ravastellus  mitochondrial
haplotypes, obtained from the preferred
partition scheme (full codon by gene par-
tition scheme). Bars on branches indicate
support from alternative analyses (from
left to right): maximum likelihood (ML),
Bayesian inference and parsimony (P).
Black bar: clade supported by ML boot-
strap and P jackknife >70% and Bayesian
PP >0.95. Grey bar: clade recovered but
with support below the threshold values
above. White bar: clade not recovered in
the analyses. The main mitochondrial lin-
eage colours correspond to geographic
distribution as shown in Fig. 1. Arrows
point to haplotypes that were present in
individuals bearing alleles more common
in other haplotype lineages (Al: black
arrow and A3: white arrow, see Fig. 1
and Table 1). The outgroups Harpacto-
crates radulifer, and Harpactocrates apenni-
cola,  Harpactocrates  intermedius — and
Harpactocrates n. sp. have been trimmed
from the tree.

Pyrenees, was 0.491. For both groups, the niche similar-
ity test was significant (P = 0.0198), indicating that both
niches are reciprocally more similar than expected by
chance (Fig. S5, Supporting information).

85UB01 SUOWIWOD BAIER.D 3|0t dde au3 Aq peusenob aie sapILe YO ‘88N J0'SaIN. 0} A%1q 1T 8U1UO 481 UO (SUORIPUOD-PUR-SWBIALID" A3 1M ARe.q 1 U |UO//ST1Y) SUORIPUOD PLE SWB | U3 89S *[7202/90/2T] Uo AiqiT8uluo 481 ‘UoieAouu| 3 uoefnsaaulaq feuoeN eueby-1iuy AQ GBSET 98W/TTTT 0T/I0p/wod 48| im:Ariq1feuljuo//sdiy Woi) popeojumoq ‘6 ‘9T0Z ‘X6ZS9ET



2056 L. BIDEGARAY-BATISTA ET AL.

Five hundred SDMs were generated, which were pro-
jected and averaged for each time frame. The averaged
AUC was 0.93, indicating an excellent model perfor-
mance (Swets 1988). The winter mean temperature was
the most important variable in determining the species
climate range (89.4%), followed by annual precipitation
range (4%), summer mean precipitation (3.7%) and
annual temperature range (2.9%). The winter mean tem-
perature for the present species data was 2.89 °C,
whereas for the defined study area it was 5.6 °C.

Summary maps obtained by summing binary maps
across all predicted SDMs projected at eleven time
frames (4 Holocene and 7 Pleistocene time frames)
showed almost no stable area for the species through-
out the Pyrenees since the Late Pleistocene. The pre-
dicted stable areas in the Pyrenees were located in
small areas near the westernmost Pyrenees. Only two
presence records fall in the stable area located in Puerto
de Urkiaga and Puerto de Ibaneta (localities 1 and 2,
Fig. 1). Other predicted stable areas were located in the
Natural Park of Montseny (a mountain southeast of the

A3(173)

A1(95)

A7(1) A9(1) A8(1) A4(7)

Fig. 3 Statistical parsimony network of the srp54 alleles of
Harpactocrates ravastellus. The area of the pie plots is propor-
tional to the number of individuals found for each allele. The
number of individuals bearing each allele is included in brack-
ets. Alleles are coloured in grey scale according to geographic
distribution, as shown in Fig. 1.

® > 0.95 bayesian posterior probability

+

Pyrenees and parallel to the Mediterranean Sea coast in
Catalonia), and in Picos de Europa and Pais Vasco
mountains, which form part of the Cantabrian moun-
tain ranges. H. ravastellus has never been collected in
the Natural Park of Montseny in spite of sampling
effort, whereas for the Cantabrian mountain ranges the
sister species of H. ravastellus has been collected. Fig. 6
shows the summary maps for four Holocene (present,
4, 8 and 12 ky BP) and for seven Pleistocene time
frames (16, 12, 24, 28, 32, 36 and 40 ky BP) according to
both criteria of threshold selection. The summary maps
show a striking difference between the predicted spe-
cies occurrences during the Holocene and Pleistocene.
These differences were recovered for both thresholds
used to create the binary maps.

Morphological analysis

Morphological examination of 49 adult individuals used
for molecular analyses revealed subtle but constant dif-
ferences in both male and female genitalia. Two male
copulatory bulb (a modification of the palpal tarsus)
morphologies were observed (hereafter referred as type
A and type B), which mostly differed in the length and
shape of the embolus tip (Fig. 7). Type A corresponds
to the original drawings by Simon (1914) as well as
those appearing in a subsequent revision by Ferrandez
(1986). Similarly, two different vulva shapes were also
recognized among the studied material (Fig. 7, hereafter
referred as type A and type B). The female of
H. ravastellus was not illustrated in the original descrip-
tion of the species, but was subsequently included in a
revision of Iberian Harpactocrates (Ferrandez 1986). This
illustration corresponds to our type B. However, the

Fig. 4 Chronogram inferred from the
mitochondrial genes with BEAasT under
partition scheme by gene and relaxed
lognormal clock, including only one indi-
vidual from each of the 16 GMYC clus-
Eastern clade ters found. Bars at nodes indicate 95%

HPD interval. Colours denote the main

mitochondrial lineages as in Figs. 1
and 2.
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. Bottleneck Model (BTM)
Two refugia Model (IAM)

. Neutral Model (SNM)

published drawings of the male bulb and of the female
vulva do not seem to match the distribution we found
of both types. Males exhibiting the bulb type illustrated
in the original description (type A) co-occurred with
females with a vulva shape that differs from the one
illustrated in the literature. Conversely, males with the
new bulb type (type B) coexisted with the females with
the vulva illustrated in Ferrandez (1986) (Appendix S1,
Supporting information).

We found a strong correlation between genitalic type
and the nuclear genotype (Appendix S1, Supporting
information): all individuals with genitalic type A (ei-
ther male or female) bore allele A1, while all individu-
als with genitalic type B bore allele A3. Interestingly,
the only exceptions corresponded to three individuals
collected in localities from the contact zone, namely Les
Planes de Son and Estany de Gerber, which combined a
genitalic type B with an allele Al or, in one of the speci-
mens, a heterozygotic A3/A7.

Discussion

Mountain systems have played a key role in generating
arthropod diversity, both at the intra- and interspecific
levels (Garrick 2011). In this study, the integration of
phylogeographic analyses, morphological evidence and
species distribution modelling techniques allowed us to
propose that Harpactocrates ravastellus may include two
different species with a narrow contact zone, and that
some of their populations survived glacial cycles in situ,
probably by retreating to deep valleys within the moun-
tain range.

© 2016 John Wiley & Sons Ltd

Fig. 5 Map showing the study area and
sampled locations. The diagram repre-
sents the support of the empirical data
for the demographic models in the ABC
analysis. Bars of different colours denote
the posterior probability estimated for
each of the three models in a particular
population.

Harpactocrates ravastellus: not one but two species
with a contact zone?

Phylogenetic and population analyses of the mitochon-
drial genes revealed four well-supported groups in
H. ravastellus distributed along a longitudinal gradient.
Although inferences of relationships among the
groups were sensitive to the inclusion of outgroups,
the mitochondrial and the multilocus Bayesian analy-
ses (i.e. * BEAST) identified the separation between the
Eastern and the remaining groups as the deepest split
within the lineage (see Figs 4 and S1, Supporting
information). Similar western/eastern splits in the
Pyrenees have been detected in the European beech,
Fagus sylvatica (Magri et al. 2006; Magri 2008), the
mountain ringlet butterfly Erebia epiphoron (Schmitt
et al. 2006) and the snapdragon Antirrhinum (Liberal
et al. 2014).

Further morphological analyses of male and female
genitalia provided diagnostic differences for these two
main lineages (see Fig. 7, hereafter referred as the East-
ern and Central-Western lineages). It is worth noting
that one of the vulva types found (type A) was illus-
trated in the revision of the Iberian Harpactocrates
(Ferrandez 1986), but was wrongly assigned to a differ-
ent species, H. radulifer. We suspect that this misidenti-
fication explains why H. radulifer had been formerly
reported from the Pyrenees, as we have not been able
to find any specimens of this species in our thorough
sampling of this mountain range. The combination of
genetic and morphological evidence, along with the
geographic separation (see Figs 1 and 7), points towards
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Fig. 6 Summary maps of predicted species occurrences (binary maps) during the Holocene (present, 4, 8 and 12 ky BP) and Pleis-
tocene time frames (16, 20, 24, 28, 32, 36 and 40 ky BP) according to two thresholds for probability of occurrence (MaxSens + Spec
threshold and the default threshold set at 0.5). (A) and (B) correspond to summary maps for the Holocene and Pleistocene for the
MaxSens + Spec threshold, respectively, and (C) and (D) for Holocene and Pleistocene for the default threshold, respectively. Refer-
ence colours correspond to agreement areas for occurrences across the different time frames. Black dots denote all localities used to

construct the models.

the existence of two independently evolving lineages
that may deserve formal species description.

The two lineages seem to maintain a narrow contact
zone. In localities 14, 15 and 16, which approximately
correspond to the limits of the Aigtiestortes i Estany de
Sant Maurici National Park in northwestern Catalonia,
we detected the coexistence of divergent mitochondrial
haplotypes and nuclear alleles, with the presence of
heterozygotic individuals and others showing evidence
of mitochondrial introgression. In theses localities, we
also find the only exceptions to the strong correlations
observed between the genitalic type and the nuclear
genotype. Sampling at finer geographic scales will be
required to fully delimit the extent of the contact zone.

Although the diverse topography of the Pyrenean
mountain range offered ample opportunities for

allopatric isolation, it is difficult to identify any particu-
lar geographic barrier to pinpoint a vicariance event
between the Eastern and Central-Western lineages (see
Figs 1 and 4). Similarly, niche similarity tests based on
climatic variables did not reveal any differences
between the Eastern and Central-Western lineages.
However, the projection of species occurrences into the
past revealed that most of the Pyrenees was a region of
great instability for H. ravastellus during cooling peri-
ods. The SDMs suggest that the lineage underwent a
major range shift towards both extremes of the Pyre-
nees to track suitable climatic habitats, defining a
Mediterranean and an Atlantic refugium, possibly out-
side the mountain range. Although our demographic
history inferences support the persistence of some pop-
ulations throughout the glaciations within the mountain

© 2016 John Wiley & Sons Ltd
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Fig. 7 Type A and B of male and female genitalia. Left male bulb: (1) and (2) correspond to retrolateral view of genitalic type A and
B, respectively; (3) and (4) to ventral view of genitalic type A and B, respectively. Female vulva: (5) and (6) correspond to dorsal
view of genitalic type A and B, respectively; (7) and (8) to ventral view of genitalic type A and B, respectively. Scale bar is in mil-

limetres.

range (see next section), optimal conditions during gla-
cial maxima existed mostly at both longitudinal
extremes of the range which supports a vicariant origin
of the two lineages and the subsequent formation of a
hybrid zone resulting from postglacial recolonization of
the formerly glaciated areas.

Although little is known about the exact dating, and
the size of the glaciers and ice sheets during the Early
Pleistocene glaciations (2.6-0.78 Ma), there is ample evi-
dence that major cooling events in the Mediterranean
region started between 2.8 and 2.5 Ma (Gibbard et al.
2010). The time of the split between the eastern and
central-western lineages approximately corresponded to
the onset of the Early Pleistocene glaciations (3.47—
2.31 Ma and 4.30-2.60 Ma, for the mitochondrial and
multispecies  coalescent approaches, respectively).
Therefore, to explain such divergence times between
the lineages, we should assume that similar range shifts
as inferred from our SDMs in the Late Pleistocene
occurred repeatedly throughout the Quaternary glacial
cycles.

Harpactocrates ravastellus endured glaciations within
the Pyrenees

Genetic data revealed that most localities are strongly
differentiated as reflected by the high values and signif-
icance of almost all ¢sr comparisons. The few compar-
isons that did not show significant differentiation were
among neighbouring localities. The high level of haplo-
type diversity (0.99 for the entire lineage) and the 16

© 2016 John Wiley & Sons Ltd

GMYC clusters inferred confirm the strong spatial struc-
turing.

Neutrality tests and ABC-based analyses provide
some hints on the depth of population differentiation.
In several cases (three populations from western Pyre-
nees, two from central Pyrenees and one from eastern
Pyrenees), neutrality tests revealed significant depar-
tures of the standard neutral model compatible, among
others, with past reductions in the effective population
size followed by population growth (Tajima 1989a; Fu
1997). Although some of these signatures could be
explained by positive selection, the former demographic
hypothesis seems a more plausible explanation under a
glacial cycle scenario. The ABC analyses further sup-
ported a scenario of local bottlenecks. The ABC results
showed that in at least five of the nine populations
analysed the bottleneck model (see Fig. 5) is clearly the
best model with very high posterior probabilities. In
addition, the high fraction of the retained simulations
with a smaller or equal likelihood than the observed
data under the estimated GLM (f in Table S2, Support-
ing information) demonstrate that this scenario is not
only the most probable among competing models but
also is capable of reproducing the observed data with
high probability in these populations. Lastly, and most
importantly, validation results demonstrate that ABC
model choice is powerful enough (and unbiased) to dis-
tinguish among alternative models, even with current
limited marker sampling (Figs S3 and S4, Supporting
information). Although similar bottlenecks could also
be generated from a dispersal limited species in the
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absence of glaciation cycles, the indications of concerted
demographic history across the five localities obtained
in the hABC analysis would be more likely under a gla-
cial cycle’s survival scenario (i.e. concerted response to
climate changes). Although further loci need to be
sequenced to corroborate the impact of dispersal, the
survival scenario seems to be the most plausible expla-
nation for the observed patterns in the available data.

For the two populations (14 and 15) that could not be
accommodated by the ABC analyses, the particular dis-
tribution of variation is difficult to explain without
invoking a succession of more complex scenarios of
diversity reduction and admixture, probably as the
result of their location at the contact zone. Interestingly,
the only population that was found to be in standard
neutral model (25) is located in the southeastern of the
Pyrenees, an area that was weakly glaciated, while the
remaining populations are in areas that were glaciated
extensively (Calvet 2004). Similar patterns of strong
genetic differentiation among Pyrenean populations (i.e.
high pairwise Fsr values between localities and/or
between main clusters, and high frequencies of fixed
alleles) have also been reported by Charrier et al. (2014)
in the alpine shrub Rhododendron ferrugineum, by Mila
et al. (2010) in the newt Calotriton asper, and by Lihova
et al. (2009) in the alpine plant Cardamine alpina. These
studies also suggested that populations would have
survived glacial periods in high-elevation refuges. The
concordance of these phylogeographic patterns further
supports the survival scenario of H. ravastellus in
microrefugia within the Pyrenees.

These results seem to be at odds with the scenario
derived from the projection into the past of the species
distribution models, which suggest that the distribution
range was shifted towards suitable habitats near the
Atlantic and Mediterranean coastal ranges from which
the central part of the Pyrenees was recolonized during
the Holocene. The severity of population bottlenecks
and the strong population differentiation, which clearly
pre-date the last glacial maximum (LGM), is more com-
patible with the glacial survival of some populations in
small refugia within the mountain range. The coarse
scale (1 km grain size) used to model the species distri-
bution may explain the lack of congruence between
demographic histories and SDMs, because fine details
of climatic diversity in the Pyrenees would have been
insufficiently resolved. Alternatively, the inability of
SDMs to detect narrow refugia within the Pyrenees
could be the result of not considering potential changes
in the species’ niches through time (Pearman et al.
2008). However, this explanation seems unlikely
because SDMs predicted the distribution of the species
in an area inhabited by a close relative with similar
habitat preferences, from which it split about 8 Ma

(Bidegaray-Batista et al. 2014). Although SDMs failed to
detect microrefugia within the range, it provides evi-
dence for the great instability of most of the Pyrenees
during the climatic oscillations, which ultimately led to
nonequilibrium populations and lineages as indicated
by demographic indices.

Changes in vegetation recorded from pollen data in
the Pyrenees during Pleistocene climatic oscillations
(Jalut et al. 1992) provide further support for the in situ
survival of H. ravastellus populations. Pollen data show
a dominance of steppe vegetation (Artemisia) during
glacial maxima, while tree pollen of species such as
Abies, Fagus, Quercus and Pinus, plant communities
favoured by H. ravastellus, was also present. Glacial
regressions were characterized by an increase of tree
pollen while brief cooler periods witnessed a regression
of Pinus and the re-advance of steppe vegetation. This
pattern was more pronounced in areas near the
Mediterranean basin than near the Atlantic Ocean
(Elenga et al. 2000; Jiménez-Moreno et al. 2010). It is
possible that during cold and dry periods H. ravastellus
populations experienced range contractions into small
refugia where suitable forest habitat remained, probably
on southern valley slopes, while during interglacials,
populations would expand uphill and towards the cen-
tral Pyrenees.

The combination of molecular tools with species dis-
tribution modelling techniques revealed high genetic
structure correlated with geographic distance, at differ-
ent hierarchical levels (i.e. major clades, GMYC groups
and allele frequencies) in H. ravastellus. At first sight,
the demographic results seem to stand at odds with
those inferred from the niche-based species distribution
modelling analysis, although both suggest limited
expansion and great instability for H. ravastellus during
cooling periods. While the climate niche models suggest
two major refugia outside the mountain range, the
demographic analyses indicate survival of population
in microrefugia within the mountain range. As a solu-
tion to this apparent conundrum, we propose an evolu-
tionary scenario in which geographically close
populations took refuge in the main Atlantic and
Mediterranean lowland refugia, while populations
within the mountain range sheltered in local microrefu-
gia. The recurrent episodes of population contractions,
local extinctions and limited dispersal driven by cyclic
glacial events would have eventually shaped the com-
plex present day pattern recovered in H. ravastellus.

In conclusion, our study suggests the existence and
location of lowland and peripheral refugia where a
Pyrenean species endured glacial periods. Future
research coupling genetic data and species distribution
models in other terrestrial organisms with contrasting
biological traits will shed light on the generality of the

© 2016 John Wiley & Sons Ltd
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observed patterns and provide a more complete under-
standing of the role of climatic changes in shaping the
highly endemic and diverse biota of the southern Euro-
pean mountain ranges.
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