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Abstract

Examining historical and contemporary processes underlying current patterns of genetic variation is key to reconstruct the
evolutionary history of species and implement conservation measures promoting their long-term persistence. Combining
phylogeographic and landscape genetic approaches can provide valuable insights, especially in regions harboring high levels
of biodiversity that are currently threatened by climate and land cover changes, like southern Iberia. We used genetic (mtDNA
and microsatellites) and spatial data (climate and land cover) to infer the evolutionary history and contemporary genetic
connectivity in a short-range endemic salamander subspecies, Salamandra salamandra longirostris, using a combination of
ecological niche modelling, phylogeographic, and landscape genetic analyses. Ecological-based analyses support a role of
the Guadalquivir River Basin as a major vicariant agent in this taxon. The lower genetic diversity and greater differentiation
of peripheral populations, together with analyses of climatically stable areas throughout time, suggest the persistence of a
population in the central part of the current range since the Last Inter Glacial [LIG; ~ 120,000-140,000 years BP], and a micro
refugium in the eastern end of the range. Habitat heterogeneity plays a major role in shaping patterns of genetic differentia-
tion in S. s. longirostris, with forests representing key areas for its long-term persistence under scenarios of environmental
change. Our study stresses the importance of maintaining population genetic connectivity in low-dispersal organisms under
rapidly changing environments, and will inform management plans for the long-term survival of this evolutionarily distinct
Mediterranean endemic.
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Introduction

Identifying causative factors underlying patterns of genetic
variation is a major goal in the fields of ecology, evolution,
and conservation (Allendorf et al. 2013). Geographic and
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diversity and population divergence (Lee and Mitchell-Olds
2011; Wang et al. 2013; Sexton et al. 2014). Reduced gene
flow (and high genetic divergence) among populations is
expected when they are separated by increasing geographic
distances (isolation by distance [IBD]; Wright 1943) and/or
landscape and climatic barriers (i.e., landscape complexity
is explicitly accounted for: isolation-by-resistance [IBR];
McRae 2006). Additionally, gene flow may also decrease
due to ecological processes (e.g., natural and/or sexual selec-
tion against immigrants; reduced hybrid fitness) driven by
environmental dissimilarity among sites, regardless of the
geographic distance (or landscape complexity) separating
them (isolation-by-environment [IBE]; Wang and Bradburd
2014).

Combining historical (i.e., phylogeography) and con-
temporary (i.e., landscape genetics) approaches provides
a powerful framework for understanding the sequence of
events and the relative role of geographic and ecological fac-
tors underlying genetic diversity (e.g., Zellmer and Knowles
2009; He et al. 2013; Velo-Anton et al. 2013; Rissler 2016;
Noguerales et al. 2016; Zhang et al. 2016; Gutiérrez-Rod-
riguez et al. 2017a). These studies represent a window to
the past and an opportunity to predict the fate of species,
which is a conservation priority in regions with high levels
of biodiversity that are also threatened by current climatic
and landscape changes, like the southern Iberian Peninsula.

This region, located in one of the world’s biodiversity
hotspots (Myers et al. 2000), is a geologically, climatically
and topographically heterogeneous region. The interplay
between these factors through geological time has promoted
the persistence of genetically differentiated lineages in mul-
tiple isolated climatic refugia in response to Quaternary cli-
matic oscillations. This resulted in high levels of endemicity
and strong levels of population subdivision at the intra-spe-
cific level, documented for example across different species
of amphibians and reptiles (Gongalves et al. 2009; Velo-
Anto6n et al. 2012a; Dias et al. 2015; Diaz-Rodriguez et al.
2015). However, rapid contemporary changes in habitat and
climate in this region due to anthropogenic activities (mainly
agricultural and deforestation activities) are threatening the
long-term persistence of this biodiversity (Carvalho et al.
2011; Ferreira and Beja 2013). Amphibians are vulnerable to
environmental changes because their ectothermic physiology
is constrained by climate-related factors. Additionally, their
relatively low dispersal ability (e.g., Smith and Green 2005)
and dependence on humid environments and water bod-
ies, which are essential to complete their life cycle, further
exacerbate their vulnerability to changes in the surrounding
environment (Stuart et al. 2004; Cushman 2006). Assessing
the future viability of amphibian populations in this region
requires understanding how extrinsic factors affect current
patterns of genetic diversity and connectivity while account-
ing for their long and complex evolutionary history.
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The fire salamander, Salamandra salamandra (Linnaeus
1758), is a terrestrial amphibian distributed throughout most
of Europe. It occurs in humid and shaded environments with
a wide range of vegetation communities, generally near
ponds and streams where females deliver aquatic larvae
(Velo-Antén et al. 2015). Much of the genetic and pheno-
typic intra-specific variation is found in the Iberian Penin-
sula (see Velo-Antén and Buckley 2015), with the southern
tip of this region harboring a highly divergent lineage, S. s.
longirostris. This lineage exhibits peculiar phenotypic traits,
like a pointed snout, a characteristic pattern of dorsal col-
oration, and linear bone growth (Joger and Steinfartz 1994,
Alcobendas and Castanet 2000; Donaire-Barroso et al. 2009).
There is an ongoing debate about its taxonomic status (see
Frost 2018) due to its geographic isolation, separated from
other subspecies by the Guadalquivir River Basin (GRB),
and deep divergence at the mtDNA level (~6% cyt-b diver-
gence with S. s. crespoi and S. s morenica; Garcia-Paris
et al. 1998). However, its morphological, ecological and
nuclear genetic differentiation have not been thoroughly
studied to date. Divergence between S. s. longirostris and S.
s. crespoilmorenica likely began with the formation of the
Guadalquivir river valley during the Pliocene (Garcia-Paris
et al. 1998). Warm climate periods in the Quaternary, possi-
bly associated with the existence of climatic refugia along the
Betic range, could have also contributed to the diversifica-
tion of southern Iberian S. salamandra lineages. The current
allopatric and restricted distribution of S. s. longirostris in an
area facing pronounced habitat loss has raised concern about
its conservation, being catalogued as vulnerable to extinction
(VU) according to the International Union for the Conserva-
tion of Nature (IUCN; Pleguezuelos 2004).

We used a combination of ecological niche model-
ling [ENM], phylogeographic, population and landscape
genetic analyses to infer how historical and contemporary
geographic and environmental heterogeneity have shaped
current patterns of genetic variation in S. s. longirostris.
Specifically, we used genetic (mtDNA and microsatellites)
and spatial data (climate and land cover), covering the entire
range of S. s. longirostris, to: (1) characterize patterns of
genetic diversity and structure at historical (mtDNA) and
contemporary (microsatellites) scales; (2) identify climati-
cally stable areas that might have acted as climatic refu-
gia during the Late Pleistocene; and (3) investigate how
environmental and geographic factors (climate, habitat and
topography) have driven genetic divergence at deeper (phy-
logeographic) and shallower (landscape genetic) evolution-
ary scales.
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Materials and methods
Sampling and laboratory procedures

Sampling was conducted in areas with potentially suitable
habitat for S. s. longirostris (i.e., humid areas in wood-
lands and mountains, and rocky areas with abundant veg-
etation and water bodies) across its entire range (south of
the GRB; Fig. 1). A total of 156 tissue samples (tail or toe
clips), obtained mostly from larvae, were collected and
georeferenced at 26 localities (Online Resource 2.1).

DNA was extracted from tissue using the EasySpin®
Genomic DNA Tissue Kit (Citomed, Lisbon, Portugal),
following the manufacturer’s protocol. Quality of extracted
DNA was checked by electrophoresis on 0.8% agarose
gels. Extracted DNA was used as template in polymer-
ase chain reactions (PCR) to amplify: (I) one mitochon-
drial fragment, the mitochondrially encoded cyfochrome
b and adjacent tRNAs (hereafter cyt-b; ca. 1400 bp); and
(IT) nine microsatellite loci (Sal29, Sal23, SalE7, SalE5,
SalE2, SalE06, Sal3, SalE8, SalE12; Steinfartz et al.
2004).

The cyt-b fragment was amplified for 42 samples cover-
ing the entire range of S. s. longirostris, using the primers
Glul4100L (forward, 5’ GAA AAA CCA AYG TTG TAT
TCA ACT ATA A 3') and Pro15500H (reverse, 5" AGA
ATT YTG GCT TTG GGT GCCA 3') (Zhang et al. 2008)
following the protocol described in Beukema et al. (2016).
Sequences were edited and aligned by eye in GENEIOUS
version 11.1.4 (http://www.geneious.com/). One indi-
vidual of S. 5. crespoi and another one representing S.
s. morenica were also sequenced for cys-b to calculate
genetic distances between subspecies (Online Resource

2.1). The nine microsatellites were amplified for most sam-
ples (n=146). They were distributed in four optimized
multiplex reactions (panels S2, S3, S4 and S5; see also
Online Resource 2.2) and amplified following the condi-
tions described in Alvarez et al. (2015). Quality and quan-
tity of PCR products for cys-b and microsatellites were
verified on 2% agarose gels. Cycle sequencing reactions
for cyt-b were carried out using the ABI Prism® BigDye®
Terminator version 3.1 Cycle Sequencing Kit (Applied
Biosystems, Carlsbad, CA, USA) standard protocol. An
ABI Prism® 3130x1 Genetic Analyser Sequencer (Applied
Biosystems/HITASHI) was then used to sequence the cyt-b
fragments for both strands and to genotype microsatellites.
Allele scoring was performed using GeneMapper version
4.0 (Applied Biosystems/HITASHI).

Phylogenetic analyses

We used the software BEAST version 1.8.4 (Drummond
et al. 2012) to perform coalescent-based Bayesian phy-
logenetic inference on S. s. longirostris cyt-b sequences.
We selected the optimal nucleotide substitution model
(TrN) with JMODELTEST version 2.1.4 (Darriba et al.
2012), under the Bayesian information criterion (BIC). For
BEAST analyses, we ran analyses using both a lognormal
relaxed clock and a strict clock, with a constant population
size model as the coalescent tree prior. Three independent
runs for each clock model were performed and combined
with a total of 50 million generations (burn-in: 10%). Tree
files of all runs were combined using the software LOG-
COMBINER version 1.7.5, and parameter convergence was
verified by examining the effective sample sizes (ESSs) in
TRACER version 1.6. A maximum clade credibility sum-
mary tree with Bayesian posterior probabilities (BPP) for
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each node was obtained using TREEANNOTATOR ver-
sion 1.8.4. The resulting tree was visualized and edited
with FigTree version 1.4.3 (http://tree.bio.ed.ac.uk/softw
are/figtree). BEAST analyses were run in the Cipres Sci-
ence Gateway (Miller et al. 2010). Genetic distances (uncor-
rected p-distances) were calculated between subspecies and
between clades within S. s. longirostris using GENEIOUS.

Microsatellite pre-treatment procedures

The microsatellite data set was subjected to several proce-
dures to reduce potential statistical biases. First, genotyped
samples presenting more than 20% of missing data were
discarded. Second, locations with a sample size > 10 were
considered local random mating units (i.e. demes or popula-
tions). Following these criteria, a total of seven populations/
demes were considered (MSI, PLAG, LMO, AVI, VLR,
TOR and VVR; Table 1; Online Resource 2.1) for subse-
quent population and landscape genetic analyses. Because of
low sample sizes in some locations (n < 10; Online Resource
2.1), we drew 2-km radius buffers (roughly the maximum
dispersal distance recorded in Salamandra salamandra;
Hendrix et al. 2017) around each sample in ArcGIS ver-
sion 10.1 (ESRI) and pooled samples if their buffers inter-
sected. Third, sampling individuals in early life stages (e.g.,
amphibian larvae) may introduce significant biases in rou-
tine microsatellite quality control tests and genetic diversity
estimates (e.g., Hardy—Weinberg equilibrium [HWE] and
Linkage Equilibrium [LE]; Sdnchez-Montes et al. 2017),
as well as in landscape genetics analyses (Peterman et al.
2016; Wang 2018). This is because larvae are often spatially
clustered, increasing the likelihood of sampling relatives and
consequently, inflating inter-population genetic divergence.
To address this shortcoming, we screened familial relation-
ships independently for each of the seven populations using
COLONY 2.0.6.1 (Jones and Wang 2010). Analyses were
performed using the full-likelihood method, with high likeli-
hood precision and medium run length, assuming polygamy
for both sexes. No a priori information regarding known

parents was provided. The remaining parameters were kept
as default. If a pair of related individuals (parent-offspring,
half- or full-siblings) had a posterior probability higher than
0.50, then one of them was removed from the dataset. After
excluding related individuals, we re-estimated population
genetic diversity and differentiation parameters to assess
the effect of including relatives in results. Related individu-
als were discarded from downstream genetic analyses when
estimates including (full dataset) and excluding relatives
correlated below r=0.9. Finally, the presence of null alleles
was assessed using a maximum likelihood estimator imple-
mented in INEst version 2.0 (Chybicki and Burczyk 2009).
Analyses for each of the seven demes were run under the
individual inbreeding model, with a total of 200,000 cycles
thinned every 50 cycles and a burn-in of 10%. GENEPOP
version 4.5.1 (Rousset 2008) was used to test for devia-
tions from HWE and LE (10,000 dememorization steps,
1000 batches and a batch length of 10,000 iterations). The
p-value (p <0.05) of the HWE and LE multiple exact tests
was corrected using the false discovery rate (Benjamini and
Hochberg 1995).

Contemporary genetic diversity and structure

To characterize genetic diversity in the seven demes,
observed heterozygosity (Hg), expected heterozygosity (Hg),
mean number of alleles (N,) and mean population related-
ness (R; Queller and Goodnight 1989) were estimated in
GenAIEx version 6.502 (Peakall and Smouse 2012). Addi-
tionally, unbiased allelic richness (AR) and private allelic
richness (P-AR) were calculated in HP-RARE version 1.0
(Kalinowski 2005). Two measures of population genetic dif-
ferentiation were estimated and compared: (1) pairwise Fgp
(Weir and Cockerham 1984), calculated in R (R Develop-
ment Core Team 2015) package diveRsity version 1.9.89
(Keenan et al. 2013); and (2) the conditional genetic dis-
tance (cGD) (Dyer and Nason 2004), estimated in R package
gstudio version 1.3 (Dyer 2014). Respective 95% confidence
intervals (Cls) were calculated based on 1000 bootstrap

Table 1 Sampling information

ampling 1al Population N NA HO HE AR P-AR R

and genetic diversity statistics
calculated from microsatellite MSI 12 4.67 0.67 0.67 4.20 0.24 0.29
markers for each population PLAG 19 6.44 0.66 0.71 533 0.40 0.15
LMO 10 6.33 0.68 0.77 5.99 0.62 0.05
AVI 23 8.00 0.68 0.73 577 1.08 0.13
VLR 15 6.11 0.54 0.65 5.12 0.94 0.28
TOR 12 3.89 0.50 0.56 3.59 0.55 0.45
VVR 19 2.22 0.31 0.27 2.01 0.46 0.82

The following parameters are displayed: sample size (N), mean number of alleles (N,), observed heterozy-
gosity (Hg), expected unbiased heterozygosity (Hg), allelic richness (AR), private allelic richness (P-AR)

and relatedness (R)
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replicates, and pairwise estimates were considered signifi-
cant when 95% Cls did not overlap zero.

Population genetic structure was assessed using the
Bayesian algorithm implemented in STRUCTURE version
2.3.4 (Pritchard et al. 2000). Ten independent runs were
performed for a number of clusters (K) ranging between
1 and 8. A burn-in period of 100,000 iterations, followed
by 1,000,000 iterations, with a correlated allele frequencies
admixture model and no prior information regarding popu-
lation of origin was set for each run. The best K describing
the observed genetic data was identified with STRUCTU
RE HARVESTER version 0.6.94 (Earl and vonHoldt 2012),
following two independent criteria: (1) the K exhibiting the
highest mean value of likelihood (Pritchard et al. 2000); and
(2) the K showing the lowest AK statistic value (Evanno
et al. 2005). For the optimal K, runs were summarized and
graphically displayed using Pophelper version 1.0.10 (Fran-
cis 2017).

Additionally, a discriminant analysis of principal compo-
nents (DAPC; Jombart et al. 2010), a multivariate method
implemented in R package adegenet version 2.0.1 (Jombart
et al. 2008), was used for an independent description of
population structure, because this method does not assume
HWE or LE. DAPC summarizes the data to minimize
genetic differentiation within groups while maximizing it
between groups, potentially unravelling complex structures,
like hierarchical clustering or clinal differentiation (e.g., iso-
lation by distance; Jombart et al. 2010). A prior number of
genetic clusters of K=7 (the lowest value obtained in the
analysis comparing clustering solutions using the Bayesian
Information Criterion, BIC) was chosen, while the number
of retained principal components and discriminant functions
were selected following the package’s manual guidelines to
avoid overfitting.

Ecological niche-based modelling

Ecological niche-based models (ENMs) were used to
reconstruct present and past (Last Interglacial [LIG;
~120,000-140,000 years BP], Last Glacial Maximum
[LGM; ~21,000 years BP] and Mid-Holocene [~ 6000 years
BP]) climatic niches of S. s. longirostris with the maximum
entropy algorithm implemented in MAXENT version 3.3.3 k
(Phillips et al. 2006). MAXENT has shown to be highly
reliable when using presence-only data and small datasets
(Elith et al. 2010).

ENMs for the present were built using 28 occurrence
records obtained from our own fieldwork, collaborators,
and from the Spanish Herpetological Atlas (Online Resource
2.3). To avoid statistical biases arising from spatial autocor-
relation (Fourcade et al. 2014), a maximum of one presence
record per 10X 10 km grid cell and a minimum distance of
2 km (maximum distance recorded for the species; Hendrix

et al. 2017) was allowed. The Nearest Neighbour index
function of ArcGIS (ESRI 2012) was used to assess the
degree of data clustering (z-score =—0.435). From the 19
climatic variables with a 1 km? resolution downloaded from
WorldClim (Hijmans et al. 2005, http://www.worlcim.org),
we retained six climate variables (with pairwise Pearson’s
r<0.75) to represent contemporary climatic conditions and
avoid the possible statistical effects of collinearity among
predictor variables on niche modeling: Isothermality, Mean
Temperature of Wettest Quarter, Mean Temperature of Dri-
est Quarter, Mean Temperature of Coldest Quarter, Annual
Precipitation and Precipitation of Warmest Quarter. Models
built with current conditions were projected to past climates
(LIG, LGM, Mid-Holocene) using the same six variables.
LGM variables were downloaded at 2.5 arc minutes resolu-
tion (~5 X% 5 km), while the remaining variables were down-
loaded at 30 arc-seconds resolution (~ 1 X 1 km).

The distribution area for model construction, validation
and projections was created using a 200-km radius buffer
around occurrence records. Bootstrap subsampling was
used to build 50 model replicates, retaining 30% of the data
records in order to test each replicate. The “Fade by clamp-
ing” option was used for past projections to avoid spurious
model projections (Elith et al. 2010). Default values were
used for all other settings. Model performance was evaluated
using the area under the receiver operating characteristic
curve (AUC) in MAXENT, which ranges from 0.5 (com-
plete randomness) to 1 (perfect discrimination) (Phillips
et al. 2006).

Consensus models and projections to past climatic condi-
tions were converted to binary projections (i.e., presence/
absence) using the minimum training presence threshold
(suitability values higher or equal to the lowest value given
to a distribution record are considered suitable areas). The
four obtained suitability maps (Current, Mid-Holocene,
LGM (CCSM and MIROC) and LIG) were then overlapped
in ArcGIS to identify stable climatic areas over time (i.e.,
common potential areas of occurrence which could serve as
refugia in all time periods).

Landscape genetic analyses

We assessed the effect of contemporary geographic het-
erogeneity on gene flow by calculating matrices of pair-
wise resistance distances in CIRCUITSCAPE version
4.0 (McRae 2000) to test for patterns of IBD and IBR.
CIRCUITSCAPE calculates averaged pairwise resistances
to gene flow among populations based on all possible
paths (unlike the least-cost path), thus better explaining
the movement of genes among widely separated regions
over many generations (McRae et al. 2008). For the IBD
model, a matrix of geographic distances was estimated
from a raster layer depicting a “flat” landscape (i.e. a
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value of one in all cells). Patterns of IBR were examined
through the calculation of three independent matrices of
pairwise resistance distances (IBRqy jyatics IBRg opg and
IBRypyp)- We first used MAXENT to generate independ-
ent ENMs based on: (1) the six bioclimatic variables;
(2) slope; and (3) the Normalized Difference Vegetation
Index (NDVI; 250 X 250 m). Then, each ENM map was
used as input for the program CIRCUITSCAPE to to gen-
erate pairwise resistance matrices for each model (Online
Resources 1.1 and 2.4).

Prior to matrix calculation of the IBR¢varics
IBRg; opg and IBRypy; models, we converted suitability
scores (S) of each ENM layer’s cell (S ranges from 0,
unsuitable, to 1, suitable) to resistance scores (R) using
a simple arithmetic operation (R=(1—S)/100). In all
CIRCUITSCAPE analyses, the pairwise mode and a cell
connection scheme of eight neighbours were set, while
remaining parameters were kept as default.

The role of environmental dissimilarity (IBE) on
genetic differentiation was assessed by estimating climate
(IBE(; mmaTic) and NDVI (productivity index; IBEypyy)
dissimilarity matrices between deme locations. Local
environmental variation of the six bioclimatic variables
was captured by a principal component analysis, with
“varimax” rotation applied to the values of the six cli-
matic variables extracted from the location of popula-
tions, occurrence records and 1000 randomly generated
points in the study area. Then, the three principal com-
ponents of each population location were selected and
climatic dissimilarities were obtained by calculating pair-
wise Euclidean distances among populations. Principal
component analyses were performed using IBM SPSS
version 24.0 (IBM Corp., Armonk, NY, USA). Habitat
dissimilarities were obtained by calculating Euclidean
distances between population location values extracted
from the previously built NDVI-based ENM model.

Matrices of geographic (IBD), resistance (IBR jpatics
IBRypy; and IBRg; opg) and environmental (IBE¢; jvatic
and IBEypy;) heterogeneity were regressed against matri-
ces of pairwise genetic differentiation (pairwise Fgp and
c¢GD). Univariate regressions with randomizations were
used, which is a suitable approach when the hypothesis
to be tested strictly concerns distances (Legendre and
Fortin 2010). Furthermore, to quantify the independent
effects of each factor on genetic differentiation, we imple-
mented a multivariate matrix regression with randomiza-
tion approach (MMRR, Wang 2013). We first examined
multicollinearity among our predictor variables using
Pearson’s correlation tests and variance inflation factors
(VIF) (Zuur et al. 2010; Prunier et al. 2015).
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Results
Phylogenetic analyses

The cyt-b dataset comprised 979 base pairs (17 variable and
11 parsimony informative), and we recovered 19 haplotypes
among the 42 samples analyzed. An identical phylogenetic
tree topology was obtained in analyses assuming a lognor-
mal or a strict molecular clock. In both cases, we recovered
two well-supported clades (BPP >0.95) and a third moder-
ately supported clade (BPP=0.9) (Fig. 2). One main clade
groups most of the samples (n=31) and covers the central
range of S. s. longirostris, with a sister clade (n=>5) includ-
ing samples at the southern end of the range. The third clade
(n=06) is sister to the other two clades and includes the east-
ernmost populations. Salamandra s. longirostris sequences
differed by 6% and 7% from S. s. crespoi and S. s. morenica,
respectively, while S. s. crespoi and S. s. morenica differed
2%. Intra-clade distances within S. s. longirostris were low

(1%).

Microsatellite pre-treatment procedures

A total of 146 samples were successfully genotyped. Nine
individuals were identified as full-siblings, but includ-
ing them did not significantly affect genetic diversity and
population differentiation estimates (> 0.99 in the full vs.
reduced dataset). Therefore, all samples were retained for
downstream genetic analyses (Online Resource 2.1).

No microsatellite loci showed evidence of null alleles.
Three pairs of loci showed signs of linkage disequilibrium,
though deviations of LE were not consistent among popula-
tions. Additionally, significant deviations from HWE were
only found in the easternmost population (VVR) due to the
presence of four monomorphic loci. Since deviation from LE
and HWE were not consistent across populations, we used
all loci for subsequent analyses.

Contemporary genetic diversity and genetic
structure

The easternmost population (VVR) showed extremely
low genetic diversity (N, =2.22, H;=0.31, H;=0.27,
and AR=2.01) and high relatedness values (R=0.82) in
comparison with the central group including the other six
populations (Table 1). Within this group, the easternmost
population (TOR) had the lowest genetic diversity values,
followed by the westernmost population (MSI) (Table 1).
Population genetic differentiation was high overall (mean
Fgr=0.24; mean ¢cGD =2.69), with VVR exhibiting the
highest genetic differentiation (range Fgr=0.38-0.56; range
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Fig.2 Map depicting climatically stable areas, suitable for S. s. lon-
girostris, obtained through overlapping past (LIG, LGM and mid-
Holocene) and present ENMs. A Bayesian phylogenetic tree based on
cyt-b is also shown, with colors representing the three mtDNA clades
discussed in the text. Black and grey dots represent nodes with pos-

cGD =4.10-5.19), followed by TOR (range Fq=0.22-0.30;
range cGD =1.93-3.51) (Table 2). STRUCTURE identi-
fied K=2 as the number of clusters best describing genetic
structure (based on both the Ln Pr(X/K) and the AK meth-
ods), separating the easternmost population VVR from the
remaining populations (Fig. 3). The second most supported
K (K=5) showed high levels of admixture among central
populations in the main group (MSI, PLAG, LMO, AVI),
with low or no admixture at the range margins (Fig. 3).

terior probability higher than 0.95 or equal to 0.9, respectively. The
scale indicates the proportion of substitutions/site along the branch.
Salamander image credit: Francisco Jiménez Cazalla. (Color figure
online)

DAPC results were congruent with STRUCTURE’s output,
with the highest differentiation in the easternmost population
(VVR), followed by the two easternmost populations from
the central group (TOR and VLR) (Online Resource 3.1).

Ecological niche-based modelling

The ENM had high AUC values (AUC =0.977), suggesting
good predictive power. Among variables used in the model,

Table 2 Matrix of pairwise

s o] FST/cGD MSI PLAG LMO AVI VLR TOR VVR
genetic differentiation between
populations MSI 1.575 1.085 1.688 2.876 1.935 5.014
PLAG 0.111 0.490 1.094 2.281 3.510 5.194
LMO 0.082 0.022 0.603 1.791 3.020 4.704
AVI 0.135 0.090 0.040 1.188 3.145 4.101
VLR 0.208 0.119 0.109 0.134 1.957 4.201
TOR 0.267 0.245 0.230 0.225 0.299 5.067
VVR 0.510 0.405 0.439 0.378 0.454 0.561

Below and above the diagonal are pairwise Fqp and cGD, respectively. Statistically non-significant pairwise
comparisons are highlighted in italics

@ Springer



1418

Conservation Genetics (2018) 19:1411-1424

Fig.3 Map representing the
NDVI raster layer of the study
area. The STRUCTURE bar-
plots below the map represent
the two most supported numbers
of clusters (K=2 and K=5) for
the seven analysed populations.
Population pie charts represent
individual cluster memberships
for K=5. (Color figure online)

e

P High

Low

=2

MSI

Annual precipitation and Mean temperature of the driest
quarter presented the highest contribution values (Online
Resource 3.2). Climatically suitable areas identified for the
present (Online Resource 3.3) largely depict the known cur-
rent distribution of S. s. longirostris, with the exception of
some areas north of the GRB. Climatically suitable areas
identified for past scenarios (LIG, LGM and mid-Holocene)
varied considerably, with LIG showing a suitable area simi-
lar to that for the present interglacial (Online Resource 3.3),
while projections to the mid-Holocene and especially the
LGM predicted larger suitable areas (Online Resource 3.3).
Stable climatic areas derived from the intersection of these
projections identified a continuous area concomitant with
the current distribution range of S. s. longirostris as the main
potential climatic refuge. In addition, small and partially
disconnected areas were identified at the eastern end of the
range and north of the GRB (Fig. 2).

Landscape connectivity and landscape genetic
analyses

Habitat and climatic-based ENMs had moderate to high
AUC values, respectively (Online Resource 2.4). The con-
nectivity analysis performed with CIRCUITSCAPE revealed
overall moderate or high connectivity among populations of
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S. 5. longirostris for all studied variables (climate, habitat,
topography and distance), with the exception of population
VVR, which is isolated by an area of ca. 50 Km from its
closest population (Fig. 4).

Univariate regressions between ecological (IBD,
IBR e pviatic: IBRxpvi: IBRg ope: IBEcy ivaric and IBEypyp)
and genetic matrices (Fgp and ¢GD) revealed significant
(p <0.05) positive relationships, with the exception of
both IBE matrices (Table 3). Univariate regressions using
IBRypy; provided the highest coefficients of determina-
tion (r>=0.96 and r*=0.88 for Fgr and cGD, respectively;
Table 3). Moreover, MMRR analyses retrieved an overall
significant (p <0.05) coefficient of determination of 0.99 and
0.92 for Fgr and cGD, respectively, though IBRyp,y; was the
only significant (p <0.05) predictor when regressed against
pairwise Fgp (Table 4). Multicollinearity, however, might
have influenced these models, as the input variables were
not independent, showing pairwise correlation values and
VIF values above the traditionally considered thresholds (i.e.
r>0.7 and VIF > 10), especially in IBR¢ pyatic and IBRypyy
(Online Resource 2.5).
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Fig.4 Current connectivity among populations of S. s. longirostris according to CIRCUITSCAPE analyses based on climatic (IBR; jvatic)s
slope (IBRg; opg), productivity IBRypyy), and distance (IBD) variables. (Color figure online)

Table 3 Results from univariate
regressions with randomizations
among matrices of genetic
differentiation (pairwise Fgp
and ¢GD values) and matrices
of isolation among populations
(IBD, IBR¢y pyiatics IBRypyr:
IBRg; opg> IBEc maric and
IBExpv)

Table 4 Results from
multivariate regression with
randomizations among matrices
of genetic differentiation
(pairwise Fqp and c¢GD values)
and matrices of isolation among
populations (IBD, IBR¢; nviatics
IBRxpvr, IBRgt opEs

IBEc; imaric and IBEypyy)

FST ¢GD

s p t p r B t p
IBD 0.798 1.89 8.65 0.005 0.795 1.77 8.57 0.003
IBRe; yatic 0.881 1.14 11.88 0.014 0.857 1.05 10.68 0.002
IBRypy, 0.956 118 20.22 0.002 0.877 1.06 11.66 0.002
IBRg; opp 0.644 1.74 5.86 0.005 0.683 1.68 6.40 0.001
IBEq piatic 0.077 0.33 1.26 0.557 0.067 0.29 1.17 0.469
IBEypy; 0.157 0.39 1.88 0.380 0.104 0.30 1.49 0.384

The coefficient of determination (1%), regression coefficient (B), (t) and p-value (p) are displayed. Statisti-

cally significant predictors (p <0.05) are highlighted in bold

FST ¢GD

r i t p r i t p
IBD - 021  —091 0740 - 0.22 0.40 0811
IBRo pamic — ~033  —135 0645 - —004  —007 0979
IBRypy - 1.85 7.60 0.001 - 115 1.99 0.257
IBRg; op: - ~018  —095 0727 - —003  —007 0974
IBEq piamc — ~015 -176 0176 - 0.10 0.47 0.674
IBEypy; - ~015  -233 032 - ~030  —196 0270
Global 0988 - - 0012 0922 - - 0.008

The coefficient of determination (%), regression coefficient (p), (t) and p-value (p) are also displayed. Sta-

tistically significant predictors (p <0.05) are highlighted in bold
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Discussion

Contemporary patterns of genetic diversity and structure
are the result of complex evolutionary processes occurring
at different temporal depths (e.g., Velo-Antén et al. 2013;
Zhang et al. 2016; Gutiérrez-Rodriguez et al. 2017a). Our
results highlight the importance of both historical and cur-
rent factors in shaping patterns of genetic variation in a
Mediterranean relict, S. s. longirostris, with implications
for the conservation of this taxon.

The Guadalquivir River Basin as a vicariant agent
in S. s. longirostris

Previous phylogenetic studies have shown deep mtDNA
divergence in S. s. longirostris with respect to other popula-
tion lineages in S. salamandra (e.g., Garcia-Paris et al. 1998,
2003; Steinfartz et al. 2000; Vences et al. 2014; Beukema
et al. 2016). This, coupled with their disjunct distribution,
led some authors to postulate GRB as the major vicariant
agent promoting isolation and subsequent genetic differ-
entiation of S. s. longirostris south of the GRB, a pattern
in common with other co-distributed species (e.g., Santos
et al. 2012; Velo-Antén et al. 2012a). Our palaeoclimatic
niche modeling analyses have revealed the potential occur-
rence of areas suitable for S. s. longirostris north and south
of the GRB since the LIG. Thus, it is possible that areas
north of the GRB might have been occupied by S. s. lon-
girostris during the LGM, which later became extinct
because of environmental changes and/or competition with
other species, including other lineages of S. salamandra.
Alternatively, areas north of the GRB may have never been
colonized by S. s. longirostris due to the physical barrier
imposed by the GRB, which likely favored an allopatric dif-
ferentiation process from neighbouring lineages of Salaman-
dra (S. s. crespoilS. s. morenica). These scenarios can be
further tested through the assessment of historical patterns
of nuclear gene flow between S. s. longirostris and these
lineages, which may have also been affected by the physical
barrier imposed by the GRB.

Distribution dynamics and historical
and contemporary patterns of genetic variation

Patterns of genetic structure at both historical (mtDNA)
and contemporary scales (microsatellites) were mostly con-
cordant, and support the predictions based on ENMs, with
peripheral populations (VVR, TOR, VLR and MSI) exhib-
iting lower genetic diversity and greater genetic differen-
tiation when compared to populations near the core of the
distribution (Fig. 3; Tables 1, 2). This pattern has also been
reported for eastern European populations of S. salamandra
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at similar geographic scales (Najbar et al. 2015; Konowalik
et al. 2016).

Climatic oscillations during the Pleistocene promoted
cycles of population expansion and contraction, which likely
caused demographic and genetic effects on peripheral ver-
sus central populations of S. s. longirostris. During range
expansions, peripheral populations at the expansion front are
subjected to serial founder events, with small effective popu-
lation sizes resulting in spatial patterns of decreasing genetic
diversity and increasing genetic divergence through pro-
cesses like drift or allele surfing (e.g., Excoffier et al. 2009;
Pereira et al. 2018). The high genetic diversity observed in
central populations is consistent with demographic stability
associated with the existence of a climatic refugium in this
area. In contrast, peripheral populations of S. s. longirostris
are located in areas where climatic suitability varied through
time, which probably promoted recurrent population extinc-
tions followed by recolonization (founder) events by indi-
viduals from central populations, resulting in the low levels
of genetic diversity and high genetic differentiation observed
(Excoffier et al. 2009). Among peripheral populations, the
easternmost population (VVR) shows divergent mtDNA
haplotypes (1%; Fig. 2), although one haplotype is shared
with one individual in the geographically closest popula-
tion (TOR; ~ 100 km distant). The level of genetic diver-
gence between S. s. longirostris clades (1%) suggests their
separation occurred during the Pleistocene. The population
VVR also showed extremely low levels of genetic diversity
(Hp=0.3) and high differentiation (Fgp>0.5). This pattern
reflects the genetic effects of long-term isolation and demo-
graphic instability, which have also been assessed in other
populations of S. salamandra, including insular populations
isolated during the Holocene (Velo-Antén et al. 2012b), or
small-sized urban populations (Lourengo et al. 2017).

In addition to the homogeneous, climatically stable area
inferred by ENMs in the core of the range, from the south-
ernmost coast (strait of Gibraltar) to the Grazalema moun-
tains at the Cadiz and Malaga border, an isolated climatically
stable area was inferred to occur at the easternmost end of
the range of S. s. longirostris (northwest of the Tejeda and
Almijara mountains in Malaga), which is presently occupied
by VVR. Thus, climatic fluctuations have probably had a
major effect on historical patterns of population connectiv-
ity in S. s. longirostris by alternatively promoting isolation
and recolonization dynamics through changes in habitat
suitability.

Environmental factors shaping current genetic
structure in S. s. longirostris

Models characterizing geographical heterogeneity (i.e.,
IBD and IBR models) were better predictors of patterns of
genetic differentiation in S. s. longirostris than IBE models.
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This suggests that gene flow between populations in different
ecological settings is not limited by selection against dis-
persers or by individual preferences to remain in a particular
environment (Wang 2013; Wang and Bradburd 2014). More-
over, the IBRypy; showed the strongest statistical associa-
tion with genetic structure. This result highlights the greater
importance of landscape composition and structure (in this
case the presence of forested or agricultural areas, Online
Resource 3.4) on genetic connectivity relative to climate,
stressing the crucial role of forests in maintaining gene flow
among salamander populations (e.g., Cushman 2006; Todd
et al. 2009). The importance of preserving forest habitats is
particularly pressing for southern Iberian populations of S.
salamandra. Forests are extremely important for salaman-
der survival, providing food resources, shelters, and aquatic
habitats for reproduction (Egea-Serrano et al. 2006; Romero
et al. 2013). The importance of forests and vegetation act-
ing as microclimate buffers in this area and in neighboring
regions has also been emphasized for other amphibian spe-
cies (e.g., Dias et al. 2015; Escoriza and Hassine 2014).

Overall, our landscape genetics approach suggests that
models incorporating both geographic distances and ecolog-
ically relevant climate or landscape features provide better
predictions of observed genetic patterns at fine spatial scales
(e.g., Mufioz-Pajares et al. 2017; Gutiérrez-Rodriguez et al.
2017b). Unfortunately, it was not possible to disentangle the
relative role of each variable in our statistical framework.
This is a recurring problem in landscape genetic studies
arising from the non-independence of predictor variables
(i.e., collinearity) in regression analyses, which inflates the
variance of regression parameters and ultimately leads to the
spurious identification of relevant predictors in the model
(Dormann et al. 2013).

Implications for conservation under rapid changing
environments

Salamandra s. longirostris is a good example of the ongoing
biodiversity crisis faced by Iberian amphibians due to the
rapid climatic (Carvalho et al. 2011) and landscape changes
(Ferreira and Beja 2013). It also represents the high levels
of endemicity found in southern Iberia, and the evolutionary
distinctiveness of allopatric lineages with restricted ranges
occurring in this area (e.g., Santos et al. 2012; Velo-Ant6n
et al. 2012a; Dias et al. 2015), many of which have low
vagility, which makes them particularly vulnerable to rapid
environmental changes. Maintaining population genetic con-
nectivity is key to preserve evolutionary potential and, con-
sequently, to ensure their long-term persistence (Baguette
et al. 2013). Reduced gene flow can result in lower effec-
tive population sizes and genetic diversity, causing genetic
erosion and eventually local extinction events (Frankham
2005; Cushman 2006). Our results reveal limited genetic

connectivity (and low genetic diversity) in peripheral popu-
lations (mainly the easternmost population). It is thus crucial
to preserve forested patches between central and peripheral
populations, but especially among the latter, to maintain
population connectivity and help to ensure the long-term
conservation of S. s. longirostris. Such forested habitats also
play a crucial role as microrefugia, which may reduce the
risk of local extinction of fire salamanders and other species
under predicted scenarios of climate change in the Iberian
Peninsula (Carvalho et al. 2011). These results have gen-
eral implications for biodiversity conservation under rap-
idly changing environments (e.g., Velo-Antén et al. 2013;
Noguerales et al. 2016; Carvalho et al. 2017; Razgour et al.
2017) but can also inform management plans for the long
term survival of this short-range endemic salamander. Two
management units corresponding to the central and east-
ern population groups can be established, with the latter
requiring urgent action to compensate the negative effects
of reduced genetic variation on long-term population
persistence.
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